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Editorial on the Research Topic
 Sorghum and Pearl Millet as Climate Resilient Crops for Food and Nutrition Security



Sorghum and pearl millet serve as a major source of food, feed and fodder for the semi-arid tropical regions of developing world. These two cereal crops rank within the major six cereal crops with a staple food for about 250 million people residing in semi-arid tropic and dryland areas of south Asia and Africa. Sorghum and pearl millet are also regarded as climate-smart crops because of their extreme tolerance to heat (up to 42°C air temperature), drought, and salinity. This Research Topic on Sorghum and Pearl millet but also Finger millet and Foxtail millet as climate resilient and nutrition-rich crops for food and nutrition security comprise 27 manuscripts. It aims to provide new insights into the genetic resources, high throughput precision phenotyping, breeding approaches, multiomics platforms, gene editing, disease resistance, and gene mapping. It also aims to accelerate breeding cycles for climate resilience and improve nutritional quality in these staple cereal crops.


SORGHUM

In the scope of food and nutritional security, understanding wild progenitors of sorghum (Sorghum bicolor) would allow us to exploit the underutilized gene pool to develop more climate-resilient sorghum cultivars. The gene pool of natural sorghum ecotypes may harbor useful gene candidates for both biotic and abiotic stress. Genetic barriers in gene introgression from wild relatives to cultivated sorghum species hold a great challenge. Still, with the recent advent of next-generation sequencing (NGS), more genomic data are available, which expands and extend the sorghum improvement programs using the novel, yet unexploited genes in sorghum's wild relatives (Ananda et al.). Temperature sensitivity and photoperiod of sorghum germplasm are important factors to identify accurate sources for developing cultivars with a broad adaptation, the photoperiod and temperature insensitive, photoperiod and temperature-sensitive and photoperiod sensitive and temperature insensitive sources identified in one of the studies could help breeders to use exact sources in their breeding program, the photoperiod and temperature insensitive accessions can be utilized to develop cultivars with broader adaptation. In contrast, the highly photoperiod sensitive tall accessions can be utilized for biomass and forage improvement and such breeding is suitable in India and USA (Upadhyaya et al.). This segment of research needs more of specific product profile including stress tolerance to meet the special market demand. A major challenge in sorghum breeding is the post-emergence grass weed. 4-hydroxyphenylpyruvate dioxygenase-inhibitor herbicides (e.g., mesotrione or tembotrione) can control a broad spectrum of weeds. The sequencing of 317 sorghum lines and QTL mapping genotypes G-200 and G-350 conferred a very high level of metabolic resistance to tembotrione controlled by a polygenic trait (Pandian et al.). Anthracnose is another devastating fungal biotic stress in sorghum caused by Colletotrichum saublineola; a review presented by Abreha and coworkers provides a comprehensive overview of the current knowledge on the mechanisms of sorghum-C. sublineola molecular interactions, quantitative trait loci (QTL), and major (R) resistance gene sequences as well as defense-related genes associated with anthracnose resistance (Abreha et al.). A systematic validation of these identified genes and QTLs in coming years can assist in breeding resilient sorghum cultivars for stress prone regions particularly in India and Africa.

The contemporary and updated perspective in understanding the genetic and biochemical interactions between the fungal pathogens, their corresponding mycotoxins, and their host has been reviewed (Ackerman et al.). In a multi-location field study, grain yield (GY) and grain mold resistance was tested. Genotype-by-trait biplots indicated that GY is highly influenced by flowering time, 100-grain weight (HGW), and plant height (PH). In contrast, grain mold resistance was influenced by glume coverage and pH (Aruna et al.). Another important parasitic weed in sub-Saharan Africa is Striga hermonthica, it is one of the most devastating factors for sorghum production. To identify new sources of resistance to Striga, in total 64 sorghum genotypes consisting of landraces, wild relatives, improved varieties, and fourth filial generation (F4) progenies were evaluated for both pot and field trail which resulted in more resistant and high-yielding genotypes from F4 derivatives. These genotypes need more acceptance by the farmers (Muchira et al.). Developing drought-tolerant sorghum varieties with high protein content and tolerance to grain mold is highly important. Nagesh et al. identified four sorghum varieties PYPS 2, PYPS 4, PYPS 8, and PYPS 11, which are highly stable in low grain mold incidence (Kumar et al.). This study used additive main effects, multiplicative interaction (AMMI) and genotype × environment interaction (GGE) biplot methods.

Pan-genome analysis of sorghum using reference genomes and 354 genetically diverse sorghum accessions led to the identification of more than two million SNPs; association analysis identified approximately 398 SNPs significantly associated with important agronomic traits. Gene expression analysis under drought identified 1,788 genes that were functionally linked to the cell membrane, catalytic activity, molecular function regulation, response to the stimulus, metabolic process, cellular, and biological regulation. In total, 79 genes were absent from the reference genome assembly (Ruperao et al.). More such research analyses are required to strengthen sorghum pan-genome assembly for increased traits association and its use in breeding program.

Improved Nitrogen Use Efficiency (NUE) is one of the primary goals for the global sorghum improvement programs. Root tissues of contrasting lines exhibited differential expression profiles for transporter genes such as ammonium transporter (SbAMT), nitrate transporters (SbNRT); primary assimilators [glutamine synthetase (SbGS)], glutamate synthase (SbGOGAT[NADH], SbGOGAT[Fd]), assimilatory genes nitrite reductase (SbNiR[NADH]3); and amino acid biosynthesis associated gene [glutamate dehydrogenase (SbGDH)]. Expression profiling of contrasting sorghum genotypes in varying N dosages provides new information in understanding the response of NUE genes toward adaptation to the differential N regimes in sorghum (Bollam et al.). Investigating the biological linkage between and among NUE, stay green and late flowering can offer appropriate breeding road maps for developing optimal NUE in stay green sorghum cultivars in future.



PEARL MILLET

Pearl millet (Pennisetum glaucum) breeding in India has historically evolved from open-pollinated varieties to single cross hybrid breeding in a comprehensive manner with closer and continued association of CGIAR and NARS centers. To further accelerate the hybrid breeding efforts for drought-prone areas in South Asia and Sub-Saharan Africa, the heterotic grouping of hybrid parental lines is essential to sustain long-term genetic gains (Yadav O. P. et al.). Pearl millet is nutritionally rich and high in micronutrients such as iron (Fe) and zinc (Zn) and its increased dietary intake can prevent associated hidden hunger or malnutrition. The inclusion of minimum standards for micronutrients such as Fe and Zn content in the cultivar grain release policy is for the first time reported in pearl millet across the globe, motivate institutional commitments and progress toward incorporating essential nutritional traits in breeding pipelines (Satyavathi et al.). QTLs for Fe and Zn content from three distinct production environments were generated using a genetic linkage map consisting of 210 F6 recombinant inbred lines (RIL) population derived from the (PPMI 683 × PPMI 627) cross using genome-wide simple sequence repeats (SSRs). Two constitutive expressing QTLs for Fe and Zn were co-mapped in LG 2. The second one on LG 3, the QTLs candidate genes such as Ferritin gene, Al3+, K+, Zn2+ and Mg2+ transporters were identified using bioinformatics approaches (Singhal et al.). In another study, newly developed open-pollinated varieties (30 OPVs of which 8 are Fe/Zn biofortified) were tested for field performance and stability for grain yield, grain Fe and Zn contents across 10 locations in West Africa, resulting in a strong correlation (r = 0.98**) between grain Fe and Zn contents that merit Fe-based selection and can be effective in pearl millet variety breeding (Gangashetty et al.).

Importance of open pollinated varieties cannot be ruled out because of lower input cost, wider adaptation and timely seed availability. OPVs of pearl millet were tested in three different locations across India to check the variation in grain Fe and Zn contents. The results showed a highly significant positive correlation (across environment = 0.83; p <0.01), indicating the efficacy of simultaneous selection for both traits (Sanjana Reddy et al.). A set of 105 forage-type hybrid parents of the diverse panel was genotyped following genotyping by sequencing (GBS) and phenotyped for crude protein (CP) under multi-cuts for two consecutive years. This led to the identification of one stable significant single nucleotide polymorphism (SNP) on LG4 for CP. Nine SNPs were distributed across six linkage groups except on LG2 (Govintharaj et al.). These identified loci require validation with robust phenotyping methods in forage gene pool including photo sensitive breeding materials which can facilitate forage quality traits improvement in pearl millet through marker-assisted selection.

Transcript expression profiling for functional classification of a gene belonging to a small heat shock protein (sHSP) family in pearl millet under high-temperature stress led to the identification of two high-temperature-responsive markers Pgcp70 and PgHSF. Physio-biochemical trait screening of the contrasting genotypes among the eight different pearl millet inbred lines at the seedling stage resulted in the identification of PgHSP20 genes, which can provide further insights into the molecular regulation of pearl millet stress tolerance, thereby bridging them together to fight against the unpredicted nature of abiotic stress (Mukesh Sankar, Satyavathi et al.).

Foliar blast disease of pearl millet is severe, caused by Magnaporthe grisea. To unravel the G x E interactions for identification and validation of stable resistant genotypes against foliar blast disease through multi-environment testing, a group of 250 different accessions from 20 different countries were collected and screened under natural epiphytotic conditions, which resulted in 43 resistant genotypes which can be used in future resistance breeding programs for pearl millet (Mukesh Sankar, Singh et al.).

Pearl millet accessions that can use nitrogen efficiently needs to be characterized soon. In this aim in total 380 diverse pearl millet lines consisting of a global diversity panel (345), parents of mapping populations (20), and standard checks (15) were evaluated in an alpha-lattice design with two replications. Eleven nitrogen use efficiency (NUE) related traits across three growing seasons in an N-depleted precision field under three different N levels (0%-N0, 50%-N50, 100%-N100 of recommended N, i.e., 100 kg ha−1) resulted in 25 top N-tolerant and N-sensitive genotypes under low N conditions. Tolerant genotypes with low N may help identify genomic regions responsible for NUE. Its deployment in pearl millet breeding programs through marker-assisted selection (MAS) can be facilitated (Pujarula et al.). Cabo Verde Islands are poorly explored for genetic resources related to plants. Their potential to supplement the genetic pool of cultivated species is an attempt to identify islands crop wild relatives (CWR) from the Poaceae family and provide a checklist of priority CWR taxa, highlighting particular conservation concerns and the areas which should be the focus of the most intensive conservation efforts in these islands (Rocha et al.). Similarly, the total antioxidant content of pearl millet flour and evaluation of 222 genotypes for antioxidant activity from inbred lines resulted in 18 candidate genes related to antioxidant pathway genes (flavanone 7-O-beta-glycosyltransferase, GDSL esterase/lipase, glutathione S-transferase) residing within or near the association signal that can be selected for further functional characterization (Yadav C. B. et al.).

Multiomics combined with speed breeding is one of the answers to producing highly nutritious food crops (Weckwerth et al., 2020; Yang et al.). Furthermore, integration of the individual omics technique employing the “phenotype to genotype” and “genotype to phenotype” concept together with the systems biology approach may be beneficial for crop breeding improvement under different environmental conditions (Weckwerth et al., 2020). Recently, two important cereal crops, Pearl millet (C4) and Wheat (C3), were compared at the physiological and proteomics level to understand the drought stress response mechanisms. Tissue-specific proteome analysis of leaves, roots and seeds led to the identification of 12,558 proteins in pearl millet and wheat under well-watered and stress conditions. The physiological response was demonstrated using Odum's model. The study provides for the first time “stay-green” proteomics signatures for Pearl millet (Ghatak et al.). Furthermore, comparative proteome signatures for “stay-green” and “senescence” traits in Pearl millet and wheat under drought stress were identified and correlated with the physiological analysis. NAD-ME type photosynthesis was evaluated in both the cereals, and discriminant analysis via sPLS led to the identification of the putative protein markers, and correlation with an important physiological trait such as root length was determined. This study provides an opportunity to identify important molecular processes in C4 traits essential for drought resistance and incorporate them into C3 plants via genetic engineering (Ghatak et al.).



FINGER MILLET AND FOXTAIL MILLET

The Research Topic also consists of manuscripts on finger millet (Eleusine coracana) and foxtail millet (Setaria italica), also members of the Poaceae family. Finger millet is an important cereal crop in southern Asia and eastern Africa. It has a long storage period, grows under arid and semi-arid environmental conditions, and has good nutraceutical properties. Blast disease in finger millet caused by the filamentous ascomycetous fungus (Magnaporthe oryzae) is the most devastating disease affecting the growth and yield of this crop in all its growing regions. Breeding strategies and challenges in improving this blast disease resistance in finger millet have been extensively reviewed (Mbinda and Masaki). A total of 314 global finger millet germplasm diversity panel accessions were genotyped, using the DArTseq approach to find the genetic diversity and population structure within these genotypes, the authors obtained 33,884 high-quality single nucleotide polymorphism (SNP) markers on 306 accessions after filtering, considerable genetic diversity, and the mean polymorphic information content was determined (Backiyalakshmi et al.). In crops, MADS-box transcription factors play vital roles in multiple biological processes. Genome-wide identification and classification of MADS-box genes in foxtail millet have not been reported previously. In total, 72 MADS-box genes in the foxtail millet genome give an overview of the phylogeny, chromosomal location, gene structures, and potential functions of the proteins encoded by these genes. Expression patterns of 10 foxtail millet MADS-box genes that are upregulated in response to drought were analyzed in different tissues in response to different abiotic stresses because the SiMADS51 genes were found to be strongly induced by drought stress, the function of the SiMADS51 gene was assessed by expression in the model plants Arabidopsis (Arabidopsis Thaliana) and rice (Oryza sativa L.) (Zhao et al.). In another study, 108 diverse landraces and wild accessions of sorghum, pearl millet, and pigeon pea were studied by genotyping using the DArTSeq approach, which identified 45249 SNPs in pearl millet, 19052 in SNPs sorghum and 8211 SNPs in pigeonpea. Interestingly, sorghum had the lowest average phenotypic (0.090) and genotypic (0.135) variance within accession distances, while pearl millet had the highest average phenotypic (0.227) and genotypic (0.245) distances. These studies are very helpful to the genebank curators to understand the dynamics of the population within accession and support the planning of appropriate germplasm conservation strategies (Allan et al.).

In summary, the variety of studies reported in these diverse crops, pearl millet, sorghum, finger millet and foxtail millet are comprehensive and provides immense knowledge to the coming generations of crop scientists, crop physiologists, plant biologists and breeders. The studies reported in this Research Topic (Volume I) provide us with clear global research goals and are in place on making more climate-resilient crops in future by close observing crop agro-climate variability. Breeders are provided with specific and comprehensive catalogs of important and validated gene candidates that are associated with resilience and nutritional traits. These groundbreaking studies and corresponding breeding programs will eventually enhance crop productivity and improve sorghum and millet-based food intake to meet the food and nutritional security in south Asia and sub-Saharan Africa. They also open up the path to new exploitation of these prestigious cereal crop plants in other regions of the world subject to climate crisis.
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Sorghum bicolor (L.) Moench is a multipurpose food crop which is ranked among the top five cereal crops in the world, and is used as a source of food, fodder, feed, and fuel. The genus Sorghum consists of 24 diverse species. Cultivated sorghum was derived from the wild progenitor S. bicolor subsp. verticilliflorum, which is commonly distributed in Africa. Archeological evidence has identified regions in Sudan, Ethiopia, and West Africa as centers of origin of sorghum, with evidence for more than one domestication event. The taxonomy of the genus is not fully resolved, with alternative classifications that should be resolved by further molecular analysis. Sorghum can withstand severe droughts which makes it suitable to grow in regions where other major crops cannot be grown. Wild relatives of many crops have played significant roles as genetic resources for crop improvement. Although there have been many studies of domesticated sorghum, few studies have reported on its wild relatives. In Sorghum, some species are widely distributed while others are very restricted. Of the 17 native sorghum species found in Australia, none have been cultivated. Isolation of these wild species from domesticated crops makes them a highly valuable system for studying the evolution of adaptive traits such as biotic and abiotic stress tolerance. The diversity of the genus Sorghum has probably arisen as a result of the extensive variability of the habitats over which they are distributed. The wild gene pool of sorghum may, therefore, harbor many useful genes for abiotic and biotic stress tolerance. While there are many examples of successful examples of introgression of novel alleles from the wild relatives of other species from Poaceae, such as rice, wheat, maize, and sugarcane, studies of introgression from wild sorghum are limited. An improved understanding of wild sorghums will better allow us to exploit this previously underutilized gene pool for the production of more resilient crops.
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Introduction

Sorghum bicolor (L.) Moench, commonly known as sorghum, is ranked among the five main cereal crops in the world (Mace et al., 2009; Venkateswaran et al., 2014). It plays a vital role in global food production and is the staple food of billions of people (Mace et al., 2009). Sorghum is a multipurpose crop cultivated for grain, sweet stem, forage, and broomcorn. It also serves as a source of fuel, bioethanol, alcoholic beverages, and building materials. It is one of the most important food crops of arid and semi-arid regions of the world, whereas in developed countries it is grown mainly for forage and animal feed (Hariprasanna and Patil, 2015; Venkateswaran et al., 2019a). Currently, the USA has the world’s greatest total sorghum production, followed by Nigeria, India, and Mexico, with an average global production of 50 megatons per year (FAOSTAT, 2019). Sorghum is well adapted to high temperature, dry conditions and it is surprising that it is not even more widely grown. The lower global production of sorghum, relative to other cereals such as wheat and rice, might be increased by the exploitation of the hitherto untapped potential of the extensive gene pool of crop wild relatives (CWR) in the genus (Sasaki and Antonio, 2009). The use of Sorghum genetic resources is most immediately applicable to production of improved sorghum varieties. Sorghum is a genus within the tribe, Andropogoneae that includes other genera of plants such as Saccharum (Bonnett and Henry, 2011) and Miscanthus (Anzoua et al., 2011) that are important biomass crops. Sugarcane (Saccharum) and sorghum (Sorghum) are closely related and may be inter-crossed (Gupta et al., 1978). CWR in the Sorghum genus may also be a genetic resource to support the development of new crops across the tribe either by introgression of useful genes into genera such as Saccharum or by domestication of further Sorghum species (Dillon et al., 2007c).

CWR are plant species that are closely related to a domesticated crop, from anywhere in the world, including crop progenitors, landraces, and closely related taxa not historically involved in agriculture. They represent one of the key sources of new genetic material to introduce to crop lines through traditional breeding and, to a lesser extent, genetically modified (GM) crops. The use of CWR by agricultural scientists started to become a regular practice in the 1940s (Meilleur and Hodgkin, 2004). They have since been used to produce new lines of many globally important crops, improving traits such as disease and pest resistance, nutritional value, yield, and tolerance to abiotic stresses in crops such as wheat, tomatoes, rice, and many others (Prescott-Allen and Prescott-Allen, 1986; Hajjar and Hodgkin, 2007). CWR are seen by many as an invaluable source of diversity which should be drawn upon to further enhance crops in terms of commercial value, and to facilitate adaptation to changing environments and pathogens (Hoyt, 1988; Jarvis et al., 2008; Dempewolf et al., 2014; Brozynska et al., 2016). In monetary terms, it is estimated that the genetic resources they are worth over US$150bn (Tyack et al., 2015), highlighting the vital role they could potentially play in agriculture. Here, we refer to sorghum’s CWR as the wild taxa in the genus Sorghum Moench, including sorghum’s progenitors, but not landraces. Species names and ranks were standardized according to the USDA (2020). This review aims to understand the historical and current uses of sorghum crops and difficulties facing sorghum agriculture, and explores CWR’s potential as viable resources for future genetic improvement of the crop. To do this we discuss the origins and domestication of the crop, summarize and clarify what is known of the taxonomy of the genus and the phylogenetic relationships between subgenera, the barriers to gene flow and the potential for crop improvement.



Origins and Distribution of Domesticated Sorghum

The earliest evidence of use of wild sorghum as a food is from the Sahara, around 7500 BC, where hunter-gatherers lived (Venkateswaran et al., 2019a). Similarly, a recent study by Winchell et al. (2017), has shown that the earliest domesticated sorghums are found in Neolithic populations of Sudan around fourth millennium BC. The exact origin and location of sorghum domestication is debated (De Wet et al., 1970; Venkateswaran et al., 2019a), however, archaeological evidence supports domestication in eastern Sudan around 3000 BC (Fuller and Stevens, 2018). Some studies suggest that there may have been more than one domestication event, potentially explaining the origin of the group guinea-margaritiferum of genus Sorghum, which was domesticated more recently (Kimber, 2000; Mace et al., 2013). According to archaeological evidence, S. bicolor originated from its wild progenitor Sorghum bicolor (L.) Moench subsp. verticilliflorum (Steud.) de Wet ex Wiersema & J. Dahlb., which is commonly distributed in Africa (De Wet and Harlan, 1971; De Wet, 1978; Doggett, 1988). There is no direct evidence available to suggest any contribution of other wild relatives viz., Sorghum propinquum (Kunth) Hitchc. and Sorghum halepense (L.) Pers. to cultivated sorghum, as suggested by Doggett (1988). Rowley-Conwy et al. (1997), proposed three hypotheses for sorghum domestication. The first hypothesis is based on the studies of Murdock (1959), which described an independent nuclear Mande center in West Africa. The next hypothesis is that the origin of sorghum could be in eastern Sahara, around 9700-6200 BC (Ehret, 2014), and the final hypothesis relies on the evidence of the race durra in India back in 4000 BC.

From its first ancestor in Africa, domesticated sorghum was distributed across the globe by various means—most commonly along trade routes. From East Africa, cultivated sorghum was moved across eastern and southern Africa as a result of human migration (Mann et al., 1983). It was then introduced to India via the Middle East trade routes (Mann et al., 1983). Doggett (1988), reported overland routes from East Africa and Somalia via Aden. The earliest Sorghum species found in India was S. bicolor and evidence for domestication and cultivation dating back to c.2000–1700 BC was found in the Indus Valley (Meadow, 1996; Fuller, 2003). Since then, sorghum has played a key role in agriculture in India (Kleih et al., 2000) and India is now considered to be its secondary center of diversity (Appa et al., 1996).

Sorghum was introduced to China from India, again via sea and overland trade routes. There are several hypotheses on how sorghum arrived in China. One of the possible ways was through the river valleys of Indochina (Venkateswaran et al., 2019a). However, Hagerty (1941) claims that the emperor Genghis Khan introduced sorghum to China after his voyage to South Asia between AD 1206–1228. The Amber cane sorgos are related to eastern African sorghums whereas the Kaoliangs probably originated from the Sorghum bicolor introduced from India (Doggett, 1988). There is evidence that Kaoliangs might be derived from native wild diploid sorghum (Harlan, 1995). The Yellow River Valley is considered to be the area where the earliest sorghum was cultivated based on archaeological evidence (Venkateswaran et al., 2019a). From China, sorghum was brought to the USA by the slave traders in the 19th century. According to Martin (1936), the first sorghum to be introduced to the USA was the Chinese Amber in 1853. Sorghum was introduced to Queensland, Australia, in the 1900s by Americans (Venkateswaran et al., 2014). Since then sorghum has become a major summer crop in Australia, accounting for 5% of the global export of sorghum globally (Venkateswaran et al., 2019a).



Taxonomy of Sorghum

The genus Sorghum was first classified as Holcus by Linnaeus in 1753 and constituted three species; Holcus sorghum, Holcus saccaratus and Holcus tricolor. Sorghum was separated out from the genus Holcus by Moench in 1794 (Venkateswaran et al., 2019a). Following these classifications, domesticated sorghum was formally recognized as Sorghum bicolor (L.) Moench (Venkateswaran et al., 2014; Hariprasanna and Patil, 2015). According to the current classification, sorghum belongs to the kingdom Plantae, division Magnoliophyta, class Liliopsida, order Cyperales, family Poaceae, tribe Andropogoneae, subtribe Sorghinae, and genus Sorghum (Hariprasanna and Patil, 2015). In Snowden’s classification, sorghum was divided into two main sections, Eu-sorghum and Parasorghum, based on morphological traits such as color of grains and glumes and persistence of pedicellate spikelets (Snowden, 1955). However, five subgenera of Sorghum are now recognized: Eu-sorghum, Chaetosorghum, Heterosorghum, Parasorghum, and Stiposorghum (Garber and Snyder, 1951; Harlan and de Wet, 1972; De Wet, 1978; Lazarides et al., 1991), based on morphological characters (Figure 1). Despite S. bicolor having been domesticated in East Africa, 17 Sorghum species are native to Australia. Of these, 13 are endemic, emphasizing the need to preserve sorghum’s CWR nationally. Native Australian species are present in every Sorghum subgenus, excepting Eu-sorghum.




Figure 1 | Classification of Sorghum (De Wet, 1978; Dillon et al., 2007a; Wiersema and Dahlberg, 2007; Venkateswaran et al., 2019a; USDA, 2020). *The exact position within the phylogeny is still uncertain.



The exact number of species in this highly diverse genus is still not well established. According to Dillon et al. (2001), Sorghum consists of 25 species distributed across Australia, the Pacific Islands, Southeast, East and South Asia, and much of Africa (Table 1). The USDA recently accepted one additional species to the genus—Sorghum trichocladum (Rupr. ex Hack.) Kuntze, which is native to Mexico, Guatemala, and Honduras (USDA, 2020). This species can be found only in limited locations (Spangler, 2003) and limited information is available on this species. Kew’s Angiosperm DNA C-values database, however, currently lists a total of 32 Sorghum species (Leitch et al., 2019). These differing classifications are based on diverse parameters, making sorghum taxonomy a complex and debatable area of study. In this review, Sorghum consists of 24 accepted species (USDA, 2020), with S. bicolor subspp. verticilliflorum and drummondii no longer considered separate species (Figure 1). The traditional classification of the genus, based on morphological parameters (Venkateswaran et al., 2014), is of limited value because it results in significant overlapping of the existing taxa. By contrast, recent studies of sorghum based on molecular evidence, such as phylogenetic analyses of DNA sequencing data, have been able to generate a classification with clear and precise groupings of these species (Venkateswaran et al., 2014). Although weak molecular evidence suggests that S. trichocladum is closely related to Australian taxa, the exact position of S. trichocladum in the phylogeny remains uncertain (Spangler, 2003).


Table 1 | Taxonomic information, life form, and ploidy levels of taxa in the genus Sorghum.




Eu-sorghum

Eu-sorghum is one of two major sections in the genus Sorghum. It is mainly distributed in Africa and southern Asia (Price et al., 2005a). In the original classification by Snowden (1955) Eu-sorghum was divided into two sub-sections, Arundinaceae and Halepensia. The sub-section Arundinaceae was further divided into two series, Spontanea (grass sorghum) and Sativa (grain sorghum). Spontanea contained 10 wild species whereas Sativa contained 31 cultivated species. Sub-section Halepensia was comprised of four wild rhizomatous taxa (De Wet and Harlan, 1971). Subsequently this classification was modified by many scientists. The number of members included in each group varied with the classification. For instance, the classification of de Wet et al. (1970) placed 17 wild species in the complex of Spontanea, while 31 cultivated species were in Sativa and the sub-section Halepensia contained four wild grass species.

In the currently accepted classification, Eu-sorghum is considered the “true sorghum” and contains three species, S. bicolor, S. propinquum, S. halepense and a hybrid species called, Sorghum ×almum Parodi (USDA, 2020).

Sorghum bicolor includes most cultivated sorghum lines, and is distinguished from other species by the bulky, open inflorescence and the non-pendulous branches separating at the base. Sorghum bicolor can be separated into three subspecies: subsp. bicolor (all cultivated sorghums), subsp. verticilliflorum (wild progenitors of cultivated sorghums), and nothosubsp. drummondii (Steud.) de Wet ex Davidse (weedy hybrids and the derivatives of hybridization between S. bicolor subspp. bicolor and verticilliflorum). The subsp. verticilliflorum (formerly known as arundinaceum) (Venkateswaran et al., 2019a) consists of four races of wild progenitors: aethiopicum, arundinaceum, verticilliflorum, and virgatum. The race arundinaceum is distributed mostly in Africa and has a large and exposed inflorescence as well as flexuous branches which are not dividing at the base. The desert grass, race aethiopicum, is widely distributed in the African Sahel and has a comparatively small, constricted inflorescence together with divided sub-erect branches. The race virgatum, characterized by a slender inflorescence and narrow, linear leaf blades, is widespread in north eastern Africa. The race verticilliflorum which is native to Africa and distributed in Madagascar can be characterized by a large open inflorescences with spreading branches divided at the base (Venkateswaran et al., 2014; Venkateswaran et al., 2019b). In the Snowden (1955) classification, there are seven weedy taxa recognized in nothosubsp. drummondii (also known as “Sudan grass”), which are commonly cultivated as forage. The currently accepted five races of subsp. bicolor are: bicolor, guinea, kafir, caudatum, and durra, which are categorized in this subspecies based only on their spikelet morphology with 10 intermediate races (Lazarides et al., 1991). Based on molecular evidence, Mace et al. (2013) also separated guinea-margaritiferum as a distinct race of subsp. bicolor, with this group previously being included in the broader guinea race. Guinea-margaritiferums represent an intermediate race between the wild subsp. verticilliflorum and the other domesticated races of subsp. bicolor.

Sorghum propinquum is a diploid rhizomatous wild perennial species that is distributed in Southeast Asia and Indian subcontinent. Smaller spikelets are distinctive features of S. propinquum. Another perennial species, S. halepense, also known as “Johnson grass,” is a tetraploid rhizomatous wild relative that is widespread in Southern Eurasia and India. According to Snowden classification 1955, this species contains members of three former species known as S. halepense, S. miliaceum (Roxb.) Snowden, and S. controversum (Steud.) (Venkateswaran et al., 2014). Sorghum halepense has comparatively large inflorescences than other two species. These two wild perennial species have given rise to hybrids and hybrid derivatives as a result of their introgression with S. bicolor (Dahlberg, 2000; Venkateswaran et al., 2014). Sorghum ×almum, for example, is a hybrid between S. bicolor and S. halepense (Duvall and Doebley, 1990; Dillon et al., 2007b).



Parasorghum

The section Parasorghum includes seven species: Sorghum grande Lazarides, Sorghum leiocladum (Hack.) C. E. Hubb., Sorghum matarankense E. D. Garber & Snyder, Sorghum nitidum (Vahl) Pers., Sorghum purpureosericeum (Hochst. ex A. Rich.) Schweinf. & Asch., Sorghum timorense (Kunth) Büse, and Sorghum versicolor Andersson. Excepting S. purpureosericeum and S. versicolor, all Parasorghum species are native to Australia, with S. grande, S. leiocladum and S. matarankense all being endemic (Lazarides et al., 1991). Sorghum grande is a perennial diploid with a chromosome number of 30 or 40 (2n = 30, 40), distributed in the Northern Territory (isolated in Katherine region) and Queensland, Australia. Sorghum nitidum is also a perennial diploid with 2n = 10, 20 and is found in Queensland, New Guinea, and Southeast and East Asia. Sorghum leiocladum is a perennial with 2n = 20 which is distributed in southern Queensland, New South Wales, and northern Victoria. Sorghum matarankense is an annual species with 2n = 10 and it can be commonly seen in north-central parts of the Northern Territory, Australia. Likewise, S. timorense is an annual species with 2n = 10, 20, found in northern Australia and Timor. Sorghum timorense is distinguished by a minute, sessile spikelet with an obovoid caryopsis and a developed pedicellate spikelet. Sorghum purpureosericeum is an annual with chromosome number 2n = 10 and 20, and is found in India, the Sahel, and east and west tropical Africa. Sorghum versicolor is also annual, with a chromosome number of 2n = 10 and 20 and is found in eastern and southern Africa.



Stiposorghum

The subgenus Stiposorghum contains a total of 10 species: Sorghum amplum Lazarides, Sorghum brachypodum Lazarides, Sorghum angustum S. T. Blake, Sorghum intrans F. Muell. ex Benth., Sorghum ecarinatum Lazarides, Sorghum bulbosum Lazarides, Sorghum plumosum (R. Br.) P. Beauv., Sorghum stipoideum (Ewart & Jean White) C. A. Gardner & C. E. Hubb, Sorghum interjectum Lazarides, and Sorghum exstans Lazarides, all of which are endemic to Australia. Among these, S. interjectum and S. plumosum are perennial species with 2n = 30, 40 and 2n = 10, 20, 30 respectively and the rest are annual species with 2n = 10. Interestingly, S. ecarinatum, S. bulbosum, S. plumosum, S. stipoideum, S. interjectum, and S. ecarinatum are distributed in both the Northern Territory and Western Australia, whereas S. amplum and S. brachypodum can only be found in Western Australia and the Northern Territory respectively. Sorghum intrans is found in north-western Northern Territory and S. exstans is found on Melville Island and adjoining mainland. These species have small sessile spikelet and a well-developed pedicellate spikelet (Lazarides et al., 1991).



Heterosorghum

Sorghum laxiflorum F. M. Bailey is the sole member of Heterosorghum, and is native to Australia and New Guinea (Price et al., 2005a). In Australia, it is commonly found in Northern Territory and Queensland. It is an annual 2n = 40 plant with a comparatively large, sessile spikelet, obovoid to ellipsoid caryopsis and reduced spikelets (Lazarides et al., 1991).



Chaetosorghum

Sorghum macrospermum E. D. Garber is the sole member of Chaetosorghum and is endemic to the Northern Territory (isolated to limestone outcrops around Katherine) (Price et al., 2005a). It is an annual, 2n = 40 species and has a small, sessile spikelet with an ovoid to ellipsoid caryopsis as well as a reduced pedicellate spikelet (Lazarides et al., 1991).




Phylogenetic Relationships of the Genus Sorghum

The phylogenetic relationships within the genus Sorghum are complex, with several unresolved and potentially controversial issues. The primary gene pool (GP-1) of sorghum contains the cultivated species, S. bicolor and the wild species S. propinquum (Harlan and de Wet, 1971). The remaining members of Eu-sorghum, S. halepense and S.×almum, belong to the small secondary gene pool (GP-2) (Stenhouse et al., 1997; Dillon et al., 2001). Sorghum has a comparatively larger tertiary gene pool (GP-3) which includes all the species in the other four subgenera. Members of GP-1 and GP-2 are closely related to each other whereas the members of GP-3 are more distantly related (Harlan and de Wet, 1971). GP-3 species potentially contain many important genetic resources for sorghum improvement. However, species of this gene pool have been poorly studied as they are restricted to specific geographical areas (Bhattacharya et al., 2011).

The availability of the S. bicolor genome (Paterson et al., 2009) has facilitated phylogenetic studies of sorghum species based upon molecular analysis. To date, there have been several studies into the sorghum phylogeny based on nuclear genomic information together with some chloroplast genomic data. In a study by Sun et al. (1994) the ITS region of 13 sorghum species were sequenced covering all the subgenera, revealing the very close relationships within Eu-sorghum. Sorghum bicolor was found to be more closely related to S. nitidum. However, a similar study by Spangler et al. (1999), sequencing the ndhF gene of 39 species of the Tribe Andropogonoeae, suggested some contrary relationships within the genus as a whole. For example, they suggested a distant relationship of S. nitidum with S. bicolor by being closely related to S. laxiflorum, and many other opposite relationships compared to the results of Sun et al. (1994) (Spangler et al., 1999).

In an attempt to clarify these contradictory classifications, Spangler (2003), presented a revised unranked classification for the genus Sorghum based on molecular and morphological evidence. According to this classification, Sorghum can be divided into three genera namely, genus Sorghum, genus Vacoparis and genus Sarga. Although the relationships within these three genera are still unknown, some of the changes have been already accepted by International Code of Botanical Nomenclature (ICBN). The genus Sorghum in this classification contains three species (Sorghum bicolor, Sorghum halepense, and Sorghum nitidum), the genus Vacoparis contains two species (Vacoparis macrospermum and Vacoparis laxiflorum), and the remaining genus Sarga, comprises eight species; Sarga angustum, Sarga intrans, Sarga leiocladum, Sarga plumosum, Sarga purpureosericeum, Sarga timorense, Sarga trichocladum, and Sarga versicolor, which was created by collapsing sixteen species of sorghum into eight species.

Conversely, a more recent study (Dillon et al., 2007b), used 25 Sorghum taxa (not including S. trichocladum) to resolve the complex phylogeny of the Sorghum genus as many of the previous studies have resulted in contradictory classifications (Sun et al., 1994; Spangler et al., 1999; Dillon et al., 2001; Spangler, 2003; Dillon et al., 2004). Using a combined molecular analysis of ITS1, ndhF, and Adh1, all the sorghum species were placed in a monophyletic clade with two distinct lineages. The subgenus Eu-sorghum was in the same clade as Chaetosorghum and Heterosorghum, consistent with the close relationship of these two later subgenera to cultivated sorghum that was reported in earlier studies (Spangler et al., 1999; Dillon et al., 2001; Spangler, 2003; Dillon et al., 2004) and was later proved by a study by Ng’uni et al. (2010). The very close relationship of these two subgenera has been found in many other studies using morphological, cytogenetic and molecular studies despite their being considered as two separate subgenera. In addition, another clearly discrete clade was observed with all the Parasorghum and Stiposorghum species with three different clusters including S. brachypodum and S. matarankense in one cluster, S. interjectum and S. ecarinatum in another cluster, and S. exstans, S. intrans and S. angustum in the third cluster. The rest of the seven species in those two subgenera formed an unresolved polytomy within this clade with no clear separation for these species. Most importantly, this study demonstrates that most of the modifications in the revised classification of Spangler (2003) are not valid except for placing Chaetosorghum and Heterosorghum together in one section. Clearly more molecular evidence is required before reclassifying the genus Sorghum into three subgenera.

An alternative explanation for the confusion around the Sorghum taxonomy is the possibility that the genus is polyphyletic within the tribe Andropogoneae (Hawkins et al., 2015). Hawkins et al. (2015) compared four nuclear loci data in 16 sorghum species together with 57 species in Andropogoneae and were able to identify two major lineages; clade I: Eu-sorghum, Chaetosorghum and Heterosorghum, and clade II; Stiposorghum and Parasorghum supporting previous studies done by Duvall and Doebley (1990); Sun et al. (1994), and Dillon et al. (2001). These studies were able to provide evidence of the sister relationships of these species to Eu-sorghum that was contrary to the single genus Vacoparis proposed by Spangler (2003). In clade II of the study of Hawkins et al., 2015, S. matarankense (Parasorghum) is resolved within Stiposorghum suggesting that it might belong to Stiposorghum or Parasorghum might be paraphyletic. However, the relationships within the clade Stiposorghum were only supported by low bootstrap values making them more difficult to resolve.



Gene Flow Between Wild and Cultivated Sorghum

It has been found that many major crops are capable of natural hybridization with their wild relatives (Ellstrand et al., 1999) due to the fact that they are biologically in the same genus as their wild progenitors (Harlan and de Wet, 1971). The introgression of genes from wild relatives into crops supports the increasing genetic diversity of many species (Arnold, 2004). It is well known that diversity of wild progenitors is usually higher than that of the corresponding cultivated varieties. This is a result of domestication in which the bottleneck effect has limited the genetic diversity (Papa et al., 2005). Thus, the wild relatives of the crops may harbor valuable genetic resources and unique sources of diversity. Many studies have been carried out to study the extent and direction of the gene flow in crop-wild population complexes such as maize (Hufford et al., 2013), barley (Jakob et al., 2014), and rye (Schreiber et al., 2019), but studies on sorghum are limited. Sorghum bicolor subsp. bicolor has the advantage of having a wild progenitor, subsp. verticilliflorum, and its weedy relative, S. drummondii, which are interfertile with the cultivated species, and also grow sympatrically with cultivated forms (de Wet et al., 1970; de Wet, 1978). Studies have been done to detect the direction of gene flow through the cultivated, wild and weedy forms of sorghum, mainly based on the agricultural regions in Kenya (Mutegi et al., 2010; Mutegi et al., 2012), Ethiopia and Niger (Tesso et al., 2008), northern Cameroon (Barnaud et al., 2009), and western Africa (Sagnard et al., 2011). All of these studies have had the same conclusion, suggesting that the crop-to-wild gene flow is more common. The studies have also emphasized a close genetic relationship between wild and crop species of sorghum.

Mutegi et al. (2012) concluded that gene flow is asymmetric by proving the rate of gene flow from crop-to-wild is higher than the gene flow from wild-to-crop, and also proposed three scenarios that could affect this asymmetric gene flow. Firstly, the sizes of the crop and wild populations might be a reason for this asymmetric gene flow which favors the larger population size of the crops compared to the smaller size of the wild populations in most agricultural lands in Africa. Farmers tend to remove wild progenitors of sorghum, considering them to be weeds. As a result, the cultivated sorghum plants produce more pollen than the wild sorghum, resulted in higher rates of pollen flow from crop to wild. Secondly, differences in the mating systems between cultivated and wild sorghum species could be a contributing factor. The higher rates of outcrossing in wild sorghums relative to cultivated sorghums facilitate the cross pollination. Thirdly, seed selection by farmers has an effect on the asymmetric gene flow. According to this concept, farmers selecting against early generations of hybrids can reduce the possibility of gene introgression from wild plants to cultivated plants. The gene flow between cultivated and wild forms has played a key role in producing intermediate species of sorghum. Doggett (1965), suggested that the balance between natural selection for wild traits and farmer selection for cultivated traits resulted in the great genetic diversity of sorghum.



Current Issues With Sorghum


Genetic Bottlenecks

The wild ancestors of sorghum have various advantageous traits such as palatable grains, high yield, wide distribution, and higher abundance over large areas. As a result, they became the main food source of early people in African savannah (de Wet and Shechter, 1977). However, with the process of domestication, most of these morphological traits were changed due to automatic selection. Tillering of the plants as well as aerial branching were reduced to have plants with only one main stem with a single inflorescence which ultimately resulted in uniform maturity. An extremely compact inflorescence was produced by contracting the axis and branches. The grain size became larger as a result of an increase in the amount of endosperm and subsequently the shape of the grain changed from elliptic to become more obovate. The breakable spikelet clusters changed to one remaining attached to the rachises at maturity (Venkateswaran et al., 2019a).

Many studies supported the concept of co-existence of wild sorghum with the cultivated sorghum in many agricultural fields of Africa (Barnaud et al., 2009; Mutegi et al., 2010; Mutegi et al., 2012). Using pure cultivated, pure wild and putative hybrids, they have proven that there is a clear genetic divergence between the populations of pure wild and pure cultivated. Interestingly, the putative hybrid group played an important role in terms of genetic diversity by having an intermediate position in between the pure wild and pure cultivated populations. Genetic diversity reduction is known to be a result of domestication. According to the study of Mutegi et al. (2011), the genetic diversity of wild sorghum is significantly higher than the genetic diversity of cultivated sorghum in Kenya. These results agreed with the results of similar studies of Barnaud et al. (2009) and Sagnard et al. (2011) which were carried out at a local scale in Cameroon and national scale in Mali and Guinea respectively. In contrast, a parallel study carried out on a local scale by Mutegi et al. (2012) indicated that the genetic diversity between these two groups were similar in terms of gene diversity, allelic richness, and private allelic richness. However, they were able to discover 19 unique alleles in cultivated sorghum and 31 unique alleles in wild sorghums suggesting that the two gene pools were able to preserve their genetic diversity to some extent even if they were subjected to gene flow. These rare alleles of the wild plants might be linked with the traits such as drought tolerance or disease resistance.

A more recent study of Fernandez et al. (2014) has assessed the genetic diversity of landraces and wild/weedy relatives of sorghum in western Kenya using SSR markers. These authors have concluded that wild sorghum populations harbor a higher genetic diversity relative to the cultivated forms. Furthermore, in the cluster analysis although the cultivated and wild forms formed separate groups, the weedy hybrids failed to have a separate cluster from the wild forms suggesting that so called “hybrids” are closely related to the wild sorghums. Fernandez et al. (2014) outlined several reasons for this reduced gene flow and genetic diversity. For instance; farmer selection for desired traits and agronomic practices such as weeding have limited the gene flow and diversity within the cultivated species by means of reducing the cross pollination between wild and cultivated sorghums (Okeno et al., 2012). There might be several reasons for these controversial conclusions of genetic diversity differences between the wild and cultivated populations of sorghums. Differences in the experimental design, experimental area, sample size, and number of markers can affect the results of these studies. Therefore, a broader scale study which covers almost all the regions and species of sorghum is required for further validation these concepts.

Although many studies have indicated that the genetic diversity of sorghum has been reduced due to domestication, the study of Venkateswaran et al. (2019a) claimed that the variability of the plant species within the group has increased with domestication. Authors have stated that the variability in plant types, spikelet types, grain types, and inflorescence types as well as the distribution of the species have been greatly increased with the process of domestication. The morphological changes associated with domestication often gave rise to adaptations to new environments which enhanced the range of the species. These new characteristics were fixed to the new group of cultivated sorghum plants.

Grain sorghum farmers have been facing difficulty in attempts to increase yields per unit of land. While most other major cereal crops have shown significant improvement in yield gains in the past 50 years, sorghum yields have plateaued, with levels peaking in 1981 (Figure 2) (Mason et al., 2008; Aruna and Cheruku, 2019). One potential cause of this plateau is a low rate of genetic enhancement, with breeding programs for other crops generally receiving more funding than sorghum during this time, and consequently being more successful (Frey, 1996; Mason et al., 2008). This is problematic due to the unlikeliness of future increases in sorghum production through a greater availability of farmland, meaning the majority of increases must come from further intensification of farming. Successful yield gains through breeding have sometimes led to losses in other crop traits, such as various Indian sorghum lines being created and used specifically for high yields despite reductions in grain quality (Aruna and Cheruku, 2019). We must continue to tackle sorghum’s genetic homogeneity issues, increasing the amount of research done and the breadth of methods used, in order to increase yields again without sacrificing nutrition.




Figure 2 | Trends in the total yields of the world’s five most important cereal crops. Data obtained from FAO (2019).






Crop Wild Relatives in Sorghum Improvement


Barriers to Use of Sorghum’s Wild Relatives

Undomesticated sorghum species harbor beneficial traits which can be employed as prospective markers to the phylogenetic relationships within the genus as well as between similar plant families. One of the major constraints to utilizing these genetic resources of wild relatives is the barriers to gene transfer between cultivated crops and their wild relatives (Bevan et al., 2017). Some of the sorghum species in the primary and secondary gene pools have been extensively used in genetic studies since they have few genetic incompatibilities with S. bicolor. However, most of the wild sorghum species belong to the tertiary gene pool and gene transfer to the cultivated sorghum species is difficult. Recent phylogenetic studies have revealed the two undomesticated species S. laxiflorum and S. macrospermum as the most closely related species to the cultivated sorghum species (Dillon et al., 2007c). Many unsuccessful attempts have been made to produce viable hybrids (Garber and Snyder, 1951; Sun et al., 1994; Huelgas et al., 1996). Gene transfer from the crop wild relatives to the cultivated sorghum species is challenging for several reasons. The main reason is the strong pre- and post-zygotic reproductive barriers between wild and domesticated species. These sterility barriers can be seen as a result of differences in genome size, chromosome morphology, pollen-pistil incompatibilities, and embryo abortions (Garber and Snyder, 1951; Price et al., 2005b). Hybrid embryo formation may be impossible due to the pollen-pistil incompatibilities between S. bicolor and wild species (Hodnett et al., 2005). However, successful efforts of hybridization have been reported with artificial hybridization techniques such as embryo rescue (Price et al., 2005b). One successful attempt has been reported between the species S. bicolor and S. macrospermum, using embryo rescue methods (Price et al., 2005b). Techniques such as the use of bridge species, irradiation of pollen grains, and chromosome doubling have also been used to overcome these sterility barriers (Kumari et al., 2016). Kuhlman et al. (2010) have also successfully developed a S. bicolor line which is homozygous for the recessive iap (inhibition of alien pollen) gene, allowing pollen tubes to grow to completion, even when the pollen is from a GP-3 species. Hybrids have since been made by crossing S. bicolor with S. macrospermum (Kuhlman et al., 2010), and also with Saccharum spp. (Hodnett et al., 2010). A detailed account of attempts of producing hybrids between cultivated sorghum and wild sorghum has been explained in a review of Ohadi et al. (2017) (Table 2).


Table 2 | Experimental details of hybridization between S. bicolor and its wild relatives (Ohadi et al., 2017).



Additionally, sorghum CWR may have been overlooked historically due to their apparent lack of usefulness regarding advantageous agricultural traits. This trend has been seen in many CWR (Jansky et al., 2013), including wild sorghum species having been overlooked in the past due to their low yields and “weedy” characteristics (Cox et al., 1984; McWhorter, 1989). However, there are various reasons why Sorghum species should no longer be viewed this way. Several of these species have been shown to possess traits which would be desirable in sorghum crops (Kamala et al., 2002; Venkateswaran, 2003; Cowan et al., 2020). Increasing genetic heterogeneity through hybridization can also be unexpectedly beneficial through heterosis—enhancement of traits through mixing genes of two genetically-distinct parents. Some benefits can be phenotypically obvious, for example with Jordan et al. (2004) finding some hybrids of S. bicolor subspp. bicolor and verticilliflorum with higher yields than either of the parent plants. This finding was surprising given that subsp. verticilliflorum typically has low grain yields. Other benefits of heterosis might be less immediately noticeable, including reduced susceptibility to pests, pathogens, and environmental changes (Chen, 2010).



Use of Gene Pools 1 and 2

Due to the incompatibly of crossing S. bicolor with species in GP-3, most existing hybrids have been made through crosses of S. bicolor with members of gene pools 1 and 2 (Duncan et al., 1991). These include: S. bicolor subsp. verticilliflorum (Cox et al., 1984; Jordan et al., 2004) and S. propinquum (Wooten, 2001) being used to increase yield; S. halepense being used to introduce perennialism (Cox et al., 2002; Dweikat, 2005); and S. propinquum being used to increase height and earliness of development (Wooten, 2001) (Table 3). There have also been countless crosses between different commercial lines of the crop (Rosenow and Clark, 1982; Duncan et al., 1991; Aruna and Cheruku, 2019).


Table 3 | Details of potential wild sorghum species which can be used to improve cultivated sorghum.



There are also various other traits within gene pools 1 and 2 which have been listed as potentially useful for introgression into S. bicolor. Harlan (1992), reported that the wild race arundinaceum was adapted to growing in wet climates, an adaptation not common in cultivated sorghum species. The wild race virgatum can grow in drought conditions and their seeds have been shown to be tolerant to high temperatures (Bramel-Cox and Cox, 1988). In addition, Bramel-Cox and Cox (1988), showed that high yielding wild species arundinaceum, virgatum, and verticilliflorum, could be used to increase the yield of domesticated sorghum. These wild races also have resistance to the parasitic weed Striga asiatica Lour., a useful trait in sorghum cultivation (Rich et al., 2004). Other potentially useful traits in sorghum’s GP-1 and GP-2 include: S. bicolor nothosubsp. drummondii’s allelopathic properties, which reduce the growth of weeds in the cultivated field (Baerson et al., 2008), and resistance to ergot (Tsukiboshi et al., 1998) and nematodes (Mojtahedi et al., 1993; Viaene and Abawi, 1998); and S. halepense’s resistance to pests such as green bug, chinch bug, and sorghum shoot fly (Nwanze et al., 1995; Dweikat, 2005) (Table 3). Meanwhile, continued crosses between commercial lines will continue to contribute to recombination efforts, while also potentially generating serendipitous new phenotypes (such as yield gains) through heterosis.



Use of Gene Pool 3

Although sorghum’s GP-3 has not yet extensively been used in crop improvement, it potentially contains a high level of genetic diversity for use in sorghum improvement. This diversity is suggested by the ability of these species to adapt to a range of edaphic conditions, with Australia’s native sorghums collectively covering diverse habitats including rocky slopes, sand dunes, grasslands, and forests (Lazarides et al., 1991). The niche diversity of GP-3 is much greater than that of GP-1 and GP-2, potentially providing genetic resources with which the environmental tolerances of sorghum crops could be expanded. For example, there has been great interest in increasing sorghum’s tolerance to cold temperatures in order to greatly expand the zone in which it can be grown (Fiedler et al., 2016, Yu and Tuinstra, 2001). Sorghum leiocladum could be a good candidate species for cold tolerance genes due to its presence in temperate regions of New South Wales and Victoria, Australia. Similarly, Cowan et al., 2020, found multiple GP-3 species with greater tolerance to drought than domesticated sorghum, including S. brachypodum and S. macrospermum. Further research into GP-3 could unveil more environments to which wild species could offer novel tolerance genes. Species across GP-3 have also been shown to be resistant to biotic stressors including sorghum shoot fly (Venkateswaran, 2003; Kamala et al., 2009), spotted stem borer (Venkateswaran, 2003), and downy mildew (Kamala et al., 2002), as well as S. angustum, S. amplum and S. bulbosum all showing resistance to egg laying by sorghum midge (Sharma and Franzmann, 2001) (Table 3). The identification of such traits despite the limited number of studies conducted on sorghum’s GP-3 suggests that there is high potential for finding further agronomically advantageous traits in this gene pool.

Cowan et al. (2020) also found that, in contrast to other cyanogenic crops, the leaf cyanogenic glucoside content of drought stressed wild sorghums is lower than that of the cultivated species (Cowan et al., 2020). Interestingly, findings of this study revealed that drought stress significantly increased the dhurrin concentration of the aboveground parts of S. bicolor, while the wild species were not significantly affected. Specifically, the two wild species S. macrospermum and S. brachypodum were able to maintain a higher growth rate and an insignificant aboveground dhurrin content. The regulation of the formation cyanogenic glucosides in wild sorghum species has not yet been studied in detail or compared to that of cultivated S. bicolor. Understanding the gene expression and regulation of cyanogenesis related genes in wild relatives of sorghum would be a crucial step in utilizing the useful traits in wild sorghum in crop improvement (Cowan et al., 2020).



Priorities for Future Work

In order to maximize the impact of sorghum improvement using CWR, various steps must be taken to improve how current work is executed. These steps include further development and distribution of S. bicolor lines which can interbreed with species outside GP-1 and GP-2, further improvements in the sorghum GM process, increased accessibility for crop developers and researchers to CWR germplasm, knowledge, and introgression technology, and a better understanding of how each of sorghum’s CWR might be valuable to the crop improvement process. De novo domestication of wild sorghums might also be a valuable method through which new sorghum lines could be developed (Fernie and Yan, 2019). Continued research into the morphology and physiology of CWR species will allow us to determine which species are potentially the most suitable as genetic sources for crop improvement, as well as for undergoing de novo domestication, taking into account potential uses, yields, and crop safety (e.g. storage of cyanogenic glucosides). Some of sorghum’s key domestication genes have already been identified (Meyer and Purugganan, 2013; Tao et al., 2017). Further elucidation of the Sorghum phylogeny might also help in the introgression process through allowing a better understanding of the relatedness of each species to the target crop (Figure 3).




Figure 3 | Roadmap towards the use of sorghum’s wild relatives in crop improvement.



All of these steps also rely on the continued conservation of the CWR species and the intraspecific genetic diversity within them. A combination of ex situ and in situ conservation techniques is vital for preserving the maximum genetic diversity (Engels et al., 2008). Currently, the world sorghum germplasm collection contains more than 200,000 accessions (FAO, 2009). Among these germplasm collections, ICRISAT (International Crops Research Institute for the Semi-Arid Tropics) has the world’s depository of sorghum germplasm collection, including many accessions from GP-1 and GP-2, as well as some GP-3 accessions (Wang et al., 2015). The main GP-3 germplasm collections are located in Australia at the Australian Grains Genebank (Bhattacharya et al., 2011; Genesys-pgr, 2020) with additional germplasm—mainly of the same lines as those held by the Australian Grains Genebank—held overseas by organizations such as the USDA Agricultural Research Service and the Millennium Seed Bank. Because most Sorghum species are native to Australia, in situ protections in the nation are vital for protecting the genus’ diversity. However, in situ protections of GP-3 species across Africa and Asia are also necessary, as these represent the genetic resources which are most easily crossed with the crop.




Conclusion

Sorghum is an immensely valuable multipurpose crop with several end user products. The genus Sorghum is rich in diversity with a highly beneficial reservoir of untapped genetic resources, especially in the tertiary gene pool. The wild relatives of sorghum contain many expedient traits which can be utilized in crop improvement. However, exploitation of these extremely valuable traits in crop improvement is still hindered due to the limited availability of genetic information on these wild sorghum species. Furthermore, the genetic barriers in gene transfer between wild and cultivated sorghum species are challenging. However, with recent advances in next generation sequencing technologies, more genomic data will become available to researchers. This will extend the development of sorghum improvement programs using the rich, yet unexploited genetic resources in sorghum’s wild relatives. These resources may also support the development of new crops in the tribe Andropogoneae (Dillon et al., 2007c) either by introgression of useful genes into genera such as Saccharum or by domestication of further Sorghum species.
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Postemergence grass weed control continues to be a major challenge in grain sorghum [Sorghum bicolor (L.) Moench], primarily due to lack of herbicide options registered for use in this crop. The development of herbicide-resistant sorghum technology to facilitate broad-spectrum postemergence weed control can be an economical and viable solution. The 4-hydroxyphenylpyruvate dioxygenase-inhibitor herbicides (e.g., mesotrione or tembotrione) can control a broad spectrum of weeds including grasses, which, however, are not registered for postemergence application in sorghum due to crop injury. In this study, we identified two tembotrione-resistant sorghum genotypes (G-200, G-350) and one susceptible genotype (S-1) by screening 317 sorghum lines from a sorghum association panel (SAP). These tembotrione-resistant and tembotrione-susceptible genotypes were evaluated in a tembotrione dose–response [0, 5.75, 11.5, 23, 46, 92 (label recommended dose), 184, 368, and 736 g ai ha–1] assay. Compared with S-1, the genotypes G-200 and G-350 exhibited 10- and seven fold more resistance to tembotrione, respectively. To understand the inheritance of tembotrione-resistant trait, crosses were performed using S-1 and G-200 or G-350 to generate F1 and F2 progeny. The F1 and F2 progeny were assessed for their response to tembotrione treatment. Genetic analyses of the F1 and F2 progeny demonstrated that the tembotrione resistance in G-200 and G-350 is a partially dominant polygenic trait. Furthermore, cytochrome P450 (CYP)-inhibitor assay using malathion and piperonyl butoxide suggested possible CYP-mediated metabolism of tembotrione in G-200 and G-350. Genotype-by-sequencing based quantitative trait loci (QTL) mapping revealed QTLs associated with tembotrione resistance in G-200 and G-350 genotypes. Overall, the genotypes G-200 and G-350 confer a high level of metabolic resistance to tembotrione and controlled by a polygenic trait. There is an enormous potential to introgress the tembotrione resistance into breeding lines to develop agronomically desirable sorghum hybrids.

Keywords: Sorghum bicolor, resistance, QTL mapping, single gene inheritance, tembotrione


INTRODUCTION

Grain sorghum [Sorghum bicolor (L.) Moench ssp. bicolor] is one of the most versatile crops with multiple uses, including for food, feed, and fuel (Ciampitti and Prasad, 2019). Sorghum performs better than corn (Zea mays) under rainfed and low input conditions (Valadabad et al., 2000; Staggenborg et al., 2008). The US is the largest producer of grain sorghum in the world, and almost half of the US grain sorghum is produced in Kansas (USDA-NASS, 2020). Sorghum is primarily grown for cattle feed and ethanol production in the US, whereas it is a staple food for millions of people in Africa, India, and South America (Taylor et al., 2006; Dahlberg et al., 2012). Weed infestation, specifically grass weed species, pose a major problem in sorghum production and can reduce the crop yields up to 60% if left uncontrolled (Thompson et al., 2019; Dille et al., 2020). Palmer amaranth (Amaranthus palmeri), common waterhemp (Amaranthus tuberculatus), kochia (Bassia scoparia), common ragweed (Ambrosia artemisiifolia), and common lambsquarters (Chenopodium album) are the major broadleaf weeds and johnsongrass (Sorghum halepense), shattercane (Sorghum bicolor ssp. verticilliflorum), and large crabgrass (Digitaria sanguinalis) are major grass weeds found in grain sorghum fields (Stahlman et al., 2000; Smith et al., 2010). A wide range of postemergence (POST) herbicides are available to control broad-leaved weeds in sorghum. However, herbicide options for POST control of grasses are limited due to the susceptibility of sorghum to commonly used grass control herbicides (Thompson et al., 2019).

The 4-hydroxyphenylpyruvate dioxygenase (HPPD) inhibitors (e.g., mesotrione or tembotrione) are widely used to control a broad spectrum of weeds including grasses in corn because it can effectively metabolize HPPD inhibitors (Williams and Pataky, 2010). However, these herbicides are not registered as POST in sorghum due to crop injury. Although these herbicides are widely used, to date only two weed species, i.e., Palmer amaranth and common waterhemp, have been documented to have evolved resistance to HPPD inhibitors (Heap, 2020). These herbicides inhibit the HPPD enzyme, which is important for the conversion of 4-hydroxyphenyl pyruvate to homogentisate, an intermediate in plastoquinone and tocopherol biosynthesis pathway in plants (Lee et al., 1998). Plastoquinone is essential for the carotenoid biosynthesis, which protects the chlorophyll by absorbing excited electrons released during photosynthesis. Depletion of carotenoids causes damage to the chlorophyll by photo-oxidation resulting in bleaching followed by necrosis and plant death (Dankov et al., 2009). HPPD inhibitors include four chemical families isoxazole, pyrazole, pyrazolone, and triketones, and were introduced in the 1980s for weed control (van Almsick, 2009).

Herbicide resistance in plants can be conferred by two major mechanisms: (1) target-site resistance (TSR): mutation(s) in the herbicide target gene leading to the reduced affinity of the target enzyme for herbicide binding or due to increased expression of target enzyme; (2) non-target site resistance (NTSR): increased metabolism or reduced absorption/translocation of herbicides (Gaines et al., 2020). Metabolism of HPPD inhibitors by cytochrome P450 enzyme (CYPs) activity is the most common mechanism of resistance found in crops as well as weeds (Ahrens et al., 2013). Nonetheless, increased expression of HPPD gene has also been reported in some biotypes of Palmer amaranth (Nakka et al., 2017). Recently, a modified HPPD gene from Pseudomonas fluorescens and Avena sativa which is insensitive to HPPD inhibitors was used to develop transgenic soybeans (Glycine max) resistant to HPPD inhibitors by Bayer Crop Science (Matringe et al., 2005; Dreesen et al., 2018) and Syngenta (Hawkes et al., 2016), respectively. Dupont-Pioneer used an insensitive shuffled variant of corn HPPD gene that confers a high level of resistance to HPPD inhibitors in soybean (Siehl et al., 2014).

CYPs are one of the largest enzyme families involved in xenobiotic metabolism in microorganisms, insects, plants, and humans imparting resistance, respectively, to antibiotics, insecticide, herbicide, and drugs (Pandian et al., 2020). The activity of CYPs can be inhibited using several chemical compounds: 1-aminobenzo-triazole (ABT), tetcyclacis (TET), piperonyl butoxide (PBO), tridiphane, and organophosphate insecticides such as malathion and phorate (Siminszky, 2006; Busi et al., 2017). Treatment with CYP inhibitors before herbicide application will competitively reduce the CYP activity resulting in decreased metabolism of herbicide, thereby reducing the level of resistance (Siminszky, 2006). CYP inhibitors have been widely used to determine metabolic resistance to herbicides in several plant species.

Specifically, malathion and PBO were used to demonstrate the inhibition of CYP activity and the reversal of crop tolerance to HPPD inhibitors in corn (Ma et al., 2013; Oliveira et al., 2018).

Development of sorghum hybrids resistant to HPPD inhibitors will provide POST herbicide options to control grass weeds (Thompson et al., 2019). Tembotrione is a triketone herbicide which has broad-spectrum activity including grass weeds. Furthermore, the efficacy of tembotrione is high on grass weeds compared with other triketones (Ahrens et al., 2013). Mesotrione, a triketone herbicide similar to tembotrione, is registered for pre-emergence (PRE) use in sorghum but not as POST; however, tembotrione is not registered for PRE or POST usage in sorghum. We have used sorghum association panel (SAP) composed of homozygous sorghum genotypes representing all cultivated races from diverse geographic regions including widely used US breeding lines. We hypothesize that screening diverse genotypes from the SAP will facilitate the identification of genotypes resistant to tembotrione; such resistance, similar to maize, is associated with CYP-mediated metabolism. The specific objectives of this research were to identify and characterize sorghum genotypes with resistance to tembotrione, to investigate the inheritance and mechanism of resistance to tembotrione, and to identify genetic loci conferring tembotrione resistance.



MATERIALS AND METHODS


Plant Materials

Sorghum genotypes from the SAP (Casa et al., 2008) were used in this study. A commercial sorghum hybrid Pioneer 84G62 and a corn inbred B73 (naturally resistant to tembotrione) were also used for comparison.



In vitro Screening

Sorghum genotypes (∼317) from SAP along with Pioneer 84G62 and B73 were used for initial screening with tembotrione under in vitro conditions. Seeds of all genotypes were germinated in plastic Petri dishes (100 mm diameter × 20 mm height) containing 0.8% w/v solidified agar medium (PhytoTech Laboratories, Lenexa, KS, United States). Seeds were surface sterilized with 2% ethanol for 2 min followed by 5% (v/v) sodium hypochlorite for 15 min. Subsequently, seeds were rinsed two to three times with sterile distilled water before placing them on the agar medium. About 8–10 seeds were placed in each Petri dish for germination and incubated in a growth chamber maintained at 24°C with 16/8 h (day/night) photoperiod under a photosynthetic flux of 200 μmol m–2 s–1 (daylight fluorescent tubes). On germination, seedlings at three-leaf stage were transferred to culture vessels (PhytoTech Laboratories) containing solidified agar supplemented with 0.25 μM molecular grade tembotrione (Sigma-Aldrich, St. Louis, MO, United States). All transplanted culture vessels were incubated in the same growth chamber, maintained at the same conditions as indicated previously. The experiment was conducted with four to eight biological replicates (two culture vessels with two to four plants in each culture vessel). The response of genotypes to tembotrione treatment was evaluated visually (percent injury) at 2 and 4 weeks after treatment (WAT) based on a 0–100% rating scale (0% is no injury and 100% is complete death) (Abit et al., 2009).



Whole Plant Assay

Ten sorghum genotypes (Supplementary Table S1) that exhibited minimum injury and S-1 that was found highly susceptible to tembotrione under in vitro conditions were tested along with Pioneer 84G62 for their response to tembotrione under greenhouse conditions. The seeds of sorghum genotypes were planted in square pots (15 × 15 × 15 cm) filled with a potting mixture (ProMix Ultimate; Premier Tech Horticulture, Mississauga, Ontario, Canada). The seedlings at three-leaf stage (Roozeboom and Prasad, 2019) were transplanted in square pots (6 × 6 × 6 cm) and grown in a greenhouse maintained at 25/20°C, 15/9 h day/night photoperiod with a photosynthetic photon flux density of 750 μmol m–2 s–1 and relative humidity of 60 ± 10%. The plants were fertilized (Miracle GRO® all-purpose plant food; ScottsMiracle-Gro, Marysville, OH, United States) as needed. The sorghum seedlings at five-leaf stage (Roozeboom and Prasad, 2019) were treated with tembotrione (Laudis; Bayer Crop Science, St. Louis, MO, United States) at 92 g ai ha–1 (field recommended dose) with 0.25% methylated soy oil (Destiny; WinField United) using a bench-top track spray chamber (Generation III; De Vries Manufacturing, Hollandale, MN, United States) equipped with a single flat-fan nozzle (80015LP TeeJet tip; Spraying Systems, Wheaton, IL, United States) delivering 187 L ha–1. Each plant was considered as an experimental unit, eight replications were used for each genotype. The response of sorghum genotypes to tembotrione treatment was evaluated by visual injury rating as described previously (Abit et al., 2009). The above-ground plant biomass was harvested 3 WAT and dried in an oven at 60°C for 72 h. The weight of dried biomass was recorded as described later in a separate section. The experiment was repeated two times following the same procedure and growth conditions.



Dose-Response Assay

Two genotypes, i.e., G-200 and G-350, that exhibited the least injury, and one highly susceptible genotype S-1 that exhibited the highest injury to tembotrione treatment identified from in vitro and whole plant assays, along with Pioneer 84G62 were tested in a tembotrione dose-response study to determine the level of resistance. The sorghum genotypes were treated with tembotrione at 0, 5.75, 11.5, 23, 46, 92, 184, 368, and 736 g ai ha–1. The experiment was conducted following the same plant growth conditions and herbicide application procedure as described previously in the whole plant assay. The experiment was conducted in a completely randomized design with four replications and repeated twice. The above-ground plant biomass reduction was measured as described previously.



Field Testing

On confirmation of the level of resistance to tembotrione in the greenhouse, the tembotrione-resistant sorghum genotypes G-200 and G-350 were evaluated in comparison with S-1 (susceptible) and Pioneer 84G62 (commercial hybrid) under field conditions. Experiments were conducted in summer of 2017 at two KSU research sites: Ashland Bottoms Research Farm, Manhattan (Reading silt loam soil type; Pachic Agriustolls taxonomic class); and Agricultural Research Center, Hays (Harney silt loam soil type; Typic Agriustolls taxonomic class). S-Metolachlor at 2 kg ai ha–1 was applied as a pre-emergence herbicide to all plots at both sites to suppress existing weeds in the field before planting sorghum. Seeds of sorghum genotypes were planted in both locations on June 6, 2017 with a 76-cm space between rows and 7.6-cm space between plants, and 2.5 cm planting depth at a rate of 172,000 seeds ha–1 (Abit et al., 2011). The experimental plots were 3 m wide and 6 m long with four rows; the resistant or susceptible genotypes were planted in the middle two rows along with two border rows planted with Pioneer 84G62 to avoid herbicide drift from nearby treatments. POST application of tembotrione was made to individual plots when the sorghum plants reached five-leaf stage (Roozeboom and Prasad, 2019). Tembotrione treatments included 0, 92, 184, and 368 g ai ha–1. Herbicides were applied using a CO2-powered backpack-type research sprayer equipped with TurboTee 11002 nozzles calibrated to deliver 140 L ha–1 at 234 kPa. Experiments were conducted in a randomized complete block design with factorial arrangement with sorghum genotype and herbicide dose as the two factors. All treatments were replicated four times at each site. Sorghum response to herbicide treatments was visually assessed 1, 2, 4, and 8 WAT using a scale of 0 (no visible injury) to 100% (plant death) compared with the non-treated plants. At physiological maturity, grain weight was measured for each genotype. Three sorghum heads from each replication were randomly collected for each genotype separately from all treatments and dried in an oven at 60°C for 1 week. The dried sorghum heads from each plant were subsequently threshed to determine grain yield from a single plant.



Generation and Evaluation of F1 and F2 Progeny

To study the inheritance and mapping of tembotrione resistance, direct and reciprocal crosses were performed using tembotrione-resistant (G-200 and G-350) and tembotrione-susceptible (S-1) genotypes in a crossing nursery at KSU research farm, Ashland Bottoms, KS. The crosses were made using the plastic bag method (Rakshit and Bellundagi, 2019). The F1 seeds were harvested from individual plants. The F1 progeny from S-1 × G-200 and S-1 × G-350 were evaluated in a tembotrione dose-response assay by treating the plants with 0, 23, 46, 92, 184, and 368 g ai ha–1 of tembotrione. A total of 10–12 F1 plants from each cross (S-1 × 200 and S-1 × 350) per dose were treated and the true F1 plants were differentiated from the selfed plants by their response to tembotrione; hence, the susceptible (S-1) was used as female parent, and the plants that were derived by selfing would be killed at field recommended dose or higher. In addition, the selfed plants that survived at low doses were identified by parental phenotype and vigor and discarded.

Each plant was considered as an experimental unit with eight replications per dose. The same procedure, as described previously, was followed for tembotrione dose-response assay of F1 progeny. Three F1 plants per cross that exhibited resistance to tembotrione were selected to generate F2 seeds by self-pollination.

The F2 progeny were evaluated under greenhouse conditions with a single dose of tembotrione to determine the segregation of resistant and susceptible plants. Approximately 150 seedlings from a single F2 family (total of two F2 families) along with the parents were raised in the greenhouse (as described previously under the same growth conditions). The seedlings (five-leaf stage) were treated with 276 g ai ha–1 of tembotrione following the same procedure as described previously. The response of F2 plants was assessed by visual injury rating (as described previously) at 2 and 3 WAT (Abit et al., 2009). Further, plants were grouped as highly injured/dead (susceptible) or minor/no symptoms (resistant) at 4 WAT in comparison with the parental genotypes. In addition, total leaf chlorophyll index was estimated in parents and F2 progeny on 3 and 4 WAT. Chlorophyll index was measured at three different spots on the leaf blade along the length of the youngest fully opened leaf using a self-calibrating soil plant analysis development (SPAD) chlorophyll meter (Konica Minolta SPAD 502 Chlorophyll Meter, Chiyoda City, Tokyo, Japan). The chlorophyll index obtained from the three spots were averaged and considered as a total leaf chlorophyll index. However, the leaf chlorophyll index was recorded from the second run of S-1 × G-200 F2 evaluation which was used for the quantitative trait loci (QTL) mapping experiment (described later in a separate section).



HPPD-Gene Sequencing

The HPPD gene from G-200, G-350, and S-1 were sequenced to determine if any target site alterations confer resistance to tembotrione. Leaf tissue (three-leaf stage plants) was collected from three plants (biological replicates) of each genotype grown in the greenhouse as described previously and under similar growth conditions. The genomic DNA was extracted using GeneJET Plant Genomic DNA Purification Mini Kit (Thermo Fisher Scientific, Waltham, MA, United States) following the manufacturer’s instructions. The concentration of the DNA samples was quantified using NanoDrop (Thermo Fisher Scientific). The sorghum HPPD gene ∼2 kb was amplified using the primers Sg_HPPD F (5′ GACACGATGAATGCCCATGC 3′) and Sg_HPPD R (5′ AGAGAGATGACAGTACAGTGTTGT 3′) designed from Sobic.002G104200.1 in the sorghum reference genome V3.1.1 (McCormick et al., 2017). PCR was performed using T100 Thermal Cycler (Bio-Rad, Hercules, CA, United States). The PCR mixture contained 50–80 ng of gDNA, 0.5 μM each of forward, reverse primer, and 1 × of GoTaq G2 Green Master Mix (Promega, Madison, WI, United States). PCR amplification was done using the following PCR cycling conditions: initial denaturation at 94°C for 5 min, followed by 35 cycles of denaturation at 94°C for 30 s, annealing at 60°C for 45 s, extension at 72°C for 45 s, and final extension at 72°C for 7 min. The PCR products were analyzed in 1.5% agarose gel to confirm the targeted amplicon size and purified using GeneJET PCR Purification Kit (Thermo Fisher Scientific, Waltham, MA, United States). The PCR purified samples were sequenced by Sanger sequencing service provided by GENEWIZ (South Plainfield, New Jersey, United States). The sequences were aligned using Clustal Omega multiple sequence alignment tool (EMBL-EBI) to check for the mutations.



CYP-Inhibitor Study

To determine if CYP-mediated metabolism of tembotrione confers resistance in G-200 and G-350 genotypes, experiments were conducted using two CYP inhibitors, malathion and PBO. The sorghum genotypes G-200, G-350, and S-1, along with Pioneer 84G62 and a corn genotype B73, were grown in the greenhouse (as described previously and under similar growth conditions). Malathion (Spectracide malathion insect spray concentrate; Spectrum Brands) at 0, 2,000, and 4,000 g ai ha–1 or PBO (Thermo Fisher Scientific, Waltham, MA, United States) at 4,500 g ai ha–1 along with 0.25% non-ionic surfactant (NIS) was applied 1 h before tembotrione treatment. Soil drenching of 5 mM malathion 24 h after primary application as a booster dose was given only for the malathion treatments. Tembotrione was applied at 0, 92, 184, and 368 g ai ha–1 with 0.25% methylated soy oil. All the treatments were arranged in a factorial design. The same procedure, as mentioned in the earlier tembotrione dose-response assay, was followed for chemical treatments (malathion, PBO, and tembotrione) and data collection.



Genotyping by Sequencing (GBS)

A total of 150 plants of a single F2 family derived from S-1 × G-200 (mentioned as Run-2 in Table 4), along with parents, were grown in the greenhouse as described previously and under the same growth conditions. An equal amount (two 2-cm leaf bits; ∼150 mg) of leaf tissue was collected from all plants in 96-deep-well plates. One 3.2-mm stainless steel bead was added to each well and the leaf tissue was ground for 3 min at 20 cycles per second to obtain fine powder in a Mixer Mill (Retsch GmbH, Haan, North Rhine-Westphalia, Germany). Genomic DNA was extracted using the cetyltrimethylammonium bromide (CTAB) method (Bai et al., 1999) with minor modifications. The DNA concentration in the extracted samples was quantified by FLUOstar Omega microplate reader (BMG LABTECH, Ortenberg, Baden-Württemberg, Germany) using a Quant-iT PicoGreen dsDNA Assay Kit (Life Technologies, Grand Island, NY, United States). Each sample was normalized to contain 10 ng/μl DNA using QIAgility Liquid Handling System (Qiagen, Germantown, MD, United States) for library construction. Approximately 150 ng of genomic DNA of each sample was used to construct a library following the tGBS protocol (Ott et al., 2017) with modifications, and the DNA library was sequenced on the HiseqX 10 platform at Novogene Corporation, Sacramento, CA, United States. Sequencing reads were trimmed and de-barcoded using the pipeline described in the previous tGBS study (Ott et al., 2017). Clean reads of each sample were aligned to Sorghum bicolor genome (GenBank accession GCA_000003195.3) (Paterson et al., 2009) using BWA v0.7.12-r1039 (Li and Durbin, 2009) and unique mapped reads were retained for variant discovery using HaplotypeCaller in GATK v4.1 (McKenna et al., 2010). GATK SelectVariants with parameters (-select-type SNP –restrict-alleles-to BIALLELIC -select “QD ≥ 10.0” -select “DP ≥ 200.0”) was applied to filter variants. The SNPs were converted to ABH format (“A” represents resistant parent allele, “B” represents susceptible allele, and “H” represents heterozygous allele) and only polymorphic SNPs between the R and S genotypes were retained using a custom-made Microsoft Excel template. The filtered polymorphic SNPs were used for the construction of a linkage map and QTL analysis.



Linkage and QTL Mapping

The linkage map was obtained using QTL IciMapping (version 4.5). The grouping and ordering of 606 polymorphic SNP markers were carried out using the regression mapping algorithm RECORD (REcombination Counting and ORDering) based on recombination events between adjacent markers. Further, rippling was done for fine-tuning of the ordered markers on their respective chromosomes by the sum of adjacent recombination fractions (SARF) algorithm with a default window size. The QTL mapping for recovery (RE) and visual injury (VI) was performed using the inclusive composite interval mapping (ICIM) method with additive assumption was performed using the QTL IciMapping (version 4.5) (Meng et al., 2015). The logarithm of the odds (LOD) significance thresholds (P < 0.05) were determined by running 1,000 permutations (Churchill and Doerge, 1994). Previously reported QTLs for similar regions were obtained from sorghum QTL Atlas (Mace et al., 2019). The QTLs (q) were named based on the trait abbreviation followed by the chromosome number.



Statistical Analysis

Dry biomass (% of non-treated) was calculated following the formula:
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Tembotrione dose-response data expressed as dry biomass (% of non-treated) or percent injury were subjected to non-linear regression analysis using a three- or four-parameter log-logistic model using a “drc” (Ritz and Streibig, 2005) package in R (Development R Core Team, 2013) following Knezevic et al. (2007) and Shyam et al. (2019) to estimate GR50 (dose required for 50% growth reduction) or ID50 (dose required for 50% visual injury). A “Lack-of-fit” test was performed using the “model fit” function of “drc” to assess the fit of data to various regression models. Differences between the estimated GR50 or ID50 values were tested with each other by t-test using the “compParm” function in the “drc” package. The dose-response curves were generated using the “plot” function in the “drc” package.

ANOVA was performed following Fisher’s LSD test to separate means and significance at P ≤ 0.05 using the “agricole” package in R (de Mendiburu, 2014). The plots were generated using the “R” package “ggplot2” (Wickham and Wickham, 2007). A χ2 goodness-of-fit test (Cochran, 1952) was used to fit to a single dominant gene by comparing the observed and expected segregation frequencies of tembotrione-resistant or tembotrione-susceptible plants.




RESULTS


Identification of Tembotrione-Resistant Genotypes

Among 317 genotypes from the SAP initially screened under in vitro (tissue culture) conditions, 10 genotypes showed ≤ 70% tembotrione injury at 2 WAT with significant recovery by 4 WAT (Supplementary Table S1). One genotype, S-1, was found highly susceptible to tembotrione as these plants did not survive tembotrione treatment. In response to the tembotrione application at 92 g ai ha–1 (field recommended dose of tembotrione), under greenhouse conditions, out of the above 10 genotypes, only two, i.e., G-200 and G-350, showed the least injury at 2 WAT (73 and 70%, respectively) and the smallest dry biomass reduction at 3 WAT (25.36 and 25.77%, respectively) (Supplementary Table S2). In the treated plants, the tembotrione injury symptoms appeared by 2 WAT, after which in G-200 and G-350, the symptoms dissipated, and plants started to recover. However, leaf chlorosis and bleaching symptoms, typical of tembotrione injury, were visible on all 10 genotypes at a variable degree. The susceptible genotype, S-1, and Pioneer 84G62 (a commercially used sorghum hybrid) exhibited 100 and 90% injury with a biomass reduction of 2.69 and 11.63%, respectively (Supplementary Table S2).



Tembotrione Dose-Response Assay

Based on the GR50 values the resistant genotypes, G-200 and G-350 required 215 and 154 g ai ha–1 of tembotrione, respectively, for 50% growth reduction which is higher than the field recommended dose of 92 g ai ha–1, whereas Pioneer 84G62 and S-1 required only 22 and 36 g ai ha–1 for the same level of growth reduction. The GR50 values of G-200, G-350, and Pioneer 84G62 were significantly different from S-1. Based on GR50 values, compared with S-1, the genotypes G-200, G-350, and Pioneer 84G62 were ∼10 ×, 7 ×, and 1.5 × more resistant, respectively, to tembotrione (Figure 1 and Table 1).
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FIGURE 1. Tembotrione dose-response curves obtained by non-linear regression analysis of above-ground dry biomass of S-1 (susceptible), Pioneer 84G62 (commercial hybrid), G-200, and G-350 (resistant) using the three-parameter log-logistic model.



TABLE 1. Regression parameters describing the response of sorghum genotypes to tembotrione under greenhouse and field conditions.
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Field Testing

The response of sorghum genotypes, G-200 and G-350, along with S-1 and Pioneer 84G62, to POST application of tembotrione was tested under field conditions at two sites, Manhattan and Hays, KS. Because site by herbicide dose interaction was non-significant, data for tembotrione injury and yield were pooled and averaged across the two sites. In response to the tembotrione (POST) application, sorghum genotypes showed leaf chlorosis and bleaching symptoms followed by necrotic lesions in susceptible plants. The tembotrione injury was visible on all four sorghum genotypes at 1 WAT. A dose-response curve was generated using the injury ratings at 2 WAT. Based on percent injury at 2 WAT and ID50 values, the genotype G-200 required the highest dose (129 g ai ha–1) of tembotrione followed by G-350 (96 g ai ha–1) genotype. Susceptible genotypes S-1 (62 g ai ha–1) and Pioneer 84G62 required the lowest dose of tembotrione (68 g ai ha–1) that caused 50% injury (Figure 2 and Table 1). Days required for 50% recovery (ED50) from herbicide damage was also calculated. The genotypes, G-200 and G-350, recovered with no injury symptoms by 6 WAT at all doses of tembotrione, whereas Pioneer 84G62 and S-1 took 8 weeks for recovery from 1 × and 2 × of application dose, and S-1 did not survive 4 × dose of tembotrione (Table 2). In response to 1 × dose of tembotrione, no significant reduction in grain yield of G-200 and G-350 was found, whereas the susceptible genotypes, S-1 and Pioneer 84G62, showed ∼40 and 30% grain yield reduction (Table 2) compared with no treatment. However, when treated with 2 × and 4 × doses of tembotrione, grain yields were significantly reduced in all genotypes (Table 2).
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FIGURE 2. Tembotrione dose-response curves representing the percent injury of S-1 (susceptible), Pioneer 84G62 (commercial hybrid), G-200, and G-350 (resistant genotypes) in response to different doses of tembotrione at 2 weeks after treatment under field conditions.



TABLE 2. Recovery (ED50) and single plant yield (% of non-treated) in response to different doses of tembotrione under field conditions (ED50: days required for 50% recovery).
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Mechanism of Tembotrione Resistance

Upon sequencing the HPPD gene from G-200, G-350, and S-1, no mutations were identified in the coding region of the HPPD gene (Supplementary Data 1), suggesting that no target site alterations confer resistance to tembotrione in G-200 or G-350. In response to malathion or PBO followed by tembotrione treatments, G-200 and G-350 exhibited significant biomass reduction compared with plants treated with tembotrione alone. Malathion or PBO without tembotrione treatment had no effect on the sorghum genotypes tested (Figures 3, 4). The corn inbred line B73 (known to be resistant to tembotrione) did not show any significant biomass reduction at 92 or 184 g ai ha–1 of tembotrione application (Figure 3A); however, it exhibited a significant reduction in biomass in response to pre-treatment with malathion followed by 184 and 368 g ai ha–1 of tembotrione (Figure 3B). The genotype G-200 treated with malathion followed by 92, 184, and 368 g ai ha–1 showed more than 50% reduction in biomass compared with plants treated only with tembotrione. There is no significant difference in biomass accumulation when treated with 2,000 or 4,000 g ai ha–1 of malathion, except in malathion followed by 368 g ai ha–1 tembotrione treatment (Figure 3B), whereas G-350 showed significant biomass reduction only when treated with malathion followed by 92 g ai ha–1 tembotrione. The susceptible genotype, S-1, showed significant growth reduction at all doses of tembotrione or when pre-treated with malathion (Figure 3B). The corn B73 exhibited significant biomass reduction in response to PBO, followed by 92, 184, and 368 g ai ha–1 of tembotrione treatment (Figures 4A,B). Both G-200 and G-350 genotypes also showed a significant reduction in biomass when pre-treated with PBO followed by all doses of tembotrione. The S-1 was susceptible to all treatments applied (Figure 4B).
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FIGURE 3. (A) The response of S-1 (susceptible), G-200, G-350 (resistant), and corn to field recommended dose tembotrione (92 g ai ha–1) (T) or malathion treatments (M1: 2,000 g ai ha–1; M2: 4,000 g ai ha–1) followed by field recommended dose tembotrione. NT: non-treated. (B) Above-ground dry biomass of sorghum genotypes when pre-treated with malathion or different doses of tembotrione. The error bars represent the standard error (n = 8); different alphabets indicate a significant difference between treatments (p ≤ 0.05).
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FIGURE 4. (A) The response of S-1 (susceptible), G-200, G-350 (resistant), and corn to field recommended dose of tembotrione (92 g ai ha–1) (T) or piperonyl butoxide (PBO) treatment (M1: 4,500 g ai ha–1) followed by field recommended dose tembotrione. NT: non-treated. (B) Above-ground dry biomass of sorghum genotypes when pre-treated with PBO or different doses of tembotrione. The error bars represent the standard error (n = 8); different alphabets indicate a significant difference between treatments (p ≤ 0.05).




Inheritance of Tembotrione Resistance

The F1 progeny of S-1 × G-200 and S-1 × G-350 showed an intermediate response relative to parents when treated with several doses of tembotrione. The GR50 of S-1 × G-200 and S-1 × G-350 were estimated at 104 and 117 g ai ha–1, respectively, which were less than their respective tembotrione-resistant parents, i.e., G-200 (218 g ai ha–1) and G-350 (172 g ai ha–1) (Figures 5, 6 and Table 3), suggesting that tembotrione resistance is a partially dominant trait. The F2 progeny exhibited a continuous variation for tembotrione injury and recovery. Therefore, to perform a χ2-test frequency of segregation of tembotrione resistance or susceptibility in F2 progeny, the plants that had more than 80% tembotrione injury were grouped as susceptible and others as resistant. The observed segregation of resistant:susceptible (R:S) ratios from both the crosses did not comply with the expected ratios of 3:1 (R:S) for a single gene inherited trait, indicating that more than one gene is involved in tembotrione resistance in G-200 or G-350 genotypes of sorghum (Table 4).
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FIGURE 5. Tembotrione dose-response curves representing the above-ground dry biomass of S-1 (susceptible), F1 (S-1 × G-200), F1 (S-1 × G-350), and G-200, G-350 (resistant) using the four-parameter log-logistic model.
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FIGURE 6. Response of parents S-1 (susceptible), G-200, G-350 (resistant), F1 (S-1 × G-200), and F1 (S-1 × G-350) to different doses of tembotrione.



TABLE 3. Regression parameters describing the response of sorghum genotypes and their F1 progeny to tembotrione under greenhouse conditions.
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TABLE 4. Chi-square analysis of the segregation of tembotrione-resistant (R) and tembotrione-susceptible (S) phenotypes in sorghum F2 progeny at 4 weeks after treatment.
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Mapping Tembotrione Resistance

To map the genomic loci controlling tembotrione resistance, a total of 208,376 SNPs were obtained using GBS from 150 F2 progeny (S-1 × G-200) and parents (S-1, G-200). A subset of 1,954 SNP markers polymorphic to both parents with less than 30% missing values were retained. Further, filtering for missing rate (> 90%), strong segregation distortion, marker distribution, and redundant markers resulted in a total of 696 markers that were used for construction of a linkage map. The map of 1,021 cM was prepared which had an average distance of 1.7 cM between two adjacent markers. A total of three QTLs on chromosomes 2, 4, and 8 were mapped with a high LOD score (LOD > 3) (Figure 7 and Table 5) for two traits, RE, i.e., difference between leaf chlorophyll index at 2 and 4 WAT, and visual scoring at 2 WAT VI obtained from 150 F2 plants (Supplementary Figure S1). The LOD score of detected QTLs ranged from 3.0 to 6.0 and the phenotypic variations explained (PVE) values ranged from 9 to 44%.
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FIGURE 7. Quantitative trait loci (QTLs) detected from analysis of 150 plants from a single F2 family of S-1 × G-200 for different traits: (A) recovery (RE); (B) visual injury 21 days after treatment (VI).



TABLE 5. Quantitative trait loci (QTLs) detected for the recovery (RE) and visual injury 3 weeks after treatment (VI) along with logarithm of the odds (LOD) and phenotypic variation explained (PVE) explained by QTLs.
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DISCUSSION


Identification and Characterization of Tembotrione-Resistant Sorghum

Tembotrione, an HPPD inhibitor, is widely used in corn for POST control of both grasses and broad-leaved weeds, but not registered for use in sorghum due to crop injury (Damalas et al., 2018). In this study, we identified two sorghum genotypes, G-200 and G-350, with a high level of resistance and one genotype S-1 susceptible to tembotrione from SAP. Even though cultivated sorghum hybrids are susceptible to tembotrione, variable levels of responses were reported in sorghum germplasm upon treatment with tembotrione (Cunha et al., 2016). The genotypes, G-200 and G-350, were found ∼10-fold and 7-fold more resistant, respectively, under greenhouse and ∼2-fold more resistant under field conditions as compared with S-1 and Pioneer 84G62 (Table 1). In susceptible genotypes, the application of tembotrione causes foliar bleaching and leaf necrosis followed by complete plant death (Galon et al., 2016). Interaction of genotypes with environmental factors such as rainfall, soil type, and weather conditions plays a key role in plant response to HPPD inhibitors (Bollman et al., 2008), which may explain the difference in the level of resistance between greenhouse and field conditions. Variation in the efficacy of HPPD inhibitors in response to environmental factors such as temperature and relative humidity were reported in several weeds (Johnson and Young, 2002; Godar et al., 2015). However, in both greenhouse and field conditions, G-200 and G-350 survived the field dose of tembotrione, whereas S-1 or Pioneer 84G62 were severely injured (Table 1).



Mechanism of Tembotrione Resistance

The natural resistance to tembotrione in G-200 and G-350 appears to be not conferred by any alteration to the molecular target of this herbicide, i.e., HPPD gene, because no difference in HPPD gene sequence was found between the resistant (G-200 and G-300) or susceptible (S-1) genotype (Supplementary Data S1). Likewise, no naturally evolved mutations in the HPPD gene that confer resistance to HPPD inhibitors were found in plants (Lu et al., 2020). Nonetheless, recently, soybean varieties resistant to HPPD inhibitors were developed through transgenic technology by inserting an insensitive HPPD gene (Siehl et al., 2014; Dreesen et al., 2018).

The CYP enzymes are known to metabolize HPPD inhibitors such as mesotrione (Ma et al., 2013; Nakka et al., 2017), tembotrione (Küpper et al., 2018), or topramezone (Elmore et al., 2015) in naturally evolved resistant weed biotypes. In this research, the genotypes G-200 and G-350 exhibited significant biomass reduction in response to pre-treatment with CYP inhibitors, malathion, or PBO followed by tembotrione application, suggesting that tembotrione is metabolized by CYP activity (Figures 3, 4). Similarly, the use of these inhibitors, followed by tembotrione, showed ∼10% more biomass reduction compared with tembotrione alone treatments in a tembotrione-resistant common waterhemp population (Oliveira et al., 2018). Metabolism of tembotrione by hydroxylation followed by glycosylation, catalyzed by CYPs, has also been reported in a tembotrione-resistant Palmer amaranth biotype (Küpper et al., 2018). Furthermore, RNA-Seq analysis revealed differential expression of several CYP genes, for example, three to fourfold upregulation of CYP72A219 and CYP81E8, respectively, was found in the same aforementioned tembotrione-resistant Palmer amaranth biotype (Küpper, 2018). In corn, multiple CYPs located in nsf1 locus were found to metabolize tembotrione, mesotrione, as well as other herbicides (Williams and Pataky, 2010).



Inheritance of Tembotrione Resistance in Sorghum

Based on the response of F1 progeny (S-1 × G-200 and S-1 × G-350) to tembotrione treatment, we found that the tembotrione resistance in G-200 and G-350 is a partially dominant trait (Figures 5, 6 and Table 3). Furthermore, F2 data demonstrated that this resistance is controlled by multiple genes (Table 4). Genetic analyses of sweet corn inbred lines revealed a single recessive allele controlling the sensitivity to tembotrione (Williams and Pataky, 2008). The genetic basis of tembotrione resistance is not extensively studied in plants; however, mesotrione (another widely used HPPD inhibitor) resistance in several common waterhemp populations across US Midwest (Huffman et al., 2015; Kohlhase et al., 2018; Oliveira et al., 2018) was found to be inherited by a partially dominant polygenic trait.



QTL Mapping

We mapped three QTLs associated with tembotrione resistance on chromosomes 2, 4, and 8 using the sequence data from 150 F2 plants from S-1 × G-200 cross (Figure 7). To our knowledge, this is the first report of QTLs associated with tembotrione resistance in grain sorghum. The QTL mapped using RE were previously reported for other traits in sorghum related to chlorophyll fluorescence (Fiedler et al., 2014) and photochemical quenching (Ortiz et al., 2017; Table 5); the QTLs mapped on chromosomes 2 and 4 using VI were novel QTLs and not previously reported for any other trait. The QTLs need to be tested in multiple environments with more number of F2 plants and markers to improve the estimation accuracy, and experiments are in progress to further fine map and identify the precise location of the gene(s) responsible for tembotrione resistance in grain sorghum.

As mentioned earlier, our data indicate that the tembotrione resistance is a polygenic trait, and such traits can express differently in different genetic backgrounds. Therefore, tembotrione resistance can potentially be improved by crossing G-200 and G-350 or with other commercial genetic backgrounds. Such work has been reported to enhance the performance of quantitative traits in different genetic backgrounds and environmental conditions such as drought (Reddy et al., 2009), stay green (Subudhi et al., 2000), cold tolerance (Knoll and Ejeta, 2008), and yield (Nagaraja-Reddy et al., 2013) in grain sorghum. Therefore, there is enormous potential for improving tembotrione resistance by testing the expression of this trait in different genetic backgrounds and for the development of tembotrione-resistant sorghum varieties.

Because sorghum can outcross with closely related wild and weedy species, such as johnsongrass or shattercane, one of the major concerns of the development of herbicide-resistant sorghum varieties has been a natural transfer of such resistance into these weed species (Ohadi et al., 2017). However, recent reports suggest that the outcrossing rate of sorghum with johnsongrass was as low as ∼1% under controlled conditions (Hodnett et al., 2019) and 2–16% with shattercane under field conditions (Schmidt et al., 2013). Although the possibility of outcrossing is minimal, if an herbicide resistance trait escapes into the wild species, necessary stewardship practices must be developed and integrated into sorghum weed management practices.

In conclusion, we have identified sorghum genotypes (G-200 and G-350) with natural resistance to tembotrione from the SAP, which can potentially be used to introgress the tembotrione resistance into breeding lines by conventional or marker-assisted breeding methods. CYP-inhibitor assay suggested CYP-mediated metabolism of tembotrione in the resistant genotypes. Genetic analyses of F1 and F2 progeny demonstrated that the resistance is a partially dominant polygenic trait. Furthermore, GBS-based QTL mapping revealed three QTLs associated with tembotrione resistance in grain sorghum. Future research needs to be focused on incorporating the resistant trait with elite breeding varieties, testing the hybrid performance, and improving herbicide resistance in high yielding and stress tolerance hybrids.
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Germplasm should be conserved in such a way that the genetic integrity of a given accession is maintained. In most genebanks, landraces constitute a major portion of collections, wherein the extent of genetic diversity within and among landraces of crops vary depending on the extent of outcrossing and selection intensity infused by farmers. In this study, we assessed the level of diversity within and among 108 diverse landraces and wild accessions using both phenotypic and genotypic characterization. This included 36 accessions in each of sorghum, pearl millet, and pigeonpea, conserved at ICRISAT genebank. We genotyped about 15 to 25 individuals within each accession, totaling 1,980 individuals using the DArTSeq approach. This resulted in 45,249, 19,052, and 8,211 high-quality single nucleotide polymorphisms (SNPs) in pearl millet, sorghum, and pigeonpea, respectively. Sorghum had the lowest average phenotypic (0.090) and genotypic (0.135) within accession distances, while pearl millet had the highest average phenotypic (0.227) and genotypic (0.245) distances. Pigeonpea had an average of 0.203 phenotypic and 0.168 genotypic within accession distances. Analysis of molecular variance also confirms the lowest variability within accessions of sorghum (26.3%) and the highest of 80.2% in pearl millet, while an intermediate in pigeonpea (57.0%). The effective sample size required to capture maximum variability and to retain rare alleles while regeneration ranged from 47 to 101 for sorghum, 155 to 203 for pearl millet, and 77 to 89 for pigeonpea accessions. This study will support genebank curators, in understanding the dynamics of population within and among accessions, in devising appropriate germplasm conservation strategies, and aid in their utilization for crop improvement.

Keywords: DArTseq, within accession diversity, effective population size, landraces, pearl millet, pigeonpea, regeneration, sorghum


INTRODUCTION

Plant genetic resources include landraces, wild and weedy relatives, improved cultivars, etc. which are of potential value as a resource for present and future generations of people. Landraces occupy a major portion in collections conserved in genebanks. Landraces possess a multifaceted evolutionary history and a vast diversity, primarily associated with humans, also influenced by both natural and farmers' informal selections (Hawkes, 1983). The high variability and genetic diversity of landraces are well-known. Harlan (1965) reported the gene-flow from weeds to landraces and several other authors (Ellstrand et al., 1999; Jarvis and Hodgkin, 1999; Messeguer, 2003; Gompert and Buerkle, 2016) reported the transfer and diffusion of genes into landraces from various sources in both self and out-crossing species. Harlan (1971) emphasized landraces as genetically dynamic populations, and a result of millennia of artificial and natural selection, also Hawkes (1983) described landraces as highly diverse populations or a mixture of heterogenous genotypes, and several other authors proposed various definitions to landraces, explaining their heterogeneity and genetic nature (Brown, 1978; Martin and Adams, 1987; Astley, 1991; Michaelis et al., 1991). Brown (1978), Bellon (2009), and Frankel and Soulé (1981) explained the occurrence of within and between population genetic variation in landrace populations and further explained the within-population diversity is mainly an effect of heterogeneity over space and time. Many pieces of literature are available emphasizing the high variability in landraces, however, only a few studies are available investigating diversity within individuals of landrace accessions that are conserved in genebanks (Busso et al., 2000; Bhattacharjee et al., 2002), while few other studies focused on diversity within landrace populations conserved in situ (Djè et al., 1999; Pressoir and Berthaud, 2004; Dreisigacker et al., 2005; Al Khanjari et al., 2007; Jones et al., 2008; Hagenblad et al., 2012; Kyratzis et al., 2019).

Therefore, understanding the diversity within landraces is essential to make sure that, in genebanks the genetic integrity of a given accession is maintained with its innate variability and diversity without losing any rare allele variants. The major cause for allele loss in genebank accessions is genetic drift when accessions are regenerated with small sample sizes (Crossa, 1995). Mode of pollination being the key factor governing the frequencies of alleles within different individuals of a population, it influences the variability, quantum of diversity, gene flow and population dynamics behind evolution. Hammer et al. (1996) explained the effect of mode of pollination on genetic erosion of landraces, Zeven (1998) explained the attainment of gradual homozygosity within inbreeding landrace populations, and Villa et al. (2005) explained the influence of mode of reproduction in alteration of genetic structure of landraces. Genebanks exercise various scientific strategies to preserve the inherent genetic variability within each accession with theoretical foundations of various population genetic considerations, mainly the mode of reproduction, allelic frequencies, distribution of allelic variations, the proportion of rare alleles, etc. to maintain the genetic integrity of an accession. Rare alleles, however, are easily susceptible to random genetic drifts and can be lost permanently (Ramanatha Rao and Hodgkin, 2002) when handled with inadequate scientific knowledge about the underlying population dynamics. Thus, appropriate conservation strategies with statistically estimated population sizes should be followed. In this study, we have chosen three crops that differ in pollination behavior, including highly cross pollinated pearl millet (>85%) (Burton, 1983), and often-cross pollinated sorghum (about 18%) (Barnaud et al., 2008) and pigeonpea (about 30%) (Saxena et al., 1990), to comparatively assess the within and between accession diversity. Landraces of these crops possess large variability within accessions, therefore chosen for this study.

Classical molecular markers used to assess the genetic diversity in these crops included SSR (Budak et al., 2003; Chandra-Shekara et al., 2007; Bashir et al., 2015), RFLP (Bhattacharjee et al., 2002; Govindaraj et al., 2009), ISSR (Kumar et al., 2006; Animasaun et al., 2015), RAPD (Chowdari et al., 1998; Chandra-Shekara et al., 2007), SRAP (Xie et al., 2010), etc. However, these molecular markers had constrains such as high cost of genotyping per sample and most of these technologies are gel-based and lacked the ability to rapidly analyze large number of marker loci. Recent technological developments in high throughput genotyping overcame these limitations and technologies like DArTSeq, by combining DArT (Diversity Array Technology) with NGS (Next Generation Sequencing), offered the flexibility of genome-wide characterization of germplasms, even without prior sequence information, parallelly providing a low-cost platform for high throughput marker genotyping. Several studies using DArTSeq on diversity and population structure assessments have been reported on various crops evidencing the potential scope of this technology in diversity assessment (Pailles et al., 2017; Raman et al., 2017; Barilli et al., 2018; Edet et al., 2018; Ndjiondjop et al., 2018). What makes DArTSeq to stand apart from other GBS (Genotyping By Sequencing) techniques is their method of complexity reduction that are targeted over the genomic coding regions and the additional advantage of genotyping without prior sequence information extents its scope even toward the under researched wild accessions. It also offers relatively better genome coverage with high reproducibility as DArTSeq is performed at higher sequencing depths and uses strict filtering criterions, it generates markers with less missing data compared to other GBS approaches.

With these background, this study aims (i) to assess genotypic (DArTSeq) and phenotypic characterization of geographically representative diverse sorghum, pearl millet, and pigeonpea landraces and wild accessions to comparatively investigate the extent of diversity within and among accessions, and (ii) to assess the minimum sample (population) size required to capture 95% of the alleles with an expected probability of 95%, from the least frequent allele or from the frequency of the rarest allele for each accession. The scope of this study aims to benefit genebank curators in understanding the dynamics of population within and among accessions, and devising proper sampling strategies (sample size) while regeneration, for effective genebank management and for their utilization in crop improvement. To the best of our knowledge, this study is the first of its kind, and no studies were found utilizing NGS for investigating within accession diversity and sample size estimations, particularly for sorghum, pigeonpea, and pearl millet.



MATERIALS AND METHODS


Plant Material

This study investigated a total of 108 geographically diverse accessions of sorghum, pearl millet, and pigeonpea (Supplementary Tables 1–3) (Figure 1), conserved at ICRISAT genebank. Accessions of sorghum included 31 landraces and 5 wild accessions, collected from 26 different countries from 5 different continents, consisted of all the 5 basic races and all 10 intermediate races as classified by Harlan and de Wet (1972). Accessions of pearl millet consisted of 33 landraces and 3 wild accessions, collected from 19 different countries from 2 different continents, and accessions of pigeonpea included 36 landraces collected from 34 different countries from 5 different continents. All these 108 accessions were raised in fields during post-rainy 2018 at ICRISAT, Hyderabad, for phenotypic and genotypic characterization. Sorghum accessions were sown on black soil, whereas pearl millet and pigeonpea were sown on red soil. Accessions of sorghum occupied three-rows of 9 m length, spaced 75 cm between rows, with a plant-to-plant spacing of about 10 cm. Accessions of pearl millet were laid in 4-meter rows, with each accession occupying 4 rows, spaced 75 cm between rows and 10 cm between plants. Each accession of pigeonpea occupied two rows of 9-meter length, spaced ~75 cm between rows and 50 cm between plants.


[image: Figure 1]
FIGURE 1. Geographical distribution of the sorghum, pigeonpea, and pearl millet accessions used in this study over continents.




DNA Extraction, Complexity Reduction and Genotyping

Individual plants within each accession of sorghum, pearl millet, and pigeonpea were labeled with unique plant ID, and leaf samples were collected from 15 plants in each accession of sorghum and pigeonpea, and 25 plants from each accession of pearl millet, totaling a 540, 900 and 540 samples in sorghum, pearl millet, and pigeonpea respectively. Leaf samples were collected from 15 days old seedlings of sorghum and pearl millet, and 2-month old seedlings of pigeonpea. Collected leaf samples were sealed in zip lock bags or collected using the PCR plates with corresponding plant ID for each sample and packed with ice cubes, and sent for DNA extraction on the same day. The DNA extraction was carried out following the procedure reported by Mace et al. (2003) and the extracted genomic DNA samples were sent to DArT Private Limited in Canberra, Australia (www.diversityarrays.com) for DArTSeq genotyping.



SNP Filtering

The SNP markers from DArTSeq were filtered with a maximum threshold of 95% reproducibility, 80% call rate for markers, and 50% missing values over samples. The SNPs were not filtered for minor allele frequencies (MAF) in order to preserve the rare allele variants, which have the main part of the focus in this study.



Phenotypic Evaluation

To capture maximum phenotypic variability, all the individual plants within each accession were labeled with unique plant ID and data on both qualitative and quantitative traits (Supplementary Table 4) were recorded for all the 3 crops following the respective crop descriptors (IBPGR and ICRISAT, 1993a,b,c), throughout the growing season. In this study, a large number of plants including those plants that were used for DArTSeq and also plants that were not sampled for DArTSeq were phenotyped. The total plant count for each accession ranged from 115 to 234 in sorghum, 51 to 116 in pearl millet. However, in pigeonpea, only 35 accessions had plant count over 10. Two accessions of pigeonpea had a plant count of <14, and remaining accessions had plant counts between 21 and 33. Thus, only data from the 35 accessions of pigeonpea was used for phenotypic analysis.



Phenotypic Data Analysis

Descriptive statistics such as mean, standard deviation, and standard error were computed for quantitative traits to assess the spread and distribution of the data. Preliminary analysis of phenotypic data included investigating diversity among accessions using the mean and range values. This was followed by post-hoc tests, which included Student Newman Keuls test (Newman, 1939; Keuls, 1952) and Levene's test (Levene, 1960) to verify statistical significance between means and homogeneity of variances, respectively. Gower distance metric (Gower, 1971) was used for within accession diversity assessment using both quantitative and qualitative data. Pairwise distances between individual plants were subjected to the ward.D2 agglomerative clustering algorithm (Murtagh and Legendre, 2014) with 100 bootstraps. The same set of analyses were applied to all three crops. R software v.3.6.0 (R Core Team, 2019) was used with R-CRAN packages like “cluster” (Maechler et al., 2019) for Gower's distance computation, “fpc” (Hennig, 2020) and “pvclust” (Suzuki et al., 2019) for bootstrapped clustering, “car” (Fox and Weisberg, 2019) and “agricolae” (de Mendiburu, 2013) for SNK test and Levene's test, respectively.



Genotypic Data Analysis

DArTSeq derived SNP data after filtering were used for analysis. Analysis of Molecular Variance (AMOVA) was computed as proposed by Excoffier et al. (1992), which partitioned the total variance into within and among population variance components. AMOVA was carried out considering each accession (with 15 or 25 individuals) as a separate population. For testing the significance, results of AMOVA were subjected to Monte Carlo's estimate of p-values with 99 permutations. Heterozygosity was estimated as reported by Nei (1973). For diversity assessment, Euclidean based modified Roger's distance metric (Goodman and Stuber, 1983) was used and distances between individual plants were computed, which was followed by ward.D2 agglomerative clustering (Murtagh and Legendre, 2014) and a dendrogram was produced. The “clusterboot” function from the R-package “fpc” (Hennig, 2020) and the “aboot” function from the R-package “poppr” (Kamvar et al., 2015) were used to evaluate the clusters with 100 bootstraps. Shannon diversity (H′) (Shannon, 1948) was calculated for each accession using the formula,

[image: image]

Where pi is the estimated frequency of the allele “a” on the whole sample and A is the total number of alleles in the sample.

Population structure was assessed by DAPC (Discriminant Analysis of Principle Components) using posterior membership probabilities while assessing the membership stability by estimation of a-scores. Phenotypic and genotypic distance matrices were subjected to Mantel's correlation with permutation tests (Mantel, 1967). The minimum seed sample size required to capture 95% of alleles within an accession with a 95% certainty, during sampling for regeneration, was calculated as reported by Crossa (1989) for each accession. Considering the rarest biallelic locus (SNP), two alleles B1 and B2with frequencies of p1and p2, so that (p1 + p2 = 1), the two possible outcomes will be,
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Thus the probability of getting at least one copy of the each B1 and B2will be [image: image],

[image: image]

All the above-mentioned analyses were performed using R software v.3.6.0 (R Core Team, 2019). Custom scripted codes were used for filtering, distance matrix, heterozygosity estimations, and seed sample size computations, also packages from R- CRAN and GitHub like “adegenet” (Jombart, 2008) and “ade4” (Dray et al., 2007) were used for computation of AMOVA and Mantel's test, respectively.




RESULTS


Phenotyping


Descriptive Statistics and post-hoc Tests

The variations in the mean and range estimates indicated considerable variability among landraces and wild accessions of sorghum, pearl millet and pigeonpea. The SNK test indicated significant (p ≤ 0.05) mean differences among accessions (Supplementary Table 5). Levene's test indicated heterogeneous variances for all the quantitative traits in sorghum, pearl millet, and pigeonpea (Supplementary Table 6).




Phenotypic Diversity: Within and Between Accessions

The Gower's phenotypic distance matrix (Gower, 1971) was computed to obtain pairwise distances between plants of all the accessions. Within accession distances varied from 0.038 to 0.141, 0.145 to 0.271, and 0.071 to 0.410 for sorghum, pearl millet, and pigeonpea, respectively (Table 1). In sorghum IS 13215 (0.141) had the maximum mean within accession distance followed by IS 31637 (0.136) and IS 27325 (0.136), and the accession IS 12919 (0.038) showed the lowest within accession distance followed by IS 13065 (0.046) and IS 2134 (0.048). In pearl millet, IP 12138 (0.271) showed the maximum within accession distance followed by the accessions IP 13112 (0.270) and IP 8761 (0.268), whereas the accession IP 21640 (0.145) had the lowest within accession distance followed by IP 22039 (0.159) and IP 21752 (0.162). In pigeonpea, ICP 13545 (0.410) showed the highest mean within accession distance followed by ICP 12840 (0.317) and ICP 10889 (0.299), whereas the least was noticed in ICP 7035 (0.071) followed by ICP 11485 (0.092) and ICP 9124 (0.094). The wild accessions of pearl millet had the minimum within accession distance [IP 21640 (0.145), IP 22039 (0.159), and IP 21752 (0.162)], in comparison to the overall scale of mean distance values of landraces (0.194–0.271). The same scenario was observed in sorghum where the wild accessions IS 14485 (0.065), IS 10897 (0.092), IS 11005 (0.077), IS 18833 (0.087), and IS 22428 (0.076) had low phenotypic within accession distances in comparison to the overall range of within accession distance values of landraces (0.038–0.141). On an average, distance among accessions was found to be higher than that of within accessions distance in all the three crops. Between accessions distance values were higher in accessions of sorghum (mean 0.387; range 0.308–0.415), followed by pigeonpea (mean 0.302; range 0.252–0.388), while low in pearl millet (mean 0.271; range 0.245–0.310) (Table 1).


Table 1. Mean phenotypic distances within and between accessions of sorghum, pigeonpea, and pearl millet.

[image: Table 1]

Hierarchal clustering was constructed based on Gower's phenotypic distance, and the number of clusters was decided based on the number of accessions in each crop from which the data were collected. Thus, dendrogram trees were cut at 36 clusters for sorghum and pearl millet, and 35 clusters for pigeonpea, with the assumption that the individuals within accession clusters together. A cluster membership bar-plot was generated to visualize distribution or migration of individuals of different accessions to different clusters. The cluster wise stability was evaluated using the “clusterboot” function from the “fpc” package. The Jaccard coefficients between clusters of resampled data were >70 for 35 clusters in sorghum, 15 clusters in pigeonpea, and 16 clusters in pearl millet (Supplementary Table 7) and the remaining clusters showed values <70. The bootstrapped cluster dendrograms were plotted with approximately unbiased p-values (AU) and bootstrap probability (Supplementary Figures 1A–C) calculated using multiscale bootstrap resampling in the R-package “pvclust.” Bootstrap values were low in some cases of pearl millet and pigeonpea and this low bootstrap values would be a combined outcome of high variability in the data, large number of variable individuals, and the nature of clustering algorithm. Supporting the high variability and presence of valid clusters in the data, the “pvpick” function from the “pvclust” R-package yielded 66, 738, and 109 significant clusters in sorghum, pearl millet, and pigeonpea, respectively. Thus, the presence of large number of significant clusters within the studied accessions illustrates the higher variability for the observed traits and ultimately represents the higher diversity within the studied landraces. In sorghum, except cluster numbers 7, 13, and 14 all other 33 clusters have shown exclusive clustering of each accession into singleton clusters (Figure 2A). In cluster number 7, individuals of entries IS 8330 and IS 12965 were found to clustered together. The individuals of accession IS 2153 were found to be distributed in two clusters (58 individuals in cluster 14 and 139 individuals in cluster 13). In pearl millet and pigeonpea, clustering patterns showed that in most accessions, the individuals were not clustered uniquely, and found mixed with other accessions. In pigeonpea all the individuals of three accessions ICP 9150, ICP 7035, and ICP 11485 were clustered in clusters 1, 10, and 14, respectively. However, in ICP 9124, except a single individual all the other individuals were clustered in cluster 16 (Figure 2B). In pearl millet, no exclusive clusters were observed and all the 36 clusters showed mixing of individuals from different accessions (Figure 2C). However, The majority of individuals of wild accessions (IP 21640, IP 21752, and IP 22039) were distributed in 3 clusters (C-1, C-2, and C-3) showing their phenotypic similarity.


[image: Figure 2]
FIGURE 2. Cluster dendrogram of single plant phenotypic distances, using ward.D2 clustering algorithm, 36, 35, and 36 clusters for sorghum, pigeonpea, and pearl millet, respectively, represented with colors and cluster numbers, with percentage membership of accessions into each cluster denoted by colors in the adjacent bar graph. (A) the cluster dendrogram for sorghum, (B) the cluster dendrogram for pigeonpea, and (C) the cluster dendrogram for pearl millet.




Genotypic Diversity

After filtering, we obtained 45,249 SNPs from a total of 76,753 SNPs in pearl millet, 19,052 SNPs from a total of 38,898 SNPs in sorghum, and 8,211 SNPs from a total of 10,096 SNPs in pigeonpea. The SNPs displayed good coverage across genome in all the three crops (Figure 3). Over the 10 chromosomes of sorghum the number of SNPs ranged from 909 to 2,988, and over the 7 chromosomes of pearl millet the number of SNPs ranged from 5,086 to 6,639, and from 121 to 755 over the 11 chromosomes of pigeonpea. The information of number of SNPs in each chromosome of sorghum, pearl millet and pigeonpea is presented in Supplementary Table 8.


[image: Figure 3]
FIGURE 3. SNP densities over chromosomes of sorghum (S-Chr 1–10, the letter “S” represents sorghum), pigeonpea (C-Chr 1–11, the letter “C” represents Cajanus), and pearl millet (PM-Chr 1–7, the letter “PM” represents pearl millet) after filtering for quality parameters. The x-axis represents SNP positions along each chromosome (MB) and the y-axis represents SNP densities over chromosomes.




AMOVA

The analysis of molecular variance (Excoffier et al., 1992) was performed by providing predefined populations, that each accession as a separate population. The results showed that the proportion of molecular variance contributed by within accession variance depicted a low value of 26.3% in sorghum, a relatively higher value in pigeonpea (57.0%), and the highest in pearl millet (80.2%) (Table 2; Figure 4). Variance among populations was high in sorghum (73.7%), while low in pearl millet (19.8%) and intermediate in pigeonpea (43%).


Table 2. AMOVA on DArTSeq- SNP data of sorghum, pigeonpea, and pearl millet assuming each accession as a single population.
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[image: Figure 4]
FIGURE 4. Percent contribution by different variance components in sorghum, pigeonpea, and pearl millet partitioned by AMOVA.




Genotypic Diversity: Within and Between Accessions

Modified Rogers Distance (MRD) (Wright, 1978; Goodman and Stuber, 1983) between pairs of individuals were estimated. Pairwise MRD within each accession was averaged, thus the overall mean genetic distance within each accession varied from 0.031 (IS 33844) to 0.342 (IS 18833), 0.181 (IP 9824) to 0.300 (IP 22039), and 0.040 (ICP 9150) to 0.393 (ICP 10889) in sorghum, pearl millet, and pigeonpea, respectively (Table 3). Three of the five wild accessions studied in sorghum namely IS 18833 (0.342), IS 14485 (0.329), and IS 10897 (0.316), showed higher within accession distance values relative to the studied landraces and the other two wild accessions, IS 11005 (0.119) and IS 22428 (0.127), showed midrange values. However, all the studied wild accessions of pearl millet, IP 21752 (0.273), IP 21640 (0.279), and IP 22039 (0.300), showed higher within accession distance values relative to the mean distances of the pearl millet landraces studied. Averaging the MRD among accessions were found to be higher in comparison to within accession distances. Comparing the three crops, higher scale of between accession distance values were found in sorghum (0.360–0.435), followed by pigeonpea (0.237–0.422) and pearl millet (0.276–0.324).


Table 3. Mean genotypic within and between accession distances, observed heterozygosity within accessions (heWs) and estimated seed sample sizes using the least DArTSeq–SNP allelic frequency in all the accessions of sorghum, pigeonpea, and pearl millet.

[image: Table 3]

Heterozygosity among accessions in sorghum varied from 0.019 in IS 31637 to 0.159 in IS 18833. Among five wild accessions studied in sorghum, three accessions had higher heterozygosity (0.111 in IS 10897, 0.120 in IS 14485, and 0.159 in IS 18833) in comparison to all the landraces, while the other two wild accessions had low heterozygosity (0.026 in IS 22428 and 0.051 in IS 11005). In pearl millet, IP 9824 (0.051) and IP 22039 (0.137) estimated the lowest and highest heterozygosity, respectively. As in sorghum, the wild accessions of pearl millet viz., IP 21640 (0.134), IP 21752 (0.118), and IP 22309 (0.137) depicted maximal heterozygosity estimates in comparison to the landraces. In pigeonpea, ICP 9150 (0.007) had the minimum heterozygosity while ICP 10889 (0.187) had the highest heterozygosity (Table 3).

Clustering based on MRD grouped the individuals of all the accessions into different clusters. The cluster wise stability was assessed using the “clusterboot” function from R-package “fpc” with 100 bootstraps. About 33 clusters in sorghum, 24 clusters in pigeonpea and 19 clusters in pearl millet showed Jaccard coefficient values >70 and all the other clusters showed values <70. The Jaccard coefficient values of all the clusters were presented in Supplementary Table 9. Bootstrapped dendrograms (Supplementary Figures 2A–C) with 100 bootstraps were plotted using the “aboot” function provided in the R-package “poppr.” The dendrogram tree was cut at 36 clusters considering number of accessions in the respective crops, with an assumption that the individuals of each accession should aggregate into singleton cluster. Also a cluster membership bar-plot was used to visualize this cluster partition and migration of plants to different clusters. In sorghum, 19 accessions, viz., IS 1128, IS 12919, IS 12965, IS 13065, IS 18234, IS 18833, IS 2153, IS 21858, IS 22428, IS 25476, IS 31637, IS 32252, IS 32263, IS 33844, IS 3399, IS 34283, IS 13068, IS 35474, and IS 40031 were found to be uniform, by clustering of all the individual of an accessions into separate singleton clusters (Figure 5A), while the landraces IS 29508 and IS 29605 were found to be grouped in a single cluster. All other accessions of sorghum were found to have mixtures. In pigeonpea, ICP 2309, ICP 9124, ICP 7057, ICP 9877, ICP 11480, ICP 14059, ICP 13628, ICP 7035, ICP 9150, ICP 13828, and ICP 15122 showed perfect singleton clustering (Figure 5B), while other accessions showed overlapping of individuals of different accessions which may be explained due to the heterogeneity achieved in evolutionary gene-flow or the presence of admixtures in the respective accessions. In pearl millet, a completely distinctive and complex distribution of accessions into clusters has been noticed. The accessions IP 9824, IP 7468, IP 11577, IP 11677, IP 13363, and IP 19434 showed perfect singleton clustering (Figure 5C) while all other accessions were not clustered uniquely to singleton clusters, indicating heterogeneity within landraces and sharing of alleles between accessions. The wild accessions of pearl millet showed an interesting pattern of clustering that the individuals of the accession IP 22039 was shared between cluster numbers 11 and 12 showing the presence of a variable set of alleles or two subpopulations, and also there can be seen some individuals of the accession IP 21752 clustered with the individuals of the accession IP 21640 in cluster number 14 depicting some similar alleles between these two accessions.
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FIGURE 5. Cluster dendrogram of single plant genotypic distances estimated from DArTSeq- SNP data, using ward.D2 clustering algorithm, 36 clusters for sorghum, pigeonpea, and pearl millet, represented with colors and cluster numbers, with percentage membership of accessions into each cluster denoted by colors in the adjacent bar graph. (A) the cluster dendrogram of sorghum, (B) the cluster dendrogram of pigeonpea, and (C) the cluster dendrogram of pearl millet.




Shannon Diversity

The Shannon diversity was estimated for all 36 accessions in sorghum, pigeonpea, and pearl millet (Table 4). The values ranged from 0.113 to 2.363 with an overall mean of 0.275 in sorghum, 0.121–1.739 with an overall mean of 0.498 in pigeonpea and 1.128–2.715 with an overall mean of 1.856 in pearl millet. In sorghum, the accession IS 22606 (0.113) had the lowest Shannon diversity followed by the accessions IS 35474 (0.114) and IS 35217 (0.116), and the accession IS 18833 (2.363) had the highest Shannon diversity followed by accessions IS 32252 (1.138) and IS 14485 (0.583). In pigeonpea the accession ICP 9150 (0.121) had the lowest value of Shannon diversity followed by the accessions ICP 15122 (0.148) and ICP 13415 (0.156), and the accession ICP 13316 (1.739) had the highest Shannon diversity followed by the accessions ICP 10880 (1.542) and ICP 10889 (1.404). In pearl millet the accessions IP 9824 (1.128), IP 10471 (1.270), and IP 18157 (1.335) had lower values of Shannon diversity and the accessions IP 21640 (2.715), IP 6109 (2.677), and IP 20349 (2.489) had higher values. It should be noted that, in both sorghum and pearl millet, all the wild accessions had high values of Shannon diversity. Three out of five wild accessions in sorghum IS 18833 (2.363), IS 14485 (0.583), and IS 10897 (0.495) had higher values relative other accessions of sorghum, while the remaining two wild accessions IS 22428 (0.192) and IS 11005 (0.198) found to have intermediate values. Also, the wild accessions of pearl millet had relatively higher values of Shannon diversity IP 21640 (2.715), IP 22039 (2.382), and IP 21752 (2.359) in comparison to all other accessions of pearl millet.


Table 4. Shannon diversity (H′) estimates within each accession of sorghum, pigeonpea, and pearl millet estimated from the DArTSeq–SNPs.
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Relationship Between Phenotypic and Genotypic Distances

Mantel's correlation between phenotypic and genotypic distance matrices showed highly significant positive correlation (r = 0.45, P ≤ 0.01) for sorghum, pearl millet (r = 0.13, p ≤ 0.01), and pigeonpea (r = 0.19, P ≤ 0.01), thus depicting the effectiveness of complimentary use of molecular and phenotypic tools as a better approach for the assessment of the genetic diversity.



Population Structure Using DAPC

Detecting the number of clusters using the find.cluster function hasn't shown any significant elbow of reduction in BIC values (Supplementary Figure 3), instead, a gradual reduction in the BIC values was seen on increasing number of clusters. So that, DAPC was carried out using 36 clusters representing the 36 accessions in sorghum, pearl millet and pigeonpea. The optm.a.score function detected an optimal first 45 PCs for pearl millet and first 7 PCs for both sorghum and pigeonpea. Based on the posterior membership probabilities the population membership graph showing the population structure was created. In sorghum (Supplementary Figure 4A), 17 accessions (IS 1128, IS 12965, IS 18234, IS 18833, IS 2153, IS 21858, IS 25476, IS 31637, IS 32252, IS 32263, IS 33844, IS 3399, IS 34283, IS 35217, IS 35474, IS 40031, and IS 40161) were clustered exclusively into separate populations, whereas both the accessions IS 29508 and IS 29605 were clustered into a single population and all the other accessions are seen to have mixtures at different levels. In the population structure of pigeonpea (Supplementary Figure 4B), seven accessions (ICP 13828, ICP 14059, ICP 7035, ICP 11485, ICP 14169, ICP 15122, and ICP 9150) were found to be pure, and in pearl millet (Supplementary Figure 4C), seven accessions (IP 6434, IP 7468, IP 9824, IP 18157, IP 13363, and IP 3389) were seen to be clustered perfectly without any posterior probability for assessment to other populations while all the other accessions in both pearl millet and pigeonpea have a considerable amount of mixtures depicting the heterogeneity in the respective accessions.

For all the 36 populations, the quality of the attribution of accessions into populations were investigated by estimating the a-scores (Supplementary Table 10). An a-scores of 1 represents an accurate allocation of the plants into groups. Twenty-seven clusters (1, 3, 4, 5, 6, 7, 8, 10, 11, 13, 14, 15, 17, 18, 19, 21, 22, 23, 24, 27, 28, 29, 30, 33, 34, 35, and 36) in sorghum, 3 clusters in pearl millet (4, 24, and 30) and 17 clusters in pigeonpea (1, 2, 10, 11, 12, 13, 14, 15, 16, 17, 21, 22, 24, 25, 29, 32, and 33) showed a greater reliability (a-score = 0.81–0.99). The clusters (2, 9, 12, 16, 26, and 31) in sorghum, the clusters (2, 5, 6, 8, 10, 12, 13, 15, 16, 17, 18, 19, 20, 21, 25, 26, 27, 28, and 29) in pearl millet and the clusters (4, 5, 6, 7, 9, 18, 19, 20, 23, 26, 30, 31, 34, and 36) in pigeonpea showed an average reliability (a-score = 0.65–0.80) in the attribution, whereas 3 clusters (20, 25, and 32) from sorghum, 14 clusters (1, 3, 7, 9, 11, 14, 22, 23, 31, 32, 33, 34, 35, and 36) from pearl millet and 5 clusters (3, 8, 27, 28, and 35) from pigeonpea were found to have a low reliability (a-score = <0.65) in the attribution to the DAPC detected populations.



Estimation of Seed Sample Size

Seed sample sizes required for regeneration to capture 95% of the alleles with an expected probability of 95%, was estimated based on the allelic frequencies of the DArTSeq–SNPs, for each accession using the model proposed by Crossa (1989). The results of the sample sizes required are given in Table 3. Seed sample sizes for sorghum ranged from 47 to 101, 155 to 203 for pearl millet, and 77 to 89 for pigeonpea. The seed sample size increments exponentially after the alternate allele frequency attains a value below 0.1 (Figure 6) depicting the need for an exponentially larger sample size for conserving the alleles with frequencies below 0.1. The number of rare allelic variants or markers (frequency less than or equal to 5% within accessions) preserved in the recommended sample size for each accession of the three crops (Supplementary Table 11) ranged from 345 to 3,075 in sorghum, 231 to 878 in pigeonpea, and 3,444 to 6,726 in pearl millet.
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FIGURE 6. Plot of seed sample sizes needed for regeneration vs. allelic frequencies to preserve 95% of alleles showing the exponential increase in the size of sample required with the decrease in the alternate allele frequency. The arrows represent the highest values of seed sample size estimated in sorghum, pigeonpea, and pearl millet.





DISCUSSION

Sorghum, pearl millet, and pigeonpea are the important food crops, providing food and income to a large population thriving in the arid and semi-arid tropics. However, in this era of modern agriculture, landraces of these crops are becoming prone to genetic erosion, (Hammer et al., 1996; Shewayrga et al., 2008; Pattanashetti et al., 2016). Most landraces, that were permanently extinct from the farmers' field over the course of agricultural development, are only available in genebanks' collections. As each landrace possess a unique genetic fingerprint of ages of acclimatization to diverse environmental conditions, they are considered as an indispensable source of genetic variations by plant breeders and can address a potential scope in the development of improved varieties with higher productivity, nutrients, and climate resilience, etc. (Dwivedi et al., 2016). Thus, conserving landraces with their inherent genetic variability is crucial for ensuring food security in the near future and also for sustainable agriculture. ICRISAT genebank conserves about 42,000 accessions of sorghum, 24,000 accessions of pearl millet, and over 13,000 accessions of pigeonpea, wherein about 86% of sorghum and pearl millet collections and over 60% of pigeonpea collections are landraces. The main focus of genebank curator is to maintain the genetic integrity and diversity within accessions while regeneration. Hence, this study assessed the diversity within landrace accessions by phenotyping and genotyping a large number of plants within each accession and estimated the seed sample size required in order to conserve the inherent diversity.

Enormous variability was observed within and among landraces of sorghum, pigeonpea, and pearl millet. Molecular variance within accessions was observed to be low in sorghum (26.3%), highest in pearl millet (80.2%), while pigeonpea showing an intermediate within accession variance of 57.0%. Our results are in correspondence with previous works, by various authors (Tostain et al., 1987; Tostain and Marchais, 1989; Busso et al., 2000; Bashir et al., 2015) on pearl millet landraces, reported a high intra-population variation of 70–90% and higher observed heterozygosity of 0.77–0.82. However, Bhattacharjee et al. (2002) reported a low 30.89% within accession variability using RFLP markers in pearl millet, also the author addressed this low variability as a contradiction for a cross-pollinated crop like pearl millet and discussed various instances that would have caused this lower variability. In sorghum, Adugna (2014) reported a 54.44% molecular variance due to diversity within landrace populations that were conserved on farms in Ethiopia. No studies investigating landraces diversity within accessions were reported in sorghum and pigeonpea, while few studies are on landraces conserved on-farm that are continually evolving through outcrossing and selections (Djè et al., 1999; D'Andrea and Casey, 2002; Songok et al., 2010; Adugna, 2014; Bashir et al., 2015).

The phenotypic and genotypic within accession distances were scaled toward the higher values in pearl millet, so that blurring the differentiation of within and between accessions diversity. The density distribution of within and between accession distances in pearl millet showed this scenario clearly, exhibiting the merging of densities (Figures 7C,F) of within and between accession distances in both phenotypic and genotypic evaluation. Pigeonpea being often cross-pollinated also depicted a pattern of overlapping within and among accession distances in both phenotypic and genotypic evaluation (Figures 7B,E). Whereas, sorghum showed a clear separation of distances within accessions from distances between accessions in both phenotypic and genotypic assessment, depicting the higher uniformity and homogeneity within the accessions (Figures 7A,D). The higher values and merging of between and within accession distances in pearl millet and pigeonpea shows the high phenotypic and genotypic heterogeneity within accessions, and also the clear separation of densities of within and between accession distances in sorghum clearly explains the higher uniformity within the accessions of sorghum.


[image: Figure 7]
FIGURE 7. Comparison graph of densities of within and between accession distances. (A–C) denotes the phenotypic distance distribution for sorghum, pigeonpea, and pearl millet, respectively, and (D–F) denotes the genotypic within and between accession distance distribution estimated from DArTSeq-SNP data of sorghum, pigeonpea, and pearl millet, respectively.


Population structure analyses indicated that most of the accessions in sorghum were uniform enough to cluster individuals of single accession together as a singleton clusters. In sorghum, accessions IS 29508 and IS 29605 were clustered into a single population in both DAPC and ward.D2 clustering with genotypic distances, indicating the presence of high similarity and common alleles in these two accessions. The accession IS 33844 showed high uniformity with a low within accession diversity (0.031), and a selection from this landrace has been released as a variety in India as ‘Parbhani moti’ (Upadhyaya and Vetriventhan, 2018). Pearl millet and pigeonpea showed a higher heterogeneity within accessions, while most of the accessions showed mixed populations. In pigeonpea and pearl millet only some accessions showed singleton clustering. High population mixtures in these crops correspond to their pollination behavior, and sharing of alleles between populations. Landraces generally differ between populations, based on the intensity of selection imposed by farmers, their pollination mechanisms, the level of gene-flow within and between population, and level of exchange of seed materials between farmers. Previously several authors reported pollen flow between populations and the mixing of landrace populations in sorghum and pigeonpea (Songok et al., 2010; Kassa et al., 2012; Adugna, 2014; Westengen et al., 2014). Harlan (1965) reported the gene-flow from weeds to landraces and several other authors (Ellstrand et al., 1999; Jarvis and Hodgkin, 1999; Messeguer, 2003; Gompert and Buerkle, 2016) reported the transfer of genes into landraces from various sources in both self and outcrossing species. Also, some studies reported the mixing of the population by a considerable exchange of seeds within cultures or regions (Louette, 1997). The level of heterogeneity and diversity in landraces are crop-specific and associated with their mode of fertilization (Villa et al., 2005) and also several authors (Hammer et al., 1996; Zeven, 1998) stated the influence of mode of pollination in various population genetics factors over the course of evolution of landraces. Hence, complying to the effect of mode of reproduction on diversity, a higher degree of outcrossing (about 85%) in pearl millet (Burton, 1983) could impose a higher diversity in pearl millet, in comparison to lower outcrossing crops such as sorghum (about 18%) (Barnaud et al., 2008) and an intermediate outcrossing crops (about 30%) like pigeonpea (Saxena et al., 1990), and this varies with species.

Most of the accessions that showed relatively higher within genetic distances in sorghum and pearl millet were wild accessions. Thus, using wild accessions in this study helped us in the comparative assessment with landraces and also aided in the better understanding of the effect of domestication and different evolutionary forces that shaped the landraces. Historically farmers conserving landraces on-farm and multiplied desirable phenotypes, which survived both natural and artificial selection. The effect of this farmers' selection led to local adaptations and variations within the landrace populations (Zeven, 1998). Teshome et al. (2016) studied the maintenance of landrace diversity in sorghum by farmers belonging to different regions in Ethiopia and reported a narrow preference to specific economic traits and selection by farmers. Thus, the wild accessions in this case lack of farmers' selections and its obligatory to be highly diverse as these are evolving under natural selection.

Comparing diversity of the three crops in our study, heterozygosity (Figure 8A), phenotypic (Figure 8B), and genotypic (Figure 8C) within accession diversity of sorghum were notably low for most of its accessions, intermediate for most of the accessions of pigeonpea and followed a more stable trend around the maximal values for pearl millet. Similar to the molecular within accession distances, Shannon diversity revealed diversity estimates, scaled over the higher values for pearl millet, followed by an intermediate in pigeonpea and lower estimates for sorghum (Figure 8D). However, in sorghum and pigeonpea both highly diverse and highly uniform accessions with maximal and minimal estimates of genotypic distances and Shannon diversity were observed. The higher diversity estimates indicate the presence of higher variability within accessions. In case of pigeonpea most of the accessions were found to have molecular within accession distances <0.250 except two accessions viz., ICP 10880 (0.348) and ICP 10889 (0.393). On further investigation into the individual plant within accession distances of these accessions, it appeared that, some individuals within these accessions were diverse from all the other individuals of the respective accession. Such that, the accession ICP 10880 had two individuals that were highly divergent from all other individuals by a mean distance of 0.410 and 0.434. Also these individuals were found to cluster separately in hierarchal clustering. Same for the accession ICP 10889, where some individuals were highly divergent from the other. In case of sorghum, most of the accessions had a molecular within accession distances <0.250 except three wild accessions viz., IS 10897 (0.316), IS 14485 (0.329), IS 18833 (0.342) and one landrace IS 27325 (0.310). In the landrace IS 27325, it can be seen that the individuals are divided into three subgroups in hierarchal clustering. Thus, higher diversity in some landraces of sorghum and pigeonpea can be due their pollination behavior, which ultimately influences the population substructure. The lower outcrossing in these crops offers the higher probability of fixation of various alleles within a fewer members or individuals, restricting the frequency/occurrence of some allele within a small group of a landrace population, thus gradually over generations, forming distinct subpopulations within groups. These varied groups of individuals are however not phenotypically variable enough to consider it as separate population, but however assimilated a genetically distinct fingerprint from various elements throughout the course of evolution. Similar cases of extreme values of low and high diversity were previously encountered by researchers. Zeven (1998) emphasized the low diversity and increased homozygosity in inbreeding accessions and also explained the influence of farmers' selection and sampling strategies for reduction of diversity in landrace populations. Adugna (2014) and Westengen et al. (2014) found both high and low within-population diversity in sorghum landraces cultivated in Ethiopia and reasoned the low within landrace diversity could be due to farmers' sampling during migration, as farmers tend to carry few heads during migration and settlements.
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FIGURE 8. (A) Average heterozygosity within accessions for each 36 accessions of sorghum, pigeonpea, and pearl millet estimated from DArTSeq SNP data, (B) Average phenotypic within accessions distances for 36 accessions of sorghum and pearl millet and 35 accessions of pigeonpea, (C) Average genotypic within accession distances for each 36 accessions of sorghum, pigeonpea, and pearl millet estimated from DArTSeq SNP data, (D) Shannon diversity within accessions for each 36 accessions of sorghum, pigeonpea, and pearl millet estimated from DArTSeq SNP data.


Based on the level of diversity within each accession of different crops, appropriate conservation and regeneration strategy should be followed to conserve the genetic integrity and diversity of landraces. ICRISAT genebank follows various pollination control and sampling strategies to maintain the genetic integrity and diversity within accessions, while regenerating different crops. Theoretically, selfing will be a good strategy to maintain the genetic integrity and diversity in self-pollinated crops and often-cross pollinated crops (out-crossing >5%), because of the low effect of inbreeding depression, and to preserve alleles within the population. In cross-pollinated species like pearl millet, sib mating is the best strategy to mimic the random mating, and for that ICRISAT genebank performs cluster bagging (bagging few panicles of different individuals of the same accession) that reduces the effect of inbreeding depression. However, in both cases, the appropriate population size needs to be ensured while regeneration for capturing the rare alleles. Small sample sizes while regenerating landraces may lead to genetic drift which results in the loss of some rare alleles. Crossa (1989) based on his results on stimulated populations, reported a practical system for maize regeneration, wherein the author discussed that the ideal system of regeneration involves equalizing the genetic contribution of parents and avoiding small population sizes and, also Crossa (1995) suggested a practical seed sample size of 130–200 in monoecious crops for retaining the rare alleles in most of the loci. FAO standards specify a sample size of 30 individuals in a completely random mating population and 60 individuals for completely selfing species to capture 95% of the alleles which have a frequency >0.05 (FAO, 2014). However, in sorghum, pigeonpea, and pearl millet, no detailed molecular studies were done previously utilizing NGS tools to determine optimum population size requirements for regeneration. Therefore, we estimated the minimum sample size to capture 95% of the SNP alleles spread throughout the whole genome with an expected probability of 95% based on the least frequent allele or the frequency of the rarest allele for each accession following Crossa (1989). From our study, seed sample sizes were found to be minimal for sorghum (47–101), and pigeonpea (77–89), and high for pearl millet (155–203). The sample size required to conserve the genetic integrity of germplasm depends largely on the frequency of the least common alleles or genotypes.

In conclusion, sorghum, pigeonpea, and pearl millet accessions showed higher within and among accession diversity, indicating that the regeneration strategies at ICRISAT genebank are appropriate to ensure the genetic integrity of each accession. Information from this study will support genebank curators in understanding within accession variability and assists in devising scientific sampling strategies (sample size) for regeneration to maintain the genetic integrity and variability. This could also help breeders in the utilization end to understand the population dynamics and subpopulation structure, to forward the material with appropriate breeding techniques.
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Climate change has significantly altered the biodiversity of crop pests and pathogens, posing a major challenge to sustainable crop production. At the same time, with the increasing global population, there is growing pressure on plant breeders to secure the projected food demand by improving the prevailing yield of major food crops. Finger millet is an important cereal crop in southern Asia and eastern Africa, with excellent nutraceutical properties, long storage period, and a unique ability to grow under arid and semi-arid environmental conditions. Finger millet blast disease caused by the filamentous ascomycetous fungus Magnaporthe oryzae is the most devastating disease affecting the growth and yield of this crop in all its growing regions. The frequent breakdown of blast resistance because of the susceptibility to rapidly evolving virulent genes of the pathogen causes yield instability in all finger millet-growing areas. The deployment of novel and efficient strategies that provide dynamic and durable resistance against many biotypes of the pathogen and across a wide range of agro-ecological zones guarantees future sustainable production of finger millet. Here, we analyze the breeding strategies currently being used for improving resistance to disease and discuss potential future directions toward the development of new blast-resistant finger millet varieties, providing a comprehensive understanding of promising concepts for finger millet breeding. The review also includes empirical examples of how advanced molecular tools have been used in breeding durably blast-resistant cultivars. The techniques highlighted are cost-effective high-throughput methods that strongly reduce the generation cycle and accelerate both breeding and research programs, providing an alternative to conventional breeding methods for rapid introgression of disease resistance genes into favorable, susceptible cultivars. New information and knowledge gathered here will undoubtedly offer new insights into sustainable finger millet disease control and efficient optimization of the crop’s productivity.
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INTRODUCTION

Environmental stresses cause reduced growth and significant yield losses in food crops. Avenues for improvement of crops to combat individual and multiple stresses are major breeding goals, and different approaches have been used to improve stress tolerance (Calanca, 2017). Among the biotic stresses, pests and diseases are the most important limiting factors that affect finger millet production worldwide. Finger millet blast caused by the filamentous fungus Magnaporthe oryzae (sexual amorph Pyricularia oryzae) is the most devastating disease affecting the production and productivity of finger millet because of its destructive nature under favorable conditions and its wide distribution in all finger millet-growing areas (Yoshida et al., 2016). M. oryzae infects a finger millet plant during nearly all growth stages and reduces the crop grain yield by up to 100% (Senthil et al., 2012; Takan et al., 2012). Due to the importance of finger millet blast disease, effective disease control measures are needed to ensure global food security, especially in arid and semi-arid regions of African and Asia where the crop is majorly cultivated. Over the years, various pursuits have been made to develop new cultivars that are resistant to the disease. The unavailability of the whole-genome sequence and the limited genomic resources of finger millet has greatly hampered studies of the genetics of resistance to the blast disease compared with other major cereals. As a result of this shortcoming, the understanding of broad-spectrum resistance to finger millet blast disease remains a knowledge gap. Previous work on the pathosystem of the blast fungus on finger millet relied primarily on the phenotypic features and virulence tests using various hosts (Wu et al., 2014; Que et al., 2019; Rasool et al., 2020). These studies concentrated on screening and selection of finger millet cultivars or new advanced lines toward selected strains of blast fungi but with limited success, because the phenotypic traits obtained are extremely variable due to the genetic instability of the blast pathogen. In addition, it often takes a long time and high cost for breeders to develop new varieties with broad-spectrum resistance to blast disease when these strategies are adopted. Additionally, the studies are influenced by environmental pressures and are prone to human errors, leading to ambiguous results.

With the advent of new biotechnological tools, current research strategically focuses on understanding the biotic stresses on finger millet, particularly in advancing the molecular genetics of blast disease in order to develop an integrated management system for blast disease resistance in finger millet. With the advancement of high-throughput sequencing platforms, there has been a tremendous increase in the modern genomic tools available, such as molecular markers, expressed sequence tags (ESTs), gene expression profiling, genome-wide association studies, genetic transformations, and, more recently, genome editing, have been used successfully in various crops to explore the genetic basis of stress tolerance for guidance in the development of plants of superior quality. DNA molecular markers have also been used for population genetics and evaluation of genetic variations that occur between and within plant populations, and their polymorphic structure and level can be invaluable in crop breeding. This review outlines a set of recent molecular and genomic tools that are used to study the finger millet blast fungus.


Finger Millet and Finger Millet Blast Importance

Finger millet [Eleusine coracana (L.) Gaertn.] is an allotetraploid (2n = 4X = 36) member of the Poaceae family. The crop is mostly grown and consumed by people in the poverty-stricken arid and semi-arid tropics of Asia and sub-Saharan Africa (Takan et al., 2012). Its grains have excellent nutraceutical properties, such as high dietary fiber content, amino acids (methionine, phenylalanine, tryptophan, cysteine, isoleucine, and leucine), vitamin B complex, calcium, and iron compared with maize, rice, wheat, and sorghum (Kumar et al., 2016b; Gupta et al., 2017). It is also gluten-free and can be stored for a long period (Chandrasekara and Shahidi, 2010). As a member of the small millets, finger millet is the most climate-resilient crop which can be cultivated under a diverse range of climatic conditions. It ranks fourth on a global scale of production, followed by sorghum, pearl millet, and foxtail millet (Upadhyaya et al., 2007). These qualities make the finger millet an important food and nutritional security crop and a valuable genomic resource. Although the global finger millet production has been increasing, reaching 4.5 million tons in 2018 (FAOSTAT, 2019), the increase is not concomitant with the demand for finger millet because of the rapidly increasing human population and industrialization. To date, no published data exists on associated economic loss due blast disease in finger millet. To overcome this challenge, there is a need to increase finger millet production by at least 40%, like other major cereals (Kumar et al., 2018).

The availability and access to diverse genetic resources is central to genetic improvement of any crop. These genetic resources have to be characterized for their effective utilization in crop improvement programs. Field and in vitro genebanks constitute a huge pool of finger millet germplasm collections. As of 2010, 35382 finger millet accessions were conserved in gene-banks across the world. The National Bureau of Plant Genetic Resources (India) and the International Crops Research Institute for the Semi-Arid (ICRISAT) genebanks across the world accounted for 26.9% and 16.8% of the global collections. Other institutions including Kenya Agricultural & Livestock Research Organization (Kenya), National Agricultural Research Organization (Uganda), Ethiopian Biodiversity Institute (Ethiopia), Southern African Development Community (Zambia), and others accounted for the remaining for the remaining 56.3% (FAO, 2010). These finger millet collections are rich in rare alleles for target traits from which researchers and crop breeders can obtain the genetic materials to expedite their work in a sustainable way. However, a systematized usage of genebank accessions has not progressed very far in finger millet research and breeding programs due to the scanty information. The ongoing initiative by ICRISAT and other collaborators to sequence several collections to expedite its use for breeding. It is our view that this effort will provide an opportunity to mine novel alleles for breeding next generation of finger millet varieties.

Blast disease caused by M. oryzae is the most important disease affecting the growth and yield of finger millet. The fungus infects many other economically important crops, such as rice (Mentlak et al., 2012), foxtail millet (Sharma et al., 2014), barley (Tufan et al., 2015), wheat (Cruz and Valent, 2017), and other grass plants within the Poaceae family (Wang et al., 2011; Han et al., 2018). Under favorable conditions, the pathogen infects leaves, stem, collar, node, neck, fingers, and roots, causing substantial crop losses in all finger millet-growing areas. Blast infections occur mostly on the leaves, with the first symptoms of the disease appearing as small gray or brownish dots on the leaves. Following 2–3 days of infection, the dots grow into diamond-shaped lesions of 1.5 cm in length and 0.3–0.5 cm in width, with a white or grayish center (Figure 1). The head blast significantly reduces finger length, seed weight, number of seeds per finger, and total grain yield (Mgonja et al., 2013). The yield losses due to blast have been reported to be between 30 and 50% in large rice-producing areas under favorable environmental conditions (Correa-Victoria and Zeigler, 1993; Skamnioti and Gurr, 2009). Efforts are on-going to develop finger millet varieties with blast resistance. Therefore, continuous studies on blast disease are essential to overcome this disease and thereby sustain finger millet production in the future.
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FIGURE 1. Blast disease symptoms on finger millet (A) blast infection of the finger millet l (B). infection on leaves (C). panicle and neck bast symptoms.




Biology and Pathogenicity of M. oryzae

Magnaporthe oryzae is plant-pathogenic filamentous ascomycete fungi that belongs to the Pyricularia family. Ascomycete fungi are host specific and causes blast disease on more than 50 cultivated and wild monocot plant species (Gladieux et al., 2018). Based on the polyphyletic nature of Pyricularia genus, it is believed that reproduction in the finger millet blast fungus is asexual, producing clonal populations (Figure 2). M. oryzae is heterothallic and both mating types MAT1 and MAT2 occur in single mating type gene that has two alleles, MAT1-1 and MAT1-2. However, isolates from single agro-ecological region are usually of only one mating type and where the both mating type idiomorphs occur, the strains cannot interbreed (Takan et al., 2012). Despite this observation, occurrence of highly fertile and hermaphrodite isolates, and isolates haboring the two mating types has been reported (Saleh et al., 2014). Finding suggest that sexual recombination may contribute to genetic variability. Differences have been observed in the two mating types in septoria leaf blotch wheat pathogen Mycosphaerella graminicola isolates with MAT1-1 isolates having significantly greater pathogenicity than MAT1-2. On contrary, M. oryzae isolates with MAT1-1 and MAT1-2 idiomorphs were found to have similar pathogenicity on different monogenetic lines of rice. This has not been tested on finger millet blast strains, and similar results are hypothesized. Despite this suggestion, the finger millet blast fungus sexual recombination, pathogenicity variation, habitat adaptation, and fitness need to be investigated. Further, the phylogenetic evolution and geographic transmission patterns of the finger millet blast pathogen need to be explored.
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FIGURE 2. A schematic representation of the infection cycle of M. oryzae.


Magnaporthe oryzae infects the host in two stages, the biotrophic stage where it obtains nutrients from live cells and a necrotrophic stage where it obtains nutrients from dead cells (Park et al., 2009). During infection, conidia attach to the host leaf surface by adhesive secretions released from the apical part of the spore tip during hydration. Subsequently, the spore anchors itself tightly to the hydrophobic (non-stick) finger millet surface to allow germination. After that, the conidia produce germ tubes which form a melanized appressoria. A mature appressorium then breaks the leaf cuticle by creating cellular turgor pressure through the accumulation of compatible solutes such as glycerol and secretion of cell wall degrading enzymes; therefore, gaining entry into the epidermal cells (Marcel et al., 2010; Mentlak et al., 2012). Once inside to the host tissues, M. oryzae spreads to adjoining cells through the plasmodesmata without causing any perceptible alteration to the cell walls of the host (Galhano and Talbot, 2011). Under favorable conditions of high humidity, the fungus sporulates abundantly from disease lesions, permitting the disease to quickly spread to adjacent finger millet plants and its relatives by wind and water droplets (Mentlak et al., 2012).



Management Strategies of Finger Millet Blast Disease

Management of blast disease is a challenging issue, and its control relies on three broad strategies various farming practices, application of chemical and biological agents, and breeding of blast resistant varieties. Some of the cultural and farming practices that have been applied to control blast disease include planting time, spacing, crop rotation, nutrient management (nitrogen and silicon), and water management (Mgonja et al., 2013). These farming practices are commonly used by resource-poor subsistence farmers in developing countries who cannot afford other methods of disease management. Preventive and curative chemicals, such as organophosphorus fungicides, critical elements in effective blast disease management not only in finger millet but also in other crops. Treatment of planting seeds with systemic fungicides such as tricyclazole and application of foliar sprays of edifenphos or kitazin with first at the time of ear emergence or application of carbendazim followed by mancozeb after seven to ten days at the same time been demonstrated to be effective in controlling blast disease (Nagaraja et al., 2007). The indiscriminative nature of chemicals often leads to the development of resistance in phytopathogens. Despite their effectiveness, agrochemicals pose potential risks to human health, food safety and the environment. The growing global concern on the environment, coupled with a strong drive to sustainable agriculture, has led to the advancement of non-chemical alternative strategies methods to control blast disease. Biological control (use of microbial antagonists to suppress diseases) of finger millet blast disease has been considered a viable and sustainable alternative method to synthetic chemical fungicides. Bioinoculants offers multiple beneficial aspects such as the production of quality grains, protection of crops against biotic and abiotic stresses; soil fertility enhancement and are environmentally safe. Biological agents have successfully been used to manage fungal diseases, such as powdery mildew (Mgonja et al., 2007; Anand et al., 2010), verticillium wilt disease (Yuan et al., 2017), and anthracnose (Hernandez-Montiel et al., 2018).

Biological control (use of microbial antagonists to suppress diseases) of finger millet blast disease has been considered a viable and sustainable alternative method to synthetic chemical fungicides. Bioinoculants offers multiple beneficial aspects such as the production of quality grains, protection of crops against biotic and abiotic stresses; soil fertility enhancement and are environmentally safe. Biological agents have successfully been used to manage fungal diseases such as powdery mildew (Mgonja et al., 2007; Anand et al., 2010), verticillium wilt disease (Yuan et al., 2017), and anthracnose (Hernandez-Montiel et al., 2018). Attempts have been made to control blast disease using bioinoculants. For example, indigenous rhizosphere Pseudomonas sp. strain MSSRFD41, had been shown to control blast disease and promote the growth of finger millet in vitro but this approach has not been applied at natural field conditions (Sekar et al., 2018). Similarly, endophytic Bacillus tequilensis GYLH001 inhibits the growth of M. oryzae rice blast and thus has a high potential application as a bioinoculant for control of rice blast pathogen (Li et al., 2018). These examples offer encouraging results, affirming that bioinoculants can significantly contribute to limit the damage caused by blast disease. However, no effective bioinoculant has been formulated and widely adopted for effective biological control of blast disease pathogen. Effective adoption of bioinoculants requires an improvement in understanding of the complex plant-microbe interactions, and an efficient and stable antagonist for the pathogen under different agroecological conditions must be obtained for this control strategy to be realized. More efforts should also be done to authenticate the currently available outcomes setting up effective formulations and application protocols and deepen the knowledge and awareness on the value of biocontrol agents. Like other blast control strategies, it is our view that biocontrol should not be used alone, but should be implemented in an integrated management framework for sustainable protection of finger millet from M. oryzae.

In the current biotechnology era, the breeding of blast-resistant varieties offers the best cost effective and reliable approach for the management of finger millet blast disease, especially in developing countries dominated by subsistence farming. A number of improved finger millet varieties such as such as IE4795, IE 1055, IE 2821, IE 2872, IE 4121, IE 4491, IE 4570, IE 5066, IE 5091, and IE 5537 with broad-spectrum resistance to blast pathogen coupled with desirable agronomic traits such as early flowering, medium stalk length, and high yields have been developed through conventional breeding methods in eastern Africa and Asia. Such The development and deployment in several production systems of these varieties has been a collaborative work of international research institutions and national finger millet breeding programs. The use of such varieties in integrated management of blast disease is desirable because they require minimal fungicides, subsequently lowering production cost. From our unpublished data on appraisal of occurrence, impact, risk factors and farmers’ knowledge and attitudes of finger millet blast disease in Kenya, results showed that many farmers did not know the existence of blast resistant lines and this observation could be the same in all other finger millet growing regions. Farmers should therefore be made aware of the benefits planting resistant lines as opposed to their preferred cultivars. Local finger millet landraces and their wild relatives are commonly used as sources of variation of introgression and hybridization to incorporate the range of useful adaptations for disease resistance into cultivated finger millet. Even though genetic resistance will continue to be the main strategy for control of blast disease, the success of this method is short-lived due to the instability of the M. oryzae genome, especially the fast-evolving genes, leading to the breakdown of resistance under field conditions (Mgonja et al., 2013). Abiotic stresses, such as drought, have also displayed a partial or complete breakdown of resistance (Gupta et al., 2017). To overcome this challenge, gene staking/pyramiding and identification of new partial resistance (R) genes against finger millet blast disease are an important goal of finger millet breeding. Staking of multiple R-genes or the alleles of a major R-gene, which recognize the unique set of M. oryzae strains through a conventional breeding approach or transgenesis, has been considered for the attainment of dynamic and durable resistance against different strains of the pathogen (Das et al., 2017; Kumari et al., 2017). Modern biotechnological techniques are simpler, cost-effective, can be performed over a short period, and are more efficient than classical breeding methods.



Breeding Approaches for Improvement of Disease-Resistant Varieties

The current breeding approaches combine two or more objectives which include increasing grain yield, improving resistance to resistance to various biotic and abiotic stresses and enhancing nutritional quality. Therefore, new finger millet varieties that combine all these traits are desirable. Due to the severity of blast disease, conventional breeding approaches for transferring robust and durable resistance to M. oryzae into adapted finger millet germplasm has been a goal of many breeding programs (Upadhyaya et al., 2011; Mgonja et al., 2013). A major challenge for finger millet breeding is that different inheritance models that have been published among the sources of resistance to M. oryzae due to the pathogen’s specificity. The drawbacks of conventional breeding due to genetic drag and erosion, reproductive hindrances and longer period it takes has necessitated the need for novel breeding methods. Although some achievements have been achieved through conventional breeding strategies, dynamic, efficient, versatile, and contemporary tools and resources must be continually be developed and applied in order to create the necessary paradigm shift needed in finger millet research and breeding.

The rapid advancement in next-generation sequencing techniques together with the declining associated costs and high-performance computation, have resulted to extensive discovery of numerous genomic resources in plants and other organisms. The wealth of information emanating from the post-genomic era has enabled a better understanding of the physiological, biochemical, and molecular mechanisms involved in genotype and its relationship with the phenotype especially for complex traits, facilitated systematic improvement of crop breeding, and allowed for the efficient use of genetic resources. Novel DNA-driven breeding techniques such as marker-assisted selection (Ghatak et al., 2017), gene pyramiding (Chen et al., 2008; Singh et al., 2013), marker-assisted backcross breeding, (Valarmathi et al., 2019; Ponnuswamy et al., 2020), speed breeding technology (Chiurugwi et al., 2019; Hickey et al., 2019) and a combination of them have been utilized in several crops such as rice, soya bean, maize and wheat. To our knowledge, no finger millet variety has been developed and released based on marker-assisted selection (MAS) technique to date, despite the potential of MAS in other cereal crops improvement has been demonstrated for important traits such as bacterial blight resistance in rice (Pandey et al., 2013). Application of these contemporary approaches will ultimately expedite finger millet breeding efforts against blast disease. However, a lot of knowledge is required before full application of molecular breeding in finger millet as most of the available data for the crop currently is on diversity studies and limited QTLs.

Plant genetic engineering which encompasses genetic transformation and genome editing have opened new avenues to modify crops and provided solutions to solve specific needs, establishing it as one of the most important and dynamic biotechnological tools to revolutionize agriculture. This technology can integrate foreign genetic material into different plant cells to produce transgenic plants with new desirable traits, such as drought tolerance, pest and disease resistance, and quality improvement. To circumvent the controversy of genetically modified organisms, innovation in genome editing tools that cause genome changes without producing transgenic plants are currently being explored (Luo et al., 2015; Miroshnichenko et al., 2019).

As an orphaned crop, the status of finger millet genetics and genomics still lags behind that of 204 other food cereal crops, such as maize, rice, wheat, and barley, and even other small millets due to limited research interests and investments. Few biotechnological approaches have been tested on finger millet for crop improvement (Sood et al., 2019). However, this reality is rapidly evolving as the cost of technologies decreases, leading to an exponential decline in the cost of the generation of new knowledge. A vast reservoir of more than 28,041 finger millet germplasm is available in various institutions worldwide for genetic and breeding research (Ceasar et al., 2018). The long-awaited whole-genome sequence and annotation will trigger much higher-resolution research on functional genomics, proteomics, comparative genomics and forward and reverse genetics to unravel the molecular mechanisms mediating major agronomic traits, such as yield, grain quality, abiotic stress tolerance, and pest and disease resistance. Subsequently, the genomic knowledge will be transferred into crop productivity through molecular breeding and better agronomic husbandry.

With the expected large amounts of omics sequencing data, finger millet scientists need to prepare the emerging opportunities and challenges for multi-omics big data integration by means of artificial intelligence for a feasible improvement approach. Studies on genome collinearity show a high genomic synteny between finger millet and rice, foxtail millet and maize, in that order (Hittalmani et al., 2017; Pandian and Ramesh, 2019). Blast resistance in finger millet has been studied using comparative genomics, and different approaches have been used to genetically improve finger millet for effective, durable resistance to important diseases. Several R-genes and quantitative trait loci (QTL) in finger millet linked to the blast pathogen have been reported and sequenced (Ramakrishnan et al., 2016; Odeny et al., 2020). These genes and QTL show high sequence similarity in rice and barley, signifying a common evolutionary ancestry for these R-genes (Ramakrishnan et al., 2016). Similar methods could be used to identify novel alleles for blast resistance through syntenic studies with the data available from rice, pearl millet, barley, and other related plants. To date, there is no literature reporting mutation breeding in finger mullet to generate new varieties. Still, this avenue can be explored given the successful mutation breeding of rice, which has focused mainly on grain quality and taste, agronomic traits, and resistance against pests and diseases. Traditional finger millet landraces have been widely used as genetic resources of breeding programs (Mirza and Marla, 2019). However, the lengthy 10–15-year breeding cycle from crossing to variety release slows the progress.

The majority of the traits, such as resistance to blast disease, are polygenic, and this poses a major challenge when combining large numbers of traits. To supplement conventional breeding, shorten breeding cycles, and accelerate research activities, powerful tools, such as speed breeding protocols, which accelerate plant growth and development, may be explored in finger millet breeding strategies (Watson et al., 2018). Speed breeding technology is able to achieve up to six generations per year of barley (Hickey et al., 2017), wheat (Watson et al., 2018), and oats (González-Barrios et al., 2020), presenting a robust tool to reduce the long period of breeding cycles effectively. Several speed breeding protocols that utilize prolonged photoperiods and controlled temperatures to accelerate growth and development have been developed for the world’s major cereals. Finger millet is a tropical, short-day plant, but its speed breeding protocol is yet to be developed. In order to realize the actual and potential opportunities of speed breeding technology, it is essential to optimize the parameters at a low cost for finger millet. Being time and resource saving, speed breeding technology will accelerate research, improve stability, and increase global finger millet production to meet food security demands of the increasing population.



Blast Disease Improvement Due to Markers and Genotyping Systems

Molecular markers are highly treasured in plant genetics. Over the years, molecular markers have played a prominent and versatile role in finger millet breeding for cultivar improvement, taxonomy, population genetics, plant physiology, and genetic engineering (Veluru et al., 2020). Characterization of finger millet using isozyme makers found fixed heterozygosity at several loci that was identical across the examined accessions (Werth et al., 1994). DNA-based makers such as restriction fragment length polymorphism (RFLP), amplified fragment length polymorphism (AFLP), simple sequence repeat (SSR), expressed-sequenced tag (EST), and markers have been used to generate genetic map of finger millet (Dida et al., 2007; Babu et al., 2014a). Both isozyme and DNA marker analyses have indicated a low variation within cultivated finger millet. Highly variable makers will therefore be required for their application in the crop’s breeding.

The advancement in high-throughput sequencing techniques has facilitated sequencing for whole genome sequencing and re-sequencing projects, generating large volumes of sequence data quickly and at a reasonable cost. Next generation sequencing techniques presents new avenues for high-marker density genotyping procedures such as genotyping by sequencing (GBS), which can be used to unravel large numbers of single nucleotide polymorphisms (SNPs) for species identification, diversity analysis, linkage mapping, and genome-wide association studies (GWAS) (Elshire et al., 2011). Because of its high throughput and robustness, GBS can be used to unravel the close variation of cultivated finger millet genotypes. GBS was successfully applied to establish the genetic diversity, population structure and ploidy level among 112 Vanilla planifolia accessions and identified 521,732 SNP markers (Hu et al., 2019). Further, genetic diversity of olive germplasm (Olea europaea L.) was achieved through GBS technology (Zhu et al., 2019). These results validate the efficacy of genomics-based tools in species genotyping and demonstrate GBS as an effective marker for cultivar genetic diversity analysis in several cultivated crops, providing a vital tool for genomics-assisted plant breeding. Although the genome sequence for finger millet has not been release so far, considerable gains of GBS have been achieved. For example, Tiwari et al. (2020) discovered genes and QTLs governing seed protein content and related traits in finger millet using SNPs discovered via GBS technology. Likewise, GBS was used to identify genomic regions which govern grain nutritional traits in finger millet and generated 169,365 SNPs and three subpopulations (Puranik et al., 2020). These two examples signify the utility of GBS in genome wide association analysis in mining of novel fundamental genetic information which is essential for marker-assisted breeding against blast disease. The limitations which may arise is that many of the SNPs identified from blast infection are likely to be associated with broad stress or infection responses.

The main challenge posed by the use molecular markers in plant breeding is the high cost of establishing, maintaining of molecular laboratories and inadequate qualified human resource. Moreover, the huge capital requirement for development of markers another major impediment in use of molecular markers in plant breeding programs especially in many developing countries where finger millet is grown. These countries should put more efforts to surmount these challenges. These challenges could be resolved through establishment of specialty regional and continental molecular laboratories could cut costs and bring synergy in research and plant breeding activities.



Resistant Genes and QTLs for Blast Disease

Molecular marker-based breeding approaches have been valuable in the development of blast resistance and in improving important agronomic traits in crops, such as rice and foxtail millet (Tabien et al., 2002). The majority of these traits, for instance, blast resistance, are under quantitative genetic control (Fu, 2015). Nine blast R-genes (Pita, Pi9, Pi2, Piz-t, Pi-kh, Pi36, and Pi37) belonging to the nucleotide-binding site–leucine-rich repeat (NBS-LRR) family have been cloned in rice by using different strategies (Ameline-Torregrosa et al., 2008). EST sequences of NBS-LRR regions of finger millet have shown homology with Pi-kh and Pi21, indicating that rice blast R-gene orthologs may be playing a crucial role in conferring resistance in finger millet (Kumar et al., 2016a). Genetic mapping and molecular characterization of quantitative traits enable genome-aided breeding in improving the finger millet crop. The common tools used for analyzing the quantitative traits are association mapping and linkage analysis. Association mapping for resistance has been done using genic-SSR markers strongly linked to blast QTL from the finger millet NBS-LRR region in the identification of QTL for finger blast and neck blast resistance. Babu et al. (2014b) identified five significant QTL for finger blast and neck blast. The finger blast QTL were strongly associated with the genic-SSR primer FMBLEST32 and rice SSR RM262 (Babu et al., 2014a). The FMBLEST32 marker was designed from a Pi5 rice blast gene known for a relatively broader spectrum resistance to M. oryzae (Wang et al., 1994). Ramakrishnan et al. (2016) identified two leaf blast resistance QTL strongly associated with markers UGEP101 and UGEP95 by association mapping.



Gene Pyramiding for Blast Resistance

The notable losses of finger millet to blast disease necessitates the development of highly improved and novel strategies to enhance the capacity of various finger millet varieties that can survive attacks caused by the ever-evolving, mutating M. oryzae pathogen while also enduring the variable farming and climatic conditions with a high level of grain quality. Although fungicides are an option for the control of blast disease, they are expensive or not readily available to subsistence and smallholder farmers who are the dominant producers of finger millet in the tropics of sub-Saharan Africa and Asia. Finger millet varieties with resistance to M. oryzae fungi offer a cost-effective, easy-to-use, and environmentally-friendly management strategy (Pastor-Corrales et al., 1998). Several sources of blast disease resistance have been identified among primary and secondary gene pools of finger millet (Wang et al., 1994; Babu et al., 2014b; Ramakrishnan et al., 2016; Odeny et al., 2020), However, development of varieties with durable blast disease resistance is difficult. In particular, the broad and dynamic virulence diversity of the blast pathogen has been a limiting factor for host-plant resistance to blast disease because it renders the resistant varieties susceptible within a short period (Odeny et al., 2020).

The advancement of molecular methods in plant breeding has significantly broadened the identification of various R-genes in finger millet and other important crops of the Poaceae family. The presence of a set of different R-genes in the same plant averts the infection from multiple pathogen races, thereby avoiding fungal evolution by preventing recombination between different fungal races. Previous evidence on rice blast disease has shown that integrating a set of different valuable R-genes or QTLs into the same plant would block the infection from several pathogen strains, consequently preventing the fungal evolution through the averting recombination between different fungal races (Yasuda et al., 2015). Gene pyramiding involves stacking of multiple-genes, which results in the simultaneous expression of the various genes in the same plant (Delmotte et al., 2016). Although ahis approach looks promising in compacting blast and other fungal disease in rice and other cereal crops such as maize (Zhu et al., 2018) and wheat (Cruppe et al., 2020), although, it has not been tried in finger millet. An assessment of the performances of three approaches to control root-knot nematode: cultivar mixtures, crop rotation, and pyramiding of R-genes in pepper and lettuce under controlled conditions for more than 3 years (Djian-Caporalino et al., 2014). Results from their work demonstrated that pyramiding of different genes conferring resistance to root-knot nematodes in one genotype was more durable and suppressed the emergence of virulent isolates than pyramiding of different genes conferring resistance to root-knot nematodes in cultivar mixtures and crop rotations. These empirical results, together with theoretical considerations of qualitative and quantitative disease resistance and retrospective analysis, pinpoint that gene pyramiding is the most powerful strategy to provide durable resistance to plant pathogens.

However, gene pyramiding has challenges, including compromised efficacy of stacking genes, if critical assumptions are not adhered to and virulence gene mutations occur, which are often independent of one another. Moreover, the masking of gene expression of resistance, genotype × environment interactions, the phenotypes, and physiological and biochemical penalties linked with R-genes, could eviscerate the agronomic performances. The long period required to obtain a successful variety through gene pyramiding is another major impediment, especially to seed companies. This challenge has been resolved by the new approaches, such as novel sequencing technologies, marker-assisted selection, genetic engineering, and genomic editing. These new methods have aided in the discovery of new, essential R-genes with ease and facilitated their combination into a single variety. The breakdown of pyramided genes has also been recorded in several experiments and explained the theoretical projection (Delmotte et al., 2016; Rana et al., 2019). In turn, this creates probabilities of the emergence of multi-virulent pathogen strains, such as M. oryzae. Therefore, it is imperative to strike a balance between an economic impact and effective strategies for controlling the disease.



Allele Mining and Blast Resistance Genes

The advancement made in breeding of superior crops has been achieved by to gathering of valuable alleles from vast plant genetic resources from different agro-ecological regions of the world. The wild relatives and landraces of crops still have numerous untapped valuable alleles which could be sustainably exploited for development of superior cultivars which are able withstand environmental variations and still retain the preferred qualities. Introgression of novel alleles from wild relatives into cultivated crop varieties such as stripe rust resistant wheat (Liu et al., 2020), tomato against tomato leaf curl virus, late blight and root knot nematodes (Kumar et al., 2019), development of a rice mega rice variety “Tellahamsa” for bacterial blight and blast resistance (Jamaloddin et al., 2020) as proven that specific alleles and their combinations produce dramatic trait changes when introgression into a suitable genetic background. At the moment, no report exists on gene pyramiding on finger millet. More efforts should therefore be done to unravel more new important alleles to continually enrich the genetic potential of crops. The techniques and prospects of allele mining in the genomic era has been extensively reviewed (Kumari, 2018), so it is not discussed in detail here.

Together with other constraints, blast disease causes a yield loss of as high as 100% in areas infested with the pathogen (Mgonja et al., 2013), purporting a need to understand the molecular mechanism of blast resistance and identify R-genes for the blast disease. With the advancement of sequencing technology, enormous sequence and expression data has been deposited into various databases. The use of these novel genomic tools has accelerated discovery and annotation of novel genes and further facilitated the development of allele-specific-markers. Due to the scarcity of genomic resources for genetic improvement of finger millets, comparative genomics will play a critical role in analyzing the most useful and essential agronomic traits, like blast resistance (Kumar et al., 2016a). Comparative analysis of finger millet and rice genomes has demonstrated that most of the chromosomes are highly collinear with 85% synteny (Srinivasachary et al., 2007). Synteny relationship between rice and rice mapped blast R-genes through association mapping using NBS-LRR EST sequences, M. grisea and Pi rice genes of rice. Babu et al. (2014b) found that the finger millet blast and neck blast QTL were linked to rice genes, such as Pi5, Pi21, Pi-d(t), and NBS-LRR. Therefore, these rice blast R-genes (Pi5, Pi21, Pi-d(t), and NBS-LRR) can be targeted for allele mining in finger millet.



Transgenesis for Blast Resistance

The improvement of finger millet using biotechnological tools has lagged when compared with the research made in other major cereals. Genetic engineering of finger millets is essential to improve the nutritional quality and resistance to abiotic and biotic stresses. Improvement of crops through biotechnological techniques depends largely on successful and efficient plant tissue culture protocols that can be categorized into direct organogenesis, indirect organogenesis, and somatic embryogenesis (Loyola-Vargas and Ochoa-Alejo, 2018). Previous studies on finger millet have identified several inherent challenges associated with in vitro regeneration, such as the severe recalcitrant nature, polyploidy, and genotypic dependence, which singly or collectively frustrate the plant tissue culture work and, consecutively, the crop improvement systems through transgenesis (Dosad and Chawla, 2016). Plant regeneration in finger millet using different explants in different genotypes has been reported, such as epicotyl (Patil et al., 2009), shoot apical meristem (Babu et al., 2018; Ngetich et al., 2018), mature seeds (Bayer et al., 2014; Pande et al., 2015), and mature embryos (Satish et al., 2016). These protocols provide an opportunity to improve in vitro plant regeneration studies in finger millet, although optimization is required for each genotype. To date, there is no literature on in vitro regeneration of finger millet using anther culture, protoplast, and protoplasmic fusion. Attempts should also be made to establish a genotype-independent in vitro regeneration system for finger millet.

Various protocols have been used for genetic engineering of finger millet, including biolistic (Gupta et al., 2001), microprojectile bombardment (Latha et al., 2005), and Agrobacterium tumefaciens-mediated transformation (Ceasar and Ignacimuthu, 2011; Hema et al., 2014). Among them, Agrobacterium-mediated transformation is the most successful and frequently used method to deliver DNA for the production of transgenic finger millet. However, there have been few attempts to use these procedures for developing transgenic finger millet lines resistant to blast disease. Latha et al. (2005) produced transgenic finger millet plants resistant to leaf blast disease by using the biolistic transformation technique to introduce a gene coding for an antimicrobial peptide of prawn. In other work, finger millet plants conferring resistance to leaf blast disease were developed via Agrobacterium-mediated genetic transformation of a rice chitinase (chi11) gene (Ignacimuthu and Ceasar, 2012). Results from these two studies demonstrated a high level of resistance to leaf blast disease in the transgenic plants compared with the untransformed control plants. Blast disease also affects the neck and the fingers, yet there is no reported work on transgenic finger millet resistant to these crop organs. A transgenic approach for developing finger millet with broad and durable blast resistance necessitates screening many potential antifungal genes and pyramiding of possible genes because the fungus is highly variable and can often overcome the deployed blast-resistant cultivars in a short period when resistance is dependent on one major R-gene. Stacking multiple R-genes into a single variety through genetic transformation is a promising tool for breeding durable and superior resistance, especially when the R-genes emanate from different gene clusters and different host resistance interactions between the R-genes and their effector proteins are provided (Dong and Ronald, 2019). The whole-genome sequence of finger millet, which is anxiously being awaited by finger millet research enthusiasts, is expected to be exploited to facilitate the new genome editing tools, especially, the CRISPR/Cas system. CRISPR (clustered regulatory interspaced short palindromic repeats) and its associated proteins (Cas) guide the complex to cleave complementary DNA. The CRISPR/Cas system is revolutionary and innovative tool for plant genome editing because of its simplicity, a wide range of applications, and is cost-effective (Langner et al., 2018). In order to produce only genome edited plants lacking any foreign DNA inserts. It is therefore vital to establish a protoplast-based regeneration system for finger millet to accomplish the goal of producing blast-resistant finger millet and also propel research and innovation in the crop to the next and higher level comparable to rice, wheat, barley, and maize.



Integrating Disease Resistance Genes With Other Crop Disease Control Strategies

In a permanently dynamic world and society, environmental protection and agricultural sustainability remain the core drivers for food security. Despite the technological advancements made over the past two decades, a real food crisis due to plant diseases has emerged as a significant threat to food security worldwide. Integration of durable disease R-genes in the advent of pathogen evolution caused by climate change perturbations and other evolutionary pressures provides sturdy protection against crop diseases. It complements a diversified, integrated management of M. oryzae because the simultaneous use of m control ‘weapons’ guarantees maximum returns. Empirical studies and theoretical models demonstrate that an amalgamation of different selective pressures delays the emergence of virulence (Anderson et al., 2019). For example, the durability of an introgressed R-gene(s) targeting a pathogenic fungus, such as M. oryzae, could be significantly elevated through the application of fungicides targeting that particular pathogen. Generally, all agricultural practices intended to control a given pathogen should theoretically be integrated to increase their respective effectiveness and durability (Anderson et al., 2019; Hu et al., 2020). In cognizance of smallholder farmers who predominantly cultivate finger millet, such combinations may be constrained by financial, technical knowhow, human health, and environmental factors. To achieve the goal of integrated management of blast disease in finger millet, community engagement and extension services, a healthy partnership between all players in the finger millet value chain and training programs should be emphasized to achieve long-term success.



Conclusion

Effective disease management strategies are crucial to sustaining the production of high-quality crops, as well as reducing the environmental impacts attributable to pathogens and their management measures. M. oryzae is the causative agent of blast, the most damaging disease of finger millet, affecting the finger millet production and causing massive yield loss of up to 80% of finger millet yield per annum globally (Mgonja et al., 2013). Information on the genetic identity of M. oryzae, as well as its pathogenesis, is important for the precise development of finger millet varieties with different R-genes. The development of resistant varieties with durable resistance through the introgression of new genes into a variety is an effective, economical, environmentally friendly, and sustainable approach to controlling the finger millet blast disease. Various molecular tools are available that facilitate the mining of many genes of interest, such as blast R-genes and QTL, and identification of their sources with ease, which presents an opportunity for efficient improvement of finger millet through different breeding techniques. Gene pyramiding, allele mining, speed breeding, genetic engineering, genome editing, and other novel molecular breeding approaches present possibilities to attain durable resistance against the bast disease pathogen in finger millet. Blast disease control by combining disease R-genes with other methods could be expected to improve the durability of genetic resistance in improved finger millet cultivars.
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Physiological and Proteomic Signatures Reveal Mechanisms of Superior Drought Resilience in Pearl Millet Compared to Wheat
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Presently, pearl millet and wheat are belonging to highly important cereal crops. Pearl millet, however, is an under-utilized crop, despite its superior resilience to drought and heat stress in contrast to wheat. To investigate this in more detail, we performed comparative physiological screening and large scale proteomics of drought stress responses in drought-tolerant and susceptible genotypes of pearl millet and wheat. These chosen genotypes are widely used in breeding and farming practices. The physiological responses demonstrated large differences in the regulation of root morphology and photosynthetic machinery, revealing a stay-green phenotype in pearl millet. Subsequent tissue-specific proteome analysis of leaves, roots and seeds led to the identification of 12,558 proteins in pearl millet and wheat under well-watered and stress conditions. To allow for this comparative proteome analysis and to provide a platform for future functional proteomics studies we performed a systematic phylogenetic analysis of all orthologues in pearl millet, wheat, foxtail millet, sorghum, barley, brachypodium, rice, maize, Arabidopsis, and soybean. In summary, we define (i) a stay-green proteome signature in the drought-tolerant pearl millet phenotype and (ii) differential senescence proteome signatures in contrasting wheat phenotypes not capable of coping with similar drought stress. These different responses have a significant effect on yield and grain filling processes reflected by the harvest index. Proteome signatures related to root morphology and seed yield demonstrated the unexpected intra- and interspecies-specific biochemical plasticity for stress adaptation for both pearl millet and wheat genotypes. These quantitative reference data provide tissue- and phenotype-specific marker proteins of stress defense mechanisms which are not predictable from the genome sequence itself and have potential value for marker-assisted breeding beyond genome assisted breeding.

Keywords: climate resilience, senescence, cereals, drought stress, proteomics, stay-green trait, secure food production, marker assisted breeding


INTRODUCTION

Feeding nine billion people with balanced nutritional diet under unpredictable severe weather events is a challenging task. Emerging evidence suggests that the climate change crisis will cause shifts in food production and yield loss, causing a severe threat to food security (Lunt et al., 2016). A key strategy to adapt in a changing climate is to develop elite germplasms that can survive under hostile weather conditions with stable yields and to promote underutilized crop species. Focusing and exploiting the large reservoir of minor and underutilized crop plants would provide a more diversified agricultural system and an alternative healthy food resource, ensuring food, and nutritional security (Mabhaudhi et al., 2019).

The world today relies on a small number of crop species for food, majorly C3 cereals (wheat, rice, barley), and few C4 cereals like pearl millet, maize and sorghum (Alexandratos and Bruinsma, 2012). By far, the abundance of genetic resources and potentially beneficial traits of C4 cereals are neglected. However, to alleviate the food crisis, efforts are ongoing to engineer C4 traits into C3 crop species, which can massively increase C3 crop yields (von Caemmerer et al., 2012; Weissmann and Brutnell, 2012; Wang et al., 2014; Rangan et al., 2016). However, such efforts require an improved understanding of the physiological traits (such as deep rooting, stay-green, and senescence etc.) and system-level analysis to identify the regulatory networks underlying these physiological traits under abiotic stress condition in a comparative manner.

Drought can adversely and drastically affect the agricultural sector. It causes land degradation and biodiversity loss. Every year, around 8.5 million ha of rain-fed land and 1.5 million ha of irrigated lands are affected because of salinization (Hanjra and Qureshi, 2010). Drought induces profound changes at the morphological, physiological and biochemical level in all plant tissues (Anjum et al., 2011), mostly disturbing the complicated relationship between sink and source of plant organs. Upon perception of drought stress a complex response is initiated which includes massive transcriptional reprogramming along with anatomical and physiological alterations which include deep root system, changes in leaf morphology, closure of stomata, cuticular wax thickening, hormone induction, reactive oxygen species (ROS) scavenging, osmolyte synthesis, nitrogen assimilation, and amino acid metabolism (Lamalakshmi Devi et al., 2017). These active processes involve genes, proteins and small molecules (metabolites), which play a crucial role in shaping the final phenotype of the plants (Ghatak et al., 2018; Weckwerth et al., 2020). However, response to drought is species-specific and often genotype-specific (Campos et al., 2004). It also largely depends upon the duration and severity of water loss, age, and stage of the plant development (Pinheiro and Chaves, 2011).

Proteomics has become a powerful tool for analyzing plant response to various environmental stimuli (biotic and abiotic), especially in the comparative studies of genetically diverse germplasms subjected to drought stress, providing fundamental insights into plant responses to pre-determined stress and biochemical pathways that participate in the acclimatization process. Proper evaluation of the data can contribute to the identification of the potential candidates, which are then correlated with the quantitative trait loci (QTLs). These candidates can be further integrated into the marker-assisted breeding strategy to enhance the selection of plants with desired traits (Tuberosa and Salvi, 2006). Several studies were performed to understand the effect of drought stress on crop plants at proteomics level (Riccardi et al., 2004; Ford et al., 2011; Komatsu et al., 2014; Chmielewska et al., 2016; Ghatak et al., 2016; Ghatak et al., 2017a, b; Michaletti et al., 2018; Rodziewicz et al., 2019).

Wheat (Triticum aestivum L.) and pearl millet (Pennisetum glaucum (L.) R. Br.) are most important cereal crops. Wheat is a C3 cereal crop with a hexaploid genome (∼17 Gb) (Appels et al., 2018). It is a food source of > 50% world population. The yield of wheat is severely compromised under harsh climatic condition, especially drought (Ahmed et al., 2020). Contrastingly, pearl millet is a C4 grass highly cross-pollinated diploid (2n = 2x = 14) with a relative genome of 1.79 Gb and high photosynthetic efficiency (Varshney et al., 2017). It is an underutilized crop, despite its immense nutritional potential which has not been tapped. Unlike wheat, pearl millet is cultivatable in areas with drought, low soil fertility, high salinity, low pH or high temperature. As compared to other cereals, pearl millet showed greater ceiling temperatures for grain yield, making it a climate-resilient crop suitable for semi-arid regions of the world (Varshney et al., 2017). Projected changes in crop yields owing to climate change demand a paradigm shift to enhance the cultivation and distribution of such crops in the market reducing the burden of the crops with high commercial value, e.g., wheat and maize without compromising their nutritional importance. However, there is a lack of studies that provide insights into the molecular machinery underlying stress tolerance in millets in comparison to other important cereals.

To address this aim, in the present study comparative physiological and proteome changes were evaluated in the leaves, roots and seeds of two different pearl millet and wheat genotypes from different geographical origin subjected to drought: (1) to identify physiological traits associated with tolerance to the deleterious effect of drought stress, (2) to characterize physiological traits such as photosynthetic activity, root length, seed weight and weight of the plant with contrasting degree of drought tolerance, (3) to explore the implications of drought stress on proteome, and identify tissue-specific (roots, leaves and seeds) drought stress-responsive proteins which attribute to the stress tolerance of these crops, (4) to identify and compare abundance profile of the proteins involved in C4 pearl millet photosynthetic metabolism and wax biosynthesis with the orthologous proteins present in C3 wheat, and (5) to integrate physiological and biochemical parameters (i.e., identified proteins) using multivariate analysis to obtain a comprehensive picture of the plants “physiological trait/proteome levels” under drought stress.



MATERIALS AND METHODS


Plant Material, Growth Conditions, and Drought Treatment

Two different genotypes of pearl millet (843-22B and ICTP8203) and spring wheat (White Fife and TRI 5630) from different geographic origins (Table 1A) were selected for this study: wheat genotypes, one originating from the United Kingdom, accession number TRI 5357 (White Fife, here indicated as UK), the other from Iran, accession number TRI 5630 (indicated as IR). Pearl millet genotypes originated from different states of India primarily used for breeding and research. Seeds were obtained from the gene bank repository of International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), India and IPK, Germany. The experiment started in February and concluded in July. Plants were grown in a controlled condition: the temperature was max 30°C during the daytime, 26°C at nighttime (±2°C). Relative air humidity was 60% during the day, and 80% at nighttime; the light was provided by metal halide lamps (HRI-TS 250W/NDL Neutral white, Radium, Germany) at an intensity of 220 μmol photons m–2 s–1 (7 a.m. to 9 p.m). The plants were grown in custom made cylindrical pipes (Ghatak et al., 2016). Each pipe was made of 5 polyethylene segments (15 cm each) amounting to a total height of 75 cm with an inner diameter of 10.3 cm. The total soil volume was 6.25 L. Each tube had two access openings (one in the upmost segment, and one in the 2nd segment from the bottom) for monitoring soil dehydration (monitored by measuring the volumetric soil water content (volume of water/total volume ratio), in percentage) and soil temperature by means of 1% accurate theta probes by (ADC ML3TM) sensors. Soil mixture consisted of three parts of potting ground (peat, humus), 2 parts of sand, 1 part of styromull (Royal Brinkman, the Netherlands) and 0.1 % NPK was added as initial fertilizer and no pesticides were used.


TABLE 1a. Description of the genotypes used in the study.
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The irrigation was adapted to the plant physiological needs, i.e., shoot/root development and evapotranspiration, being higher for wheat, and lower for pearl millet (Figure 1A). As a consequence, the wheat plants were kept at ∼32% of soil volume (71.11% of field capacity), and pearl millet plants at ∼24% of soil volume (53.33% of field capacity). The drought stress began when the plants reached the developmental stage of phase 51–53 on the BBCH scale, which was achieved in 8 weeks for pearl millet and 10 weeks for wheat. The difference in soil water content between control and stressed plants was the first indication of the drought imposed. The plant material (roots, leaves and seeds) were collected considering four biological replicates in each condition (control and stress) for proteomic analysis after 13-days of drought period. The harvested samples were frozen in liquid nitrogen to stop any enzymatic activity. The tissue samples were ground in liquid nitrogen using mortar and pestle. Pulverized tissues were stored at −80°C until further analysis. Table 1B provides the details of the genotypes, harvested tissues and their abbreviations used in the manuscript text, figures and tables.
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FIGURE 1. Physiological parameters. (A) Soil moisture content was measured using sensors ML 3 ThetaProbe. (B) Stomatal conductance was measured using PWMR-4 Porometer. (C) Leaf chlorophyll content was determined using SPAD chlorophyll meter. (D) Chlorophyll fluorescence (Fv/Fm) was determined using plant efficiency analyzer (PEA). All the analysis was performed under control and stress condition in pearl millet and wheat genotypes (color indication: blue—control and red—drought stress; lines: dotted lines—tolerant genotypes and direct line—sensitive genotypes).



TABLE 1b. Details of the genotypes, tissues harvested and abbreviations used in the figures and tables.

[image: Table 1B]


Physiological Measurements


Stomatal Conductance, Leaf Chlorophyll Content, and Chlorophyll Fluorescence

The effect of drought stress was examined by measuring stomatal conductance (gs) (mmol m–2 s–1) using PWMR-4 porometer (PP Systems, United States), leaf chlorophyll content using SPAD chlorophyll meter (SPAD 502, Minolta, Tokyo), and chlorophyll fluorescence (Fv/Fm) using plant efficiency analyzer (PEA) (Handy PEA, Hansatech Instruments, King’s Lynn, United Kingdom). Mature and fully expanded green leaves were used for the measurement at regular interval until the drought treatment was completed. The measurements were performed non-destructively on plant attached leaves.



Plant Weight (Biomass), Root Length, Panicle/Spike Characteristic (Numbers of Panicle/Spike per Biological Replicate), Seed Weight, and Harvest Index

For the measurement of plant weight (biomass), the cylindrical pipes were dismantled, and the intact plant was removed carefully from the soil. Panicles and spikelets on culms were counted; seed weight was recorded before putting them into liquid nitrogen. Harvest index (HI) was calculated according to Schauer et al. (2006) with the formula:

Harvest index (HI) % = [Total yield (i.e., seed weight)/Total yield + plant weight (i.e., biomass)] × 100



Protein Extraction and Pre-fractionation

The total protein from roots, leaves and seeds was extracted according to Chaturvedi et al. (2013) and Valledor and Weckwerth (2014). In brief, homogenized tissue weighed (20 mg for root, leaf and seed tissue, respectively), and suspended in 200 μL of protein extraction buffer [100 mM Tris- HCl, pH 8.0; 5% SDS, 10% glycerol; 10 mM DTT; 1% plant protease inhibitor cocktail (Sigma P9599)] and incubated at room temperature for 5 min followed by incubation for 2.5 min at 95°C and centrifugation at 21,000 × g for 5 min at room temperature. The supernatant was carefully transferred to a new tube. Two-hundred microliters of 1.4 M sucrose were added to the supernatant and proteins were extracted twice with 200 μL TE buffer-equilibrated phenol followed by counter extraction with 400 μL of 0.7 M sucrose. Phenol phases were combined and subsequently mixed with 2.5 volumes of 0.1 M ammonium acetate in methanol for precipitation of proteins. After 16 h of incubation at −20°C, samples were centrifuged for 5 min at 5,000 × g. The pellet was washed twice with 0.1 M ammonium acetate, once with acetone and air-dried at room temperature. The pellet was re-dissolved in 6 M Urea and 5% SDS, and protein concentration were determined using the bicinchoninic acid assay (BCA method). Proteins were pre-fractionated by SDS-PAGE. Forty micrograms of total protein were loaded onto the gel. Gels were fixed and stained with methanol: acetic acid: water: Coomassie Brilliant Blue R-250 (40:10:50:0.001). Gels were destained in methanol: water (40:60).



Protein Digestion and LC−MS/MS

Gel pieces were destained, equilibrated and digested with trypsin, desalted and concentrated (Chaturvedi et al., 2013). Prior to mass spectrometric measurement, the tryptic peptide pellets were dissolved in 4% (v/v) acetonitrile, 0.1% (v/v) formic acid. One μg of the digested peptide from each tissue sample (4 biological replicates for each condition) was loaded on a C18 reverse-phase column (Thermo scientific, EASY-Spray 500 mm, 2 μm particle size). Separation was achieved with a 90 min gradient from 98% solution A (0.1% formic acid) and 2% solution B (90% ACN and 0.1% formic acid) at 0 min to 40% solution B (90% ACN and 0.1% formic acid) at 90 min with a flow rate of 300 nL min–1. nESI-MS/MS measurements were performed on Orbitrap Elite (Thermo Fisher Scientific, Bremen, Germany) with the following settings: Full scan range 350–1,800 m/z resolution 120,000 max. 20 MS2 scans (activation type CID), repeat count 1, repeat duration 30 s, exclusion list size 500, exclusion duration 30 s, charge state screening enabled with the rejection of unassigned and +1 charge states, minimum signal threshold 500.



Peptide and Protein Identification

Raw data were searched with the SEQUEST algorithm present in Proteome Discoverer version 1.3 (Thermo, Germany) as described in Valledor and Weckwerth (2014). We have used the following settings in Proteome Discoverer for data analysis which include: Peptide confidence: High, which is equivalent to 1% false discovery rate (FDR), and Xcorr of 2, 3, 4, 5, 6 for peptides of charge 2, 3, 4, 5, 6. The variable modifications were set to acetylation of N-terminus and oxidation of methionine, with a mass tolerance of 10 ppm for parent ion and 0.8 Da for the fragment ion. The number of missed and non-specific cleavages permitted was 2. There were no fixed modifications, as dynamic modifications were used.

For identification, newly annotated pearl millet genome database containing 38,579 genes (Varshney et al., 2017) and UniProt database containing the annotations of 136,865 genes for wheat was used. Peptides were matched against these databases plus decoys, considering a significant hit when the peptide confidence was high. All the MS/MS spectra of the identified proteins and their meta-information were further uploaded to PRIDE repository. Sample codes for the raw files deposited in the PRIDE are provided in Supplementary Table S1. Submission details are as follows; Project name: Comparative physiological and proteomic signatures reveal contrasting stay-green and senescence phenotypes in drought tolerant and susceptible pearl millet and wheat genotypes. Project accession: PXD021446.

The identified proteins were quantitated based on total ion count, followed by an NSAF normalization strategy (Paoletti et al., 2006):
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In which the total number spectra counts for the matching peptides from protein k (PSM) was divided by the protein length (L), then divided by the sum of PSM/L for all N proteins.



Statistical Analysis and Data Integration

Statistical analysis for physiological data points was performed using Statgraphics (ver. 17.2.05) and SIMCA (version 13) for OPLS-DA analysis. For both PCA and OPLS-DA, data were centered and scaled using z-transformation.



Bioinformatics for Functional Annotation

To assign functional descriptions to pearl millet and wheat sequences, BLAST search (Altschul et al., 1997) was performed against Arabidopsis proteins release Araport11 (Cheng et al., 2017), rice (Kawahara et al., 2013), tomato SL3.0_ITAG3.2 (Sato et al., 2012), potato (Xu et al., 2011), and plants in Swiss-Prot (Bateman et al., 2017) using default settings. Every accession was assigned one best match (alignment coverage of shorter sequence ≥ 70%; E-value ≤ 10−10), prioritizing Arabidopsis and rice matches over the rest, when available. Assignment of pearl millet and wheat accession with MapMan plant functional ontology terms (Thimm et al., 2004) was also based on BLAST results against the same databases (alignment coverage of shorter sequence ≥ 70%, E-value ≤ 10−20, bit score ≥ 50, positives % ≥ 60). Pearl millet and wheat accessions then inherited the BIN assignment from the corresponding best match; unmatched sequenced were assigned BIN 35.2 (not assigned. unknown). To enable visualization of high-throughput experimental results, MapMan and GSEA mapping files were created for each species (available from www.gomapman.org/export/current/, Ramsak et al., 2014).



Gene Family and Phylogenetic Analysis

For gene family analysis of 11 plant species, DIAMOND (Buchfink et al., 2015) was used with an e-value cutoff of ≤ 1.0e-05. In addition to pearl millet, wheat sequences were downloaded from Swiss-Prot, while PLAZA v4 resource (Van Bel et al., 2018) was used for Arabidopsis thaliana, Brachypodium distachyon, Glycine max, Hordeum vulgare, Oryza sativa ssp. japonica, Oryza sativa ssp. indica, Sorghum bicolor, Setaria italic, and Zea mays. To reduce redundancy present in wheat sequences, these were pre-processed using CD-HIT (Fu et al., 2012) (≥80% identity; ≥80% coverage for shorter and longer sequence compared). The proteins were clustered using OrthoMCL v2.0.9 (Li et al., 2003), to define gene families with paralogs and orthologs. Single copy genes in an OrthoMCL cluster for all species were used to construct a phylogenetic tree in SeaView with muscle for multiple sequence alignment, Gblock to select the conserved regions and PhyML to construct the phylogenetic tree (bootstrap 1000).



Statistics for Proteome Data Analysis

Data were normalized using normalized spectral abundance factor (NSAF) approach and subjected to multivariate (Principal components analysis (PCA), K-means clustering) analysis which was performed using the statistical toolbox COVAIN in MATLAB (Sun and Weckwerth, 2012) and univariate (two-way ANOVA) analysis was performed considering two factors, treatment (control and stress), genotypes (pearl millet and wheat) and their interactions. Each table consists of df (degree of freedom), F-value (F-test) and p-value (of the F-test) for every factor. For K-means clustering analysis, proteins were chosen only if they were present in all four biological replicates of at least one condition. All the identified proteins were categorized into functional groups to allow a functional view of the tissue-specific proteome. The sum of the NSAF values for each functional category was then visualized using spider plots. Sparse partial least squares (sPLS), discriminant and network analysis were performed to integrate physiological parameters and proteome data to show the interaction between proteins (predictors) and physiology (response). sPLS was performed employing R package mixOmics. Generated networks were visualized and filtered (only edges equal or higher than 0.9 were maintained) in Cytoscape v.2.8.3 (Escandon et al., 2017).

The Venn diagrams were produced using GeneVenn1. A protein was considered as differentially expressed between two samples if three conditions were met: (1) the protein was detected in all four replicates at least in one of the treatments, (2) p-value for differential expression was ≤ 0.01 and (3) the fold change in protein NSAF values between the samples was at least 1.5. Volcano and spider plots were produced using Microsoft Excel 2015. Box plots were constructed using program R (version 3.5, R Core Team 2019) (package ggplot2).





RESULTS


Genotypic Variation of Physiological Responses, Plant Biomass, and Yield Under Drought Stress

In order to investigate the physiological basis of genotypic variation under drought stress, several parameters were determined, including stomatal conductance, Fv/Fm, root growth and others (see section “Materials and Methods”). All the recorded observations are provided in Supplementary Table S2.

Principal component analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS–DA) was performed considering all the factors and variables of the physiological data (Supplementary Figure S1A). A clear separation was observed between pearl millet and wheat genotypes on discriminant function 2 (PC2) as well as between control and stress condition of each genotype on discriminant function 1 (PC1). Several physiological parameters separated individual genotypes. The data revealed that the growth parameter of all the compared genotypes was affected differently. The PLS-DA emphasizes the differential diagnostic values discriminating between the genotypes and treatments. Stomatal conductance and photosynthetic parameters such as Fv/Fm and chlorophyll measurements (SPAD) discriminated most between control and stressed plants, whereas the number of the panicles and spikelets was the highest discriminant value between the genera Pennisetum and Triticum as observed in the PCA (Supplementary Figure S1B).

The determination of basic growth parameters is essential in the characterization of drought stress response mechanisms (Jones, 2007). Overall, plant biomass was decreased under stress condition in all the four genotypes compared to controls (Supplementary Table S2). The highest reduction in biomass was observed in TRI 5630, followed by ICTP8203 (Supplementary Table S2), but they also showed the highest seed yield under drought. Stressed plants of the wheat genotypes have shown decrease in the seed weight compared to the pearl millet genotypes and the most severe effect was observed in White Fife which is the most susceptible genotype to drought stress (Supplementary Table S2).



Contrasting Genotype Effects of Stomata Responses to Drought Stress

The immediate response of plants under drought stress is stomatal closure to prevent water loss via transpiration (Buckley, 2019). Plants grown under drought conditions tend to have lower stomatal conductance, thus helping to conserve water and maintain an adequate leaf water status but at the same time reducing leaf internal CO2 concentration and photosynthesis. The precise relationship is also dependent on other factors, like genotypes, drought history and environmental conditions. We measured stomatal conductance (gs) at regular intervals from the start until the conclusion of the stress treatment, considering fully grown leaves using a PWMR-4 porometer. It was observed that control plants of tolerant genotypes TRI 5630 and ICTP8203 showed stomatal conductance ranging between 130 and 150 mmol m–2s–1 and sensitive genotypes (White Fife and 843-22B) showed conductance between 40 and 50 mmol m–2s–1 (Figure 1B and Supplementary Table S2). Stomatal conductance of the stressed plants declined as drought stress progressed. In the sensitive genotypes White Fife and 843-22B, the conductance declined gradually and reached 10 mmol m–2s–1. Interestingly, the most significant and rapid effect was observed in the tolerant genotypes TRI 5630 and ICTP8203 where stomatal conductance reached 20 and 40 mmol m–2s−1, respectively, at the end of drought treatment (Figure 1B).



Contrasting Regulation of Chlorophyll Content and Fv/Fm Under Drought Stress Revealed a Stay-Green Phenotype vs. Senescence Phenotypes in Pearl Millet and Wheat

In order to understand the photosynthetic capabilities of pearl millet and wheat genotypes, leaf chlorophyll content was determined using a SPAD meter (Figure 1C and Supplementary Table S2). The SPAD values in the stressed plants declined as the drought stress progressed. In the control condition, SPAD value ranged between 20 and 40% approximately for both the genotypes of pearl millet and wheat. Under dehydration state, SPAD value reduced to 10–24% approximately. The highest chlorophyll content recorded during stress was in ICTP8203 (24%), followed by 843-22B (14%), TRI 5630 (14%), and White Fife (>10%).

Drought stress consistently and significantly reduced the maximum efficiency of PSII photochemistry (Fv/Fm), though this effect varied in its severity among the different genotypes (Figure 1D and Supplementary Table S2). By the end of the drought regime, the highest Fv/Fm ratio was observed in ICTP8203, followed by 843-22B and TRI 5630. This correlates directly with the SPAD measurements, indicating the stay-green phenotype of ICTP8203 in contrast to the other genotypes. The lowest reading was recorded in White Fife (Figure 1D).



Comparative Analysis of Tissue-Specific Pearl Millet and Wheat Drought Stress Proteomes

To perform a detailed proteome study, not only a full genome sequence is required, but also accurate gene annotation plays a critical role (Valledor et al., 2012). Here, for a comparative proteomics study, we identified unique and shared gene families between pearl millet and wheat using OrthoMCL (Li et al., 2003). Because of the high redundancy of the wheat genome annotation, the wheat sequences were clustered using CD-HIT (Fu et al., 2012), resulting in a set of 69,215 sequences (from the initial 136,866). From the total 46,954 gene families detected by the OrthoMCL algorithm, 9,457 were found to be shared between pearl millet, wheat and Arabidopsis (Figure 2A). On the gene level, ∼40% of the proteomes was shared between Arabidopsis and pearl millet (13,710 proteins for Arabidopsis and 11,535 proteins for pearl millet). Comparative analysis was also performed considering sorghum (Sorghum bicolor) and foxtail millet (Setaria italica) (Figure 2B). In the comparison between pearl millet and sorghum, 70–75% of the proteome was shared (19,865 proteins for pearl millet and 20,279 proteins for sorghum). Foxtail millet represents the evolutionarily closest plant species to pearl millet in this ortholog family analysis (Figure 2C, blue). Between these two species, ∼70–80% of the proteome was shared (21,447 proteins for pearl millet and 22,170 proteins for foxtail millet). For wheat, the closest related plant species is barley (Hordeum vulgare) (Figure 2C, red), where coverage of the former is 59% (30,624 proteins of the reduced redundancy sequence set) and 94% for the latter (18,239 proteins).
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FIGURE 2. Comparative analysis of pearl and wheat proteome with other species and phylogenetic tree resembling their nearest ortholog via OrthoMCl software search. (A) Venn diagram: Shared genes between pearl millet, wheat and Arabidopsis. (B) Venn diagram: Shared genes between pearl millet, sorghum, and foxtail millet. (C) Phylogenetic tree comparing relative orthologue in barley, wheat, brachypodium, rice, sorghum, maize, foxtail millet, pearl millet, arabidopsis, and soybean ([image: image], cereal crops; [image: image], other plant species).


From all the detected peptides in roots, leaves and seeds, 12,558 proteins were identified from both pearl millet and wheat genotypes, of which 4,564 proteins were identified in pearl millet (843-22B and ICTP8203) genotypes (Supplementary Table S3). In wheat genotypes (White Fife and TRI 5630), 7,994 proteins were identified (Supplementary Table S4). In order to generate a broad survey of identified proteins with altered tissue-specific abundance under drought stress, a Venn analysis was conducted which determines the dynamics of the proteome in selected genotypes of pearl millet and wheat under control and drought stress (Supplementary Figure S2). We performed two-way ANOVA analysis of the identified pearl millet and wheat proteome for every factor: (i) treatment (control and stress) and, (ii) genotypes (pearl millet and wheat) and (iii) their interactions. Here, each tissue (root, leaf and seed) was analyzed separately (Supplementary Table S5).



Functional Categorization and Statistical Analysis of the Drought Stress Proteome in Contrasting Pearl Millet and Wheat Genotypes

The tissue-specific DEPs (differentially expressed proteins) in pearl millet (843-22B and ICTP8203) and wheat (White Fife and TRI 5630) genotypes are represented using volcano plot’s (Figures 3A,B), and the list of DEPs are summarized in Supplementary Tables S6, S7. K-means clustering analysis was employed to investigate the co-expression/abundance pattern of the identified proteins from the compared genotypes. For cluster analysis, proteins were considered if they were present in all the four biological replicates of at least in one tissue/condition. Tissue-specific grouping of proteins in different condition (control and stress) lead us with clusters k = 30 in 843-22B and k = 35 in ICTP8203 (Supplementary Table S8), similarly, k = 50 in White Fife and TRI 5630 (Supplementary Table S9). Cluster analysis revealed specific groups of proteins with changing abundance in tissue or drought stress condition.
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FIGURE 3. Volcano plots. (A) Represents differentially expressed proteins (DEPs) in root, leaf and seed tissues of pearl millet genotypes. (B) Represents differentially expressed proteins (DEPs) in root, leaf and seed tissues of wheat genotypes.


Functional categorization of the identified proteins was performed according to Ramsak et al. (2014). Tissue-specific functional distribution of the proteome for pearl millet (843-22B and ICTP8203) and wheat (White Fife and TRI 5630) genotypes under drought stress is depicted in Figure 4 via spider plots using the total NSAF score summed up for different functional categories (Chaturvedi et al., 2013, 2015). The overall pattern demonstrates a remarkable variation of proteome functionality between the sensitive and tolerant-genotypes expressed as ratios of drought stress vs. controls. In pearl millet, major enhanced functional categories in 843-22B are transport and stress-related proteins in the root, mitochondrial electron transport, TCA cycle, C1-metabolism in leaf. In contrast, ICTP8203 showed drought stress enhanced protein functions for cell wall degradation, signaling and polyamine metabolism in the root, light reactions, photorespiration, transport and signaling in leaf and a strong regulation was observed in the development and polyamine metabolism in seed tissue. In wheat, White Fife showed enhanced regulation in protein categories of cell wall synthesis, mitochondrial electron transport, and redox in root tissue. In the leaf, TRI 5630 showed pronounced proteome regulation in the functional categories of gluconeogenesis, lipid metabolism, amino acid metabolism and carbohydrate metabolism compared to the White Fife. Similarly, seed proteome of TRI5630 showed enhanced proteome regulation compared to White Fife, e.g., C1 metabolism, secondary metabolism and transport (Figure 4). Functional categories and related proteins distinguishing the genotype- and tissue-specific drought stress response according to Figure 4 can be found in Supplementary Tables S10, S11.
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FIGURE 4. Spider plots. (A) Represents functional distribution of the proteome in the root, leaf, and seed tissues of pearl millet genotypes. (B) Represents functional distribution of the proteome in the root, leaf, and seed tissues of wheat genotypes.


Principal component analysis (PCA) of protein NSAF scores was performed using COVAIN (Sun and Weckwerth, 2012). All the tissues were separated by the first principal component (PC1) providing hints for tissue-specific proteome functionality in both pearl millet and wheat. In pearl millet, the strongest variation was observed in root and leaf tissues (Supplementary Figure S3A). In PCA of ICTP8203, leaf proteome showed the strongest variation in response to drought stress compared to roots and seeds (Supplementary Figures S3B,C). Positive loadings of PC1 represent proteins with higher abundances in roots, whereas negative loadings depicted higher levels in leaf and seed tissues (Supplementary Table S12). In 843-22B, the root proteome showed the most substantial variation followed by seed and leaf tissues in response to drought stress (Supplementary Figure S3D). These tissue-specific proteome effects were in contrast to the tolerant genotype (ICTP8203). Considering loadings, the highest positive loading showed proteins with higher abundance in seed and leaf tissues, while negative loading showed proteins with higher abundance in root tissue (Supplementary Figure S3E). Interestingly, it was observed that the seed proteome of both pearl millet genotypes showed only a small difference between control and stress condition.

Contrasting proteome effects were observed in wheat genotypes compared to pearl millet genotypes. Here, the strongest variation was observed in seed and leaf tissues (Supplementary Figure S4A). In TRI 5630, the seed proteome showed the strongest variation in response to drought stress compared to root and leaf tissues (Supplementary Figure S4B). Positive loadings of PC1 represent proteins with higher abundances in seed and leaf tissues, whereas negative loadings depicted higher levels in root tissue (Supplementary Figure S4C and Supplementary Table S13). However, in wheat sensitive genotype White Fife, most substantial variation was observed in the leaf followed by root tissues (Supplementary Figures S4D,E).




DISCUSSION


Physiological Comparison of Whole Plant Responses to Drought Stress

To integrate all physiological information into an intuitive coherent visualization model, we used the visualization strategy of Odum, an approach which integrates systems-theoretical ideas for the analysis of multivariate systems in ecology (Odum, 1994; Weckwerth, 2019). Here, each symbol and size determine systems state variables and their quantity representative for the individual pearl millet and wheat phenotypes under drought stress (Figure 5). Using this visualization strategy an n-dimensional multivariate data matrix and its intrinsic dynamics can be intuitively recognized by visual inspection. This principle is also known as coherent perception, e.g., face recognition, and by using symbols and sizes, we translate highly complex multivariate data into an intuitive visual model otherwise depicted by multivariate statistics such as PCA (Weckwerth and Morgenthal, 2005; Weckwerth, 2008; Weckwerth, 2019). Figures 5A,B determines the physiological response of the wheat and pearl millet under well-watered condition. Grain yield allows direct estimation of the drought tolerance capacity of the individual genotypes (Fischer and Wood, 1979). Under well-watered conditions, pearl millet (843-22B and ICTP8203) and wheat (White Fife and TRI5630) genotypes were found to have comparable grain yields. By contrast, water stress treatment resulted in different grain yields between the genotypes. A significant response was observed between White Fife and TRI5630. White Fife was not able to maintain its yield under drought stress (Figures 5C,E and Supplementary Table S2). A similar response was also observed by Inzanloo and co-workers, where a sensitive genotype Kukri showed a significant drop in the grain yield under stress condition (Izanloo et al., 2008).
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FIGURE 5. Model for significant and relevant eco-physiological responses of pearl millet and wheat genotypes under drought stress using Odum’s symbols. (A) Model for C3 wheat under well-watered condition. (B) Model for C4 pearl millet under well-watered condition. (C) Model for White Fife genotype under stress condition. (D) Model for 843-22B genotype under stress condition. (E) Model for TRI 5630 genotype under stress condition. (F) Model for ICTP8203 genotype under stress condition. [Different color code indicates different regulation of the physiological parameters under control (dark color) and stress (light color, diminished regulation; semi-dark color, moderate regulation) condition; Blue line indicates physiological mass/energy transfer; Red line indicates altered physiological response under drought stress; Root length: (A,B) feature short, dense roots, (C,E) feature moderate/long length and not so dense roots, (D,F) exhibit moderate/long and dense roots].


In contrast, pearl millet genotypes were able to restore their grain yield under drought stress (Figures 5D,F). Bidinger et al. (1987) reported a similar response of pearl millet under mid-season drought (panicle initiation to flowering) stress. This effect is also related to biomass production during drought stress. The significant reduction in biomass of these drought-tolerant genotypes and the resulting higher harvest index can be attributed as an adaptive response where plants endure low tissue water content through maintenance of cell turgor via osmotic adjustment and cellular elasticity and divert their entire energy to protect seed production under harsh conditions (Farooq et al., 2009). Also at the proteome level, there are relatively small changes in both pearl millet genotypes between well-watered and drought stress conditions which are in stark contrast to wheat. Accordingly, the proteome data reflect the physiological data. In this context, it is being reported by Begg that pearl millet even under favorable conditions tends to have a shorter crop cycle than any other cereals because it has a “built-in” drought escape mechanism of early flowering, inherited from its wild progenitors which are evolved in semi-desert environments. Therefore, pearl millet has not only a short crop cycle but also short grain-filling period and small seed sizes which is a clear advantage in unfavorable growth conditions such as heat and drought (Begg, 1965).

One significant difference in C3 and C4 plants species is their photosynthetic capacities. Globally, 85% of higher plant species follow C3-type photosynthesis whereas only 4% of the plant species belong to the C4-type majorly originated in arid regions where high temperature occurs with water stress (Yamori et al., 2014). To investigate these photosynthetic capabilities in more detail chlorophyll content and chlorophyll fluorescence of plants were measured along with stomatal behavior (see below). In all the genotypes, the imposition of drought stress resulted in a decrease in chlorophyll content (Figure 1C and Supplementary Table S2). In this study, the pale leaves with a lower chlorophyll content in White Fife (>10% SPAD units), 843-22B (14% SPAD units) and TRI 5630 (14% SPAD units) senesced early, while the green leaves with a high chlorophyll content in ICTP8203 consistently stayed green. The similar effect was observed in drought-tolerant and susceptible cultivars of peanut under water stress (Katam et al., 2016). Previous studies also revealed that a decrease in chlorophyll concentration under drought stress could be related to the increase in the activity of enzyme chlorophyllase (Ashraf et al., 1994). Drought stress-induced decrease in the pigment content was also previously reported in several plant species, including durum wheat (Loggini et al., 1999). The stay-green trait, in contrast, protects the leaf from the degradation of chlorophyll, stabilizes photosystem and helps to produce normal grain (Thomas and Ougham, 2014; Kamal et al., 2019). However, few reports are available on the mechanism of how this trait protects chlorophyll under drought and which dominant genes control this trait under drought conditions (Walulu et al., 1994). Senescence is typically characterized by chlorophyll loss and a progressive decline in photosynthetic capacity. Early onset of senescence affects assimilation and grain filling in crop plants (Xu et al., 2000). This effect can be correlated to wheat genotypes as they were not able to maintain their chlorophyll content under drought. Accordingly, ICTP8203 showed a stay-green phenotype in contrast to all the other genotypes (Thomas and Howarth, 2000). In this context, Fv/Fm ratio was also highest in ICTP8203 (Figure 5E) followed by 843-22B and TRI 5630 under drought treatment (Figure 1D and Supplementary Table S2). The Fv/Fm ratio of White Fife (Figure 5C) was significantly reduced, indicating a severely impaired photosystem under drought conditions. Programmed leaf senescence is initiated contributing to the plant survival under drought conditions (Lu and Zhang, 1998; Munne-Bosch and Alegre, 2000, 2004; Lu et al., 2002) but also resulting in yield losses (Borrell and Hammer, 2000; Jiang et al., 2004; Rivero et al., 2007).

The tolerant genotypes of pearl millet and wheat ICTP8203 and TRI 5630 also showed a different stomata regulation than the susceptible ones. ICTP8203 and TRI 5630 showed stomatal conductance ranging between 130 and 150 mmol m–2s–1 under control condition, already higher than in the sensitive genotypes (White Fife and 843-22B) ranging from 40 to 50 mmol m–2s–1. During drought stress, the range of stomata closure was higher and more rapid in the tolerant genotypes. A similar response was observed in the study performed on soybean genotypes (Liu et al., 2005) and Amaranthus species under drought stress (Liu and Stutzel, 2002). The rapid stomatal response may act as a drought resistance mechanism, which permits to keep water for later use and thus maintain higher leaf water potentials (Jones, 1974). In principle, stomatal closure protects plants against excessive water loss but also restricts the diffusion of CO2 into the photosynthetic parenchyma, especially for C3 plants. Stomatal closure causes more significant decrease in transpiration than in photosynthesis rates, thereby increasing the relative leaf water use efficiency (WUE) (Pou et al., 2008). Thus, more dynamic and more extensive regulation of stomata in the tolerant genotypes is one of the pre-requisites for better performance under drought stress. Furthermore, the stomatal limitation on photosynthesis can be accompanied by a decrease in the rate of consumption of ATP and NADPH for CO2 assimilation that could result in a decrease in the rate of linear electron transport and consequently in Fv/Fm (Baker and Rosenqvist, 2004) which was primarily observed in the susceptible wheat genotype, White Fife.

Considering the observations of photosynthetic capabilities and stomata regulation the tolerant varieties seem to compensate differences between C3- and C4-type photosynthesis. The differences are instead found in the stay-green vs. programmed leaf senescence phenotypes.

Another very strong effect is the different root length between wheat and pearl millet but also between the intraspecific genotypes (Figure 5 and Supplementary Figure S5). Due to this difference in root length, water retention capacity is very different for wheat and pearl millet genotypes (Figures 5C–F). Root length was increased in all the genotypes under drought stress (Figures 5C–F). Root length appeared to be an important trait for drought stress tolerance, as reported in the previous study (Leishman and Westoby, 1994). However, unexpectedly, here the sensitive pearl millet genotype 843-22B showed maximum root length as compared to other genotypes. The impact of root system and its mechanism on yield under drought conditions is also comprehensively discussed in many major crops (Tuberosa and Salvi, 2006; de Dorlodot et al., 2007; Comas et al., 2013; Sehgal et al., 2015). Controlled greenhouse and field conditions show different variations of plant functional and molecular traits (Hoehenwarter et al., 2008; Holmgren et al., 2012; Nagler et al., 2018; Weckwerth et al., 2020). In future studies all the drought-related traits and molecular signatures which are described in our study will be also tested under field conditions.



Proteome Signature for “Stay-Green” and “Senescence” Trait Under Drought Stress

Stay-green is an important agronomical trait which can contribute to higher yield production under drought stress condition (Harris et al., 2007; Thomas and Ougham, 2014). However, not much is known about the protein changes leading to this effect. In the present study, a significant change in protein patterns of pearl millet genotypes provided a clear indication of the processes that underlie the stay-green or senescence trait in ICTP8203 and 843-22B, respectively (Figure 6A and Supplementary Table S14). ICTP8203 showed enhanced regulation in photosynthetic activity under drought stress. This correlates with significant higher levels of chlorophyll a-b binding protein (Pgl_GLEAN_10021964), protein kinase (Pgl_GLEAN_10013653), thylakoid lumenal 19 kDa protein (Pgl_GLEAN_10006356), ferredoxin-NADP reductase (Pgl_GLEAN_10033849). This higher photosystem activity resulted in lower levels of reactive oxygen species (ROS) proteins such as peroxidases (Pgl_GLEAN_10014871, Pgl_GLEAN_10027105, Pgl_GLEAN_10006633), glutathione reductase (Pgl_GLEAN_10019381, Pgl_GLEAN_10036180), glutathione synthetase (Pgl_GLEAN_10035689), and peroxiredoxin (Pgl_GLEAN_10024324) under drought stress. Furthermore, the higher levels of several stay-green-associated proteins such as 14-3-3 (Pgl_GLEAN_10007318), chlorophyll synthesis proteins (such as magnesium chelatase ATPase subunit I) (Pgl_GLEAN_10038264), ribulose bisphosphate carboxylase small chain (Pgl_GLEAN_10020566), and uroporphyrinogen decarboxylase (Pgl_GLEAN_10000112) were also observed in ICTP8203. 14-3-3 are the binding proteins that show strong interaction with the enzymes involved in nitrogen and carbon metabolisms which may influence the degradation process (Huber et al., 1996). Overexpression of Arabidopsis gene GF14⋌ (which encodes 14-3-3 protein) in cotton lead to stay-green phenotype and also improved drought tolerance of transgenic cotton under drought stress (Yan et al., 2004). Similarly, overexpression of 14-3-3 protein delayed leaf senescence in potato plant (Wilczynski et al., 1998). A protein related to photorespiration (aminomethyltransferase; Pgl_GLEAN_10027187) also showed higher levels in ICTP8203 under drought stress (Supplementary Table S14).
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FIGURE 6. (A) Regulation of proteome underlying “Stay-green” trait in pearl millet genotypes (843-22B and ICTP8203). (B) Regulation of wax biosynthesis proteins in pearl millet and wheat genotypes under control and stress condition.


Interestingly, we observed decreased levels of ferrochelatase (Pgl_GLEAN_10011603) which reduces cytotoxicity and in turn, increases chlorophyll biosynthesis (Nagahatenna et al., 2015). In contrast, the sensitive pearl millet genotype 843-22B demonstrated opposite regulation of the proteome compared to ICTP8203, contradicting the stay-green process (Figure 6A). Proteins binned into the functional category of RING finger ubiquitin showed increased levels in 843-22B compared to ICTP8203 under drought stress. The observed regulation of the proteome is positively correlated to the physiological analysis where maximum efficiency of PSII photochemistry (Fv/Fm), chlorophyll content and yield was highest in ICTP8203 by the end of the drought stress. Hence, the proteome of ICTP8203 can be identified as “stay-green” signature.

Wheat genotypes demonstrated a different regulation of the proteome compared to pearl millet and did not show the “stay-green” trait at the phenotypic level. The significant changing pattern of proteomes, indicated “senescence” processes (non-sequential and sequential) in TRI5630 and White Fife, respectively (Supplementary Table S14). TRI5630 showed a significant increase in sucrose synthase 4 (SS) (W5I774, A0A1D6SCX5) (more than 6 and 11-fold change, respectively) under drought stress. Increased levels of sucrose content in leaf contributed to non-sequential senescence process. Moreover, increased sugar mobilization promotes stable yield and enhances the tolerance mechanism, which is indicated by higher stem reserve remobilization under drought stress (Shi et al., 2016). Remobilization of stored carbon reserves in wheat is also facilitated under drought stress, which enhances plant senescence process and accelerates grain filling process (Yang et al., 2000, 2001). This can also be correlated to the phenotypic data of TRI5630 showing stable yield despite decreased photosynthetic and chlorophyll biosynthetic proteins.

Interestingly, we also observed increased levels of 4-alpha-glucanotransferase (W5BL76, W5B4C2) (with > 2-fold change) in TRI5630 under drought stress whereas in White Fife these isoforms showed decreased levels or no change under stress. It has been reported that 4-alpha-glucanotransferase is an essential component of the pathway from starch to sucrose and cellular metabolism in leaves at night (Chia et al., 2004). Therefore, increased levels of 4-alpha-glucanotransferase can indicate higher sucrose content in the leaf of TRI5630, which supports the leaf non-sequential senescence process. In White Fife, despite higher levels of photosynthetic and chlorophyll biosynthetic proteins and a decrease in reactive oxygen (ROS) proteins, the total yield was decreased under stress condition (Supplementary Table S14). The possible reason could be a sequential senescence process in which young leaves are successively formed at the top region of the plant and lower older leaves undergo senescence.



Regulation of Wax Biosynthetic Proteins Under Drought Stress Indicate Higher Capacities for Drought Protective Cuticular Wax Biosynthesis in Pearl Millet Compared to Wheat

Plants are evolved with diverse adaptive strategies to cope with water deficit conditions. Accumulation of cuticular waxes is such a strategy which contributes to drought resistance (Samuels et al., 2008; Lee and Suh, 2015). Seo et al. (2009) demonstrated that increase in the cuticular wax synthesis improves drought tolerance in Arabidopsis species. Reduced wax production leads to drought sensitivity in rice (Zhu and Xiong, 2013). It is also known that cuticular wax biosynthesis is also controlled at post-transcriptional and post-translational levels (Lee and Suh, 2015). At the proteome level, we identified the regulation of two key rate-limiting enzymes of cuticular wax biosynthesis in pearl millet and wheat leaf tissue which includes 3-ketoacyl-CoA synthase (KCS) and ATP-binding cassette (ABC) transporter. In pearl millet genotypes, one of the 3-ketoacyl-CoA synthase (Pgl_GLEAN_10030730) showed enhanced levels under stress condition in the sensitive genotype 843-22B compared to the tolerant genotype ICTP8203 (Figure 6B). Similarly, GWAS study lead to the identification 3 SNPs located between two predicted genes encoding for 3-ketoacyl-CoA synthase in pearl millet under drought stress (Debieu et al., 2018). Interestingly in wheat genotypes (White Fife and TRI 5630), this gene family was not detected in either condition. 3-ketoacyl-CoA synthase is not only involved in decarbonylation and acyl-reduction of wax synthesis pathways but also involved in elongation of C24 fatty acids which is an essential condensation step during wax and suberin biosynthesis. A study performed by Yu and coworkers demonstrated that OsWSL1 encodes 3-ketoacyl-CoA synthase (KCS) genes in rice, catalyzes the formation of C20–C24 VLCFA precursors of leaf waxes. The OsWSL1 mutant showed a pleiotropic phenotype with decreased growth, sparse wax crystals and drought sensitivity, suggesting that OsWSL1 may be relevant to drought tolerance (Yu et al., 2008). Export of cuticular wax is mediated by the ATP binding cassette (ABC) transporters (Pighin et al., 2004; Bird et al., 2007; Panikashvili et al., 2007). In both the pearl millet genotypes three ATP-binding cassette (ABC) transporter proteins (Pgl_GLEAN_10004859, Pgl_GLEAN_10002141, Pgl_GLEAN_10006800) were identified and showed increased levels under stress condition compared to controls. Intriguingly, this protein showed an opposite regulation pattern in wheat genotypes (A0A1D5VIG5, A0A1D6C5F5, A0A1D6BMJ3, A0A1D6D783) under drought stress (Figure 6B). Information on wax biosynthetic genes is sparse in wheat due to the lack of functional genomic studies. However, it is known that wheat employs another parallel wax biosynthetic pathway, which is predominant in the reproductive stages and responsible for the biosynthesis of β-diketones (Tulloch, 1973). Recently, the pearl millet genome study has shown substantial enrichment and expansion of wax biosynthetic genes which may contribute to heat and drought tolerance of this crop in semi-arid regions (Varshney et al., 2017) compared to other cereals. Taking a look at the translational level of these genes in the leaf tissue of pearl millet genotypes, four genes Pgl_GLEAN_10006822, Pgl_GLEAN_10030730, Pgl_GLEAN_10005799, and Pgl_GLEAN_10005798 were identified which belonged to the group of terpenoid backbone biosynthesis, suberin biosynthesis and ABC transporters, respectively. These data indicate that wax biosynthesis is enhanced in pearl millet at the proteome level, especially in ICTP8203. In contrast, these pathways are not detected in wheat and drought-dependent enhancement is also not observed.



Drought Responsive Regulation of the Key Photosynthetic Proteins of Pearl Millet (NAD-ME Type) and Wheat Under Drought Stress

Global depletion of atmospheric CO2 levels led to the evolution of C4 photosynthesis from ancestral C3 photosynthesis. Among C4 plants, there are three biochemical subtypes, based on the C4 acid decarboxylation enzyme in the bundle sheath (Hatch, 1987; Leegood, 2002) (1) NADP-malic enzyme (NADP-ME) type, (2) NAD-malic enzyme (NAD-ME) type, and (3) phosphoenolpyruvate carboxykinase (PEPCK) type (Leegood, 2002). Distribution of C4 grasses is strongly influenced by rainfall level, e.g., areas with decreasing rainfall (from 900 to 50 mm per annum) demonstrates an increased abundance of NAD-ME subtype grasses compared to NADP-ME subtype grasses. This geographical distribution of C4 grasses with different biochemical subtypes may also reflect different drought tolerance capacities (Ghannoum, 2009). However, at the proteome level, there is no evidence suggesting that these three C4 biochemical pathways have different sensitivities to water stress. Pearl millet has been classified as a NAD-ME subtype (Edwards and Walker, 1983). The enzymes involved in C4 photosynthesis are also present in C3 plants of course without the Kranz anatomy but expression regulation is different, and activities are much lower. These enzymes operate for different metabolic processes, and they also have different inter- and intracellular localization. At the proteome level, we have identified all significant enzymes associated with the C4 pearl millet NAD-ME subtype photosynthesis under control and drought stress in both the genotypes wheat with different abundance level (Figure 7 and Supplementary Figure S6).
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FIGURE 7. Regulation of NAD-ME subtype C4 photosynthesis proteins in pearl millet and wheat genotypes under control and stress condition (Ala, Alanine; Asp, Aspartate; Mal, Malate; Pyr, Pyruvate; OAA, Oxaloacetate; PEP, Phosphoenolpyruvate; CA, Carbonic Anhydrase; PEPC, Phosphoenolpyruvate Carboxylase; PPDK, Pyruvate Phosphate Dikinase; AspAT, Aspartate Aminotransferase; AlaAT, Alanine Aminotransferase; MDH, Malate Dehydrogenase; NAD-ME, Nicotinamide adenine dinucleotide-dependent Malic Enzyme; Rubisco, Ribulose 1,5-bisphosphate Oxygenase-Carboxylase; TP, Triose Phosphate, RuBP, Ribulose 1,5-bisphosphate; HCO3, Bicarbonate; CO2, Carbon dioxide; H2O, Water).


Carbonic anhydrase (CA) and phosphoenolpyruvate carboxylase (PEPC) are two important enzymes at the beginning of the C4 carbon fixation process and may be directly related to photosynthesis efficiency. They both are located in the cytosol of mesophyll cells, whereas in C3 plants, they are predominantly located in chloroplast stroma (Ignatova et al., 2019). CA at the proteome level showed decreased levels under stress condition compared to controls in both the genotypes of pearl millet (Pgl_GLEAN_10019649, Pgl_GLEAN_10007313, Pgl_GLEAN_10019645). In contrast, PEPC (Pgl_GLEAN_10033512, Pgl_GLEAN_10037989, Pgl_GLEAN_10033055, Pgl_GLEAN_10026714, Pgl_GLEAN_ 10036281) showed increased levels under drought stress in the tolerant genotype ICTP8203 (Figure 7). In wheat genotypes, CA (A0A1D5WHU7) showed increased levels in White Fife under stress condition but did not show any regulation in TRI 5630. PEPC (A0A1D5YFR1, A0A1D6RUC3, A0A1D6C446, A0A1D6BRX9, A0A1D6RR40, A0A1D6ALV9, A0A1D5WD42, and A0A1D6AHU2) showed decreased levels in both the genotype under stress condition (Figure 7). Phosphoenolpyruvate carboxylase (PEPC), the second most abundant enzyme of the C4 pathway, is an important and multifaceted enzyme that catalyzes the irreversible β-carboxylation of phosphoenolpyruvate (PEP) to yield oxaloacetate (OAA) and inorganic phosphate (Pi) (Hatch, 1987). It also provides oxaloacetic acid to the tricarboxylic acid cycle (TCA cycle) and catalyzes reactions involved in amino acid metabolism in C3 plants and non-photosynthetic tissues of C4 plants (Westhoff and Gowik, 2004). Ding and co-workers demonstrated that overexpression of PEPC led to higher CO2 assimilation compared to wild-type under progressive drought stress (Ding et al., 2015). Similarly, Jiao et al. (2002) determined that expression of maize C4-PEPC in transgenic rice led to improved photodetoxication and photosynthetic capacity under drought stress. However, mutation of two PEPC genes of Arabidopsis [PPC1 (AT1G53310), PPC2 (AT2G42600)] led to severe growth arrest phenotype and reduced the synthesis of malate and citrate and severely suppressed ammonium assimilation (Shi et al., 2015).

Interestingly, NAD-malic enzyme (NAD-ME) showed increased levels in stressed plants compared to controls in both the genotypes of pearl millet (Pgl_GLEAN_10013928, Pgl_GLEAN_10034558). In contrast, the reverse trend was observed in wheat genotypes (A0A1D5S6L5, A0A1D5U9X7) under drought stress (Figure 7). NAD-ME plays a major role in determining flux through the TCA cycle by providing pyruvate for oxidation. However, studies claim that antisense potato lines do now show any perturbation in flux through the TCA cycle but an alteration in glycolytic metabolism (Jenner et al., 2001).

Several other enzymes were also identified which included malate dehydrogenase (MDH), pyruvate phosphate dikinase (PPDK), aspartate aminotransferases which are majorly located in mitochondria of bundle sheath and cytosol of mesophyll cells in C4 plants (Taniguchi et al., 1995), and alanine aminotransferases that lead to the reversible conversion of pyruvate to alanine. All the identified proteins showed reduced levels under stress condition compared to controls in pearl millet genotypes with a significant response in 843-22B (Supplementary Figure S6). In contrast, in wheat genotypes, only the sensitive genotype White Fife showed decreased levels of these proteins compared to controls. In contrast, the tolerant genotype TRI 5630 showed enhanced regulation under stress condition. These identifications indicate that the combined activities of several proteins may enable tolerant genotypes ICTP8203 and TRI 5630 to retain its photosynthetic efficiency under drought stress compared to sensitive genotypes 843-22B and White Fife. However, the pattern does not lead to a clear functional interpretation, and future studies will focus more on these pathways.



Integration of Proteome With Physiological Data of Pearl Millet and Wheat Phenotypes Demonstrates the Enormous Plasticity of Drought Stress Adaptation

The physiological data of the preceding discussions were used as predictable traits to identify protein networks which show high predictive power. Accordingly, we had several scenarios where we could exploit the predictive power of protein correlation networks for traits such as yield (seed weight), harvest index, root length and many more. For statistical modeling, we employed a method called sparse least square discriminant analysis sPLS-DA (see section “Materials and Methods”). Plants use different strategies to cope with drought stress, ranging from drought avoidance to desiccation. Drought avoidance is associated with the minimization of water loss and simultaneously maximization of water uptake (Ludlow and Muchow, 1990). Evidence suggests that the adverse effects of drought can be successfully avoided by changing carbon allocation patterns to allow the formation of a deep root system before the onset of a growth-limiting water shortage. Accordingly, root traits are now considered as important targets under drought stress for yield improvement. Therefore, we decided to identify protein correlation networks predictive for root length which has been highly distinguishable between pearl millet and wheat genotypes. Pearl millet genotypes showed increased root length under stress condition compared to controls with extensive elongation in 843-22B. Using sPLS, key stress proteins correlating with the root length were identified for each genotype individually (Supplementary Figure S7 and Supplementary Table S15). The identified proteins were functionally classified using MAPMAN and represented in an interacting network based on the color of the functional bins (Supplementary Table S15).

Furthermore, the discriminant analysis allowed determining differences of predictive protein levels between 843-22B and ICTP8203 for root length (Figure 8A). The genotypes showed remarkable plasticity and differences in the same set of predictive protein correlation networks (Figure 8A). Based on this analysis, proteins binned in the functional categories of stress, reactive oxygen species (ROS) and oxidative pentose phosphate pathway (OPP) showed the highest correlation scores with the root length. Annexin protein was positively correlated to the 843-22B (Figure 8A). Plant annexins are Ca2+ dependent phospholipid-binding proteins, and they participate in the regulation of plant development as well as in plant protection from the drought and other stresses. Annexins have been identified as a component of signal-transduction pathways in many species, such as soybean (Feng et al., 2013) and rice (Jami et al., 2012). In the study performed by Konopka-Postupolska and Clark, overexpression of annexin 1 (AnnAt1) not only allowed plants to retain their growth and productivity potentials under severe drought stress condition but also provided them protection against oxidative stress, however the mechanism of protection mediated by AnnAt1 can be different in different tissues (Konopka-Postupolska and Clark, 2017). Similarly, defense-related proteins such as diseases resistance response protein also showed positive correlation scores with increased root growth of 843-22B (Figure 8A) indicating activation of defense-related pathways.
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FIGURE 8. (A) Discriminant analysis determine interactive network using quantified proteins as a predictor and root length as a factor in 843-22B and ICTP8203 under stress condition and correlated with the odum’s model of physiology. (B) Discriminant analysis determine interactive network using quantified proteins as a predictor and root length as a factor in White Fife and TRI 5630 under stress condition and correlated with the odum’s model of physiology. Only those correlations equal or higher, in absolute value, than 0.9 are shown. Green line = negative correlation, Red line = positive correlation.


Two isoforms of phenylalanine ammonia-lyase showed a positive correlation with the tolerant ICTP8203 root phenotypes (Figure 8A) suggesting an activated biosynthesis of antioxidative compounds. Phenylpropanoid compounds not only fulfill various essential functions during plant development but also they act as essential protectants against various biotic and abiotic environmental stresses. Two isoforms of peroxidases also showed a positive correlation with the ICTP8203 root phenotype. Peroxidases are the bifunctional enzymes which not only act on oxidizing agents but also produce ROS (Passardi et al., 2004). In plants, this enzyme is involved in many physiological and developmental processes which include their association with cell elongation processes, and also with reactions that restrict growth. Reduction in cell wall plasticity leads to the stiffening of the cell wall. Covalently bound cell wall peroxidases play a significant role in this process either by catalyzing the polymerization of the phenolic monomers of lignin or by participating in the formation of cross-bridges between various polysaccharide polymers. Based on the identified protein candidates, it can be concluded that under drought stress, antioxidant activity was enhanced in ICTP8203 compared to 843-22B.

The same approach was applied to the stress proteome of the wheat genotypes and correlated to the root phenotypes (Supplementary Figure S8 and Supplementary Table S16). This analysis revealed rather different patterns compared to pearl millet except peroxidases, which were also identified. In the discriminant analysis, proteins majorly binned in the functional category of lipid metabolism, stress, amino acid metabolism, carbohydrate metabolism and secondary metabolism were determined (Figure 8B). In the physiological analysis of White Fife and TRI 5630 showed increased root length under stress condition compared to controls. Two isoforms of eukaryotic translation initiation factor 3 (eIF3) showed a positive correlation with White Fife (Figure 8B). A study performed by Singh and coworker demonstrated that the overexpression of a gene encoding eIF3g (TaeIF3g: Triticum aestivum eukaryotic initiation factors), one of the 11 subunits of eukaryotic translation initiation factor 3 (eIF3), showed enhanced tolerance to abiotic stress in yeast and transgenic lines of Arabidopsis (Singh et al., 2013). β-glucosidase is actively involved in cell-wall modification, stress defense, phytohormone signaling, and secondary metabolism; it also plays an essential role in the hydrolysis of cellulose by converting cellobiose to glucose. Here in this study, β-glucosidase and β-amylase showed a positive correlation with White Fife, which indicates that carbohydrate metabolism was activated in the roots of White Fife under drought stress condition. In soybean roots, β-glycosidase showed higher accumulation under stress condition (Wang and Komatsu, 2018).

Drought stress has adverse effects on seed production; however, it also largely depends upon the duration of drought stress, the growth stage of the plant and seed filling period. In the present study, genotypes of wheat and pearl millet showed contrasting effects of drought on seed productivity. Based on the physiological analysis, pearl millet genotypes were able to maintain productivity under stress conditions compared to the wheat genotypes, especially ICTP8203. The stress proteome of pearl millet genotypes was correlated with the seed weight (Supplementary Figure S9 and Supplementary Table S15) and proteins binned in the functional category of stress, carbohydrate metabolism, lipid metabolism, amino acid metabolism, signaling and development were identified (Figure 9A; Supplementary Table S15). Two isoforms of late embryogenesis abundant (LEA) protein and lipid transfer protein (LTP) were identified and showed a positive correlation with ICTP8203. These proteins were also differentially abundant in seed proteome of ICTP8203 and not in 843-22B, which confer that these proteins can be used as potential tissue-specific genotype marker for ICTP8203 (Figure 9A). Glycogen synthase which is binned in the functional category of carbohydrate metabolism also showed a positive correlation with ICTP8203, and it has been reported that glycogen synthase confers enhanced tolerance against abiotic stresses (Joshi et al., 2018; Figure 9A). Similarly, two isoforms of heat shock proteins were also identified, showing a positive correlation with ICTP8203. Many small heat shock proteins (sHSPs) play a major role in the protection of seeds from desiccation. This also indicates that accumulation of protective proteins might play a significant role in the drought-responsive mechanism of ICTP8203, leading to healthy seeds even under water deficit condition; indeed, the productivity of plants does not get as severely affected as for other compared genotypes under drought stress. Further, the chitinase protein was identified, which showed a positive correlation with 843-22B (Figure 9A). In plants, chitinases are induced in defense response against abiotic stress and constitutively expressed in plant organs, such as seeds. A class 1 chitinase has been previously identified as an abundant protein in the soybean (Glycine max) mature seed coat (Gijzen et al., 2001).
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FIGURE 9. (A) Discriminant analysis determine interactive network using quantified proteins as a predictor and seed weight as a factor in 843-22B and ICTP8203 under stress condition and correlated with the odum’s model of physiology. (B) Discriminant analysis determine interactive network using quantified proteins as a predictor and seed weight as a factor in White Fife and TRI 5630 under stress condition and correlated with the odum’s model of physiology. Only those correlations equal or higher, in absolute value, than 0.9 are shown. Green line = negative correlation, Red line = positive correlation.


sPLS and discriminant analysis of wheat seed proteome lead us to identify proteins binned in the functional category of reactive oxygen species (ROS), photosynthesis, stress, glycolysis, and secondary metabolism (Figure 9B, Supplementary Figure S10, and Supplementary Table S16). Several isoforms of histones were identified, which showed a positive correlation with White Fife. Increasing evidence shows that chromatin organization plays a very important role in the transcriptional reprogramming of stress-responsive gene expression, proper resource allocation to growth vs. stress responses, acclimation, and long-term stress memory (Chinnusamy and Zhu, 2009; Mirouze and Paszkowski, 2011). Several studies have also reported that histones play an important role during the process of grain filling and drought stress leads to the modification of this protein (Kalamajka et al., 2010). Further, two isoforms of superoxide dismutase were identified, which showed a positive correlation with White Fife, indicating that scavenging mechanism was activated under drought stress. Similarly, two isoforms of phosphoglycerate kinase also showed a positive correlation with White Fife. Phosphoglycerate kinase is an enzyme that catalyzes the reversible transfer of a phosphate group from 1, 3-bisphosphoglycerate (1, 3-BPG) to ADP producing 3- phosphoglycerate (3-PG) and ATP (Fermo et al., 2012). These results indicate that energy metabolism was activated under drought stress.




CONCLUSION

The need for drought-tolerant crops is critical, and will surely grow in coming years because of the increase in food demand per capita, ongoing degradation of soil, depletion of water resources, and the accelerating effects of global climate change. Therefore, the development of improved drought-tolerant varieties is the challenge for plant breeders and crop physiologists. One strategy to increase crop productivity is to endow them with C4 traits. However, this approach needs a better understanding of the molecular and physiological level. Here, we exploited a comparative approach to define molecular and physiological components of C3 and C4 plants under drought stress and identified the traits which can be of help in the ongoing engineering process. The results herein presented, reflect the complex mechanism at physiological and proteome level that C3 wheat and C4 pearl millet employ in adapting to the drought stress environment, which also testifies toward the plasticity of these plants. An intriguing result is that tolerant lines of pearl millet and wheat seem to override already differences between C3- and C4-type photosynthesis. These results are subject to future studies. Our results also provide evidence that one of the most substantial advantages for enhanced drought-tolerance is the stay-green trait, and we demonstrate the first proteome signature in pearl millet for this trait. Other important characteristics of drought resistance are related to root morphology, efficient photosynthetic machinery and wax biosynthetic enzymes.

We suggest several strategies for engineering enhanced tolerance in the crop plants under drought stress: (1) Identification and mapping of quantitative trait loci (QTL) for root length in cereal crops as it is an important trait for survival under drought stress. (2) Enrichment and expansion of stay-green protein signatures and wax biosynthetic genes. (3) Further investigation of reactive oxygen species (ROS) in roots as they can act as efficient signaling molecules which can enhance root to shoot crosstalk under drought stress. This study also provides information on yield-associated traits, tissue and genotype specific marker that can be exploited for marker-assisted breeding for improving drought tolerance in crop plants. This knowledge is very important because of the large discrepancy between gene expression level and protein activities, which are dynamically modified by actual field conditions in a strongly fluctuating climate. To our knowledge, it is the first report on a comparative physiological and proteomic analysis of wheat and pearl millet in response to drought stress, thus, serving as a large-scale reference study for future investigations.
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Supplementary Figure 7 | sPLS-based network constructed using quantified proteins as a predictor and root length as a factor for pearl millet genotypes (843-22B and ICTP8203) under stress condition. The interacting network was correlated with the odum’s model of physiology. Only those correlations equal or higher, in absolute value, than 0.9 are shown. Green line = negative correlation, Red line = positive correlation.
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Africa is home to important centers of origin and diversity of crop wild relatives (CWR), including many species adapted to adverse agroecological conditions, namely drought and poor soils. Plant genetic resources from Cabo Verde Islands have been poorly explored for their potential to supplement the genetic pool of cultivated species. In this paper we identify Cabo Verde’s CWR from the Poaceae family and provide a checklist of priority CWR taxa, highlighting those of particular conservation concern and the areas which should be the focus of the most intensive conservation efforts in these islands. Our results revealed that Cabo Verde archipelago is an important center of CWR diversity of West African crop millets, namely fonio (e.g., white fonio, Digitaria exilis, and black fonio, Digitaria iburua) and other African millets [e.g., pearl millet (Cenchrus americanus = Pennisetum glaucum), teff millet (Eragrostis tef), finger millet (Eleusine coracana), barnyard millet (Echinochloa colona), proso millet (Panicum miliaceum), and foxtail millet (Setaria italica)], which represent a diverse group of cereal crops, and important components in agriculture and food security of this country. Also, hotspot areas of diversity for in situ conservation were identified in Cabo Verde, as well as several populations occurring under extreme habitats conditions that are well adapted to drylands and poor soils. The evaluation of their potential for new ecologically important adaptive characteristics associated with tolerance to abiotic stresses is discussed. The survey of international Germplasm Banks revealed that very few accessions from Cabo Verde are conserved, contributing to the loss of genetic diversity of plant genetic resources in this archipelago. Particularly, the diversity of millets and the associated indigenous knowledge are critical for the food security and cultural identity of many poor farmers in Cabo Verde.
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INTRODUCTION

Crop Wild Relatives (CWR) are those species growing in natural habitats that are genetically related to food, fodder and forage crops, medicinal plants, condiments, ornamental and forestry species used by humankind (Maxted et al., 2006). CWR are valuable sources of adaptative traits, contributing to biotic and abiotic stress tolerance, and thereby allow crop improvements with a wide range of agronomical and nutritional benefits (Castañeda-Álvarez et al., 2016). As actual or potential gene donors, CWR have a wide range of important genetic traits due to their widespread adaptation to different habitats and to continuous in situ evolution and because they have not undergone domestication processes (Vincent et al., 2013; Zhang et al., 2017).

Considering an increasing population, the conservation of CWR diversity to ensure food security is of paramount importance and has been widely recognized by several world organizations, namely the Food and Agriculture Organization (Vincent et al., 2013). The Global Crop Diversity Trust has proposed projects like the “Global initiative to collect, conserve, and use crop wild relatives” (Dempewolf et al., 2014), and the 2030 agenda of Sustainable Development Goals (SDGs), implemented in 2015 by the United Nations, advocates the promotion of sustainable agriculture (SDGs2) by reinforcing resilience and adaptation to climate change (SDGs13) and preventing desertification and protection of biodiversity (domesticated and wild species) (SDGs15) (Sonesson et al., 2016). Like other Plant Genetic Resources, CWR are mainly threatened by the impacts of anthropogenic activities, such as habitat destruction, pollution and urbanization, and even competition by invasive species, but climate changes seem to be a particularly serious problem for this group (Ford-Lloyd et al., 2011; van Treuren et al., 2017; Teso et al., 2018; Allen et al., 2019). Some CWR may be passively conserved in situ due to strategies targeting other species, namely in protected areas, but specific conservation linked to CWR remains necessary.

The need for CWR conservation has been widely discussed (Heywood et al., 2007; Maxted et al., 2013) and the CWR inventory seems to be a crucial step to identify the conservation requirements (Zhang et al., 2017; Teso et al., 2018). Approaches to protect CWR diversity can involve an individual, national, regional or global level planning, with prioritization criteria that should ensure a successful conservation strategy with limited resources for implementation (Allen et al., 2019). The prioritization criteria can be adjusted according to the conservation strategy to be adopted, however, the main ones are: (i) economic value of the related crop, mainly its importance for human food and livestock supply; (ii) genetic potential as gene donor, priority being given to CWR that are more closely related to the crop; (iii) occurrence status of the CWR, as native, introduced or invasive on the geographical area in question; and iv) threat status (Maxted et al., 2013). Moreover, the Gene Pool (GP) (Harlan and de Wet, 1971) and Taxonomic Group (TG) (Maxted et al., 2006) concepts are used to determine the crossability between a crop and CWR. They are based on genetic and taxonomical relativeness, respectively GP and TG, and determine how closely a CWR relates to a crop and how easily they can cross (Maxted et al., 2006; Vincent et al., 2013).

The Poaceae family, with the third highest global priority among crop wild relatives, accounts for ca. 150 priority CWR distributed over 18 genera [Aegilops (=Amblyopyrum), Agropyron, Avena, Cenchrus (=Pennisetum), Digitaria, Echinochloa, Eleusine, Elymus, Hordeum, Oryza, Panicum, Saccharum, Secale, Setaria, Sorghum, Tripsacum, Triticum, and Zea] which, all except Aegilops and Tripsacum, belong to the global priority list of 92 CWR genera (Vincent et al., 2013). Among these genera are found most of the species that are wild relatives of the main consumption cereal crops (e.g., rice, wheat, maize, and oat), and other Poaceae food crops, such as sugarcane and sorghum, that substantially contribute to the human dietary energy (Vincent et al., 2013; Allen et al., 2019). Furthermore, in the semi-arid tropical regions of Africa and Asia, millets (small grain crops) are important sources of energy and protein for millions of persons living in developing countries (Amadou et al., 2013). The millets’ group comprises many different species, with pearl millet (Cenchrus americanus = Pennisetum glaucum), foxtail millet (Setaria italica), proso millet (Panicum miliaceum), and finger millet (Eleusine coracana) being the most important ones (Dwivedi et al., 2012; Amadou et al., 2013; Tadele, 2016). The maintenance of African millet diversity depends on agricultural, food and livelihood dynamics at the farmer level, since every community holds local cultivars to address their agroecological conditions, farming practices, and food needs (IPGRI, 2002). Small millets of the Poaceae family have been commonly mentioned as ‘smart foods’ or ‘nutri-cereals’ because they are more efficient in water and nitrogen use than major cereals like rice or maize (Muthamilarasan and Prasad, 2021). They grow in a diverse range of environmental conditions, as they are more tolerant to diseases, pests, and abiotic stresses (Vetriventhan et al., 2020).

To secure the long-term conservation, worldwide genebanks hold accessions of cultivated and wild germplasm of small millets, but only of the most important species, as is the case of finger millet, foxtail millet, and proso millet (Muthamilarasan and Prasad, 2021). Recently, Varshney et al. (2017) report the whole-genome sequence of pearl millet, providing an important resource to improve agronomic traits in arid environments and accelerate millets crop improvement.

Millets are well adapted to adverse climatic conditions (limited rainfall) and are mainly cultivated in marginal agricultural areas (Tadele, 2016), playing a major role in rural agriculture of West African countries, and particularly in the tropical dry islands of Cabo Verde (Teixeira and Barbosa, 1958). Although its agriculture is limited by a set of natural constraints (e.g., persistent drought periods, scarcity of quality soil, small territory available as farmland), this archipelago has shown considerable progresses toward overall development in the agriculture sector during the last two decades (Varela et al., 2020). Nevertheless, there is only official information on cultivation for two Poaceae species, Zea mays (maize) and Saccharum officinarum (sugarcane) (Monteiro et al., 2020). Maize is cultivated as a rainfed crop and used for human food and fodder; sugarcane is the most important irrigated crop and occupies the largest harvest area, its main purpose being the production of a by-product, the highly alcoholic drink “grog,” very much appreciated and exported as a national product (Monteiro et al., 2020).

Therefore, and despite the great importance of the Poaceae family as the dominant element of the native flora of Cabo Verde, the potential of plant genetic resources of these islands to supplement the genetic pool of cultivated species has been poorly explored. Considering the huge wealth of natural grass populations occurring in these islands under extreme environmental conditions, from dry lowlands to less dry altitude zones or even to subalpine regions (Neto et al., 2020), assessing the diversity of wild species with potential adaptive characteristics for abiotic stress tolerance would generate new data on varieties of Cabo Verde adapted to drought conditions (Essoh et al., 2020). This could contribute to valorise plant genetic resources and, in the future, to generate new eco-products with national economic impacts at the industry and economy levels.

Although this is one of the most important plant families in Cabo Verde and despite the importance of several crop species for humans and livestock, studies are scarce, particularly concerning the diversity of grasses in this archipelago. Moreover, there are threats, particularly to the endemic flora (Romeiras et al., 2016), requiring in situ (in natural habitats) and ex situ (in gene banks) conservation of the unique plant genetic resources that can assist the improvement of these crops and, consequently, ensure food security (Monteiro et al., 2020).

In this paper we intend to identify Cabo Verde’s CWR from the Poaceae family and to provide a checklist of priority CWR taxa, highlighting those of particular conservation concern. Based on a gap analysis, hotspot areas of Poaceae CWR diversity will be identified for this archipelago, in order to provide new data to propose future in situ conservation actions. Also, the total number of ex situ accessions will be identified for the African continent and, specifically, for Cabo Verde, in order to support future management of seed collection and conservation of local plant genetic resources. Finally, for the priority CWR Poaceae species identified, a comparative global analysis will be performed, and the results will be discussed in the context of West African food security.



MATERIALS AND METHODS


Study Area

Cabo Verde is a North Atlantic Ocean archipelago and corresponds to the southernmost islands of Macaronesia. It is located at latitudes 14°45′ – 17°10′ N and longitudes 22°40′ – 25°20′ W, about 1,350 km south-west of the Canary Islands and ca. 560 km from Senegal’s coast. The archipelago (see Figure 1) has a total area of ca. 4,033 km2 and includes ten major islands distributed in three groups: Northern Islands [Santo Antão, São Vicente, Santa Luzia (the only uninhabited island), and São Nicolau]; Eastern Islands (Sal, Boavista and Maio); and the Southern Islands (Santiago, Fogo and Brava) (Duarte and Romeiras, 2009). Currently, the population is estimated at 556 thousand inhabitants but is expected to reach 679 thousand in 2050 (United Nations [UN], 2019).
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FIGURE 1. Crop wild relatives (CWR) Poaceae species occurring in Cabo Verde: status and distribution in the archipelago. The area of the circles is proportional to the number of species. Status: I, introduced; N, native. Island abbreviations: SA, Santo Antão; SV, São Vicente; SL, Santa Luzia; SN, São Nicolau; S, Sal; BV, Boavista; M, Maio; ST, Santiago; F, Fogo; B, Brava.


Cabo Verde has a dry tropical climate with two well-marked seasons conditioning the distribution of its flora and vegetation (Neto et al., 2020). The long dry season of 8–10 months varies between November and July, and the sparse and irregular humid rainy season of 1–3 months, usually occurs from August to October (Monteiro et al., 2020). Mean annual temperature is usually around 25°C with low thermal amplitude, due to maritime influence; lowest monthly average temperatures normally occur in January or February (ca. 18°C), and the highest in September (ca. 27°C), however, temperatures as high as 35–40°C can occur in internal regions of the arid Eastern Islands (Duarte and Romeiras, 2009). The average annual relative air humidity ranges from 75% to more than 80% (Monteiro et al., 2020). Particularly, the topography of the islands contributes to significant spatial variations of flora and vegetation, with altitude and exposure to northeast trade winds leading to contrasting weather conditions (Duarte et al., 2008). The northern and southern islands are characterized by high mountains, offering a wide range of habitats over relatively short distances, whereas the eastern islands are lower and drier (Romeiras et al., 2015). Particularly, the lowland flora of Cabo Verde is markedly of Afrotropical origin and dominated by grass species, whereas the endemic mountain flora that mainly occurs on the north/northeast-facing slopes shows affinities with Madeiran and Canarian flora (Rivas-Martínez et al., 2017; Freitas et al., 2019).



Poaceae Crop Wild Relatives’ Inventory and Data Collection

The Poaceae checklist from Cabo Verde was mainly based on data collected in previous fieldwork and inventories performed over the last two decades by M.C. Duarte, and on data from the literature (e.g., Lobin, 1986; Arechavaleta et al., 2005). Further data was obtained from specimens housed in worldwide herbaria (e.g., LISC, LISU, COI, K, and P), from Cabo Verde collections (e.g., in Parque Natural do Monte Gordo, São Nicolau Island), and information available in the Global Biodiversity Information Facility website (GBIF.org, 2020).

After completing the checklist of Cabo Verde CWR species, specific information was gathered on: (i) their status in Cabo Verde Islands - native or introduced; (ii) their distribution in the archipelago – number of islands where the species occur; (iii) their area of occupancy (AOO) calculated with a 1 km2 grid using occurrences of each species with valid coordinates, with QGIS v.3.10.5 software (QGIS Development Team, 2020); (iv) their world distribution; (v) their confirmed and potential traits and respective gene pool or taxon group, based on the Crop Wild Relative Project database (CWR, 2019); and (vi) their ethnobotany, according to information from GRIN – Germplasm Resources Information Network (USDA, 2020), Plant Resources of Tropical Africa (PROTA4U, 2020) and Cabo Verde herbarium data. Taxonomical nomenclature was checked according to Plants of the World Online – The Plant List (2013) and POWO (2019).

Crop species and their scientific names were gathered from the available literature (Dwivedi et al., 2012; Amadou et al., 2013; Vincent et al., 2013; Tadele, 2016). The native distribution of each crop species was obtained from GRIN (USDA, 2020), preferentially, and from POWO (2019). Additionally, for each crop species two measures of food supply – protein (g/100 g) and fat (g/100 g) – were retrieved from available literature (Kajuna, 2001; Belton and Taylor, 2004; Amadou et al., 2013; Chandi and Annor, 2016; Taylor, 2016; Williams et al., 2016; Wrigley, 2016) and the ICRISAT website (ICRISAT, 2020); also, two measures of global agricultural production – harvested area (ha) and production quantity (tons), using data from three recent years (2016–2018) (Food and Agricultural Organization of the United Nations [FAOSTAT], 2020) – were included. When the information on the agricultural production was aggregated for the listed crop, which is usually the case of millets, the values were disaggregated through division of the total value by all the identified crops.



Importance and Priority Scores

For the Cabo Verde Poaceae wild relatives, the genetic potential as gene donor of each CWR species was identified, based on the gene pool concept (sublevel: GP1a, GP1b, GP2, and GP3) or, when this information was unavailable, on the taxon group concept (sublevel: TG1a, TG1b, TG2, TG3, TG4, and TG5). According to Maxted et al. (2006) and Vincent et al. (2013), the highest priority CWR is the one that can most easily cross with the crop, namely GP1b, GP2, when using gene pool concept or TG1b, TG2, and TG3, in the case of the taxon group concept. The genetic potential as gene donor is one of the most used parameters to establish conservation priorities.

The importance of each associated crop was estimated by applying the “Importance Score” (IS), adapted from Castañeda-Álvarez et al. (2016). The Importance Score was produced: initially, by dividing the food supply (protein and fat) and the agricultural production (harvested area and production quantity) by the maximum existing value across all crops; then, the food supply and agricultural production metrics were averaged separately; finally, the Importance Score was produced by averaging the mean food supply and mean agricultural production values (Castañeda-Álvarez et al., 2016).

In this study, a “Priority Score” (PS) for each CWR was calculated based on nine criteria (see Table 1), two directly related with the associated crops (I and II) and seven with the crop wild relatives themselves (III to IX). The prioritization criteria were adapted from Heywood et al. (2007) and Maxted et al. (2013). For each class, within each criterion, a value of 1–3 was assigned concerning conservation importance (1 – low, 2 – medium, 3 – high) as follows: (I) crop Importance Score – 1 (IS ≤ 0.2), 2 (0.2 < IS ≤ 0.4), 3 (IS > 0.4); (II) native distribution of the crop – 1 (native out Africa), 2 (native to Africa, excluding West Africa), 3 (native to West Africa and other regions); (III) genetic potential as gene donor of the CWR – 1 (GP3 or TG3), 2 (GP2 or TG2), 3 (GP1 or TG1); (IV) number of associated crops – 1, 2, or 3 (respectively, with one, two or three crops); (V) status in Cabo Verde – 1 (introduced, native from regions out of Africa), 2 (introduced, native in Africa but not in Cabo Verde), 3 (native in Cabo Verde); (VI) distribution in Cabo Verde – 1 (≥6 islands), 2 (4–5 islands), 3 (1 – 3 islands); (VII) area of occupancy, as a proxy to the threat status in Cabo Verde – 1 (>40 km2), 2 (21 – 40 km2), 3 (≤20 km2); (VIII) world distribution – 1 (native out Africa), 2 (native to Africa, excluding West Africa), 3 (native to West Africa, and other regions); (IX) ethnobotanical uses – 1 (≤2 uses), 2 (3 – 4 uses), 3 (>4 uses). For each CWR species, PS results from the sum of all the values assigned to it and priority classes were established as follows: low - up to 18; medium - up to 21; high - higher than 21.


TABLE 1. Summary of the nine criteria and the scores assigned to each CWR and its associated crop.

[image: Table 1]For the CWR species related to more than one crop (as, for instance, Echinochloa colona to barnyard millet and Indian barnyard millet, see Table 2), the Priority Score (see Table 3) was calculated considering, for each criterion, the highest assigned score (e.g., if a CWR belongs to GP1 of one crop and to GP3 of another, a score of 3 was given). For comparative analyzes of crops, the mean PS was gathered adding the individual values of all the CWR associated to a given crop and dividing the total by the corresponding CWR number (Castañeda-Álvarez et al., 2016).


TABLE 2. List of (A) Poaceae crops considered in this study, their Importance Score and native distributions; and (B) the associated crop wild relatives occurring in Cabo Verde Islands and information on their gene pool, native status, and uses.
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TABLE 3. Poaceae CWR occurring in Cabo Verde, their native status, distribution, area of occupancy, gene pool, scoring of the prioritization criteria and conservation priority levels.
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Diversity Hotspots and in situ Conservation Gap Analysis

The distribution of Poaceae CWR in Cabo Verde was estimated with occurrence data collected from previous fieldwork, studied specimens housed in worldwide herbaria and information available at the GBIF website (GBIF.org, 2020). Specimens without geographical coordinates were georeferenced following the Guide to Best Practices for Georeferencing (Chapman and Wieczorek, 2006) and using Google Earth Pro 7.3.2.5491 (Serea, 2018). Duplicate records, i.e., with the same collector and the same number of collection, were excluded. The final dataset with 675 occurrences with geographical coordinates was used in the analysis.

The altitudinal distribution of each CWR species was estimated based on the interception of the occurrence records with the map of altitude provided by CGIAR-CSI Consortium for Spatial Information (CGIAR-CSI Consortium for Spatial Information, 2020) at a resolution of 90 m. To summarize these data, we built a boxplot graph, using R version 3.6.0. (R Development Core Team, 2020).

Based on georeferenced occurrence data, we also constructed a species richness map using QGIS v.3.10.5 (QGIS Development Team, 2020). This map presents the number of species occurring in each cell of 4 km2, allowing to identify the areas of greatest diversity of CWR species in Cabo Verde. Species occurrences and diversity hotspots were then overlaid with the national network of protected areas of Cabo Verde, downloaded from Infra-estrutura de Dados Espaciais de Cabo Verde (IDE-CV, 2020). This analysis aimed to assess the coverage and efficiency of the network of protected areas to preserve CWR species, identifying the main conservation gaps.



Ex situ Conservation Analysis

The status of ex situ conservation of Cabo Verde’s Poaceae CWR in worldwide genebanks was assessed through the Genesys Database (Genesys, 2020). Comprehensive data for West Africa and specifically for Cabo Verde were identified in order to support future management of seed collection and conservation of local plant genetic resources.



RESULTS


Diversity of Cabo Verde Poaceae CWR

The inventory of the Poaceae family revealed that ca. 123 native and introduced taxa occur in Cabo Verde Islands. Twenty-six species are CWR, including five native species (Eleusine indica, Eragrostis cilianensis, Eragrostis ciliaris, Setaria pumila, and Setaria verticillata) that are widespread in the archipelago, occurring in more than 7 islands, and seven species (Avena barbata, Avena sativa, Digitaria eriantha, Hordeum vulgare, Imperata cylindrica, Panicum laetum, and Sorghum arundinaceum) that occur only in a single island (Figure 1). Santiago has the highest diversity of species (21), including 17 native and four introduced ones (Figure 1). Santo Antão, also with 21 CWR, is the island hosting more introduced species (A. barbata, A. sativa, D. eriantha, H. vulgare and Sorghum bicolor). The lowest number of CWR was found in Sal (3 species), and Santa Luzia (1 species – S. verticillata).

Among the CWR species, six are the wild forms of the identified crop (i.e., A. sativa, E. colona, Echinochloa crus-galli, H. vulgare, Paspalum scrobiculatum, and S. bicolor) and three (E. colona, E. crus-galli, and S. bicolor) are associated with more than one crop. Of the CWR occurring in Cabo Verde, twenty are native to the islands and the remaining six taxa are introduced; four of the latter have a native distribution range in Africa (Table 2, more details in Supplementary Table 1). Three crops (fonio, pearl millet, and sorghum) have native distributions exclusively in the African continent, and six (barley, barnyard millet, finger millet, foxtail millet, kodo millet, and teff) have a native range that includes Africa; the other five crops (Indian barnyard millet, Japanese barnyard millet, oat, proso millet, and sugarcane) are non-native to Africa (Table 2).

Based on 675 occurrence records (Supplementary Table 2), we analyzed the altitudinal distribution of the studied CWR species; it ranges from sea level (D. ciliaris, E. cilianensis, and S. pumila) to 1,780 m (E. ciliaris) (Figure 2). Most species have a large altitudinal distribution, occurring from low altitude to more than 1,000 m. The species Digitaria nodosa, E. colona, and E. cilianensis were identified mainly in lower areas, with median altitudes of 320, 201, and 313 m, respectively. The species H. vulgare and I. cylindrica stand out for their ability to grow at high altitude, with medians of 1,306 and 1,560 m, respectively.
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FIGURE 2. Altitudinal distribution of CWR records in Cabo Verde Islands. The boxplots show the minimum (at the bottom of the chart, at the end of the vertical line), first quartile, Q1, (the bottom edge of the box), the median (line in the center of the box), third quartile, Q3 (the top edge of the box), the maximum (at the top end of the vertical line), and outliers (circles). Species represented with a single line have only one recorded occurrence. Species without records (Avena fatua, Echinochloa crus-galli and Eragrostis pilosa) were not included in this figure.




Crop Importance and CWR Priority Scores

Among the Poaceae crops considered in this study, five can be considered of high importance according to the Importance Score (Table 2): pearl millet, sorghum, sugarcane, barley, and oat. Eight crops are of medium importance: Indian barnyard millet, Japanese barnyard millet, kodo millet, teff (millet), proso millet, barnyard millet, fonio, and foxtail millet. Only the finger millet was classified as of low crop importance.

The “Priority Scores” (PS) for crop wild relatives, ranging from 15 to 25, with score 15 corresponding to low priority CWR (Digitaria horizontalis), and CWR with the highest priority (score 25) being S. arundinaceum (Table 3, Figure 3, and Supplementary Table 3). From the 26 identified CWR, five (19.2%) taxa were ranked as high priority, 12 (46.2%) as medium priority and nine (34.6%) as low priority (Figure 3). In terms of gene pool, 10 taxa were classified as GP1 (38.5%), four as GP2 and TG2 (15.4%), and 12 as GP3 (46.1%) (Table 3). Three species are wild relative to more than one crop: E. crus-galli, GP1 of barnyard millet and Japanese barnyard millet, and GP3 of Indian barnyard millet; E. colona, GP1 of barnyard millet and Indian barnyard millet; and S. bicolor, GP1 of sorghum and GP3 of sugarcane.
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FIGURE 3. Priority for collecting and conserving the CWR Poaceae. Different colors represent different priority categories: green – highest (PS > 21), gray – medium (21 ≥ PS > 18), and blue – low (PS ≤ 18).


Except for Boavista, mountain islands (maximum altitude between 900 and 2,800 m) are those with high-priority taxa (Figure 4 and Supplementary Table 4) such as S. arundinaceum, S. bicolor, P. scrobiculatum, Cenchrus polystachios subsp. atrichum and Eragrostis pilosa. In Santa Luzia only one CWR occurs (S. verticillata); this may be related to the fact that this island has been subject of less botanical exploration over the last decades than the inhabited islands, as well as to fewer available habitats due to its limited area.
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FIGURE 4. Number of priority CWR Poaceae species per island and their priority categories; total CWR for Cabo Verde archipelago is 26. Different colors represent different priority categories: green – highest; gray – medium; blue – low. Island abbreviations: SA, Santo Antão; SV, São Vicente; SL, Santa Luzia; SN, São Nicolau; S, Sal; BV, Boavista; M, Maio; ST, Santiago; F, Fogo; B, Brava.


A comparative view of the importance of Poaceae crops and their associated CWR in Cabo Verde is represented in Figure 5 (more details in Supplementary Table 5). Among the nine crops with native distribution in the African continent, six occur in West Africa, with kodo millet, sorghum and pearl millet being those with more associated high-priority CWR [P. scrobiculatum (kodo millet); S. arundinaceum and S. bicolor (sorghum); C. polystachios subsp. atrichus (pearl millet)]. Among priority species to collect and conserve, the CWR of sorghum and pearl millet should be highlighted (upper right part of Figure 5: PS > 21; IS > 0.4). Fonio is the crop with more associated CWR in Cabo Verde (6), with a native distribution exclusive to West Africa and all the associated CWR being used as forage (Table 2); however, the low Importance Score of the crop together with the fact that all the fonio CWR present in Cabo Verde belong to GP3, place this group as of low priority. Although this crop presents a medium Importance Score (0.304) it is an important African crop, which supports animal livestock and some human supply. Oat, sugarcane and barley, non-native to Cabo Verde, are among the most important crops; their associated CWR in Cabo Verde are mainly introduced species, with native distributions in Africa.
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FIGURE 5. Comparison of the importance of the 14 Poaceae crops studied and their CWR in Cabo Verde. The Importance Score concerns the food supply and agricultural production metrics of the crops and the mean Priority Score represents the nine criteria used as a proxy to prioritize the CWR (for details see section “Importance and Priority Scores”). The size of the circles indicates the number of CWR taxa per crop. The colours indicate the native distribution of the crop.


The CWR species themselves have important uses. We identified seven species with six different uses, six species with five uses, and eight species with four uses; nine species have three or less uses (Table 2). The most common use is as fodder (26 taxa), followed by human consumption (20 taxa) and medicinal applications (18 taxa).

Information regarding confirmed and potential traits are only available for barley, oat and sorghum crops, and mainly concerning abiotic, agronomic and biotic traits, such as drought tolerance, yield improvement and pathogen resistance, respectively. For the remaining crops, and especially millets, no information is available.



In situ Conservation: Hotspots and Conservation Gap Analysis

The main diversity hotspots are found in Santiago and Santo Antão (Figure 6). The maximum of eight species per cell of 2 km × 2 km was found in Santiago, between Pico da Antónia and Rui Vaz, including one high priority (P. scrobiculatum) and two medium priority species (Cenchrus pedicellatus and E. indica). Another important hotspot was found in the same island, near Ponta de Santa Cruz, with seven species, including one of high conservation priority (P. scrobiculatum) and four of medium priority (C. pedicellatus, E. colona, E. indica, and S. halepense). In Santo Antão, the highest diversity was found in Paúl (northeast of the island), with six species, two of them of medium conservation priority (D. nodosa and E. colona).
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FIGURE 6. Species richness of the CWR Poaceae species in Cabo Verde Islands, in 2 km × 2 km cells, and network of protected areas (green lines). The CWR taxa occurring in each protected area are listed (right).


The most diverse areas in terms of species richness are generally outside the protected areas (Figure 6). Only 8.1% of the occurrence records, corresponding to 18 species (three species of high priority, eight of medium priority, and seven of low priority), are found within protected areas. Cova-Paúl-Ribeira da Torre Natural Park, in Santo Antão, hosts the highest number of CWR with seven species, however, only one of them is of high conservation priority and one is of medium priority (S. bicolor and D. nodosa, respectively). Six taxa, including two of high priority (C. polystachios subsp. atrichus and P. scrobiculatum) and two of medium priority (D. sanguinalis and E. indica), are found in Serra da Malagueta Natural Park. Five CWR species occur in Monte Verde Natural Park, three of them are medium priority (C. pedicellatus, E. colona, and E. indica). Eight species – A. barbata, A. fatua, D. eriantha, D. horizontalis, E. crus-galli, E. pilosa (high priority), P. laetum, and S. arundinaceum (high priority) –, were not found in protected areas.



Ex situ Conservation

The analyses of the accessions present in global genebanks reveal that 25 species (96.1%) of CWR mentioned in the present work are currently conserved ex situ (Table 4). Considering the accessions collected worldwide, H. vulgare (252,545 accessions), a medium priority species, is the CWR with the highest number of accessions, followed by the high priority species S. bicolor (123,473 accessions), and the low priority species Avena sativa (53,617 accessions). Three taxa (11.5%) have 1,000 – 2,000 accessions, seven taxa (26.9%) have 100 – 1,000 accessions, and 12 taxa (46.2%) have 1 – 100 accessions. The only species without accession is Digitaria nuda.


TABLE 4. Accessions of the studied species available in international Germplasm Banks.

[image: Table 4]Most high priority species are generally well represented in world genebanks: S. arundinaceum has a total of 430 accessions, but only 11 were collected in West Africa, namely in Mali; S. bicolor has more than 120,000 accessions; P. scrobiculatum has 1,114 accessions, 13 of them collected in West Africa; C. polystachios subsp. atrichus is very poorly represented, with only 3 accessions, two of them from West Africa; and E. pilosa has 51 accessions, including nine from West Africa.

Considering only the accessions collected in Cabo Verde, we found one, of S. bicolor, hosted in the International Crop Research Institute for the Semi-arid Tropics (ICRISAT) in India.



DISCUSSION

Climate change in Sub-Saharan Africa (SSA) has been impacting water resources, and agricultural and food systems, particularly during the first decade of the 21st century, the warmest decade on record (Rickards and Howden, 2012; Hartmann et al., 2013). Cabo Verde Islands are highly susceptible to climate change due to consecutive years of drought and their poor soil structure, intensified by scarce vegetation cover (Neto et al., 2020).

In drylands, the importance of Poaceae species extends from the cultivation of grasslands and erosion control to, and especially, uses by humans (e.g., supply of cereals) and livestock (e.g., fodder and forage) (Capstaff and Miller, 2018; Mganga et al., 2019). More than half of the population’s food supply is provided by three grass crops (i.e., rice, wheat, and maize) which are particularly important in developing countries where they provide food security and nutrition to local populations (Tadele, 2016).

Our study identified 26 Cabo Verde’s CWR from the Poaceae family. This archipelago is an important center of wild diversity of African crop millets, namely of fonio (e.g., white fonio D. exilis, and black fonio, D. iburua) and other African millets, such as: pearl millet (C. americanus), teff millet (E. tef), finger millet (E. coracana), barnyard millet (E. colona), proso millet (P. miliaceum), and foxtail millet (S. italica). African millets represent a diverse group of cereal crops, which are well adapted to adverse agroecological conditions (Garí, 2002). Millets and their wild forms represent critical plant genetic resources for the agriculture and food security of poor farmers who inhabit arid, infertile, and marginal lands (Teixeira et al., 2013). The Food and Agriculture Organization has announced the year 2023 as ‘International Year of Millets’, recognizing the potential of these crops to fight malnutrition and hunger in developing countries (Muthamilarasan and Prasad, 2021).

Both millets and sorghum CWR of Cabo Verde occur under extreme climatic conditions in this archipelago, being presumably more resilient to climate change. Some of the CWR species found in Cabo Verde, namely S. bicolor, H. vulgare, and A. fatua, have already shown high tolerance to droughts and saline environments (Dinari et al., 2013; Ogbaga et al., 2014; Gous et al., 2015). Moreover, a study conducted by Gurney et al. (2002) revealed that Sorghum arundinaceum is highly tolerant to infection by Striga hermonthica and Striga asiatica root hemiparasites known to attack crops and cause great losses in production. Also, Sorghum halepense is comparatively less susceptible to downy mildew infection (caused by Peronosclerospora sorghi) than the associated crop (Kamala et al., 2002). Thus, Cabo Verde’s CWR could be a valuable source of resistance genes to increase the tolerance of their related crops to biotic and abiotic stresses.

According to Adhikari et al. (2015), the estimated yield loss by the end of this century due to climate change is less than 20% for African millets and sorghum, whereas for other grain crops, such as wheat, a reduction of as much as 72% is foreseen, and for rice and soybean, of up to 45%.

In Cabo Verde, the greatest richnesses of CWR were found in Santiago, Santo Antão, and Fogo islands, with ten or more different taxa; the species richness roughly increased with the area and maximum altitude of the island, which is related with more available habitats, in agreement with other studies on endemic flora (Romeiras et al., 2015, 2016). Also, these islands have more agricultural activity but, except for the cultivation of sugarcane, which is the primary irrigated crop of Cabo Verde (Monteiro et al., 2020), there are no official reports on the cultivation/production of the Poaceae crops included in this study. Some CWR are the wild forms of cultivated crops (e.g., E. colona, E. crus-galli, H. vulgare, P. scrobiculatum, and S. bicolor) and most of them grow on marginal agricultural areas, mainly of maize, and on grazing areas. Barnyard millet (E. colona) occurs in lowland areas of Santo Antão, São Vicente, São Nicolau, Maio and Santiago; it is well adapted to arid ecosystems and tolerates soils with poor fertility. Nevertheless, H. vulgare and I. cylindrica, the CWR of sugarcane (S. officinarum) stand out for their ability to develop at high altitudes (averaging 1,306 and 1,560 m, respectively). Currently, sugarcane and maize are the most cultivated grass crops in Cabo Verde, but other species are used in their wild forms, for human consumption and, particularly, as forage (Monteiro et al., 2020). The cultivated wild forms of millets could offer a more sustainable food source than their related major crops because they are more efficient in the use of water and nitrogen (Muthamilarasan and Prasad, 2021).

Among the Poaceae species ranked as of high priority for further collection in Cabo Verde, there are C. polystachios subsp. atrichus, P. scrobiculatum, S. arundinaceum, S. bicolor, and CWRs associated with fonio; all of these species are used in the archipelago for human and animal consumption, as well as for medicinal purposes (Romeiras et al., 2011).

In the past, these food plants have played an important role in the diet and traditional medicine of African communities (Catarino et al., 2016; Havik et al., 2018; Akinola et al., 2020). Several of these species are important African crops (Amadou et al., 2013; Tadele, 2016), but in Cabo Verde there are no evidences of their cultivation, most of them being used for livestock grazing (Barbosa, 1961) or has building materials (e.g., thatching with I. cylindrica).

Some of the reported Poaceae species are used since the colonization of Cabo Verde (Barbosa, 1961; Romeiras et al., 2011). Since the mid-1500s, Cabo Verde has become the subject of numerous travel descriptions reporting on the local flora and on the introduction of new crops such as sugarcane, maize and cotton (Romeiras et al., 2018). Other reports, by the chronicler Valentim Fernandes, confirmed the large production and abundance of sorghum and pearl millet in the West African region, from where they were imported at very early stages of the colonization of this archipelago (Romeiras et al., 2014). These African millets, together with rice, were the most important crops during the settlement of Cabo Verde and the basis of the population’s diet (Santos and Torrão, 1998). In the 17th century, pearl millet (milho zaburro, milho de maçaroca or milho branco, as was locally called), began to be intensively cultivated and made this archipelago self-sufficient in cereals, only needing to import cereals from West Africa in drought years (Teixeira da Mota and Carreira, 1966). The introduction and cultivation of maize (Zea mays L.) gradually replaced the role that African millets had until the 18th century (Torrão, 1995). Ancient reports refer that maize was known by the Portuguese since the 16th century, due to regular trade between Cabo Verde and the Antilles, where this species is native. However, the cultivation of African millets, more adapted to poor soils and with less water requirements, was more appropriate than that of the American maize (Santos and Torrão, 1998). Since the end of the journeys to the Antilles and the establishment of regular trade with Brazil, maize became the food basis of the Cabo Verdean population (Santos and Torrão, 1998) and is currently a dominant part of their diet (Monteiro et al., 2020). The importance of historical factors and the role played by Cabo Verde in the Atlantic navigation during the 16th–19th centuries (Romeiras et al., 2020), contributed to change and determine the present composition of Cabo Verde’s flora, with more than 70% of exotic species, most of them introduced for food purposes.

Therefore, the valorisation of the plant genetic resources related to millet crops and their wild relatives is of major importance to fight hunger and ensure food and nutrition security in Cabo Verde. This archipelago is still very dependent on food importations, particularly in years of prolonged and severe droughts, as happened in 2017/2018 (Monteiro et al., 2020). Adding to the adverse natural conditions, it is a small and fragmented insular country, with inherent difficulties in connections with West Africa and Europe, as well as between islands, posing problems to the rapid provision of food (either locally produced or imported) to more inaccessible rural areas, namely in Brava, São Nicolau, and Maio Islands. Despite recent progress in reducing extreme poverty, ca. 30% of Cabo Verde’s population still lives in multidimensional poverty with poor health care, lack of education, and inadequate living standards, which is a strong economic obstacle to meet the food needs of a large section of the population (Varela et al., 2020).

Notwithstanding the recognized importance of African millets, information available on online databases, such as GRIN (USDA, 2020), revealed that data on these species and their wild relatives are still limited. Also, the worldwide CWR inventory1 revealed that there is no information about confirmed traits for millets. Therefore, ex situ conservation of plant genetic resources of Cabo Verde must be a national priority in response to the rapid loss of agricultural biodiversity, as there is only one accession (S. bicolor, Genesys, 2020) available for Cabo Verdean Poaceae CWRs in genebanks. New expeditions must be performed in these islands, to collect CWR species growing in threatened habitats, and targeted to priority species with few accessions stored in worldwide genebanks, such as C. polystachios subsp. atrichus, E. pilosa, I. cylindrica, P. laetum, and S. arundinaceum. Most of these taxa have native distribution ranges in West Africa and are important for human consumption and to feed livestock. Moreover, and although their use is less widespread, some species of the genus Urochloa (=Brachiaria) present in Cabo Verde are considered small millets in Africa. Such is the case of Urochloa deflexa (Schumach.) H.Scholz [=Brachiaria deflexa (Schumach.) C.E.Hubb. ex Robyns] (guinea millet), used as food in the Sudan-Zambezi and Yemenite regions in its wild form and, occasionally, cultivated in the highlands of the Fouta Djalon (Portères, 1976), and of Urochloa ramosa (L.) T.Q.Nguyen [=Brachiaria ramosa (L.) Stapf] (browntop millet) more widespread as forage, but also used as food in India (Kimata et al., 2000). In Cabo Verde, these species are mostly referred to as forage. There is no record of genetic material from Cabo Verde, where one of the five existing Urochloa species is endemic [=Urochloa caboverdiana (Conert & C.Kohler) Veldkamp, Potdar & S.R.Yadav], reinforcing the need for its ex situ conservation.

Although ex situ conservation has had more worldwide success than in situ conservation, probably because of its facility of access by users and lower cost (De-Zhu and Pritchard, 2009; Díez et al., 2018), the establishment of the Protected Areas Network in Cabo Verde has already contributed to safeguard the archipelago’s natural heritage and endemic species (MAAP, 2004; Romeiras et al., 2016). Our study was able to identify hotspot areas for in situ conservation of CWR populations across the archipelago, and species were identified and correlated with habitat conditions, namely to detect which ones are better adapted to drylands, highlands, and poor soils in these islands.



FINAL REMARKS

The benefits of grass crops, namely African millets, and their ancestral use in Cabo Verde, were highlighted in our study, which also alerts to the need of rescuing cultural values, and to the consumer’s unawareness of the advantages of these plants, well adapted to the very dry conditions of this archipelago. However, the adverse natural environmental conditions of a small and fragmented insular country such as Cabo Verde, with inherent difficulties in inter-island transportation, hinder the supply of food products to rural populations. So, it is necessary to produce more and with better quality under various limitations, such as marginal lands, water shortage, soil degradation, or climate change (Castañeda-Álvarez et al., 2016). In this context, viable approaches to improve food security are crucial, and the systematic use of CWR in crop improvement appears essential to face the increasing pressure on food production while maintaining natural diversity. Cabo Verde’s plant diversity faces increasing threats (Romeiras et al., 2016) due to desertification processes, and native species remain a viable sustainable land management option to fight degradation in these tropical dry islands.
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Nitrogen (N) is one of the primary macronutrients required for crop growth and yield. This nutrient is especially limiting in the dry and low fertility soils where pearl millet [Pennisetum glaucum (L.) R. Br] is typically grown. Globally, pearl millet is the sixth most important cereal grown by subsistence farmers in the arid and semi-arid regions of sub-Saharan Africa and the Indian subcontinent. Most of these agro-ecologies have low N in the root zone soil strata. Therefore, there is an immense need to identify lines that use nitrogen efficiently. A set of 380 diverse pearl millet lines consisting of a global diversity panel (345), parents of mapping populations (20), and standard checks (15) were evaluated in an alpha-lattice design with two replications, 25 blocks, a three-row plot for 11 nitrogen use efficiency (NUE) related traits across three growing seasons (Summer 2017, Rainy 2017, and Summer 2018) in an N-depleted precision field under three different N levels (0%-N0, 50%-N50, 100%-N100 of recommended N, i.e., 100 kg ha–1). Analysis of variance revealed significant genetic variation for NUE-related traits across treatments and seasons. Nitrogen in limited condition (N0) resulted in a 27.6 and 17.6% reduction in grain yield (GY) and dry stover yield (DSY) compared to N50. Higher reduction in GY and DSY traits by 24.6 and 23.6% were observed under N0 compared to N100. Among the assessed traits, GY exhibited significant positive correlations with nitrogen utilization efficiency (NUtE) and nitrogen harvest index (NHI). This indicated the pivotal role of N remobilization to the grain in enhancing yield levels. Top 25 N-insensitive (NIS-top grain yielders) and N-sensitive (NS-poor grain yielders) genotypes were identified under low N conditions. Out of 25 NIS lines, nine genotypes (IP 10820, IP 17720, ICMB 01222-P1, IP 10379, ICMB 89111-P2, IP 8069, ICMB 90111-P2, ICMV IS89305, and ICMV 221) were common with the top 25 lines for N100 level showing the genotype plasticity toward varying N levels. Low N tolerant genotypes identified from the current investigation may help in the identification of genomic regions responsible for NUE and its deployment in pearl millet breeding programs through marker-assisted selection (MAS).

Keywords: pearl millet, nitrogen use efficiency, genotypic variations, phenotyping, nitrogen-responsive


INTRODUCTION

Global nitrogen (N) demand, one of the most expensive farm inputs currently stands at about 117 million metric tons with a projected annual increase of ∼1.5% in the future (FAO, 2019). Indian agriculture consumes over 17 million tons of N fertilizer per year. However, plants can utilize only 30–40% of the applied N for food production and the remaining (up to 60%) is lost to the environment by leaching, de-nitrification, and runoff. Surplus nitrogen pollutes freshwater streams and air which is hazardous to the majority of living species (Hickman et al., 2014; Russo et al., 2017).

Besides, excess usage of N fertilizer not only decreases the efficiency of nutrient use but also affects the rate of economic returns per unit of chemical fertilizer applied. The effect of negative environmental and economic impacts could be reduced through better agronomic practices and also by utilizing N efficient lines with improved nitrogen use efficiency (NUE) (Raun et al., 1999). Hence, improving the NUE of crop plants could help in reducing fertilizer input, increased productivity and profitability coupled with a reduced negative impact on the environment.

Globally, pearl millet (Pennisetum glaucum (L.) R. Br) widely grown for food and fodder is considered as the sixth most important cereal crop in terms of area. It is one of the oldest cultivated cereal crops, originated in Africa but later spread to many countries (D’Andrea and Casey, 2002; Manning et al., 2011). This millet crop is vital for food and nutritional security for the world’s poorest people living in different agro-ecological zones. Besides, pearl millet has a rich nutritional profile, wide genetic diversity, high photosynthetic rates being a C4 and also provides a healthy balanced diet, thus contributes to the economic security of poor farmers (Srivastava et al., 2019). In the Indian agriculture scenario, pearl millet is grown by poor and marginal farmers under low fertile and rainfall dependent areas often facing drought during different stages of crop growth. From the past few years, pearl millet demand has been increased for its nutritional characteristics and its adaptability to a wide range of climatic conditions (Tako et al., 2015). Since then farmers started applying a high dose of N fertilizer for maximizing grain yield (GY), but excessive usage of N fertilizer leads to low NUE of the crop along with various environmental hazards. In some parts of India, poor farmers lack knowledge about the ideal dose of fertilizer to harvest the real yield potential. Hence, yield improvement of pearl millet under low nitrogen input is indeed beneficial for economic and environmentally sustainable cultivation.

Nitrogen use efficiency is a complex trait, which is associated with various morphological, physiological, molecular, and biochemical changes in plants throughout the life cycle. For a clear understanding of this complex nature, studies of various physiological traits and their close correlation with one or more economically important traits like GY is foremost critical. Nevertheless, it will help in selecting low N tolerant/high yielding lines at different N conditions (Monostori et al., 2016). In general, plant function is always associated with chlorophyll content, which directly indicates the N status of the leaf (Yang et al., 2014). Leaf chlorophyll content and photosynthetic capacity are appropriate benchmarks for identifying high NUE (HNUE) genotypes under low N conditions during field trials (Vijayalakshmi et al., 2015; Kiran et al., 2016). Leaf N status was usually measured by using a hand-held optical chlorophyll meter to monitor the leaf nitrogen status and chlorophyll content. Moreover, leaf area (LA) is also one of the important physiological traits, plays a critical role in enhancing plant biomass (Gianquinto et al., 2004; Monostori et al., 2016).

Nitrogen use efficiency is defined as the ability to produce GY per unit N available in the soil. NUE mainly depends on the results of two main processes, such as N uptake efficiency (NupE), and nitrogen utilization efficiency (NutE) (Good et al., 2004; Hakeem et al., 2012; Vijayalakshmi et al., 2013). NupE is the ability of the plant to take up N from the soil and NutE is the ability to use N to produce gain yield (Ladha et al., 1998; Hirel et al., 2007). Studies on genotypic variations under low and recommended N for NUE traits at both seedling and maturity stage of plants under controlled and field conditions in various crops resulted in the identification of high NUE genotypes possessing high yield sustainability under low N condition (Muchow, 1998; Inthapanya et al., 2000; Le Gouis et al., 2000; Presterl et al., 2003; Anbessa et al., 2009; Namai et al., 2009; Vijayalakshmi et al., 2015). The high NUE/N-insensitive genotypes (NIS-top grain yielders) are defined as genotypes that give more or equal GY with minimal application of N fertilizer when compared to recommended or standard N fertilizer conditions (Hawkesford, 2017). The understanding of GY and its associated NUE traits performance is still largely lagging in the pearl millet diversity panel. However, few studies had explored genotypic variations for NUE at different N levels. In one such report, 20 diverse pearl millet genotypes and few high-yielding hybrids were screened under field conditions at two N levels (Alagarswamy and Bidinger, 1987). In another study, pearl millet hybrids were grown over 3 years in western and eastern Nebraska at four different N levels to determine the optimum N rate for cultivation and concluded that the NUtE trait was less responsive than the N uptake with increased N levels (Maman et al., 2006).

Nitrogen use efficiency, which is dependent on soil or external N supply, is an output of available N uptake, its efficient utilization and remobilization to grain at end of the season. Several studies revealed that improved NUtE might lead to enhanced NUE under low N conditions, particularly in cereals (Moll et al., 1982; Good et al., 2004). NUtE is defined as the genotype ability to assimilate and remobilize N which ultimately convert into GY. It is an essential physiological parameter that unveiled the positive relationship with GY. Whereas in pearl millet comprehensive studies are required to pinpoint the critical factors underlying NUtE under different N levels. GY is a complex trait controlled by a network of multiple traits and their associations. The GY in pearl millet is a result of many yield components, such as grain number, grain weight, tiller number, and panicle number (Rai et al., 2012; Basava et al., 2019). Hence, uncovering the genetic basis of GY, and other related NUE traits under low and high N conditions is a prerequisite to understand the mechanism and also to identify ideal NUE associated traits for selection. Thus, the current study was aimed to evaluate a diverse set of pearl millet lines for their response to GY and NUE related traits under different N levels and also to determine the suitable NUE traits for selection. This study provides useful information toward uncovering the physiological and genetic basis of GY and its related traits under low N which further facilitates the development of low N stress-resilient pearl millet cultivars.



MATERIALS AND METHODS


Experimental Details

The experiment was conducted at an N-depleted precision field of the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), Patancheru, Telangana, India. The farm is geographically situated at an altitude of 545 m above mean sea level on 17.53°′ N latitude and 78.27°′ E longitude. The climate of the location is semi-arid with an average rainfall of 898 mm. The minimum and maximum temperatures ranged from 38 to 42°C which was observed during the experimental seasons. A set of 380 diverse pearl millet lines consisting of a world diversity panel, Pearl Millet Inbred Germplasm Association Panel-(PMiGAP) (Sehgal et al., 2015), mapping population parents and checks were screened during three seasons (summer 2017, rainy 2017, and summer 2018) in the same field with minimal fertility and moisture gradient. Across all the three seasons, field experiments were carried out in a split-plot alpha-lattice design with 2 m and three-row plots with two replications under three N treatments [N0 (without additional N application), N50 (@50 kg ha–), and N 100 (@100 kg ha–)]. Here N source used was urea (46.4% N). Field area with three different N treatments was considered as the main plot and it was divided into six blocks (two replications for each treatment). Each N level block was divided into 25 sub-blocks, and each sub-block consisted of 16 genotypes. Nitrogen depleted plot was developed and maintained at ICRISAT over past many seasons before the inception of the experiment by withholding N application. Before initiating the experiment, important physical and chemical properties of the soil were measured. Soil samples were collected at 15 cm depth from different places and four corners of the plot; mixed composite was used to determine the soil properties (Supplementary Table 1).



Crop Management

Crop management including land preparation, sowing/planting, management of water, nutrient, disease, and pest control were taken care of throughout the crop period. Seeds were sown on the raised furrows by using a four cone planter by maintaining sufficient spacing of 60 cm from row to row and 15 cm from plant to plant. The crop was fertilized by manual broadcasting as per the treatment. N fertilization was done as per the treatments using urea (46.5%) in two equal splits at 20–25 and 40–45 days after sowing. Besides, other nutrients such as single super phosphate @250 kg ha–1 and muriate of potash (60% K2O) @50 kg ha–1 was also applied at the time of sowing. All the pearl millet genotypes were evaluated for a total of 11 traits across three consecutive growing seasons under different N regimes. The measured phenotypic traits were (1) SPAD chlorophyll content (soil plant analytical device), (2) leaf number (LN), (3) LA, (4) GY, (5) dry stover yield (DSY), (6) N percent in dry stover (NPS), (7) N uptake in grain (NUpG), (8) N uptake in stover (NUpS), (9) total nitrogen uptake (TNUp), (10) NUtE, and (11) nitrogen harvest index (NHI). The phenotypic data were averaged across three seasons in each genotype for the first five traits SPAD chlorophyll content, LN, LA, GY, and DSY. For the remaining six NUE related traits data was presented as a pooled mean of two summer seasons, due to lack of quality data in the rainy season.



Physiological Traits


SPAD Chlorophyll Content (Soil Plant Analytical Device)

Soil plant analytical device chlorophyll content was measured by using Minolta Corporation’s Chlorophyll SPAD-502 plus, United States. Plants from all the treatments were marked a day before with different color ribbons. Fully expanded uppermost leaves at 45 days’ stage (from the day of leaf emergence) were selected and an average of three reads was recorded from a total of three plants from the middle row.



Leaf Area and Leaf Number

In order to examine the LA and LN, leaf samples were collected approximately 80 days after emergence for all the treatments and replications. Healthy plant per plot was harvested from the middle row in the field in early morning and on the same day, specific LA and number were measured by passing in all the collected leaves of the plant through LA meter LI-3100C (LI-COR, United States).



Grain and Stover Yield

At the crop harvesting stage, GY was measured after threshing sundried panicles to remove the grains from their central rachis. Harvested plants were selected from the middle row and expressed in grams (g) per 2-meter area. Similarly, DSY was also measured after drying the stover samples of all the middle row plants without panicles and expressed in grams per 2-meter area.



Nitrogen Estimation and Nitrogen Indices


Nitrogen Estimation

Nitrogen content in grain and stover samples was estimated by using the sulfuric acid-selenium digestion method. Grain and stover were made into fine powder by using clone mixture (cyclone sample mill) and 0.250 gm was used for nitrogen estimation in the Charles Renard Analytical Laboratory at ICRISAT, Patancheru. Pre-weighed samples were digested with the sulfuric acid-selenium and then analyzed (Sahrawat et al., 2002) by using an auto-analyzer (Skalar SAN System, AA Breda, Netherlands). Nitrogen concentration is expressed as Nitrogen% (N%).



Different Nitrogen Use Efficiencies

Total N uptake was calculated from the sum of grain uptake and stover N uptake values. Then different N efficiencies were calculated as per the formulas given by Fageria et al. (2010).


Nitrogen utilization efficiency (NUtE)

NUtE (kg grain kg–1 N) = GY/TNUp.



Nitrogen harvest index (NHI)

NHI (%) = (NUpG/TNUp) × 100.



Statistical Analysis

The phenotypic mean values over the replications of each genotype for all the traits were prepared and the best linear unbiased estimates (BLUE) for genotypes were estimated at each and across N levels using Genstat software, 20th edition. The minimum, maximum, and BLUE of each trait at each N level were calculated. ANOVA was performed for the individual and pooled seasons by modeling individual season’s residuals variance using Genstat software, 20th edition (VSN International, 2019). Fisher’s t-test was used to ascertain the significant difference among the genotypes, treatments and interactions. Pearson’s correlations coefficient analysis was performed by using pooled data of two summer seasons for all the 11 traits to identify the relationship between traits at each level of N treatments.



Cluster Analysis

Hierarchical cluster analysis was carried out using the Euclidean distance metric and UPGMA method (un-weighted paired group method and arithmetic averages)1. By using the pooled data of three seasons treatment wise (N0, N50, and N100) cluster analysis was performed for the five traits viz., SPAD chlorophyll content, LN, LA, GY, and DSY.



RESULTS

According to the fertilizer map, the available nitrogen (N) content of the soil sample was divided in to low, medium, and high. Therefore, low N conditions were observed when soil nitrogen content is below 280 kg/ha (critical limits of the soil maintained as per ICRISAT guide limits). The selected experimental field was not used for any cultivation from the past 5–6 years and before starting the trial, soil samples were collected across the field and undergone soil nutrient analysis. Nutrient analysis (Supplementary Table 1) revealed 0.5% organic carbon (OC), indicating a low available N in the soil and the basal N availability was common across all the N regimes before the initiation of the experiment. In addition, the soil micronutrient availability was in the medium range. The basal N availability in the soil is common for all the treatments but coming to the N50 and N100 regimes, an additional N source in the form of urea was applied as per the protocol mentioned in the methodology section. Overall, the N0 regime was maintained strictly without any additional supply of nitrogen.

A total of 380 pearl millet genotypes including the diversity panel, parents of mapping populations, and checks were screened for 11 physio-agronomic and NUE traits at three nitrogen levels (0, 50, and 100% of the recommended N doses) with two replications. Data recorded were averaged across the three seasons for each trait in each N level. Results revealed the native variation across the genotypes toward N response which had given the scope to identify nitrogen use efficient lines under low and high N conditions for the marginal and favorable ecologies, respectively. ANOVA results revealed significant variations among the genotypes, treatments and their interactions (season × treatment (N levels), season × genotype, treatment × genotypes, and season × treatment × genotype). The pooled means over three seasons in each genotype in each N level for five physio agronomic traits were provided in Supplementary Table 2. The pooled mean of over two seasons for six N related traits in each genotypes were provided in Supplementary Table 3.


Physiological Traits

Key physiological traits viz., SPAD chlorophyll content, LN, and LA were recorded for all three seasons. Significant variations across the genotypes under different N regimes were noticed. Under N0, SPAD chlorophyll content was ranged from 28.18 to 49.11 with an average of 37.85. Whereas in N50, it was ranged from 32.16 to 50.1 with an average of 40.59. In N100, the values were ranged from 29.04 to 49.07 with an average of 41.77. In N0, SPAD chlorophyll content values were reduced by 6.8 and 9.4% compared to N50 and N100 conditions, respectively. LN was decreased under N0 conditions by 19.3 to 29.6% compared to N50 and N100 conditions, respectively. The range of LA was lower under N0 compared to N100 conditions. The mean of LA was reduced significantly under the N0 condition compared to the N100 condition. In addition, the analysis of variance (ANOVA) results revealed that the effect of genotype, treatments and their interactions were significant (P < 0.001) for all the three physiological traits studied. The data was averaged across the three seasons for each trait in each N level. Descriptive statistics over the three seasons, and ANOVA results for all the physiological traits were provided in Table 1.


TABLE 1. Summary statistics and ANOVA results from three seasons pooled data for physiological and agronomic traits under three N levels.
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Agronomic Traits


Grain Yield

In N0, the average GY of the tested genotypes was 67.04 g and ranged from 9.64 g (IP13363) to 138.48 g (IP18621). Similarly, significant genotypic variations were observed in other treatments. In N50, GY values varied from 20.72 g (Tift238 D1) to 168.85 g (IP16096) with a mean of 92.61 g. Whereas in N100, GY ranged from 20.48 g (IP13363) to 164.87 g (ICMV-IS89305) with a mean of 88.69 g. Nitrogen in limited condition (N0) resulted in a 27.6 and 24.6% reduction in GY compared to N50, and N100, respectively. The ANOVA results indicated that the effect of genotype, treatments were significant (P < 0.001) and their interactions were also significant between seasons × treatment (P < 0.001), seasons × genotypes (P < 0.001), treatment × genotype (P < 0.001), and season × treatments × genotype.

Based on GY data, top 25 (N-insensitive (NIS-Top grain yielders) and least 25 (N-sensitive (NS-Poor grain yielders) genotypes were identified under N0 conditions (Table 2). Out of 25 NIS lines, nine genotypes (IP10820, IP17720, ICMB01222-P1, IP10379, ICMB89111-P2, IP8069, ICMB90111-P2, ICMV-IS89305, and ICMV221) were common in the top 25 lines at the N100 level which shows the genotype plasticity toward N0 and N100 conditions (Figure 1). Similarly, the top 25 high yielding genotypes were identified in N100. The 25 least grain yielding genotypes [N-sensitive (NS)] in N0 and N100 conditions were presented in Figure 2.


TABLE 2. Top 25 NIS and NS lines under low nitrogen (N0) with contrasting NUE grain yield derived from the pooled mean over three seasons.
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FIGURE 1. Top 25 high grain yielding genotypes under N0 and N100 conditions. Total 9 genotypes (in red color) viz. IP 10820, IP 17720, ICMB 01222-P1, IP 10379, ICMB 89111-P2, IP 8069, ICMB 90111-P2, ICMV IS89305, and ICMV 221 exhibited high grain yield in both N0 and N100 conditions.
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FIGURE 2. Top 25 poor yielding genotypes for grain yield under N0 and N100 conditions.


Furthermore, agronomic data was provided for the top five lines viz., IP 18621, IP 10820, IP 17720, IPC 804, and ICMB01222-P1, out of selected 25 NIS lines (Supplementary Table 4). Interestingly, days to 50% flowering (DF50%) and plant height (PH) was more in all the tested genotypes at N0, indicating the genotype efficiency in terms of agronomic traits. These genotypes can be used as parents in the pearl millet breeding program to develop N efficient genotypes under low N input conditions.



Dry Stover Yield

In N0, DSY ranged from 58.47 g (LGD-1-B-10) to 806.19 g (IP8863) with a mean of 256.3 g. Whereas in N50, values ranged from 62.42 g (IP13363) to 740.78 g (IP11584) with a mean of 246.16 g. In N100, the average DW of 380 genotypes was 264.41 g, and values varied from 73.92 g (Tift23D2B1-P1-P2) to 678.87 g (IP8786). Application of N significantly increased DSY by 12.6% in N50 and 18.02% in N100 compared to the N0 condition. Significant differences were observed for dry stover weight among the genotypes (P < 0.001), and interactions were also significant between seasons × treatment (P < 0.00), seasons × genotypes (P < 0.001), treatment × genotype (P < 0.001), and season × treatments × genotype.

Interestingly, out of the top 25 high dry stover yielding lines, nine genotypes (IP14398, IP10579, IP15857, IP10394, IP17125, IP13608, IP6098, IP12020, and IP11584) were common in the top 25 lines at N100 condition (Figure 3). At both N levels, the top 25 poor-performing dry stover genotypes were also identified (Figure 4).
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FIGURE 3. Top 25 high dry stover yielding (DSY) genotypes under N0 and N100 conditions. Total 9 genotypes (highlighted in red color) viz., IP 14398, IP 10579, IP 15857, IP 10394, IP 17125, IP 13608, IP 6098, IP 12020, and IP 11584 exhibited high dry stover yield (DSY) in both N0 and N100 conditions.



[image: image]

FIGURE 4. Least performing genotypes for dry stover yield (DSY) under N0 and N100 conditions.


In addition, three high yielding dual purpose genotypes (IP5560, IP15857, and IP17125) were identified in the top 25 GY and DSY genotypes under N0. Whereas in N100, only one common high yielding genotype (IP3106) was identified. Descriptive statistics over the three seasons, and ANOVA results for the agronomic traits were provided in Table 1.



N Content in Grain and Stover

Nitrogen percent in grain (NPG) varied from 1.18% (IC804) to 2.43% (Tift 186), with an average of 1.61% in N0 condition. Whereas in N50, NPG ranged from 1.19% (9444) to 2.43% (IP4942) with a mean of 1.67%. Under N limiting conditions NPG was reduced by 3.6 and 11.4% as compared with N50 and N100 conditions, respectively. In N50, an average mean of NPG decreased by 8.24% as compared to N100. The response of genotypes in the N100 condition varied significantly from 1.27% (IP10539) to 2.59% (IP4828) with a mean of 1.82%. Significant differences were observed in NPG among the genotypes (P < 0.001), treatments (P < 0.001), and interactions and are also significant between seasons × treatment (P < 0.00), seasons × genotypes (P < 0.001), and season × treatments × genotype except for treatment × genotype (0.677).

Genotypic variations found in NPS in N0 and the minimum and maximum value of NPS ranged from 0.42% (IP8786) to 1.08% (ICMB90111-P5) with a mean of 0.61%. The average NPS was more in N0 compared to N50 and N100 conditions. Significant variations were observed in all the interactions except season × treatment (0.6771) and treatment × genotypes (0.0102).



Nitrogen Uptake for Dry Stover

Genotypic variations were observed for NUpS across the N levels. The mean of all genotypes was 1.65 kgha–1 ranged from 3.34 kgha–1 (ICMB9533-P5) to 8.03 kgha–1 (IP5560) and decreased by 9.8 and 14.45% in N0 compared to N50 and N100, respectively. Whereas, in N50, the values varied from 0.51 kgha–1 (AIMP92901-S1-15-1-B-P3) to 8.03 kgha–1 (IP10543) with a mean of 1.83 kgha–1 and decreased by 5.67% when compared with N100. The minimum and maximum values of NUpS varied from 0.38 kgha–1 (IP155363) to 1.08 kgha–1 (IP11584) with a mean of 6.59 kgha–1 under N100 condition.



Total Nitrogen Uptake

Application of N fertilizer resulted in an increase of TNUp and also revealed significant genotypic variations among the genotypes with in the treatments. Under N0, the values ranged from 1.09 to 10.47 with an average of 3.03 kg ha–1 and decreased by 14.4 and 21% as compared with N50 and N100, respectively. Whereas in N50 and N100, values varied from 1.08 (IP11229) to 9.57 (843B) and 0.58 (IP13363) to 8.97 (IP11584) with a mean of 3.54 and 3.83 kg ha–1, respectively. The results of ANOVA for TNUp indicated significant effects for all the interactions except treatments.



Nitrogen Utilization Efficiency

Large variation was observed for NUtE of genotypes, ranged from 2.40 (IP3110) to 50.60 (IP3557) with an average of 30.81 under N0 and the efficiency was reduced as compared with N50 and N100 by 7.3 and 5.95%, respectively. Whereas in N50, values varied from 10.63 to 50.86 with a mean of 33.22, and a 7.57% reduction was observed as compared with the N100 condition. The application of N fertilizer (N100) resulted in a significant increase in NUtE. The minimum and maximum NUtE were observed in IP31110 (10.06) and IP10456 (56.25), respectively with an average of 32.76. Significant differences were observed among the genotypes (P < 0.001), treatments (P < 0.001), and seasons × treatments (P < 0.001), seasons × genotypes (P < 0.001), treatment × genotypes and interactions were also significant between season × treatments × genotype.

Nitrogen utilization efficiency under N0 was compared with NUtE under N100 to determine the genotypic efficiency and their responsiveness to N. Based on the NUtE, the genotypes were classified into four groups (Figure 5) viz., (1) N efficient non-responsive (NENR), (2) N efficient responsive (NER), (3) N responsive inefficient, and (4) N inefficient non-responsive (Rengel and Graham, 1995; Worku et al., 2007). In this study, NutE data recorded in 374 genotypes across different N levels. The average NUtE of 374 genotypes under N0 (30.81) and N100 condition (32.76) were considered as cut off for the identification of genotypic efficiency and responsiveness for N use. Under low N, above-average genotypes were considered as efficient and below-average genotypes were considered as inefficient. Similarly, in N100, above-average genotypes were considered as responders, and below-average genotypes are considered as non-responders. Overall, efficient genotypes are higher in the utilization of absorbed N over inefficient genotypes.
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FIGURE 5. Relationship between genotypes performance of nitrogen utilization efficiency (NUtE) under low (N0) and recommended N (N100) conditions. The yellow line represents the mean of NUtE at N100 and the purple line represents the mean of NUtE at N0 (pooled data from two summer seasons 2017 and 2018).




Nitrogen Harvest Index (NHI)

The nitrogen harvest index varied from 5.46% (IP3110) to 74.52% (ICMB 95333-P5) with an average of 47.56% in N0 condition and a reduction of about 10.3 and 15.43% compared to N50 and N100 condition, respectively. Whereas in N50, NHI values ranged from 21.10% (IP10488) to 84.02% (IP5923) with a mean of 53.0%. The response of genotypes under the N100 condition varied significantly and ranged from 23.51% (IP12020) to 78.89% (IP6110) with a mean of 56.24%. Further, the NHI reduction under N0 was about 10.3 and 15.43% as compared with N50 and N100, respectively. In N50, a reduction of NHI about 5.46% was observed compared to the N100 condition. Significant differences were observed among the genotypes (P < 0.001), treatments (P < 0.001), and interactions were also significant between seasons × treatment (P < 0.001), seasons × genotypes (P < 0.001), and season × treatments × genotype except for the treatment × genotype (0.677) (Table 3).


TABLE 3. ANOVA for N-related traits under three nitrogen levels during Summer 2017 and 2018.
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Phenotypic Correlation

Correlation coefficient analysis was performed to identify the interrelation among the traits for all the N levels. The complete list of correlation coefficient values among the traits in each N level is provided in Figure 6. GY showed a significant positive correlation with TNUp, NUtE, and NHI. The results revealed that the GY of pearl millet was increased through the selection of higher NUtE and NHI lines. Furthermore, GY negatively correlated with DSY, NPS, NPG, and NUpS at both N0 and N100 conditions. The results suggested that the higher GY was, the lower DSY, NPS, NPG, and NUpS. Further DSY showed a negative significant correlation with all the measured traits except NUpS and TNUp across N levels. Interestingly NUtE showed a positive correlation with GY and NHI across N levels. SPAD chlorophyll content was found to be positively correlated with all traits except LA, DSY, and NUpS across all the treatments. Further LA was negatively correlated with GY, NUtE, and NHI across the treatments.


[image: image]

FIGURE 6. Pearson correlation for traits underlying NUE in 380 global diverse pearl millet genotypes (PMiGAP) under three different nitrogen (N) regimes carried out in 2017/18 (data pooled from two summer seasons). (A) Correlations among eight traits at N0 condition (N0). (B) Correlations among eight traits at N50 condition. (C) Correlations among eight traits at N100 condition. ∗ indicates < 0.05 significance, ∗∗ indicates < 0.01 significance.




Cluster Analysis

Hierarchical cluster analysis of 380 pearl millet genotypes revealed large genotypic variation in five traits viz., SPAD chlorophyll content, LN LA, GY, and DSY. This analysis is useful for grouping genotypes for NUE. Therefore, clustering 380 genotypes based on five traits identified two to three major clusters. Based on this, genotypes were classified into high, medium, and low-performing genotypes. At both N levels, clusters I and II contained better-performing genotypes and also found the least dissimilarity among the genotypes. Interestingly few common genotypes viz., IP 15536, IP 6098, IP11961, IP8863, IP11378, IP 20679, and IP 12138 were identified in N0 and N100 levels in the first two clusters, implying that genotype plasticity toward N under N0 and N100 conditions (Figures 7, 8). Cluster III contained more number of medium performing genotypes that form a maximum number of sub clusters at both N levels. Finally, the least performing genotypes were present in Cluster IV. Overall, the maximum dissimilarity (from all these matrices) was observed between cluster I and IV.
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FIGURE 7. Dendrogram of 380 pearl millet genotypes for five traits under low nitrogen conditions (N0) by the UPGMA method.
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FIGURE 8. Dendrogram of 380 pearl millet genotypes for five traits under recommended conditions of nitrogen (N100) by the UPGMA method.




DISCUSSION

Nitrogen (N) is an essential macronutrient required for plant growth and is often a limiting factor for crop yield. From the past 50 years of agriculture, augmented food production was attained by the extensive application of N fertilizer in combination with N-responsive cultivars across the globe. Excessive application of N fertilizer is becoming expensive which accounts for the loss of economic profit to the farmers along with negative impacts on the environment (Raun et al., 2002; Hawkesford and Griffiths, 2019). Hence to overcome this problem, a clear understanding of genotype behavior, identification and development of genotypes (without compromising GY) with high NUE under low N conditions is a paramount need for improving NUE.

Therefore, the present study aimed to identify the N-Sensitive (NS) and N-insensitive (NIS) genotypes and also to determine the traits regulating low N tolerance. However, accurate and reliable phenotyping under low N input is challenging and influenced by the genotype (G), environment (E), and G × E interactions (Chen et al., 2014; Rao et al., 2018). Moreover, there are limited studies available in pearl millet toward the identification of nitrogen insensitive genotypes under low N conditions at field level. Based on the current knowledge, this study presents the first report of genetic variations for NUE in the global association panel, Pearl Millet inbred Germplasm Association Panel (PMiGAP) (PMiGAP collected from a large set of diverse germplasm and breeding lines) and from mapping population parents. Notably, very few pearl millet breeding programs are targeting the development of low N tolerance traits which are a must for sustainable agriculture with minimal negative impacts on the environment. Components of NUE were studied in pearl millet hybrids at two N levels found that the efficient genotype (Souna B) had a 32% of higher NUE value than the N inefficient Indian genotype (BJ104) (Alagarswamy and Bidinger, 1987). Another study revealed that NUtE contributes more to genetic variation in NUE (Maman et al., 2006).

In this study, a total of 380 diverse pearl millet genotypes were characterized for SPAD chlorophyll content, LN, LA, GY, DSY, and NUE related traits at three different N levels under field conditions. Notably, diverse responses have been observed among the genotypes across N levels, despite a similar growth conditions and an equal amount of N fertilizer in a given N level. These observed genotypic variations purely reveal the genotype plasticity toward traits. This set of lines used in this study which are collected from different regions across the globe and these lines were used for various abiotic stress studies to identify the tolerant genotypes. Previous studies in rice, maize, wheat, and oilseed rape, etc., have established significant genetic variation for NUE-related traits with large germplasm panels, hybrids, open-pollinated and recombinant inbred line populations (Chen et al., 2014; Li et al., 2015; Vijayalakshmi et al., 2015; Ertiro et al., 2017; He et al., 2017; Rao et al., 2018). Generally, the results of ANOVA explained statistical differences among the treatments and genotypes and their interactions. In the current study, ANOVA results revealed significant variations among the genotypes and treatments for all measured traits except a few traits (Tables 1, 3). These results were indicating that the environment under different N levels was a crucial factor in explaining the genotypic variance of GY and its related traits, which are strongly influenced by the relative contribution of G × E interactions under field evaluation. The results concur with other reported field experiments in rice (Srikanth et al., 2016) and wheat (Sial et al., 2005; Belete et al., 2018).

In the present study, SPAD chlorophyll content significantly increased with nitrogen application, which might be sufficient availability of N in the leaf. Similar results of increased SPAD chlorophyll content by increasing N application was reported by Kitajima and Hogan (2003), Pramanik and Bera (2013). The relation between the slow or controlled release of N fertilizers supporting more N absorption and related physiological mechanisms has been well studied in different crops (Li et al., 2003; Long et al., 2013). LA of all the pearl millet genotypes was significantly increased with N application which might be attributed to translocation of N to leaves, which brings variation in plant architecture and leaf internal structure (Singh et al., 2004; Mhaskar et al., 2005). Reduction in LN under N0 condition was observed, due to deprivation of N, thereby reduced source size and hindering the plant development.

Across the year on average, GY ranged from 9.64 g to 159.71 g (N0), 20.72 g to 236.43 g (N50), and 20.48 g to 242.12 g (N100), indicating the genotypic variability in GY at different N regimes. In general, GY increased was correlated with the N application rate, which might be due to sufficient nitrogen availability. Recently similar kind of results was reported in a diverse set of foxtail millet genotypes (Bandyopadhyay et al., 2020). In wheat, GY and quality traits were evaluated by Šarčević et al. (2014) at low and normal N and found that GY was reduced by 10% under low N condition compared to normal condition. The current results also are in tune with the earlier reports as there was an increased GY with increase N levels. Hawkesford and Griffiths (2019) reported that split application of N is the best option to recover the maximum applied N in the form of harvested grain/increased GY and found a strong significant relationship between GY and physiological traits.

Remarkably, 25 high yielding genotypes were identified under the N0 condition and considered as N-insensitive (NIS). Out of 25, nine genotypes (IP10820, IP17720, ICMB01222-P1, IP10379, ICMB89111-P2, IP8069, ICMB90111-P2, ICMV-IS89305, and ICMV221 = ICMV88904) are common in the top performing 25 lines under N100 condition, which shows the genotype plasticity toward varying N levels in these genotypes. These selected genotypes are good genetic resources to breed for tolerance to low N conditions. Top 25 high yielding genotypes in N100 can be considered to have the best acceptances for cultivation where soils are fertile and when followed the ideal N levels for cultivation. These identified genotypes could be used to improve GY, along with higher NUE. Numerous studies have reported utilization of N efficient lines with enhanced GY in the farmer fields which may help to reduce fertilizer input as well as increase the profitability of farm operations (Würschum, 2012; Vijayalakshmi et al., 2015; He et al., 2017). Likewise, selected NIS lines with high NUE will certainly play a role in reducing environmental pollution and could increase economic profit to farmers.

Pearl millet is an ideal fodder crop for feeding livestock and has unique features like dry season crop, production environments having low nitrogen, high photosynthetic efficiency, and high dry forage capacity (Govintharaj et al., 2018). Several reports depict the dry fodder demand and it would require approximately 568 million tonnes across the globe by the year 2030 (Govintharaj et al., 2018). To tackle this problem, high fodder yielding genotypes need to be identified. Generally, most of the genotypes have lower dry matter production under low N conditions, hence identification of genotypes with high dry matter production under low N conditions is important for sustainable fodder production. In this framework, the top and least performing 25 genotypes for DSY were identified under N0 and N100 conditions (Table 4).


TABLE 4. Dry stover yield (DSY) for top and least 25 genotypes under N0 condition (derived from pooled data of three seasons).

[image: Table 4]
These contrasting genotypes can be further exploited in the breeding program and molecular studies to develop varieties with high NUE for biomass. Irrespective of N, the common nine genotypes (IP14398, IP10579, IP15857, IP10394, IP17125, IP13608, IP6098, IP12020, and IP11584) were identified and can produce more dry matter production under both N0 and N100 conditions. These genotypes need further physiological and molecular characterization under low nitrogen conditions to understand the molecular basis for low nitrogen tolerance and biomass production. Overall, observed genetic variability in pearl millet genotypes are suited well for improving DSY, can be utilized in the breeding program to enhance livestock productivity. Studies on various crops to determine the relationship between nitrogen levels and biomass traits have shown that N fertilizer application increased the biomass related traits, including DSY (Chan-Navarrete et al., 2014). The present results were tuned with these observations as DSY was more in N100 condition than in N0 condition; the increasing quantity was up to the significant levels. Another study revealed wide genetic variations for biomass traits and stover nitrogen in pearl millet germplasm (Gupta et al., 2015). Few studies revealed that significant genetic variation present in pearl millet for biomass traits in dual-purpose hybrids and open-pollinated varieties (OPVs), populations, and top cross hybrids (Bidinger et al., 2010; Blümmel et al., 2010; Rai et al., 2012). More importantly from this study, dual-purpose genotypes were identified and these can be used as a reference set for the developing high grain and stover yielding lines.

In the present study, a total of 11 traits were recorded for all three seasons. However, due to heavy rain, we are unable to generate quality data for the rainy season. Hence to avoid misinterpretation of results/findings, data for only six NUE traits were pooled from two summer seasons and presented. Moreover, the NPG was slightly increased with the nitrogen application and genetic differences for the traits were also observed. These results are in tune with the report of Belete et al. (2018), who found the higher NPG with increased N levels. NPG in N0 was reduced by 3.6 and 11.4% compared to N50 and N100, respectively. Whereas, in N50 condition, the mean NPG decreased by 8.24% as compared to N100. These results are similar to the finding of Lopez-Bellido et al. (2004), Arduini et al. (2006) who found the genetic variations among wheat genotypes for grain N concentration and increased NPG with increased N levels. In the case of the NPS, the trend was contrasting to that of NPG. Herein, NPS was slightly more in N0 as compared with N50 and N100 but was not up to a significant level. These results concur with the earlier reports of Belete et al. (2018) who found higher NPS with increasing N levels.

Nitrogen utilization efficiency is defined as the genotype ability to assimilate and remobilize N ultimately to produce the GY (Rengel and Graham, 1995; Fageria et al., 2008). Determination of the genetic variations in NUtE is essential for the selection of efficient genotypes and can be used further in breeding programs to develop low N tolerant material. The concept of genotypes grouping is used widely in nutrient use efficiency (Fageria and Baligar, 2003). Based on NUtE efficiency data in N0 versus N100, genotypes are classified into four groups viz., N efficient non-responsive, N efficient responsive (NER), N responsive inefficient, and N inefficient non-responsive under N0 and N100 condition, respectively. In N0 NUtE data, a total of 198 efficient and 176 inefficient genotypes were identified and out of 198 efficient genotypes, 58 genotypes were falling in the first desirable group which is N efficient non-responsive. These genotypes are exhibiting a progressive performance under low N. This may enable breeders to develop efficient genotypes under low input environments for pearl millet breeding activities. The remaining 140 genotypes were falling in the next most desirable group, NER and these genotypes were exhibiting a progressive response to increased N availability. The NER genotypes identified from the present investigation could be the prospective targets for selection toward the genetic improvement of pearl millet for N utilization. Interestingly, in the identified 25 NIS genotypes, 20 genotypes which are falling under N efficient responsive group were showed progressive performance in terms of efficient and responsive use of nitrogen. Genotypes with more NUtE could produce high GY per unit of N consumption (Moll et al., 1982). Various studies on NUtE have already reported that breeding for efficient genotypes under low N could be achievable with high NUtE (Fageria, 2014; He et al., 2017). The third group, responsive inefficient genotypes, can be used in breeding programs. The rest of the genotypes fall into the fourth group and these are less desirable from the NUE point of view. Interestingly, few common genotypes were identified from the non-responsive and inefficient genotypes. Overall, efficient genotypes are higher in the utilization of absorbed nutrients than inefficient genotypes. Vast genotypic variations in NUtE have been reported under field/pot screening in various wheat genotypes and other crops by several researchers (Bouchet et al., 2014; Ma et al., 2015).

The nitrogen harvest index indicates the level of efficiency of plants to use acquired total N for grain formation (He et al., 2017). In the present study, significant genotypic variation was observed for NHI at both N0 and N100 conditions. NHI was positively correlated with NUtE and GY in all three N levels. These findings concur with previous studies in oilseed rape (Ulas et al., 2013; Stahl et al., 2016) and wheat (Monostori et al., 2017).

In the current study, the Pearson correlation coefficient analysis for the GY and NUE related traits indicated that NUtE trait has the largest contribution to the GY followed by NHI and TNUp across N levels, implying that GY improvement in pearl millet could be possible by selecting genotypes that attain a higher NUtE and NHI across N levels. Similarly, a significant correlation between GY and NUtE was reported in maize, wheat, and oilseed rape (He et al., 2017; Belete et al., 2018). Fageria et al. (2010) reported that strong associations between GY and NUE related traits could be a better option for GY improvements under limited N condition. Furthermore, GY was negatively correlated with NPG and NPS across N levels. Previous studies also reported a similar significant negative correlation between grain N concentration and GY (Sinebo et al., 2004). In the present study, a strong positive correlation of DSY with NUpS and TNUp across N levels was observed indicating that more DSY was with higher NUpS and TNUp, where it was negatively correlated with NPS, NUtE, and NHI. The inverse relationship between NPS and DSY was reported in rice (Subudhi et al., 2020). Identified genetic stocks will be further utilized to carry an in-depth investigation to understand the genes and associated pathways related to NUE. Overall, important correlations identified from this study, will certainly help for the future pearl millet NUE breeding programs.



CONCLUSION

Improving NUE of pearl millet is pivotal for sustainable crop growth and yield especially under low nitrogen soils. Likewise, improving crop productivity using N fertilization is important for achieving climate resilience. Nevertheless, the genetic improvement of pearl millet NUE depends on the nature and extent of variation among the germplasm. As studies on pearl millet NUE are still nascent, this study was aimed to derive morphologic and agronomical traits associated with NUE in a set of 380 diverse lines under different N levels. The first step in this research revealed extensive genetic variations across the diversity panel and mapping population parents under N0 and N100 conditions. Also, large environmental variations (including N inputs) for GY and its related NUE traits were observed. Nitrogen limitation resulted in the reduction of GY and DSY in N0, as compared with N50 and N100. Under low N, the best grain yielding genotypes were identified and considered as nitrogen-insensitive (NIS). Genotypes IP10820, IP17720, ICMB01222-P1, IP10379, ICMB89111-P2, IP8069, ICMB90111-P2, ICMV-IS89305, and ICMV221 (ICMV88904) proved to be the most efficient genotypes in terms of GY at low and high N levels, and indeed shows their inherent genotypic plasticity toward N application. Furthermore, the use of NIS genotypes will help in breeding N-efficient genotypes for arid and marginal agro-ecologies. Overall results suggest that genotypes with more yield and high to moderate NUtE can be used as parents for the breeding of N efficient genotypes. The lines identified from the present study, coupled with multi-omics technologies can help to identify candidate genes for NUE in pearl millet. The available genetic stocks will be useful to carry an in-depth dissection of the genes and pathways related to NUE. These contrasting genetic stocks may help to map the genome, transcriptome, proteome, and metabolome signatures of the traits leading to a better understanding of NUE in pearl millet. These current findings may also help the farmers for optimizing the use of fertilizer inputs for economic and environmentally sustainable food production.
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Pearl millet (Pennisetum glaucum R. Br.) is an important staple and nutritious food crop in the semiarid and arid ecologies of South Asia (SA) and Sub-Saharan Africa (SSA). In view of climate change, depleting water resources, and widespread malnutrition, there is a need to accelerate the rate of genetic gains in pearl millet productivity. This review discusses past strategies and future approaches to accelerate genetic gains to meet future demand. Pearl millet breeding in India has historically evolved very comprehensively from open-pollinated varieties development to hybrid breeding. Availability of stable cytoplasmic male sterility system with adequate restorers and strategic use of genetic resources from India and SSA laid the strong foundation of hybrid breeding. Genetic and cytoplasmic diversification of hybrid parental lines, periodic replacement of hybrids, and breeding disease-resistant and stress-tolerant cultivars have been areas of very high priority. As a result, an annual yield increase of 4% has been realized in the last three decades. There is considerable scope to further accelerate the efforts on hybrid breeding for drought-prone areas in SA and SSA. Heterotic grouping of hybrid parental lines is essential to sustain long-term genetic gains. Time is now ripe for mainstreaming of the nutritional traits improvement in pearl millet breeding programs. New opportunities are emerging to improve the efficiency and precision of breeding. Development and application of high-throughput genomic tools, speed breeding, and precision phenotyping protocols need to be intensified to exploit a huge wealth of native genetic variation available in pearl millet to accelerate the genetic gains.

Keywords: pearl millet, hybrid breeding, genetic gain, disease resistance, drought tolerance, biofortification, heat tolerance


INTRODUCTION

Pearl millet (Pennisetum glaucum R. Br.) is an important crop in the semiarid and arid ecologies of South Asia (SA) and sub-Saharan Africa (SSA) that are characteristically challenged by low and erratic rainfall and high mean temperature and simultaneously have soils with low organic carbon and poor water-holding capacity (Serba et al., 2020). Besides its unmatchable capacity to tolerate drought, pearl millet has also built-in adaptation to soils with low fertility. Because of its remarkable ability to respond to favorable environments because of its short developmental stages, high photosynthetic efficiency, and abundant capacity for high growth rate, pearl millet is an excellent crop for the short growing season and under improved crop management (Yadav and Rai, 2013) and is emerging as an important alternative crop for feed, food, fodder, and relay crop in Brazil, Canada, Mexico, United States, West Asia and North Africa region, and Central Asia.

Pearl millet is valued for its nutrient-rich grain for human consumption and its green fodder and dry stover for livestock (Andrews and Kumar, 1992) and forms the basis of livelihood and nutritional security for more than 90 million people in SSA and SA (Serba et al., 2020). Pearl millet demand is anticipated to increase in the future because of increasing human and livestock populations in SSA and SA and as a healthy food and other industrial uses (Rai et al., 2008). Its cultivation may further extend in the areas where maize and sorghum are cultivated because of depleting water resources. Pearl millet production is likely to become more challenging because of predicted intense drought stress, rise in temperature, and greater disease incidences in SSA (Sultan et al., 2013) and SA (Rama Rao et al., 2019). Therefore, its production must be increased at a much faster rate and more so in challenging agroecologies. Increasing production must come through enhancement in productivity as there is little scope to enhance production by expanding its cultivation, especially in SA.

Enormous progress has been made in India to improve productivity by developing high-yielding cultivars and their improved agronomic management during the last six decades (Jukanti et al., 2016). The accomplishments of pearl millet breeding are often referred to as one of the greatest success stories in Indian agriculture (Yadav et al., 2019). However, the biological potential of pearl millet has not been fully realized as indicated by the current 1.2 ton/ha national productivity in comparison to the productivity level of 4–5 tons/ha in the summer season in northwestern India. An attempt is made here to critically analyze past breeding strategies followed in pearl millet. We also examine the prospects of further accelerating genetic gains to meet the greater demand for pearl millet and to make its cultivation more profitable.



HISTORIC BREEDING STRATEGIES

Breeding strategies in pearl millet have evolved very comprehensively over several decades, taking into account understanding of its pollination behavior, challenges in its production, access to germplasm, and accumulated knowledge in the fields of its genetics, physiology, pathology, and so on.

Pearl millet is a highly cross-pollinated species, with outcrossing rates of more than 85%, because of its protogynous nature of flowering. Therefore, individual plants of natural populations mate randomly and are highly heterozygous and heterogeneous. Early breeding efforts in genetic improvement of pearl millet, which started as early as the 1930s, attempted to capitalize on such existing genetic variation within traditional landraces by subjecting them to simple mass selection (Athwal, 1961). The greater urgency for population improvement programs started with the acquisition of a diverse range of germplasm from across the world in the 1970s with the establishment of the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) (Gill, 1991; Witcombe, 1999). Eventually, a large number of populations and trait-based composites of the broad genetic base were established, and a diverse range of elite breeding materials was developed (Rai and Anand Kumar, 1994; Rai et al., 2006).

Like maize, the heterosis was also observed in pearl millet for grain yield (Athwal, 1966), but the hermaphrodite nature of flowers of small size limited the ability to exploit it at the commercial level. There were some innovative attempts in the 1950s to exploit heterosis through developing “chance hybrids” that included growing two parental populations of similar maturity in the mixture and allowing them to cross-pollinate to produce seed that contained ~40% hybrid seed (Gill, 1991). The chance hybrids outyielded local varieties by 10–15% but could not become popular because of lack of efficient seed production programs and their limited genetic superiority.

The discovery of cytoplasmic male sterility (CMS) in 1958 (Burton, 1965) at Tifton, Georgia, and the availability of good fertility restorers in Indian germplasm led to the development of commercial hybrids, making a quick and significant impact on pearl millet production (Gill, 1991). However, the cultivation of a limited number of hybrids over several years led to a downy mildew (DM) epidemic in the early 1970s (Safeeulla, 1976). Such epidemics reappeared whenever a few hybrids occupied a large area year after year (Singh, 1995). No association of A1 cytoplasm was established with the DM epidemic (Yadav et al., 1993; Yadav, 1996).

Recurring DM epidemics in pearl millet hybrids in India prompted to intensify efforts on genetic diversification of hybrid parental lines, especially after the 1980s. This involved both cytoplasmic and nuclear diversification of parental lines. In addition to A1 CMS source (Burton, 1965), A2, A3 (Athwal, 1961, 1966), A4 (Hanna, 1989), and A5 sources (Rai, 1995) were reported. Extensive characterization of these sources established instability of A2 and A3 sources, whereas A4 and A5 were found as more promising (Rai et al., 1996). This was followed by the development and dissemination of 89 A lines based on A4 and 27 based on A5 source by ICRISAT, but utilization of these two sources remained restricted because of lack of suitable restorers. ICRISAT initiated breeding efforts for developing restorers, especially for the A5 CMS system (Rai et al., 1996, 2009b). Research programs in India have now started breeding both A and R lines and developing hybrids based on these CMS systems. The understanding of the genetics of A4 (Gupta et al., 2012a) and A5 CMS (Gupta et al., 2018) helped in the well-organized and efficient utilization of these CMS sources.

A range of germplasm material from India and Africa with diverse phenotypic characteristics, such as tillering, panicle size, earliness, grain size, grain color, and so on, was strategically exploited to diversify the genetic base of both seed and restorer parents (Andrews and Anand Kumar, 1996; Rai et al., 2009a; Yadav et al., 2012c; Patil et al., 2020). In the last four decades, hybrid breeding has received a very high priority in India using genetically diverse parental lines targeting various production ecologies that have helped to intensify the genetic gains (Rai et al., 2009a; Yadav et al., 2012a).



TRAIT PRIORITIZATION

Pearl millet is cultivated under diverse agroecologies ranging from near-optimum environments (with high use of irrigation and chemical fertilizers) to extremely challenging drought-prone environments (with little external inputs). This led to the prioritization of research to improve necessary phenotypic traits, climate adaption, disease resistance, and nutritional traits taking full cognizance of production constraints and differential requirements of various regions.


Phenotypic and Productivity-Related Traits and Their Linkage With Megaenvironments

A single pearl millet cultivar cannot be expected to perform well under all the environmental conditions, and a cultivar planted outside its adaptation zone would suffer yield reduction due to significant genotype × environment interactions. Therefore, breeding and evaluation require a subdivision of the testing environments into relatively more homogeneous groups of locations, called megaenvironments, where specific genotypes can be targeted for individual megaenvironment.

Indian pearl millet cultivation area has been divided into three megaenvironments (designated as A1, A, and B zones) considering the geographical location, rainfall pattern, local adaptation, and other environmental conditions (Gupta et al., 2013). The A zone consists of parts of northern India receiving >400 mm of annual rainfall (Figure 1). The A1 zone consists of parts of northwestern India receiving <400 mm of annual rainfall, whereas the B zone accounts for the area in peninsular India receiving more than >400-mm annual rainfall. At present, ~75% of the pearl millet is grown in A and A1 zones and 25% in B zone. Different pearl millet breeding programs in India have developed their product profiles, depending on the need of their target megaenvironment. ICRISAT, as a CGIAR center, which has a global mandate, is targeting all the megaenvironments to support national breeding programs.
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FIGURE 1. Three mega-environments (designated as A1, A- and B- zones) of pearl millet cultivation in India.


High grain yield, disease resistance, and maturity duration of 75–85 days, as per the agroecological requirements, have been accorded the highest priority (Yadav and Rai, 2013). Because of the growing importance of dry stover for fodder purposes, there has been a considerable emphasis, in recent times, on breeding for dual-purpose cultivars producing both high stover and grain yields (Yadav et al., 2012b). Some of the traits in hybrids common to all the environments include lodging resistance, compact panicles, good exertion, and good seed set.

Traits that have regional preferences include various maturity types, tillering, panicle size (a combination of panicle length and girth), and seed size and have been strategically manipulated. Genetic variation for these traits is widely available with high heritability (Yadav et al., 2004, 2017), and simple selection has been, therefore, very successful (Rattunde et al., 1989). Panicle length has increased from 16.7 to 22.0 cm, panicle diameter from 2.4 to 3.0 cm, and 1,000-grain weight from 10 to 12 g in seed parents developed during the last four decades (Figure 2). However, the mean productive tillers per plant were found unchanged.


[image: Figure 2]
FIGURE 2. Comparison of different traits in seed parents (A/B-lines) developed between 1981 and 2019 at ICRISAT, Patancheru (PL, panicle length; TGW, thousand grains weight; PD, panicle diameter; NPT, number of productive tillers per plant).


The d2 dwarfing gene-based shorter height is the most dominant plant type developed in seed parents breeding (Rai and Hanna, 1990; Rai and Rao, 1991) as it reduces the risk of lodging in high-management conditions and helps in easy detection of off-type and pollen shedders in the seed production plots.

The A lines have been bred for complete and stable male sterility and B lines for profuse pollen production ability across the seasons and sites. In the breeding of A lines, high grain yield potential, both as lines per se and in hybrids (i.e., combining ability), is the most important consideration. High yield, however, is achieved in combination with other agronomic and farmers' preferred traits. The foremost requirement in the restorer lines is to produce highly fertile hybrids and to produce profuse pollen that remains viable at air temperatures as high as 42–44°C. It is desirable to breed pollinators that are taller than A lines, usually in the range of 150–180-cm height.

There has been a clear distinction between the public and private sector hybrid breeding programs regarding trait-based breeding. For instance, private sector breeding programs have largely focused on relatively better-endowed environments (A and B zones), giving greater emphasis to breeding dual-purpose hybrids. As a result, private sector hybrids are generally taller, later in maturity, with longer panicles and less number of effective tillers/plant [All India Coordinated Research Project on Pearl Millet (AICPMIP), unpublished data] as these traits are reported to contribute toward higher productivity in better-endowed environments. In contrast, most of the public sector hybrids are generally shorter in height and early in maturity, with smaller panicles and a higher number of effective tillers/plant. The private sector has also placed greater emphasis on breeding high grain yield and large-seeded hybrids.

The strategy of trait diversification led to the development of a diverse array of high-yielding hybrids with adequate adaptation to different agroecologies. This was evidenced from a recent investigation where 122 commercial hybrids showed the existence of significant variation for flowering time (42–58 days), tillering (1.1–4.4 panicles/plant), individual grain size (7.6–17.3 mg), plant height (185–268 cm), and panicle length (20–33 cm), which highlighted the successful efforts of the national program of pearl millet improvement toward genetic diversification of hybrids (Yadav et al., 2017).



Climate Adaptation

Pearl millet is challenged by drought and heat stress in various production environments of SA and SSA. While drought is of common occurrence, heat stress assumes importance in specific regions.


Drought Tolerance

Drought, caused by the low rainfall and its erratic distribution, is the primary abiotic production constraint in SA and SSA. Efforts have therefore been made for mapping and delineation of drought-prone regions to define the target population of environments or megaenvironments (Gupta et al., 2013), which are highly variable in terms of their timing, intensity, and duration of drought (van Oosterom et al., 1995).

The subject of drought tolerance in pearl millet has remained, so far, a strategic research issue, and therefore, the response to drought has been studied comprehensively. Drought during the seedling stage results in poor plant stands reducing yield severely (Soman et al., 1987). Drought during the vegetative stage of growth has a little adverse effect on productivity (Bidinger et al., 1987) as there is a significant increase in panicle number, which is a reflection of a compensation mechanism for a damaged main shoot during drought (van Oosterom et al., 2003). However, the grain-filling stage is the most sensitive growth stage to drought as both grain number and grain size are significantly reduced when the crop is exposed to drought stress at this stage (Fussell et al., 1991).

Dissection of drought tolerance in terms of physiology, phenology, and morphology of the crop has led to the understanding of the yield formation process under drought (van Oosterom et al., 2003; Yadav, 2011), helping breeders to identify and target specific traits in different drought environments. Use of physiological traits as selection criteria for drought tolerance has been very challenging especially when dealing with a large number of genotypes in breeding nurseries. Drought escape mechanism has been successfully exploited by targeting early maturity for getting greater genetic gains in the drought-prone regions of northwestern India (Yadav et al., 2011). Morphological traits such as high tillering, small grain size, and shorter grain filling periods that can be measured easily have been manipulated successfully in breeding programs as there is an abundant variation available for these traits (Yadav et al., 2017).

The role of adapted germplasm has also been emphasized for drought breeding as the measured performance under drought stress is largely a result of adaptation to stress conditions (Yadav et al., 2009, 2012c). Hybridization of adapted landraces with elite genetic material creates new gene combinations that lead to amalgamating of adaptation to stress environments and high productivity (Presterl and Weltzien, 2003; Yadav and Rai, 2011, Patil et al., 2020). Genome regions underlying drought tolerance-related traits have been identified and mapped (Yadav et al., 2002, 2004; Serba and Yadav, 2016). Several such genomic regions are being manipulated to enhance drought tolerance (Bidinger et al., 2007; Sharma et al., 2014).



Heat Tolerance

Optimum temperature for normal growth of pearl millet is 33/34°C. Higher temperatures can affect the pearl millet both at the seedling and reproductive stages. Climate change models project that the pearl millet yield in SSA and SA will decrease by 6–17% by 2050 (Knox et al., 2011).

In India and western and southern Africa, soil surface temperatures often exceed 45°C and may sometimes reach 60°C and are one of the most important factors causing poor plant stands as pearl millet seedlings are most vulnerable to high temperatures during their first 10 days (Soman et al., 1981; Peacock et al., 1993). Therefore, improvement in heat tolerance at the seedling stage assumes importance. Genetic differences in seedling survival under high soil surface temperatures have been reported (Peacock et al., 1993), and selection for greater seedling emergence under artificial screening technique (Soman and Peacock, 1985) has been found effective (Lynch, 1994). A laboratory method based on measuring membrane thermostability has been developed (Howarth et al., 1997) to assess the differences in seedling heat tolerance. There has been no report of manipulating this trait in breeding programs either in SA or SSA in the last three decades.

During the last decade, pearl millet has emerged as a highly productive and remunerative crop in the hot and dry summer season in the northern and western parts of India (Yadav and Rai, 2013). With higher air temperatures (often >42°C) coinciding with flowering in this season, the crop suffers from reproductive sterility, leading to drastic reductions in seed set and finally into lesser grain yield (Gupta et al., 2015b; Djanaguiraman et al., 2018). Heat tolerance as the reproductive stage has emerged as an important target trait to enhance genetic gains.

Flowering-period heat stress screening protocols have been standardized for screening under both controlled environment facilities (growth chambers) and field conditions in heat stress–prone target ecology (Gupta et al., 2015b). Multilocational and multiyear field screening in summer season involving a large number of hybrid parental lines, germplasm accessions, and improved populations established that stigma is more heat-sensitive than pollen; large genetic variation exists between breeding lines and within open-pollinating populations; the boot-leaf stage is more heat-sensitive than panicle-emergence stage, and heat tolerance behaves as a dominant trait. These screenings led to the identification of heat-tolerant breeding materials that have been used to further enhance heat tolerance (Gupta et al., 2016, 2019) and facilitated the pyramiding of heat tolerance in high-yielding hybrids.




Biotic Stress Resistance

Pearl millet is a hardy crop vulnerable to only fewer diseases and insect-pests compared to other major cereals. However, the diseases that attack pearl millet are capable of causing huge damage. Being a crop grown by resource-poor framers, diseases and pests are best managed through host plant resistance (HPR) as it does not incur an additional cost.


Diseases

Disease management through HPR involves a sound knowledge of biology and epidemiology of diseases, availability of pure culture of the pathogens, effective inoculation techniques, greenhouse and field screening facilities, appropriate disease rating scales, and availability of resistance sources.


Downy Mildew

DM caused by Sclerospora graminicola (Sacc.) J. Schröt is the most important disease causing heavy economic losses in India and Africa. Greenhouse and field screening of a large number of germplasm accessions and breeding lines has led to the identification of several resistance sources (Singh S. D. et al., 1987; Singh et al., 1997), which have been extensively used to develop DM resistant hybrids. The diversified genetic base of hybrids has contributed to the control of widespread DM epidemics.

Regular monitoring of changes in the virulence of pathogens and resistance of hybrids has helped in keeping track of the breakdown of resistance in hybrids. Replacing the susceptible hybrid with its disease-resistant version, created by marker-assisted selection, has also been an effective strategy (Hash et al., 2006).



Blast

The blast or leaf spot disease, caused by Pyricularia grisea Sacc. [syn. Magnaporthe grisea], has emerged as a very destructive disease of pearl millet in the recent past (Rai et al., 2012). Monitoring of virulence of pathogen populations and screening of genetic resources led to the identification of stable resistant lines to develop blast-resistant hybrid parent lines (Sharma et al., 2013; Yella Goud et al., 2016).

Resistance in pearl millet to Indian isolates of M. grisea is governed by a single dominant gene (Gupta et al., 2012b; Singh et al., 2018b), which makes the incorporation of resistance much easier. Molecular markers are also being used to identify Quantitative Trait Loci (QTLs) for blast resistance against prevalent pathotypes. Two major blast resistance QTLs, on LG 4 and LG 7 of pearl millet line 863B-P2, were identified that have been used to improve hybrid parental lines.



Rust

Rust (Puccinia substriata var. indica Ramachar & Cumm) is generally considered as a disease of less importance in the grain crop; however, it is of great importance in fodder crop where it reduces both the quantity and quality of the produce. The field screening in the late rainy season under high disease pressure and greenhouse screening led to the identification of stable resistance sources (Singh S. D. et al., 1987; Singh et al., 1990; Sharma R. et al., 2020).



Smut and Ergot

Ergot (Claviceps fusiformis Lov.) and smut (Moesziomyces penicillariae Bref. Vanky) are important floral diseases, and grain yield losses are proportional to their severity. Both pathogens are soil-borne and infect the host at flowering through stigma. Pollination before pathogen infection prevents infection (Thakur and Williams, 1980). These diseases are more severe in wet weather primarily because of pollen wash. The higher susceptibility of hybrids compared to the open-pollinated varieties is attributed to their greater uniformity in flowering time, rather than their cytoplasm (Yadav et al., 1992; Rai and Thakur, 1996).

Understanding the biology and epidemiology of these diseases helped the development of field screening techniques (Thakur and Rai, 2002). A large number of lines have been evaluated for their reaction to these diseases (Thakur and Rai, 2002; Abraham et al., 2019). Very high levels of ergot resistance in the germplasm accessions were not observed; hence, ergot-resistant lines were developed by intermating less susceptible plants and selecting and rescreening resistant progenies for several generations under high disease pressure (Thakur et al., 1993).

Smut resistance is a dominant trait and easily transferable. However, quantitative resistance involving additive and non-additive gene effects has also been reported (Thakur et al., 2011). A large number of lines have been found as resistant to smut and DM (Thakur et al., 1992, 2011). Currently, multilocational testing across seasons to evaluate the severity of smut and ergot on new experimental cultivars is being done to ensure no smut or ergot susceptible cultivar is released for cultivation.




Insect-Pests

More than 100 insect-pests have been reported to be associated with the pearl millet–based cropping system, but only a few of them are potential pests of any significant economic importance. These are shoot fly (Atherigona approximata), stem borers (Chilo partelus in India and Coniesta ignefusalies in western Africa) and white grubs (Holotrichia consanguinea) in India, earhead worms (Helicoverpa armigera), gray weevil (Myllocerus species), and leaf roller (Marasmia trapezalis) (Raghvani et al., 2008). Nature of damage and life cycle of these pests have been studied, and control measures developed. The distribution and damage of insect-pests vary in different regions. Long-term monitoring revealed that no single method of control is effective against any insect. It requires an integrated approach including cultural and chemical control (Sharma and Youm, 1999). The insect-pest incidence on commercial cultivars and experimental test genotypes is closely monitored, and no breeding programs are undertaking insect resistance as target trait.




Grain Nutrition

The goal of core breeding has been to increase yield potential in view that pearl millet has been considered as a highly nutritious cereal with higher levels of proteins and several minerals than other major cereals (Singh and Nainawatee, 1999). Earlier research reported up to 24.3% protein content in germplasm (Jambunathan and Subramanian, 1988) and up to 19.8% in elite breeding lines (Singh P. et al., 1987). However, no serious efforts were made to improve protein content because of its negative correlations with grain yield (Singh and Nainawatee, 1999). Improving grain nutritional traits is a recent addition of breeding objective, in view of global recognition of widespread deficiencies of iron (Fe) and zinc (Zn). The major areas addressed include the assessment of the extent of genetic variation for grain Fe and Zn contents, identification of diverse seed-mineral dense germplasm, nature of genotype × environment interaction, relationships between grain minerals and agronomic traits, and genetic control of micronutrients (Govindaraj et al., 2019).

A large variability for Fe and Zn content in germplasm and breeding lines has been indicated (Table 1), suggesting the feasibility of genetic enhancement for these micronutrients. The highest Fe and Zn have been found in germplasm accessions and mapping populations derived from the iniadi landrace (Velu et al., 2008; Govindaraj et al., 2016). Screening of more than 120 Indian commercial hybrids has shown 46–56 ppm Fe and 37–44 ppm Zn (Rai et al., 2016). To initiate the mainstreaming of Fe and Zn. in pearl millet, the levels of 42 ppm Fe and 32 ppm Zn have been set as a baseline in the Indian national testing and cultivar release policy in 2018 (AICPMIP, 2018). The daily recommended allowances for Indian adults are 17–21 and 10–12 mg/d for Fe and Zn, respectively.


Table 1. Genetic variability for grain iron and zinc content in germplasm, inbreds, commercial cultivars, and mapping populations of pearl millet.

[image: Table 1]

Fe and Zn contents in pearl millet are largely governed by additive genetic variance (Govindaraj et al., 2013; Kanatti et al., 2014), suggesting that both parental lines of hybrids would be required to improve for these micronutrients. Relatively lower G × E influences on the accumulation of Fe and Zn in pearl millet grains (Kanatti et al., 2014; Govindaraj et al., 2016) also indicated the effectiveness of progeny selection in the pedigree breeding to develop lines with increased levels of grain Fe and Zn densities. The higher additive genetic variance also prompts recurrent selection methods to be effective to improve the levels of grain Fe and Zn in breeding populations (Govindaraj et al., 2019).

A significant and positive association has been established between Fe and Zn (Govindaraj et al., 2013, 2016, 2020; Kanatti et al., 2014; Rai et al., 2014; Pujar et al., 2020). These two micronutrients also had a positive and highly significant correlation with seed size (Gupta et al., 2009; Kanatti et al., 2014; Govindaraj et al., 2016). Furthermore, gray and white grains from the same genetic background did not differ in their Fe/Zn levels (Govindaraj et al., 2018). These associations would give breeders leverages to develop Fe- and Zn-rich cultivars with large grain size irrespective of their color and to allow enhancement of micronutrients in mainstream breeding. The efforts in biofortification have yielded nutrient-rich and high-yield cultivars in India (Rai et al., 2014). Ten cultivars have been released with yield levels of 3.2–3.6 t/ha and 68–80 ppm Fe (Govindaraj et al., 2019), and several more are in the pipeline. Higher correlation between Fe and Zn in pearl millet exhibited that all these cultivars also had higher Zn levels (35–45 ppm Zn).




HYBRID REPLACEMENT

Replacement of old hybrids by new ones with higher potential productivity is very critical in achieving continuous genetic gains. The design followed involves the identification of potential new hybrids well in advance through multiyear and multilocational testing in the National Coordinated Trials where their performance is judged against the best hybrid released most recently (AICPMIP, 2018). The strategy essentially involves keeping a close watch on the performance and disease incidence of hybrids in their production regions. There is ~15–20 public- and 30–40 private-sector organizations engaged in meeting the national annual demand of about 22,000 metric tons seed.

Once a hybrid passes through the research and development stage of 10–15 years involving its creation, evaluation, and registration, it is introduced in the market and goes through five stages of growth, maturity, saturation, decline, and replacement. To achieve sustainable growth in the seed business, a balanced product portfolio requires a minimum of one product at each stage from introduction to decline. The hybrids are introduced in different years and are generally phased out in a 10-year time frame. An average life cycle of 6 years of top five hybrids from introduction to retirement is maintained by different public and private organizations.

Although the hybrid life cycle is largely influenced by strong competition and breakdown of resistance to DM or blast, other factors, such as market demand, alternate product options, and product quality, also play an important role. In fact, the shorter life cycle due to competition has helped to an accelerated genetic gain due to the faster introduction of new hybrids with improved yield and resistance to diseases. This strategy has proved very critical to ensure a timely and adequate supply of desired hybrids to the farmers to sustain a continuous gain in productivity for the last few decades. With this strategy in place, ~60–70 hybrids are cultivated on the farm at any point of time in India for the last two decades.



REALIZED YIELD GAINS

Pearl millet productivity has increased from 303 kg/ha during 1950–1954 to 1,239 kg/ha during 2015–2019 that translates to an increase of more than 300% owing to the widespread use of high-yielding and disease-resistant cultivars with improved production technology. A critical analysis of the genetic improvement has been recently done in which seven decades of breeding were divided in four phases, each phase having its uniqueness (Yadav et al., 2019). During phase I (1950–1966), when genetic improvement largely concentrated on the enhancement of yield in locally adapted materials, the rate of productivity improvement was 4.5 kg/ha per year. Discovery and utilization of CMS in hybrid development marked the second phase of genetic improvement (1967–1983) in which an annual increase of 6.6 kg/ha in productivity was realized despite the large-scale cultivation of a few hybrids. A large number of genetically diverse CMS lines were developed and utilized in hybrid breeding during phase III (1984–2000), and the productivity increase was 19.0 kg/ha per year. During phase IV (2001–2018) when genetic improvement put much greater emphasis on genetic diversification of hybrids and adaptation to niche areas of cultivation, the rate of improvement in grain productivity further increased to 31.1 kg/ha per year, which is 470% of the productivity gain achieved during the first phase.

Comparison of yield increase in pearl millet vis-à-vis other four major cereals in India after the mid-1980s presents very interesting information. Following the adoption of high-yielding, disease-resistant, and stress-tolerant cultivars and crop management technology, there is a yield increase of 26% in sorghum, 59% in wheat, 69% in rice, 113% in maize, and 162% in pearl millet (Figure 3). These yield gains translate into 0.9% annual gains in sorghum, 2.0% in wheat, 2.3% in rice, 3.8% in maize, and 5.4% in pearl millet; all of these are much higher than the average gains achieved at the global level (FAO, 2020). The annual rate of gains in productivity is the combined outcome of improved genetics and management. This high quantum of productivity increase in pearl millet assumes greater significance in two ways. First, more than 90% of pearl millet is grown as rainfed and often on marginal lands. Second, pearl millet has attracted much lesser infrastructure and human resources in comparison to other food crops. It also affirms the correctness of priorities set in the breeding programs of India and simultaneously demonstrates the role of hybrid technology in raising crop productivity in marginal drylands.
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FIGURE 3. Per cent improvement in the national average yield of sorghum, wheat, rice, maize, and pearl millet from 1988 to 2017 over average yields of the quinquennial period of 1983-1987 (data source: www.agricoop.nic.in).




PROSPECTS OF ACCELERATING GENETIC GAINS

Pearl millet has shown impressive genetic gains in India for the past seven decades (Yadav et al., 2019). The crop now is poised to take the next quantum leap in genetic gains. The specific areas that are likely to contribute to the process are discussed in the following sections.


Genomics-Assisted Breeding

One of the most exciting developments that have implications on taking the genetic gains to the next levels in pearl millet is genomics and genomics-assisted breeding that can help improve the precision and efficiency of the breeding program. The ~1,000 genomes sequencing project has been a major milestone in pearl millet improvement (Varshney et al., 2017). This work has laid a solid foundation for carrying out trait discovery, mapping, and deployment of QTLs/alleles/candidate genes linked to traits of economic interests. It also has helped toward the development and implementation of whole-genome prediction models for the pearl millet community globally (Jarquin et al., 2020; Srivastava et al., 2020a). The whole-genome resequencing of Pearl Millet Inbred Germplasm Association Panel, mapping population parents, and elite hybrid parental lines have helped to develop a huge (>32 million) repository of genome-wide SNPs. These developments offer opportunities to rapidly map and deploy genes of agronomic importance and also to rapidly resequence lines to mine and map genes of interest. The sequencing-based mapping strategy can also help us identify superior haplotypes for different traits to form the basis of haplotype-based breeding (Sinha et al., 2020).

Many traits of agronomic importance have been mapped related to diseases, terminal drought, grain and fodder quality, combining ability loci, and heterotic gene pools (Kumar et al., 2018; Basava et al., 2019; Gupta et al., 2020; Srivastava et al., 2020a,b) with SSR and SNP markers. The available QTLs can also be remapped using the currently available SNP-based high-throughput genotyping systems. This will allow integration into the modern breeding pipelines using high-throughput genotyping platforms available currently in pearl millet (Srivastava et al., 2020a,b). Furthermore, with the availability of reference genome sequence, large-scale whole-genome resequencing data, cost-effective genotyping platform, and precise phenotyping platforms (see later), it has become possible now to map breeding-related traits in a fast manner (Bohra et al., 2020). We believe the near future will be witnessing the deployment of genomic breeding approaches such as haplotype-based breeding, forward breeding, genomic prediction, and gene editing for pearl millet improvement (Varshney et al., 2020). Along with ICRISAT, a few Indian breeding centers are using markers for the selection of terminal drought tolerance and disease resistance. However, time to release has not been significantly impacted yet, as these technologies need to be integrated with speed breeding pipelines.



Precision Phenotyping

While genotyping has become considerably cheaper and more precise in the recent past, precision phenotyping has been a major challenge, especially for drought. Full advantage of genomic resources can be taken only when quick, accurate, and cost-effective phenotypic data including root systems are available for genetic dissection of drought tolerance and selection of drought-resilient genotypes (Tuberosa, 2012). Usefulness of high-throughput and automated phenotyping platforms such as LeasyScan has been demonstrated in screening a large number of genotypes for drought tolerance (Vadez et al., 2015). There exists a much greater need to enhance the capacity for drought tolerance breeding programs to generate quick and accurate data through the use of drones, near-infrared imaging, and remote sensing.



Heterotic Grouping of Hybrid Parental Lines

Heterotic grouping of hybrid parental lines is an important strategy to increase the magnitude of heterosis on a long-term basis (Melchinger and Gumber, 1998). A diverse range of breeding material has historically been used to develop either seed parents (B lines) or restorers parents (R lines), depending upon their specific phenotypic traits (Rai et al., 2006). Studies assessing molecular diversity classified such lines into genetically distinct groups and the confirmed existence of two broad-based groups in hybrid parents—one each for seed parents and restorer parents (Nepolean et al., 2012; Gupta et al., 2015a; Singh et al., 2018a).

Some attempts have been made in pearl millet to define heterotic groups. Pucher et al. (2016) investigated combining ability patterns in West African population hybrids but could not come out with clear heterotic groups probably because of genetic admixture in populations. Another study indicated seven heterotic groups among hybrid parents using EST and genomic SSR markers (Ramya et al., 2018). The existence of B and R lines as separate groups has been found responsible to behave as two separate broad heterotic pools, as B × R hybrids reported significantly higher levels of heterosis than B × B or R × R hybrids (Singh et al., 2018a). Recently, in a study involving 320 R and 260 B lines derived from pearl millet breeding programs in India, two each of B- and R-line heterotic groups were identified based on the heterotic performance and combining ability (Gupta et al., 2020). Hybrids from these identified B × R heterotic groups showed grain yield heterosis of more than 10% over the best commercial hybrid checks. This study also indicated that distinct parental groups can be formed based on molecular markers, which can help in assigning hybrid parental lines into heterotic groups to develop high-yielding hybrids. Now, the work is underway to select the appropriate testers to categorize the new hybrid parental lines or new germplasm into heterotic groups to enhance the genetic gains in pearl millet.

Combining ability studies conducted in pearl millet have shown that either there was no negative correlation or there was a positive correlation between their per se performance and general combining ability (GCA). Thus, high general combiners are likely to occur in lines with high grain yield per se than in any other yield group. Pearl millet breeding programs in India have been advancing progenies based on performance per se of lines during trait-based pedigree breeding, although now there is a shift toward combining ability-based selection approach. Considering the seed production economy and the high probability of producing high-yielding hybrids from high GCA lines, it is prudent that seed parents should possess both high yield per se and GCA.

There is not much information available about the extent of specific combining ability (SCA) and GCA variances in the existing B- and R-gene pools of pearl millet. A recent study has shown high SCA:GCA ratio (about 2 times), indicating the predominance of SCA variance over GCA variance in pearl millet hybrid parents, which was different than many of the established maize hybrid breeding programs of the United States and Europe, where low SCA:GCA ratio was observed (Gupta et al., 2020). Considering this scenario in other crops, there is a need to investigate SCA and GCA variances in the existing B- and R-line heterotic pools of pearl millet to better understand the contribution of GCA and SCA variances toward heterosis.



Harnessing Genetic Diversity

World collection of germplasm (>23,000 from 52 countries) including wild species provides a great resource to look for new sources of economic traits, disease resistance, abiotic stress tolerance, and better nutritional quality. A small fraction of germplasm has been utilized so far primarily due to the huge number of germplasm accessions and the presence of undesired traits in the unadapted genetic background. These twin problems have been largely circumvented. Development of core and minicore collections (Upadhyaya et al., 2011) is prompting breeders to use the desired germplasm in broadening the genetic base of commercial cultivars, which is very essential to reduce the chances of disease epidemics and to mitigate the effects of climate change. Very recently, >1,000 accessions of pearl millet have been sequenced as well (Varshney et al., 2017). This, in combination with genome–environment association, would help in exploring the genetic basis of adaptive traits such as drought and heat tolerance in germplasm as has been demonstrated in other crops (Frank et al., 2016; Cortés and Blair, 2018).

The accessibility of such molecular tools offers a greater opportunity to transfer specific targeted regions and to minimize the linkage drag from agronomically inferior-looking germplasm accessions. Recently, new sources of blast resistance and flowering-stage heat tolerance have been developed in cultivated pearl millet backgrounds using wild P. glaucum subsp. violaceum (Sharma S. et al., 2020). To harness the untapped diversity, traits-specific germplasm needs to be targeted, which requires detailed characterization for new and novel traits proposed by breeders and the crop product profiles in the near future.



Addressing Host Resistance and Pathogen Virulence Together

The experience, so far, in resistance breeding for DM has indicated that most of the hybrids become susceptible in about 5–6 years of cultivation in the same area because of selection pressure in the pathogen, although there are some clear exceptions where hybrids have shown durable resistance. It would be useful to investigate resistance mechanisms operative in the parents of such hybrids to identify and deploy genes for durable DM resistance in high-yielding hybrids for the enhanced genetic gain. Continuous monitoring of virulence of pathogen populations through reaction on host differential is essential to identify resistance effective against new virulent pathotypes. Genome sequencing of pearl millet (Varshney et al., 2017) and pathogens of DM and blast (Nayaka et al., 2017; Prakash et al., 2019) will help in understanding the molecular basis of compatible/incompatible host × pathogen interaction and provide a greater opportunity to breeders and pathologists to control the diseases. With the availability of genomic tools, identification of QTLs determining resistance to particular disease, and demonstration of the success of marker-assisted backcrossing, it now appears possible to stack target QTLs in the parental lines of commercial hybrids having multiple resistance to various pathotypes of DM, blast, and rust to realize a greater genetic gain. It should be recognized that QTLs transferred through backcrossing are pathotype-specific that indicates vertical resistance of their nature. These impart relatively large phenotypic variance and hence may house major genes for disease resistance. These may, however, get defeated by the pathogen relatively quickly; hence, identification of QTLs responsible for horizontal resistance is underway.



Strengthening Hybrid Breeding for Arid Regions

One of the key issues, often debated in past, has been the comparative advantage of hybrids or Open-pollinated varieties (OPVs) under severe drought conditions, given the reports that genetically heterogeneous OPVs might exploit population buffering mechanism (Bradshaw, 1965; Haussmann et al., 2000) to provide stable performance under unpredictable drought environments. A comprehensive study conducted in arid regions of India comparing 142 hybrids and 84 composites over 12 years in 94 environments for their performance reported that hybrids yielded significantly higher grain than composites with an overall superiority of 25% (Yadav et al., 2012a).

Other consideration, in cultivar adoption in the existing seed supply system of pearl millet, is the multiple sowings, especially in drought areas. Composites have an edge over hybrids as they are self-perpetuating, and harvested seed can be used to plant the next crop. However, such an option would come with a significant penalty at least for grain yield. Therefore, hybrids are likely to play a much greater role than composites in enhancing pearl millet productivity in drought-prone regions including SSA.



Mainstreaming the Biofortification

Mainstreaming of Fe and Zn in pearl millet breeding needs to be implemented to achieve nutritional security in SA and SSA. Breeding for micronutrients and vitamins has been initiated by HarvestPlus, a CGIAR Challenge Program. In collaborations with national partners, ICRISAT has generated now enough database for Fe and Zn. Greater than 60 ppm for Fe and 40 ppm for Zn were targeted for breeding as a part of the ICRISAT product profile. This is a momentous step toward mainstreaming in elite breeding lines. The dissemination of these mainstreamed breeding lines and hybrid parents and their utilization (both public and private sector) would make biofortified hybrid development a regular activity to enhance genetic gains for the micronutrient traits in the long term.

This is very encouraging that no negative association has been reported between grain yield and micronutrients in pearl millet, suggesting the feasibility of combining high yield with a greater concentration of micronutrients. Efficacy studies have indicated bioavailability of 7% of Fe and 25% of Zn in pearl millet. Biofortified pearl millet may provide up to 80% of Fe and 100% of Zn daily requirements and would have a greater impact on human health.



Improving Nutrient Use Efficiency

Although pearl millet is mainly cultivated on sandy and sandy-loam soils that are inherently low in their nitrogen (N) and phosphorous (P) contents, its adaptation to low nutrients is seldom addressed assuming that this issue can be easily addressed through the external use of fertilizers. Limited studies conducted on this aspect (Gemenet et al., 2015) have indicated the possibility of breeding nutrient-use-efficient (NUE) cultivars of pearl millet. Looking to soil degradation and water contamination due to the leaching of N in subsurface or groundwater, pearl millet can be an important source of native genes that confer adaptation to low nutrient conditions (Serba et al., 2020). There is a need for a systematic study to understand the relevant traits' priority and their magnitude of variability for NUE using core breeding materials including minicore collections available at GenBank (Pujarula et al., 2021).



Synergizing Breeding and Agronomics

A sustained increase in pearl millet productivity requires the integration of suitable cultural practices in its diverse production environments for disease resistant and improved cultivars to achieve greater genetic gains. On-farm demonstrations of improved cultivars and production technologies have established that the pearl millet yields at farm levels can easily be enhanced by 20–25% by adopting suitable agrotechniques (Yadav et al., 2012a). Intensive management including higher planting density, irrigation scheduling, and recommended use of mineral fertilizers in better-endowed areas would play a critical role in harnessing the potential yield of improved cultivars. Widely spaced crop, integration of legumes in pearl millet–based cropping system to maintain soil fertility, and microdosing of nutrients are very important to further enhance productivity gains in drought-prone regions. Machine harvestable plant type and lodging resistance are the need of the hour in reducing cultivation cost and enhancing profitability.



Speed Breeding and Big-Data Analytics

Genetic gains of any breeding program significantly depend upon the number of crop breeding cycles a program can undertake in a year. This varies in different breeding programs as per their local weather conditions. For instance, only one crop of pearl millet can be taken in north India, while two crops per year can be grown in western, central, and peninsular India. Under this current scenario, breeding a new crop cultivar takes about a decade or more, with 6 or 7 years spent in seasonal generational advancements to arrive at elite materials that go for testing and release. Now, new environmentally controlled facilities, known as “RapidGen,” have been developed, which will shorten the 6–7-year window significantly. When used with the full suite of breeding acceleration techniques, RapidGen can make it possible to take four crop cycles in a year (https://www.icrisat.org/first-public-research-facility-to-put-agriculture-on-fast-forward-launched-at-icrisat/). With such new facilities in place, we are now moving toward the new era of speed breeding in pearl millet where genetic gains are poised to take a further leap.

Over the past several decades, judicious use of data analytics in multilocational trials and quantitative genetics played a major role in achieving higher genetic gains in pearl millet. However, the present era is of ultrahigh-speed computing, crop simulations, big-data analytics, internet of things, artificial intelligence, and machine learning and must be exploited in pearl millet breeding for achieving better genetic gains. These high-throughput streams need to be decoded for pearl millet improvement by developing an appropriate digital data capture platform, breeding databases, modern quantitative genetics, and real-time analytics. All such information in databases will provide an opportunity to run complex queries and scenario analysis enabling researchers to focus on specialized research. One extremely computationally intensive data science intervention will be the use of quantitative genetics–based crop simulation algorithms to understand and optimize existing pearl millet breeding pipelines and take measures to refine them further.



Building Partnership

Pearl millet research and development are a mandate of several national and international organizations with a common goal of making an impact on the communities cultivating pearl millet. With this shared goal, the partnership needs to be pursued systematically. Partnership with international and advanced research institutes has contributed to providing access to well-characterized genetic resources and developing genomic resources. Partnership with the private sector has been most critical in delivering the products of improved genetics to the farming community. One such successful existing example of public-private partnership (PPP) is the ICRISAT-Private Sector Pearl Millet Seed Companies Consortium, established in 2000 and which has an engagement of ~30 seed companies. This consortium has proved to be a very effective vehicle to quickly deliver research outputs of ICRISAT's breeding program (Gowda et al., 2009). Another successful example of PPP is the International Pearl millet Genome Consortium, where 65 scientists from 30 research institutions across the world came together and unraveled the sequence of the pearl millet genome (Varshney et al., 2017). Such partnerships hold the key in providing adequate resources and making advances in cutting-edge science technologies to realize a sustained growth in pearl millet productivity.




CONCLUSION

Pearl millet is becoming an indispensable food crop that provides calories, nutrition, and livelihood security to the poor and marginal people living in the fragile ecosystem of arid and semiarid regions of SA and SSA. Pearl millet is a crop of choice because of its critical role in enhancing the resilience to climate change. The past breeding priorities and strategies have been able to deliver significant productivity growth realized in pearl millet. Greater use of hybrid technology, employing modern tools, wider interinstitutional, and intersectoral partnerships, and improved crop management practices would play a greater role to accomplish much higher genetic gains for yield and nutritional traits for growing populations in SA and SSA. The success would depend upon a deeper understanding of new germplasm, genome, and trait-specific genes for novel traits through an amalgamation of conventional and modern tools and rapid generation techniques in national and international pearl millet breeding programs.
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Improving sorghum resistance is a sustainable method to reduce yield losses due to anthracnose, a devastating disease caused by Colletotrichum sublineola. Elucidating the molecular mechanisms of sorghum–C. sublineola interactions would help identify biomarkers for rapid and efficient identification of novel sources for host-plant resistance improvement, understanding the pathogen virulence, and facilitating resistance breeding. Despite concerted efforts to identify resistance sources, the knowledge about sorghum–anthracnose interactions remains scanty. Hence, in this review, we presented an overview of the current knowledge on the mechanisms of sorghum-C. sublineola molecular interactions, sources of resistance for sorghum breeding, quantitative trait loci (QTL), and major (R-) resistance gene sequences as well as defense-related genes associated with anthracnose resistance. We summarized current knowledge about C. sublineola populations and its virulence. Illustration of the sorghum-C. sublineola interaction model based on the current understanding is also provided. We highlighted the importance of genomic resources of both organisms for integrated omics research to unravel the key molecular components underpinning compatible and incompatible sorghum–anthracnose interactions. Furthermore, sorghum-breeding strategy employing rapid sorghum germplasm screening, systems biology, and molecular tools is presented.

Keywords: sorghum, anthracnose, quantitative trait loci, R-genes, germplasm, host-plant resistance, Colletotrichum sublineola


INTRODUCTION

Sorghum [Sorghum bicolor (L.) Moench] – a diploid photosynthesis efficient C4 crop – is one of the most important cereals serving as a staple food for over 500 million people globally, used as animal feed, and is increasingly important source of biomass for cellulosic ethanol production. Due to its rich genetic diversity and adaptability to adverse conditions such as drought, nowadays sorghum is annually cultivated on over 42 million ha across six continents (FAOSTAT, 2020). In spite of its diverse use and resilience, sorghum is predominantly produced by subsistence farmers in the developing world (Figure 1) significantly contributing to food security. However, biotic and abiotic stresses are causing significant yield losses across all its growing areas.
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FIGURE 1. (A) Average production of sorghum in top 10 sorghum producing countries from 1994 to 2018, and (B) corresponding production share by region. Data source (FAOSTAT, 2020). Sudan (former) reflects average sorghum production in Sudan and South Sudan up to 2011. For Sudan, the data represent average production from 2012 to 2018.


Diseases, such as stalk rot, downy mildew, grain mold, rust, head smut, leaf blight, and anthracnose are constraining global sorghum production (Wang et al., 2006; Little et al., 2012; Tesso et al., 2012; Das and Rajendrakumar, 2016; Mengistu et al., 2018). Because of its wide distribution and ability to infect all above ground parts of the plant, anthracnose caused by the destructive fungal pathogen Colletotrichum sublineola is one the most important diseases of sorghum. Since it was first reported in Togo in 1902 and later in United States in 1912 (Crouch and Tomaso-Peterson, 2012), the pathogen has spread to almost everywhere where sorghum is grown. It is causing significant yield losses annually, especially in the tropical and subtropical regions where there are favorable climatic conditions for disease development (Erpelding, 2008). Yield losses of up to 67% due to anthracnose are recorded in susceptible sorghum cultivars (Mengistu et al., 2018) but, without efficient disease management practices, the pathogen can devastate the whole crop.

Agronomic practices alone are not effective to reduce infections and yield losses due to anthracnose. Although fungicide application is an effective method to control the disease and reduce yield losses (Acharya et al., 2019), it is not economically and practically feasible for small-scale farmers and is not environmentally friendly. Growing sorghum cultivars resistant to anthracnose is considered the most efficient and is a core in integrated strategy for anthracnose management. To this end, improving anthracnose resistance has been an utmost priority in sorghum breeding programs. Fortunately, there is a high genetic diversity and wide anthracnose resistance variation in sorghum landraces (Motlhaodi et al., 2017; Afolayan et al., 2019; Cuevas and Prom, 2020; Mengistu et al., 2020), which can be explored and used in its breeding program for improving resistance against the disease.

Traditional breeding is a relatively slow process and not sufficient to tap full potential of crop genetic resources. The use of DNA markers may increase the pace and efficiency of plant breeding (Zheng et al., 2011; Upadhyaya et al., 2013; Kage et al., 2016; Ordonio et al., 2016). Accordingly, identifying naturally occurring major disease resistance genes (R-genes) in wild relatives and landraces of a crop and introducing these genes into elite materials using molecular tools are the most widely adopted strategy to develop disease-resistant cultivars of several crops. The sorghum genome contains hundreds of putative R-gene sequences (Mace et al., 2014; McCormick et al., 2018), some of which are localized within the anthracnose resistance associated quantitative trait loci (QTL) regions that were identified in several landraces (Upadhyaya et al., 2013; Felderhoff et al., 2016; Patil et al., 2017; Xu, 2019). These findings suggest the presence of rich sorghum genetic resource that can be used for enhancing sorghum anthracnose resistance. However, none of these R-genes have been functionally validated for resistance against C. sublineola and introduced into sorghum elite cultivars so far.

Deep understanding of the sorghum–C. sublineola interactions is needed in order to rapidly identify resistance sources in the diverse landraces, isolation, and characterization of the R-genes (Xu, 2019), and elucidate the virulence of the pathogen (Buiate et al., 2017). In line with this, improving our knowledge on molecular mechanisms of the interaction process can facilitate resistance cultivar development and design an effective disease management strategy against anthracnose. So far, little is known about the underlying molecular events underpinning the sorghum–C. sublineola interactions and the existing findings remain scattered. In this review, we present an overview of the current knowledge on molecular-level sorghum–C. sublineola interactions. This article summarizes the R-genes and QTL associated with the resistance as well other anthracnose defense-related genes in sorghum. It also provides a summary of current knowledge related to anthracnose population structure and virulence, which would be crucial for the improvement of the crop’s resistance against the pathogen. Further, it highlights the potential use of current advances in omics techniques to enhance the understanding of the interaction process and suggests future directions to accelerate the breeding of resistant sorghum cultivars.



SORGHUM GENETIC RESOURCES FOR ENHANCING ANTHRACNOSE RESISTANCE

Crop germplasm contains genetic makeup of a specific species. Phenotypic and genotypic diversity in a crop germplasm is a foundation for improving its agronomic traits, such as biotic and abiotic stress tolerance, yield, and nutritional quality. A large sorghum germplasm collection that has a paramount importance in sorghum breeding is available (Upadhyaya et al., 2016). Globally, over 236,000 sorghum accessions are maintained in several gene banks (Upadhyaya et al., 2016), of which more than 44,000 sorghum accessions originating from 114 countries, are conserved in the National Plant Germplasm System (NPGS) in United States (Cuevas et al., 2017). Although there could be some overlaps with the NPGS germplasm collection, the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) in India also maintains 39,923 sorghum accessions (Upadhyaya et al., 2017). Sorghum germplasm collections also exist in several countries that are recognized as its center of origin and/or diversity, such as Ethiopia, Eritrea, and Sudan (Girma et al., 2019; Cuevas and Prom, 2020; Mengistu et al., 2020). However, sorghum wild relatives that have a potential to serve as promising sources of genes for sorghum improvement (Ananda et al., 2020) remain neglected (Upadhyaya et al., 2016). The remarkable phenotypic and genetic diversity within these collections suggest presence of rich sorghum genetic resources. Phenotyping and genotypic characterization of the crop landraces and their wild relatives is a fundamental step for the identification of genotypes that serve as a novel source of resistance in sorghum breeding programs (Upadhyaya et al., 2016).

A diverse sorghum germplasm is crucial genetic resource for breeding programs aimed to improve sorghum anthracnose resistance (Cuevas et al., 2017). Aiming to identify novel sources of anthracnose resistance within the diverse sorghum germplasm, several large-scale mass resistance-screening assays have identified anthracnose resistant genotypes with potential use in sorghum breeding. Thakur et al. (2007) evaluated anthracnose resistance of 15 sorghum lines originating from six countries in 14 anthracnose hotspots in Africa and Asia for 4–7 years, and identified line IS 12467 and IS 6928 that potentially harboring different resistance genes and hence could be integrated into sorghum breeding programs. Anthracnose resistance evaluation of 87 sorghum lines and 63 hybrids against 12 isolates under field conditions shows vertical and horizontal resistance of the host (Buiate et al., 2010). These results indicate the presence of major and minor additive genes in the sorghum germplasm conferring race specific and race nonspecific resistance, respectively. Developing and deploying cultivars with both types of resistance against anthracnose would enhance its efficacy and durability. Anthracnose resistant and susceptible accessions were identified in sorghum germplasm randomly selected from USDA-ARS NPGS (Prom et al., 2012a; Cuevas et al., 2014), Burkina Faso and South Africa (Cuevas et al., 2016), Ethiopia (Mengistu et al., 2019), and China (Xu et al., 2020). Resistance evaluation of sorghum germplasm originating from various geographical regions using several strains of anthracnose, collected from diverse agro-ecologies, across growing seasons would lead to the identification of a highly useful resistance sources for developing sorghum cultivars with wide adaptation. Such studies would diversify potential sources of resistance for sorghum breeding and facilitate efficient utilization of the germplasm. However, despite the efforts by Thakur et al. (2007), there is lack of concerted effort to evaluate accessions across contrasting environments, harboring different C. sublineola populations, to identify resistance sources useful for global sorghum breeding. Overall, resistance evaluation studies have a great potential to identify resistance sources that can be directly used in resistant cultivar development through conventional plant breeding or the application of molecular breeding tools, and are highly useful for understanding the inheritance of the anthracnose resistance in sorghum.



INHERITANCE OF ANTHRACNOSE RESISTANCE IN SORGHUM

Understanding the inheritance of anthracnose resistance in sorghum is a key to identify novel sources, quickly transfer the resistance into elite materials, and enhance durability of introduced resistance to cope up with the diverse and evolving pathogen populations. In line with this, a single dominant gene for resistance against C. sublineola was first identified in 1950 (Lebeau et al., 1950). The presence of QTLs associated with the resistance as well as wide variability of the resistance phenotype found in sorghum landraces suggest that anthracnose resistance is a multigenic trait (Cuevas et al., 2014; Ahn et al., 2019; Mengistu et al., 2019; Cuevas and Prom, 2020; Xu et al., 2020). Nevertheless, the anthracnose resistance in sorghum mostly exhibits dominant genetic inheritance even if it also segregates as a recessive trait (Mehta et al., 2005; da Costa et al., 2011).

Using F3 population derived from a susceptible (BTx623) and resistant (SC326-6) parents, Boora et al. (1998) reported that the anthracnose resistance is inherited as a single gene recessive trait. Two random amplified polymorphic DNA (RAPD) markers, OPD 16 and OPD 12, were found linked to a recessive resistance allele in sorghum accessions (Panday et al., 2002). A sequence characterized RAPD marker OPJ 011437 is linked to the anthracnose resistance segregating as a recessive in sorghum (Singh et al., 2006). Identification and characterization of these recessive genes conferring resistance would be crucial in order to apply loss-of-function mutation strategies in their dominant homologs to achieve resistance against anthracnose. Although DNA markers found linked to the recessive anthracnose resistance trait in sorghum genotypes are limited, several studies have identified markers associated with the resistance segregating as a dominant trait (Mohan et al., 2010; Burrell et al., 2015; Felderhoff et al., 2016; Cuevas et al., 2017). These markers linked to both forms of resistance trait are crucial resources for marker-assisted selection (MAS) of accessions with novel resistance and their utilization in molecular breeding for developing anthracnose resistant sorghum cultivars. Nevertheless, despite the presence of draft genome sequence of sorghum for over a decade (Paterson et al., 2009), the identified markers have not been validated and utilized in sorghum molecular breeding. This is due to limited efforts to improve the genome annotation, with only few genotypes whole genome-sequenced so far to capture genome-wide sequence polymorphism. Moreover, most of the identified markers are linked to QTLs making it challenging to validate them across environments.

It is worth noting that some sorghum genotypes displaying dominant resistance could also harbor additional resistance genes that show recessive inheritance. Hence, molecular characterization of the variable resistance phenotypes in sorghum would help identify genotypes containing only a dominant resistance gene, or a recessive gene, or both. Classification of the diverse landraces into the three groups, based on levels of disease resistance, is helpful for efficient utilization of the gene pool for sorghum resistance improvement. For instance, since deploying the dominant resistance may increase virulence alleles of the pathogen, augmenting resistance with recessive resistant genes in breeding programs may enhance durability of the anthracnose resistance. However, most sorghum breeding efforts so far have focused on the identification of dominant resistance, mostly conditioned by major resistance (R-) genes, because its effect is easier to characterize phenotypically.



MOLECULAR ASPECTS OF SORGHUM–C. sublineola INTERACTIONS

Plants are continuously interacting with myriad of microbes and have evolved mechanisms to fend off pathogen attack. The plant response to pathogen infection is generally described by the co-evolutionary zigzag model of plant-microbe interactions (Jones and Dangl, 2006). Describing the complex sorghum-C. sublineola interactions within the frame of the zigzag model would help illustrate the current understanding of the pathosystem and elucidate molecular basis of the host resistance and virulence of the pathogen during different phases of the interaction processes.

The C. sublineola infection processes on sorghum leaves and disease development have been previously described using cytological and ultrastructural studies (Wharton and Julian, 1996; Wharton et al., 2001), and elegantly reviewed by Crouch and Beirn (2009). C. sublineola is a hemibiotrophic pathogen that requires an initial biotrophic phase and, if the infection is successful, transition to a necrotrophic phase happens at ca. 66 h after inoculation (Wharton et al., 2001). Although it remains to be elucidated, the transition could be facilitated by C. sublineola plant cell wall (CW) degrading enzymes (CWDEs; Wharton and Julian, 1996; Wharton et al., 2001) to facilitate the infection process. Sorghum responds to this initial stages of the C. sublineola infection by cell wall apposition forming papillae and accumulation of polyphenolics, phytoalexins, callose, hydrogen peroxide (H2O2), and hydroxyprolinerich glycoproteins (HRGPs; Basavaraju et al., 2009). Several studies also reported higher expression of several defense related genes encoding pathogenesis-related protein 10 (PR10), chitinase (PR3), and chalcone synthase, and thaumatin-like-protein (TLP; Lo et al., 1999; Li et al., 2013; Ahn et al., 2019). These observed defense responses against pathogen infection are hallmarks of the host basal defense response termed as pathogen/microbe-associated molecular patterns (PAMPs/MAMPs) triggered immunity (PTI) reported in several plants (Jones and Dangl, 2006). PTI is activated when the PAMPS, conserved molecular signatures in the cell wall, are recognized by the pattern recognition receptors (PRRs) on the host cell surface (Jones and Dangl, 2006). The presence of enhanced chitinase (PR3) and β-1,3-glucanase in sorghum plants inoculated with C. sublineola (Li et al., 2013; Ahn et al., 2019), for instance, may indicate that chitin and β-glucan in the pathogens’ cell wall serve as PAMPs (Fesel and Zuccaro, 2016) and have been detected by the host receptors and triggered defense response. Biochemical studies characterizing C. sublineola cell wall composition and sorghum receptors, which recognize the pathogen and activate host defense response, would provide crucial insights into early molecular events of the interaction process.

The basal defense response against anthracnose appears similar in the resistant and susceptible sorghum genotypes (Wharton et al., 2001). However, the pathogen can successfully penetrate the papillae, invade adjacent host cells, continue colonizing host tissue, and develops a disease in the susceptible genotypes (Wharton and Julian, 1996; Wharton et al., 2001; Basavaraju et al., 2009). The presence of small-secreted proteins, some of which annotated as effectors related to virulence of the pathogen, in the C. sublineola genome (Buiate et al., 2017) suggests that the pathogen could secrete plethora of these proteins to manipulate the host defense. Such proteins evading the host response are known as virulence (avr) effectors triggering susceptibility (ETS; Jones and Dangl, 2006). In contrast, hypersensitive response around the infection site due to accumulation of hydrogen peroxide and localized programmed cell death reinforces the PTI defense in the resistant sorghum genotypes (Wharton and Julian, 1996; Basavaraju et al., 2009). The defense response in resistant sorghum genotypes significantly reduces the germination of conidia, formation of appressorium, blocks penetrations, disrupts the pathogen cells, and restricts the pathogen growth at the biotrophic phase (Basavaraju et al., 2009; Tugizimana et al., 2018, 2019). Stronger basal defense response in resistant genotypes could be attributed to earlier accumulation, and higher quantity and diversity of the phytoalexins and expression of defense-related genes (Lo et al., 1999; Basavaraju et al., 2009), probably conditioned by higher efficiency of pathogen detection and signal transduction in the resistant genotypes. In addition, stronger reaction in the resistant genotypes could be related to recognition of the C. sublineola secreted proteins, known as avirulence (Avr) effectors, by the host nucleotide binding (NB)-leucine reach repeat (LRR; NB-LRR) encoding genes (Jones and Dangl, 2006). The recognition activates the effector triggered immunity (ETI), characterized by elevated accumulation of H2O2 leading to a programmed cell death around the point infection that suppresses pathogen growth (Jones and Dangl, 2006).

The host NB and LRR domain containing proteins in the resistant genotypes recognize corresponding Avr effectors, described in gene-for-gene interaction. However, the defense response in sorghum involves several other genes as exemplified by a high degree of anthracnose resistance variability among the landraces and the QTLs related to C. sublineola resistance (Lebeau et al., 1950; da Costa et al., 2011; Patil et al., 2017; Prom et al., 2018; Ahn et al., 2019). An overview of the interactions involving C. sublineola infection and sorghum defense response is presented in Figure 2.
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FIGURE 2. Overview of sorghum-Colletotrichum sublineola interactions. Spores of C. sublineola land on sorghum tissue, propagate into germ tubes, and form appressoria, which are specialized infection structures. The infection penetrates the host cell wall (CW) and forms feeding structures called haustoria. During the course of infection, pathogenicity molecules, such as cell wall degrading enzymes (CWDEs) and effectors are secreted into the extracellular space. The CWDEs and ubiquitous structural molecules such as chitin are recognized as Pathogen associated molecular patterns (PAMPs) by the host cell receptors, receptor kinases (RK), and receptor like proteins (RLP). These receptors interacts with extracellular leucine rich repeat (LRR) and intracellular BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED KINASE 1 (BAK1) activating the PAMP-triggered immunity (PTI). Host PTI response is characterized by increased accumulation of hydrogen peroxide (H2O2), phenolics, phytoalexins, hydroxyprolinerich glycoproteins (HRGPs), pathogenesis- related (PR-) proteins, and callose deposition around the point of infection and suppress pathogen growth. In susceptible genotypes, the pathogen secrets effectors that suppress the PTI whereas in resistant genotypes these extracellular and intracellular effectors are recognized by the host nucleotide-binding (NB) LRR (NB-LRR) receptors. This recognition induces the effector-triggered immunity (ETI) primarily recognized by accumulation of H2O2 resulting in hypersensitive response (HR), which is a form of programmed cell death. The ETI response blocks C. sublineola transition to necrotrophic phase and arrests the pathogen growth. Both PTI and ETI responses involve transcriptional factors (green) and phytohormones (gray), involved in signaling transduction, regulation of defense-related genes, and host physiology.




MAJOR RESISTANCE GENES CONFERRING RESISTANCE AGAINST C. sublineola

Major resistance (R-) genes have evolved in plants that directly or indirectly recognize corresponding pathogen secreting small molecules known as effectors. The recognition activates the host resistance response termed ETI. Most of the R-genes identified so far in several plants encode proteins containing a central NB and C-terminal LRR domains. Based on their N-terminal domain, NB-LRR encoding genes are grouped into different classes (Mace et al., 2014), but most of the functionally validated R-genes in plants so far belong to the coiled-coil domain containing NB-LRR (CC-NB-LRR) type.

Using the sorghum genome sequence (Paterson et al., 2009), Mace et al. (2014) identified more than 346 NB-encoding genes across the 10 chromosomes of the ca 700 Mbp genome. The most recent reannotation that has incorporated additional ca 30 Mbp of sequence has increased the number of genes in the sorghum genome by 24% to 34,211 (McCormick et al., 2018). If these additional sequences are included in the analysis, the number of NB-encoding genes could be even higher. Moreover, recent advancements in plant R-gene profiling using single-molecule real-time sequencing of resistance genes (SMRT-RenSeq; Jupe et al., 2014; Witek et al., 2016; Parra et al., 2019) and improving annotation tools like the nucleotide-binding and leucine-rich-repeat NLR-annotator (Steuernagel et al., 2020) may lead to the identification of more R-genes in sorghum. Relative to other gene families, the NB-LRR gene family in sorghum shows higher diversity (Mace et al., 2014). This may suggest that a key component of a defense response against fast-evolving pathogens, the NB-LRR genes, is under selection pressure. Interestingly, about 80% of the nucleotide binding site (NBS)-encoding genes are located within the QTL regions of the sorghum genome controlling fungal pathogen resistance (Mace et al., 2014) suggesting that several of these genes could be related to anthracnose resistance in sorghum.

Several studies identified anthracnose resistance QTLs harboring NB-LRR genes in sorghum (Upadhyaya et al., 2013; Felderhoff et al., 2016; Patil et al., 2017; Cuevas et al., 2018, 2019). A sorghum LRR encoding gene associated with anthracnose resistance was found in a locus located on chromosome 6 (Mohan et al., 2010). Using 14,739 SNP markers, Upadhyaya et al. (2013) mapped eight loci linked to anthracnose resistance in sorghum and identified two NB-coding genes on chromosome 10. Genes encoding NB-LRR proteins were among disease resistance genes found in an anthracnose resistance-related QTL located on chromosome 5 (Burrell et al., 2015). Felderhoff et al. (2016) identified NB-LRR protein encoding genes among defense-related genes found within anthracnose resistance loci on chromosome 7 and 9. Patil et al. (2017) detected four NB-LRR genes within a QTL region on chromosome 9 conferring resistance against anthracnose. Cuevas et al. (2018, 2019), respectively identified loci containing CC-NBS-LRR genes in the United States sorghum association panel and Ethiopian sorghum accessions at NPGS. Two NBS-LRR encoding genes, Sobic.008G166400 and Sobic.008G166550, were identified in the QTL region at distal end of chromosome 8 segregating with C. sublineola resistance in a sorghum crossing population (Xu, 2019). The known NB-LRR sequences associated with anthracnose resistance in sorghum are summarized in Table 1. Identifying markers closely linked to the QTL regions and developing specific primers for these NB-LRR gene sequences are an important step for efficient identification of landrace genotypes for sorghum breeding. Resistant genotypes with other desirable agronomic traits such as seed yield can be directly deployed for production, or used as a source of resistance trait for improving elite materials using marker-assisted conventional breeding as well as transgenic methods. The resistance trait in the sources genotype can be boosted using genome-editing methods. Therefore, functional validation of the R-genes would lead to efficient utilization of the genetic resources for anthracnose resistance improvement.



TABLE 1. The list of quantitative trait loci (QTL) and NB–LRR genes identified in sorghum genotypes responding to anthracnose infection.
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A study by Biruma et al. (2012) showed that silencing of two NB-LRR encoding genes, the Cs1A and Cs2A identified using cDNA-amplified fragment length polymorphism (AFLP) transcript profiling of resistant and susceptible sorghum genotypes, promote the anthracnose infection (Biruma et al., 2012). Moreover, the SbLRR2, a gene encoding a simple extracellular LRR protein, showed stronger expression in anthracnose resistant sorghum genotypes compared to susceptible genotypes, suggesting its role in the resistance against anthracnose (Zhu et al., 2015). The NB-LRR genes from common bean (Wu et al., 2017), tea (Shi et al., 2016), strawberry (Liab et al., 2013), and Arabidopsis (Birker et al., 2009) were shown to confer resistance against anthracnose in these crops. While these studies showed the role of NB-LRR genes in sorghum anthracnose resistance, their functional validation should confirm if these genes would maintain their function when transferred into a susceptible genotype. Several other sorghum NB-LRR genes need to be isolated, cloned, and transferred into susceptible genotypes and tested if they confer resistance against diverse strains of the pathogen. However, NB-LRR works in gene-for-gene interaction, recognizing cognate effector protein secreted by a strain of the pathogen (van der Biezen and Jones, 1998; Jones and Dangl, 2006). This indicates several NB-LRR and other defense-related genes are required for efficient plant resistance. Hence, isolation and functional characterization of several NBS-LRR gene sequences, localized with the QTLs conferring anthracnose resistance, would increase the R-gene resource availability for enhanced anthracnose resistance.

Several sorghum NB-LRR genes were also identified conferring resistance against multiple pathogens. For instance, the sorghum SbLRR2 that is involved in anthracnose resistance conferred resistance against necrotrophic pathogens Botrytis cinerea and Alternaria brassicicola in transgenic Arabidopsis thaliana (Zhu et al., 2015). This may imply that the sorghum NB-LRR genes that confer resistance to fungal pathogens such as the Setosphaeria turcica (Martin et al., 2011) and Periconia circinata (Nagy and Bennetzen, 2008) could also confer resistance against anthracnose in sorghum. NB-LRR encoding genes cloned from sorghum and introduced to susceptible rice lines provide resistance to blast disease caused by Magnaporthe oryzae (Yang et al., 2013). The sorghum genome also contains homologous genes conferring resistance to common leaf rust (Rp1; NB-LRR) in maize (Chavan et al., 2015) and stripe rust resistance (Yr10; CC-NB-LRR) in wheat (Liu et al., 2014). Cloning of these genes from anthracnose resistant sorghum genotypes, introducing them to susceptible genotypes followed by their evaluation for anthracnose resistance is vitally important in order to consider their use in sorghum breeding. Such investigation could identify if any of the NB-LRR genes are involved in resistance against multiple pathogens posing threat in sorghum production. However, the plant host resistance does not rely only on the NB-LRR genes to thwart pathogen attack. Hence, the identification of other gene families involved in the plant defense response against the pathogen is equally relevant to facilitate breeding efforts.



SIGNALING CASCADES AND DEFENSE RESPONSE AGAINST ANTHRACNOSE

Plant defense response involves recognition of the pathogen, signaling transduction, and the response resulting from differential expression of several genes, proteins, and metabolites. The plant defense response commences when host receptors recognize the pathogen PAMPs and effectors. Due to the complexity of the defense response, several defense-related genes are involved in defense against pathogens. Although it does not fully demonstrate their function in anthracnose resistance, several genes, such as F-box domain, peroxidases, and Glucuronosyl transferases, chitinases, germinlike proteins, polyphenol oxidases, peroxidases, ABC-transporters, defensins, and related hypersensitive response have been identified within the loci containing NB-LRR genes (Upadhyaya et al., 2013; Felderhoff et al., 2016; Cuevas et al., 2018). Using suppression subtractive hybridization (SSH), Li et al. (2013) identified several genes involved in signal transduction, secondary metabolism, protein synthesis, and degradation activated in response to C. sublineola infection of sorghum genotypes.


Sorghum Receptors Recognizing C. sublineola

Pattern-recognition receptors, such as receptor kinases (RKs) or receptor-like proteins (RLPs), are surface-localized receptors perceiving the pathogen PAMPs and trigger host defense response PTI (Zipfel, 2014). The ETI relies on R-receptors, encoded by the NB-LRR genes, which recognizes the pathogen secreted virulence effectors directly or indirectly (Zipfel, 2014). Interestingly, two genes annotated as cysteine-rich RLKs were identified in the NB-LRR genes containing anthracnose resistance associated QTL region on chromosome 5 in sorghum (Patil et al., 2017). RLPs interact with LRR, and LRR-RLP complex requires the BRI1-ASSOCIATED KINASE-1 (BAK1) also known as SERK1 involved in downstream signaling (Liebrand et al., 2014). Due to its broad role in several pathosystems, BAK1 is considered central regulator of plant innate immunity (Zipfel, 2014). Yazawa et al. (2013) showed that BAK1 is involved in resistance against a necrotrophic fungal pathogen Bipolaris sorghicola causing target leaf spot in sorghum. Although not experimentally validated so far, these results indicate a potential role of the RLKs-LRRs-BAK1 complex in sorghum resistance against anthracnose. Following the pathogen recognition and activation of plant defense, transcription factors regulate expression of the genes involved in downstream signaling and response against the pathogen.



Transcription Factors Regulating Sorghum Response Against Anthracnose

The host plant defense signaling involves transcription factors that control the expression level of target genes and regulate cellular processes conditioning plant response to stresses (Pandey and Somssich, 2009). Three well-known family of transcription factors, the MYB, WRKY, and MAPK are involved in plant defense against various pathogens (Pandey and Somssich, 2009; Ambawat et al., 2013; Meng and Zhang, 2013). The sorghum genome contains 94 putative WRKY transcription factors (Baillo et al., 2020) as well as 128 MYB and 83 MAPK gene ontologies, found using keyword search in Phytozyme v12.1 (Accessed on December 14, 2020). Some transcription factors are involved in sorghum resistance to anthracnose. A yellow seed1 (y1) encoding MYB transcription factor (Chopra et al., 2002; Boddu et al., 2005; Ibraheem et al., 2010) and a putative MYB domain protein 48 (MYB48; Patil et al., 2017) regulate the accumulation of phytoalexins and flavonoids in response to anthracnose infection in sorghum. Both antimicrobial compounds accumulate at the site of anthracnose infection (Lo et al., 1999; Basavaraju et al., 2009; Dao et al., 2011). In their recent study, Tugizimana et al. (2018) showed that phenylpropanoid and flavonoid pathways are central hub of the metabolism producing anti-fungal compounds in response to anthracnose infection in sorghum. Li et al. (2013) identified two MAPK transcription factors related genes in anthracnose infected sorghum seedlings. Downregulation of a zinc finger-like transcription factor (Sb03g041170) compromised C. sublineola resistance in sorghum (Biruma et al., 2012). A RAV transcription factor (Sb01g049150 in locus 3) involved in R-gene resistance mediated pathway (Upadhyaya et al., 2013). Hence, functionally diverse transcriptional factors are involved in the sorghum defense response against anthracnose infection, which is characterized by changes in phytohormone levels (Tugizimana et al., 2018).



Role of Phytohormones in Anthracnose Resistance

Phytohormones, such as salicylic acid (SA), jasmonic acid (JA), and ethylene (ET), play crucial role in signaling pathways related to plant defense response against biotic and abiotic stresses (Verma et al., 2016). Accumulation of phytohormones, in response to pathogen infection, is perceived by receptor proteins and subsequently initiates intracellular signal transduction and interacts with the transcription factors (Li et al., 2020). A recent study by Tugizimana et al. (2018) revealed quantitative changes of JA, SA conjugates, and abscisic acid (ABA) in anthracnose-infected sorghum. Sorghum genotypes with enhanced levels of amino acids (tyrosine, tryptophan), JA and SA conjugates, and zeatin were more resistant to C. sublineola (Tugizimana et al., 2018). Higher expression of chalcone synthase in C. sublineola incoluated sorghum (Ahn et al., 2019) could be associated with the accumulation of flavonoid and isoflavonoid phytoalexins and is involved in the salicylic acid mediated defense pathway, as reviewed in Dao et al. (2011). Likewise, JA (but not SA and ET) induced expression of the resistance gene SbLRR2, suggesting that it is involved in JA-mediated sorghum defense against the pathogen (Zhu et al., 2015). It is possible that the other resistance genes could be involved in SA and ET mediated defense response against the pathogen. Induction of ABA-responsive genes only in anthracnose inoculated resistant sorghum cultivars (Li et al., 2013) indicates role of the phytohormone in the resistance against the pathogen. However, the interactions among these phytohormones (resulting in synergy or antagonism) have not been discussed in relation to anthracnose resistance in sorghum. Plant response involving the recognition, signaling transduction, transcriptional regulation, phytohormone accumulation, and production of antimicrobial compounds is fine-tuned to the virulence of the infecting pathogen strain. This warrants knowledge about biology of the pathogen populations, pathogenicity, and virulence of its strains. This knowledge is crucial to understand the plant-defense responses and design optimized breeding programs for improving sorghum anthracnose resistance.




colletotrichum sublineola CAUSING ANTHRACNOSE IN SORGHUM

Colletotrichum sublineola, causal agent of the devastating anthracnose disease in sorghum, is a hemibiotrophic fungal pathogen (Crouch and Beirn, 2009; Tesso et al., 2012). Previously, C. sublineola was known as Colletotrichum graminicola, but rDNA sequences, restriction fragment length polymorphism (RFLP) of mitochondrial DNA, mating analysis, and appressorial morphology revealed that these two species are distinctly different (Vaillancouri and Hanau, 1992; Sherriff et al., 1995; Wharton and Julian, 1996). C. sublineola reproduces asexually but pairing of isolates induces teleomorph stage of sexual reproduction indicating that the pathogen is heterothallic (Vaillancouri and Hanau, 1992). The presence of parasexual processes contributing to high genetic diversity in C. sublineola populations was also reported (Chala et al., 2011). This pathogen primarily overwinters as mycelium, acervuli, and sclerotia, alternatively, in the soil, seeds, and decomposing crop residues (Casela and Frederiksen, 1993; Crouch and Beirn, 2009). This indicates that the pathogen is well-adapted to seasonal changes and can easily transmit inoculum to new plants in the subsequent growing season. During favorable conditions, asexual conidia are formed, disseminated through water splash, attached to the plant tissue, and cause a disease (Crouch and Beirn, 2009).

Understanding the life history traits of C. sublineola is fundamental for efficient identification of resistance sources and eventual introgression of resistance genes into elite cultivars. The knowledge about the pathogen’s biology and lifecycle is also crucial for designing enhanced disease management strategies. An overview of the pathogen’s biology and lifecycle including its morphology, overwintering and primary inoculum sources, plant-to-plant dissemination mechanisms, and reproductive structures, infection strategy was previously published (Crouch and Beirn, 2009). Elucidating genetic diversity and pathogenicity of C. sublineola populations, characteristics related to pathogen’s survival and ability to cause a disease, and its evolutionary potential across major sorghum growing regions is paramount for developing durable resistance in sorghum, as presented in the following sections.


High-Diversity and Pathogenicity of C. sublineola Populations

Amplified fragment length polymorphism analysis revealed the presence of diverse C. sublineola isolates within a local field in Ethiopia (Chala et al., 2011; Chala, 2013). Likewise, 13 pathotypes were identified among 87 isolates of the pathogen collected from research stations and production fields in Arkansas, using differential reaction in sorghum genotypes (Moore et al., 2008). The results indicate a high diversity of the pathogen even within a single field. On the other hand, Rosewich et al. (1998) found not much variation within 411 C. sublneola isolates sampled from 1991 to 1993 from a sorghum disease nursery in Georgia, United States. As these authors noted, the presence of one predominant haplotype leads to low diversity of the pathogen population in the area. Variability of the pathogen is a significant challenge because it enables the pathogen to adapt to the deployed resistance quickly. Conducive environment, mutation (particularly in the effector proteins), and genetic recombination due to mating, epidemiology, and co-evolution with alternative hosts such as wild relatives as well as resistance deployment can increase pathogen aggressiveness or evolve new virulent strains and cause significant damage. Thus, the diversity of the pathogen within one field warrants breeding cultivars with a broad resistance that can cope with diverse and fast-evolving pathotypes. In addition, introduced resistance should be optimal for diverse sorghum growing areas with contrasting environmental conditions. Unfortunately, research showed that the anthracnose population structure is different across geographically distinct regions and varies across crop growing seasons. Using AFLP analysis, a high level of genetic variation among 102 isolates and genetic differentiation between isolates from different sites in Ethiopia were reported (Chala et al., 2011). More than 230 C. sublineola isolates collected from Texas, Arkansas, Georgia, and Puerto Rico in United States, characterized using AFLP markers exhibited a high genetic diversity and differential virulence profiles (Prom et al., 2012b). A RAPD based study revealed a high genetic variation among 37 C. sublineola isolates, which were clustered according to their geographic origin in Brazil (Valerio et al., 2005). The virulence characterization of these isolates using differential sorghum genotypes led to the identification of 22 races (Valerio et al., 2005), indicating high diversity of the pathogen in genetic make-up and pathogenicity. Based on the resistance reactions of 15 sorghum inbred lines grown in 14 anthracnose hotspots in Asia and Africa, Thakur et al. (2007) found differences in virulence of the C. sublineola populations across the locations and growing seasons. Despite these efforts, given the wide distribution of the pathogen and its diversity, the pathogen populations across sorghum growing regions remains poorly understood. This needs globally coordinated efforts to develop robust genetic markers, set of sorghum differentials for testing pathogenicity as previously suggested (Tesso et al., 2012); and identify and characterize key molecular determinants of the pathogenicity such as the effector proteins (Buiate et al., 2017).



Deciphering the Role of Effector Proteins in C. sublineola Pathogenicity

Plant pathogens secret effector proteins to overcome host defense response and manipulate cell physiology to cause a disease. The whole genome sequences of the pathogen followed by comparative genomics can provide crucial insights into the pathogen evolution and pathogenicity. Such approach also facilitates the development of molecular markers for the identification of different strains of the pathogen. The published C. sublineola genome (Baroncelli et al., 2014) contains genes coding for hundreds of secreted small molecules with 180 of them putatively annotated as effectors (Buiate et al., 2017) using the EffectorP prediction tool (Sperschneider et al., 2018). The number of predicted effectors in C. sublineola is higher compared to that of its closely related species C. graminicola (Buiate et al., 2017), thereby suggesting their more diverse role during the infection process. Similar to the work done in C. graminicola effectors in maize (Gong et al., 2020), bioinformatics analysis, isolation, and characterization of the C. sublineola effectors, would play a crucial role in elucidating the role of these effectors in determining the virulence of the pathogen and infection process in sorghum. Moreover, the cloning of C. sublineola effectors would facilitate future resistance screening of sorghum landraces and wild relatives using effectromics, a method for quick identification of major R-genes as shown in potato wild relatives (Domazakis et al., 2017). Characterizing the C. sublineola effectors would help efficiently determine the races of the pathogen and follow virulence pattern of C. sublineola populations across geographical regions.




TOWARDS OMICS-AIDED ANTHRACNOSE RESISTANCE IMPROVEMENT IN SORGHUM

The sorghum-anthracnose interaction is a complex process, which activates defense response characterized by the change in the expression of several genes (Li et al., 2013), proteins, and metabolites in the host plant (Tugizimana et al., 2018, 2019) and the pathogen. Advances in genomics, transcriptomics, proteomics, and metabolomics studies can help elucidate the cellular processes during the host-pathogen interactions. Following the sequencing of the sorghum reference genome in 2009 (Paterson et al., 2009), several sorghum genotypes have been re-sequenced to differentiate and characterize their agronomic traits (Zheng et al., 2011; Evans et al., 2013) and understand the complex domestication history of the crop (Mace et al., 2013). Likewise, Baroncelli et al. (2014) reported the draft genome sequence of C. sublineola. These sorghum and C. sublineola genetic and genomic resources are important to understand their biology, identify and understand the genes underlying variation leading to resistance and pathogenicity, and hence facilitate genetic improvement of the crop (Buiate et al., 2017; Boyles et al., 2019). For example, the genome sequence data of both organisms were used for the identification of NB-LRR and other defense-related genes (Biruma et al., 2012; Mace et al., 2014) as well as understanding host-specificity and putative pathogenicity genes in C. sublineola (Buiate et al., 2017). Re-sequencing of several other genotypes and strains, and continuous improvement of genome annotation would facilitate the use of functional genomics to understand the pathosystem and enhance sorghum resistance against the pathogen.

Existing genome sequence databases for both organisms make it possible to apply integrated omics approaches to understand their interactions, identify resistance sources, and facilitate the development of sorghum cultivars resistant to anthracnose through the application of advanced plant breeding methods (Figure 3). Not all genes contained in the genome but those transcriptionally induced, at particular time during compatible and incompatible sorghum-anthracnose interactions, lead to alterations in myriad of defense-response or pathogenicity related proteins and metabolites. Large-scale transcriptomics, proteomics, and metabolomics studies can capture these changes in the host and pathogen. Increasingly cheaper sequencing technologies and advancing instrumentation, data processing tools, and bioinformatics software make omics studies possible methods in deciphering sorghum-anthracnose interactions. However, it is only recently that transcriptomics (Wang et al., 2020) and metabolomics (Tugizimana et al., 2018) approaches are applied in sorghum–C. sublineola interactions. Since several pathogens secrete effectors into the apoplast, considered the frontier of the interaction, investigating the host and pathogen proteins in this compartment would provide insights into early stages of the interaction process.
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FIGURE 3. Schematic flow representing a strategy for the development of anthracnose resistant sorghum cultivars through the identification of resistance sources, development and application of biomarkers as well as understanding the pathosystems. Large-scale resistance screening using diverse C. sublineola strains would lead to the identification of resistant and susceptible genotypes. Integrated omics is an efficient approach to identify and characterize compatible (susceptibility) and incompatible (resistance) reaction of sorghum genotypes as well as to identify markers related to plant defense and pathogenicity factors. Availability of genomic information on sorghum and C. sublineola would enable efficient application of integrated omics approach to unravel their interactions. Validated markers for their association with the target trait can facilitate the identification of resistant genotypes in a diverse sorghum germplasm while defense related genes, particularly major R-genes are useful for genetic improvement of sorghum cultivars. However, the ever-evolving pathogen populations continue to pose a challenge to resistant cultivars deployed for production. Hence, it is important to add newly identified resistant cultivars to existing resistance gene pool and frequently re-evaluate their resistance against new C. sublineola strains to ensure durability of the resistance.




CONCLUSION AND FUTURE PERSPECTIVES

The sorghum–anthracnose interaction is economically important pathosystem. However, not much is known about the molecular aspects of the interaction processes between these organisms despite its significance in facilitating the improvement of the crop’s resistance against the pathogen. The resistance of diverse sorghum landraces against anthracnose has been evaluated, and useful resistance sources for breeding were identified in several studies. Anthracnose resistance QTL regions are hotspots for potentially functional NB-LRR genes that, after functional validation, can be transferred, individually or by pyramiding multiple resistance genes, into elite sorghum materials. Moreover, the anthracnose defense-related genes identified so far can serve as biomarkers for quick and efficient identification of resistance sources in the diverse sorghum gene pool. The role of receptors, transcription factors, and phytohormones during compatible and incompatible interactions remains to be elucidated. Sorghum breeding efforts should consider spatio-temporal distributions of the diverse C. sublineola populations in order to develop resilient cultivars with durable resistance and a wide adaptation. Existing genomic resources of both sorghum and C. sublineola is crucial to elucidate the interaction process using omics studies. Hence, the utilization of these resources has to be ramped up for their potential role in facilitating the identification of key components of host resistance and pathogen virulence, tracking dynamics of pathogen populations across seasons and geographical area, and accordingly contributing to accelerated and efficient sorghum breeding.
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Exploring the natural genetic variability and its exploitation for improved Nitrogen Use Efficiency (NUE) in sorghum is one of the primary goals in the modern crop improvement programs. The integrated strategies include high-throughput phenotyping, next generation sequencing (NGS)-based genotyping technologies, and a priori selected candidate gene studies that help understand the detailed physiological and molecular mechanisms underpinning this complex trait. A set of sixty diverse sorghum genotypes was evaluated for different vegetative, reproductive, and yield traits related to NUE in the field (under three N regimes) for two seasons. Significant variations for different yield and related traits under 0 and 50% N confirmed the availability of native genetic variability in sorghum under low N regimes. Sorghum genotypes with distinct genetic background had interestingly similar NUE associated traits. The Genotyping-By-Sequencing based SNPs (>89 K) were used to study the population structure, and phylogenetic groupings identified three distinct groups. The information of grain N and stalk N content of the individuals covered on the phylogenetic groups indicated randomness in the distribution for adaptation under variable N regimes. This study identified promising sorghum genotypes with consistent performance under varying environments, with buffer capacity for yield under low N conditions. We also report better performing genotypes for varied production use—grain, stover, and dual-purpose sorghum having differential adaptation response to NUE traits. Expression profiling of NUE associated genes in shoot and root tissues of contrasting lines (PVK801 and HDW703) grown in varying N conditions revealed interesting outcomes. Root tissues of contrasting lines exhibited differential expression profiles for transporter genes [ammonium transporter (SbAMT), nitrate transporters (SbNRT)]; primary assimilatory (glutamine synthetase (SbGS), glutamate synthase (SbGOGAT[NADH], SbGOGAT[Fd]), assimilatory genes [nitrite reductase (SbNiR[NADH]3)]; and amino acid biosynthesis associated gene [glutamate dehydrogenase (SbGDH)]. Identification and expression profiling of contrasting sorghum genotypes in varying N dosages will provide new information to understand the response of NUE genes toward adaptation to the differential N regimes in sorghum. High NUE genotypes identified from this study could be potential candidates for in-depth molecular analysis and contribute toward the development of N efficient sorghum cultivars.
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INTRODUCTION

Sorghum [Sorghum bicolor (L.) Moench] is one of the important staple food crops and fifth-most cultivated cereal after wheat, rice, maize, and barley (Taylor et al., 2006). Sorghum is a multi-purpose commodity in terms of its utility, such as grain sorghum for human food and animal feed, forage sorghum for forage and fodder, sweet stalk sorghum providing fiber, and feedstock for biofuel. Genetic and phenotypic variability in sorghum is evident by its spread from the North America to the African continent, through the Middle East, the Indian sub-continent, and further parts of East Asia to Australia resulted in distinct botanical races (Kimber, 2000; Morris et al., 2013). Sorghum followsC4 type photosynthesis pathway, and its efficient use of nutrients, radiation, and water makes it adaptable to harsh and water-limited conditions (Paterson et al., 2008). Due to cultivated sorghum’s small genome size (812 Mbp) and diploid nature (2n = 20), sorghum is used as a model for genome analysis. The deep root system architecture of sorghum makes it drought-tolerant and adaptable to grow in a water-limited environment. Despite its C4 nature and relatively better drought tolerance compared to maize (Paterson et al., 2009), sorghum still depends mainly on nitrogen (N) fertilizer for achieving higher grain yields in an intensive agricultural system. Nitrogen is an essential macronutrient, most abundantly absorbed by roots, and 75% of the N present in the leaf is allocated to chloroplasts. N is the primary constituent of most of the important biomolecules viz., nucleotides, amino acids, proteins, and hormones related to the plants overall growth and development. About 1.5–2.0% of total plant dry matter and 16% of the plant protein was covered by N (Frink et al., 1999).

In the last four decades, breeding efforts, along with the use of synthetic N fertilizers, enabled substantial increment in crop productivity, especially in irrigated production systems, contributing to the “Green Revolution” that addressed the global food needs. However, 50–70% of applied nitrogen fertilizer lost to the environment through volatilization, leaching, groundwater runoff, and nitrous oxide emissions from N fertilizer residues, in-turn, pose adverse effects on the environment (Zhang et al., 2013). High fertilizer N application is one of the major input costs to farmers, and it also affects soil health by acidification. With the priority of lower N fertilizer input and environmentally friendly agriculture (in the intensive production systems), the development of crops and/or genotypes with high NUE (especially in the subsistence farming) and better yield is critical for the sustainable production of sorghum across diverse agroecosystems in the world. NUE in crop plants is a very complex phenomenon, governed by the economic produce of the species (grain, forage/fodder, or dual-purpose) and is defined as the quantity of biomass and/or grain produced per unit of available N in the soil (Moll et al., 1982; Good et al., 2004). Crop response to N mainly depends on the genotype and its interaction with applied N fertilizer (Masclaux-Daubresse and Chardon, 2011). Under the high N conditions, most commonly observed in the intensive agricultural systems, variation in NUE is primarily attributed to differences in N uptake capacity. In contrast, under limited N conditions, prevalent in sorghum production areas in Asia and Africa, NUE variation is driven by changes in N remobilization and utilization efficiency. There is a huge genetic variability is present for NUE, and associated traits in cereals [sorghum (Youngquist et al., 1992), rice (Tirol-Padre et al., 1996; Rao et al., 2018), wheat (Le Gouis et al., 2000), and maize (McCullough et al., 1994)]. This genetic variability is a valuable source to help understand physiological, molecular, and genetic basis of NUE and its further exploitation for the development of high NUE crops.

NUE is a complex trait and is driven by many genes associated with N uptake, assimilation, and remobilization. A comprehensive understanding of physiological and molecular mechanisms under pinning N stress tolerance and/or NUE in sorghum is critical for its effective exploitation, facilitated through available genetic and genomic resources. By utilizing the next generation sequencing (NGS) technologies and gene identification strategies, putative genes associated with NUE in sorghum were identified and characterized (Gelli et al., 2014, 2016, 2017; Massel et al., 2016; Diatloff et al., 2017). However, very few studies with expression studies at varying N conditions in different tissue samples are conducted. In the present study, we have conducted a series of field and lab experiments to evaluate the genotype, nitrogen treatment (0, 50, and 100% of the recommended N) and season (two different seasons) specific variations associated with NUE in sixty diverse sorghum accessions. Wide variability was observed for physiological, agronomical, growth, and biological yield parameters associated with NUE in sorghum. We have generated genotyping by sequencing (GBS) based single nucleotide polymorphism (SNP) data to study the genetic diversity for this panel of sorghum genotypes. High and low NUE genotypes were identified based on their performance under low N conditions. We have also identified grain, fodder and dual-purpose sorghum lines which could be potential donors for crop improvement programs. We also studied the expression profiles of NUE associated genes in shoot and root samples of contrasting sorghum genotypes under varying N conditions.



MATERIALS AND METHODS


Plant Material

The plant material included a diverse set of 60 sorghum accessions (Supplementary Table 1). This set included parents of mapping populations such as Back-Cross derived Nested Association Mapping (BCNAM) populations; bi-parental mapping populations, and accessions from different countries such as India, Niger, Sudan, South Africa, Pakistan, Yemen, Cameroon, Nigeria, United States, Lesotho, Ethiopia, Mali, and the United States.



Experimental Design

The set of 60 sorghum accessions were field evaluated in a split-plot alpha lattice design under three N fertilizer application levels (0, 50, and 100% of the recommended (90 kg ha–1) N) with three replications for two seasons (2016–17 and 2017–18) in the black soil precision fields of International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), Patancheru, India. Before starting the experiment, soil testing was done by collecting samples from 0 to 12 inches, and 12–24 inches, across the field as per the standard sampling procedure. The results were provided in Supplementary Table 2. An individual evaluation test plot with 2 m length and four-rows with 0.60 m inter-row spacing were sown at a density of 15–20 seeds (with 0.15 m plant to plant distance) per row for each accession. All entries were tractor planted on the same day in tilled plots. Other fertilizers such as phosphorus (P) and potassium (K) were applied to all plots at the rate of 50 and 40 kg ha–1, respectively (as per the recommendation of PJ Telangana State Agricultural University, Rajendra Nagar, Hyderabad for the trial production ecology). The basal application of P and K fertilizers except N was applied in 2 equal splits at 20 days from the date of emergence and 1 month after application of the first N dose. The sources of N, P, and K were urea (46% N), single superphosphate (16% P2O5), and murate of potash (60% K2O). Weeding was done at 20–30 days interval. During 2016–17, sowing was done on 15th December 2016 and the trial was harvested on 27th April 2017. Similarly, during 2017–18, sowing took place on 17th November 2017 and the trial was harvested on 4th April 2018. Irrigation was given four times in each season during 2016–17 (16th December 2016, 29th December 2016, 18th January 2017, and 02nd February 2017) and 2017–18 (18th November 2017, 04th December 2017, 20th December 2017, 05th January 2018) (Supplementary Figures 1, 2).



Phenotyping of the Traits Associated With NUE

Different physiological, agronomical, and biological yield attributes associated with NUE were systematically recorded in three different N dosages (0, 50, and 100% of the recommended N) for two seasons1.


Leaf Parameters

Chlorophyll content (CC) was recorded on the flag leaf of three random plants of the middle two rows of the plot using SPAD meter (Konica Minolta Sensing Americas, Inc., Ramsey, NJ) at the anthesis stage (around 75 days after emergence). Leaf area (LA); specific leaf area for each genotype was measured by running all the harvested leaves of a plant through benchtop leaf area meter Li3100C (LI-COR Inc., Lincoln, NE, United States). Leaf number (LN); where leaf number of each genotype harvested for LA were counted.



Growth Parameters

During flowering stage, days to 50% flowering (DFL); number of days from the emergence date to the day on which 50% of the plants in a plot reached anthesis at least halfway. At the harvest stage, Plant height (PH) was measured from the base of the plant to the tip of the main head as an average of three plants, randomly chosen from the center two rows of each plot and expressed in cm. Plant stand (PS); the total number of plants in the center two rows of each plot was recorded. Number of tillers (NT); the total number of tillers in the center two rows of each plot were recorded.



Panicle Parameters

Panicle number (PN); the total number of heads in the center two rows of each plot were recorded. Panicle weight (PW); weight (g/plot) of all the panicles in the center two rows of each plot were measured.



Biological Yield Parameters

Fresh straw yield (FSY); weight (g/plot) of freshly harvested straw was recorded for center two rows of each plot. Dry straw yield (DSY); weight (g/plot) of 10 days sundried straw was recorded for center two rows of each plot. Grain yield (GY); grain weight (g/plot) of all the panicles which are sun-dried and threshed from the center two rows of each plot. Test weight (TW); 200 seed weight (g) of each genotype was recorded. Harvest Index [HI (%)] is the ratio of grain yield to the total biomass, considered as the measure of biological success.



NUE Parameters

N content in grain (GN%) and N content in straw (SN%) of each genotype was estimated by sulfuric acid-selenium digestion method (Sahrawat et al., 2002). Grain and starw samples were fine powdered using clone mixture (Cyclone sample mill), 250 mg of fine powder was used for N estimation at Charles Renard Analytical laboratory, ICRISAT. The samples were digested with sulfuric acid-selenium and then analyzed using an Auto-analyzer (Skalar SAN System, AA Breda, Netherlands).




Genotyping-by-Sequencing and Single Nucleotide Polymorphism Identification

DNA was isolated from leaves of each accession at 4–6 leaf stage using the modified hexadecyltrimethyl ammonium bromide (CTAB) protocol (Mace et al., 2003). Genotyping was performed by following the GBS approach (Elshire et al., 2011), restriction enzyme ApeKI (NEB R0643L) used for complexity reduction. The GBS library was sequenced on IlluminaHiSeq 2500 (Illumina Inc., San Diego, CA, United States) following the manufacturer’s protocol. SNPs were called using the TASSEL v5.2 GBS pipeline (Bradbury et al., 2007) against sorghum assembly v3.1 (Phytozome.JGI.doe.gov. Phytozome, 2019). The final data included a total of 89,770 SNPs (obtained from 58 accessions out of 60) with minor allele frequency (MAF) > 1%, and missing data <50% were used in this study.



Diversity and Population Structure

An unweighted neighbor-joining phylogenetic tree was constructed in TASSEL v5.2 (TASSEL v5.2). The hierarchical population structure was estimated by using the ADMIXTURE program, a model-based estimation of ancestry in unrelated individuals using the maximum-likelihood method (Alexander et al., 2009). ADMIXTURE implements a cross-validation (CV) feature, together with the number of iterations to convergence, allowing to determine the number of subpopulations (k-values) that best fits the data. The Admixture analysis was performed for different K (number of sub-populations) varying from 2 to 8. The most appropriate K-value was selected after considering 10-fold cross-validations whereby the best K exhibits low cross-validation error compared to other K-values and good correspondence with the clustering pattern obtained by hierarchical cluster tree.



Contrasting Genotypes Screening for N Stress Under Hydroponics System and Tissue Sample Collection for Expression Studies

Based on grain yield data under low N conditions, two contrasting genotypes for NUE (High NUE/better performer: PVK801 and low NUE/poor performer: HDW703) were selected for expression profiling. Sorghum accessions were germinated on the sand. Eight-days-old seedlings with uniform length (both plumule and radicle) were selected and transferred to the nutrient solution (Modified Hoagland) in the glasshouse. The seedlings were maintained under a 16/8 h photo-period cycle at 25°C (day) and 18°C (night). The pH of the nutrient solution adjusted to 5.8 and refreshed every 3 days. Two weeks old seedlings were transferred to a modified Hoagland solution with 0 and 100% of recommended N conditions. The plants grown in 0% N generated N stress symptoms. From 24 days old seedlings (Figure 1), shoot and root samples were collected separately and frozen in liquid nitrogen and stored at −80°C until RNA isolation.
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FIGURE 1. High NUE/better (PVK801) and low NUE/poor (HDW703) performers grown under varying N (N0 and N100) conditions in hydroponics system using modified Hoagland solution.




Total RNA Isolation, cDNA Synthesis, and Primer Design

Total RNA was isolated from the shoot and root tissues using the RN easy Plant Mini kit (Qiagen, Germany). The quality of the isolated RNA was determined by Nanodrop® ND100 spectrophotometer (Thermo Fisher Scientific, United States) and RNA was treated with RNAse free DNAse enzyme (Thermo Fisher Scientific, United States). One microgram of total RNA was used for first-strand cDNA synthesis using the Superscript III RT kit (Life Technologies, United States) as per the manufacturer’s instructions. A total of 13 genes associated with N uptake, assimilation, and remobilization were selected a priori, based on previously published studies. Gene-specific primers were designed (Supplementary Table 3) using Primer3 software2 with the specifications such as—G + C content 45–55%, Amplicon size 80–170 base pairs (bp), length of primer 19–24 nucleotides and melting temperature (Tm) 58–62°C.



Quantitative Real-Time PCR (qRT-PCR) Analysis

All the qRT-PCR reactions were performed on Applied Biosystems 7500 Real-Time PCR (Life Technologies, United States), in 96 well optical plates. Reactions were performed in a final volume of 20 μl, containing 60 ng of cDNA samples, 10 μl of SYBR® Green qPCR SuperMix (Invitrogen, United States), 500 nM of each primer. The qRT-PCR cycling conditions included: 50°C for 2 min (Pre-incubation), 95°C for 10 min (denaturation) followed by 40 cycles of 95°C for 15 s (denaturation), 60°C for 1 min (annealing and extension). For all the samples, qRT-PCR was performed on three biological replicates and three technical replicates. Controls were set up for each sample in duplicates using the SbUbiquitin gene (internal control) for normalizing the gene expressions. qRT-PCR data were analyzed by 7500 Sequence Detection Software (Applied Biosystems, United States) with default baseline and threshold, relative expression of genes calculated by the 2–ΔCTΔCT method (Schmittgen and Livak, 2008).



Statistical Analysis

Analysis of variance (ANOVA) for all the traits was performed for individual and across seasons using PROC MIXED procedure of SAS version 9.4 (SAS Institute Inc [SAS], 2018), considering the season, treatments (whole plot), genotype (subplot), replications, as fixed effects and block as a random effect. Individual season variances were modeled into the combined analysis. Best Linear Unbiased Estimates (BLUE’s) were calculated for the main and interaction effects of season, treatment, and genotype. Multiple comparisons were performed for significant effects (p < 0.05). Correlation coefficient analysis was performed using the PROC CORR procedure.




RESULTS


Evaluation of Sorghum Genotypes in Field Conditions for Two Seasons


Effects of Nitrogen and Genotypes on Leaf Parameters

The post-flowering SPAD showed an increase in mean and range values among N application rates from 0 to 100 in both individual seasons and pooled data with 11–16% variation (Table 1). The ANOVA revealed highly significant genotype × treatment interaction for the season 2017 and pooled data. A gradual increase in leaf area was observed in 2017 and across seasons, but a slight decrease was observed for the N50 treatment in 2016. The genotype × treatment was significant in individual and pooled seasons along with significant interaction effects for season × genotype and season × genotype × treatment. An exponential increase in leaf number with N dosage in individual seasons and across seasons with significant variance for season × genotype (Table 2) was observed.


TABLE 1. Summary performance of 60 sorghum genotypes grown in different N conditions (0 N, 50% N, and 100% of the recommended N) for the season 2016–17, 2017–18, and across seasons.
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TABLE 2. Summary of ANOVA for leaf, growth, panicle, biological yield parameters along with NUE traits under three N dosages in field for the season 2016–17, 2017–18, and across seasons.
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Effects of Nitrogen and Genotypes on Growth Parameters

The flowering time exhibited a minimum variation with N treatments in both individual and pooled seasons, with genotype x treatment interaction being non-significant (p ≥ 0.05) except during the 2017 trial. A gradual increase in plant height was observed with increasing dosage of N with significant genotype × treatment, season × genotype, and season × genotype × treatment interactions in pooled seasons. The number of tillers increased with a higher quantity of N in both individual and pooled seasons, and significant genotype × treatment interaction was noted for 2017 (Table 2).



Effects of Nitrogen and Genotypes on Panicle Parameters

With increase in dosage of nitrogen, panicle number also increased in individual and across seasons with significant season × genotype and season × genotype × treatment interactions. Panicle number observed more than 15% increase at N50 compared to N0 in individual seasons (Table 1). Accordingly, in both individual and across seasons, the panicle weight also increased with higher N concentrations. Significant genotype × treatment, season × genotype and season × genotype × treatment interactions were noted (Table 2).



Effects of Nitrogen and Genotypes on Biological Yield Parameters

Both grain yield and test weight exhibited an increasing trend with higher quantities of N dosages with 15–20% variation for grain yield. Significant interactions for genotype × treatment, season × genotype and season × genotype × treatment interactions were observed except in 2016 for grain yield.

In individual seasons fresh biomass yield recorded gradual increase with higher N-dosages, but the magnitude of increase from N0 to N50 was more compared to N50 to N100 dosages. The genotype × treatment, season × genotype and season × genotype × treatment interactions were significant overall except for 2016. The same trend was observed for dry stover yield where a gradual increase in weight was observed in individual seasons. A wide range of 11–24% variation was observed between N0 to N50 treatments in all seasons (Table 1). Harvest index had a steady increase with increasing dosages of nitrogen with season × genotype and season × genotype × treatment significant (Table 2).



Effects of Nitrogen and Genotypes on NUE Parameters

The grain N content plunged from N0 to N50, while it increased from N50 to N100 in individual and across seasons (Table 1). The stalk N content was similar in range for N0 and N50 across seasons, whereas in 2017, there was a decrease from N0 to N50 and a rise to N100 treatments. All the interaction effects were significant, except in2016 for stalk N. Genotype × treatment interactions are significant in 2017 for grain N content (Table 2).




Correlation Coefficient Analysis

The correlation coefficient analysis with three different N treatments revealed a significant positive correlation between leaf area and flowering time in individual and across seasons. Under N0, N50, and N100 treatments, fresh and dry biomass yield had significant correlations with flowering time and leaf area except for 2017 under N100 treatment (p ≥ 0.05). Plant height was also positively correlated with biomass yields except in the 2017 trial under N0 and N100 conditions. In the 2017season, biomass yields were negatively correlated with grain yield and panicle weight except in N50 dosages (p ≥ 0.05). Under all treatments, fresh biomass had a significant positive correlation with dry biomass yield in individual and across seasons. A similar trend was observed for panicle weight with grain yield; and the number of tillers with panicle number and leaf number. Grain N percent had significant negative correlations to panicle weight and grain yield (except for N0 treatment for gain yield). Stalk N content was positively correlated with grain N content and had a negative correlation with plant height (except for N100 with prob ≥ 0.05). A significant positive correlation was observed between stalk N content and panicle number under N0 treatment in 2017 and across seasons (Tables 3–5 and Supplementary Tables 4, 5).


TABLE 3. Correlation coefficient analysis of 60 genotypes for different traits at N0 condition across seasons.
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TABLE 4. Correlation coefficient analysis of 60 genotypes for different trait at N50 condition across seasons.
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TABLE 5. Correlation coefficient analysis of 60 genotypes for different traits at N100 condition across seasons.
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Population Structure and Diversity Analysis

The hierarchical population structure analysis with a range of k = 1–8 sub-populations using 89,770 SNPs, helped identify k = 3 (Figure 2A) and accessions contributing to each subpopulation (Figure 2B). The percentage of heterozygous alleles is three. Phylogenetic analysis using the GBS data3 formed three distinctive clusters (grain N and stalk N data), to develop independent phylogenetic trees. The individuals with high and low N values (for both grain and stalk) were randomly distributed. The largest unit clustered together 13 accessions (in red) for stalk N content ranging from 0.41 to 0.50% followed by a set of 12 accessions (in blue) for the range 0.51–0.60%. For grain N content, the largest cluster consisted of 8 genotypes (in dark blue) with a range of 1.31–1.40%. The other groups 3, 4, and 5 had six genotypes each (in red, orange, and green) with a extensive range of 1.41–1.60% (Figures 3A,B).
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FIGURE 2. Population structure analysis. (A) Rate of change in CV error between successive K-values; K-values ranged from 1 to 8. (B) Population structure of the 58 sorghum accessions showing three major clusters.
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FIGURE 3. (A) Phylogentic tree showing genotypes in different classes based on stalk N (SN%) content [from the range of low (0.41–0.50) to high (0.71–0.80)]. (B) Phylogentic tree showing genotypes in different classes based on grain N (GN%) content [from a range of low (1–1.30) to high (1.81–1.90)].




Identification of Contrasting Sorghum Genotypes for NUE

A set of 10 accessions each, better and poor performers, was selected based on grain yield data (over two seasons) under low N conditions. Genotypes with high grain yield under low N conditions considered as high NUE genotypes (ICSV745, IS15428, IS16044, R16, IS3583, Gaoliang, IS2367, IS22040, ICSB377-P1, PVK801), and the genotypes with poor performance under low N conditions considered as low NUE genotypes (BTx623, Malisor84-7, PB15881-3, HDW703, IS20709, SP2417-P3, SP39105-P7, Danyana, 296B, and SPV1411). Along with contrasting genotypes, we have also identified the top five product-specific (grain, fodder, and dual-purpose) genotypes under N0, N50, and N100 conditions. These genotypes were identified based on their yield performance in terms of grain, fodder, and both grain and fodder (Figure 4).
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FIGURE 4. Top five grain, fodder and dual purpose sorghum genotypes under different N (A: N0, B: N50, and C: N100) regimes [Note: [image: image] GY (g): Grain yield (g);[image: image] DSY (g): Dry stak yield (g); [image: image] GN%: N content in grain; [image: image] SN%: N content in stak].




Contrasting Response of NUE and Associated Genes in High and Low NUE Genotypes

Expression analysis of key genes associated with N uptake, assimilation, and remobilization under different N conditions, helps to understand the contrasting response of genes in different tissue samples of high (PVK801) and low (HDW703) NUE genotypes.


Ammonium Transporters

The expression profiles of the SbAMT genes (Supplementary Table 3) in shoot tissues, under N0 compared with N100 condition, were down-regulated for both test accessions. In shoot samples of PVK801, a down-regulation of 30, 31, 2, and 65-folds, whereas in HDW703 11, 7, 14, and threefold down-regulation was recorded for SbAMT1-1, SbAMT1-2, SbAMT2-1, and SbAMT2-2 genes, respectively.

However, the root tissues recorded contrasting regulation than shoot tissues. Root samples of PVK801 exhibited 3, 2, 5, and 4-fold down-regulation of SbAMT1-1, SbAMT1-2, SbAMT2-1, and SbAMT2-2genes, respectively; whereas low NUE genotype HDW703 observed up-regulation of SbAMT1-1, SbAMT1-2, SbAMT2-1, and SbAMT2-2 genes by 11, 15, 14, and 40-folds, respectively (Figure 5).
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FIGURE 5. Expression profiles of SbAMT genes in shoot and root samples of high (PVK801) and low NUE (HDW703) genotypes, under N0 condition. Here N0 condition taken as treated and N100 used as control. *, **, and *** denotes significance at 5, 1, and 0.1% P, remaining not significant.




Nitrate Transporters

Similar to ammonium transporter genes shoot samples of high NUE genotype PVK801 showed 12, 66, 32, and 13-folds down-regulation. In contrast, low NUE genotype HDW703 exhibited about 2, 10, 4, and 10-folds down-regulation for SbNRT1-1A, SbNRT1-1B, SbNRT1-2, and SbNRT2-1 genes, respectively in N0 compared to N100 condition.

SbNRT genes exhibited contrasting expression profiles in root samples of high and low NUE genotypes. In high NUE genotype PVK801 about 2, 21, 13, and 3-fold down-regulation was recorded, forSbNRT1-1A, SbNRT1-1B, SbNRT1-2, and SbNRT2-1 genes, respectively. On the contrary, in HDW703 about 30, 2, 10, and 4-fold up-regulation of SbNRT1-1A, SbNRT1-1B, SbNRT1-2, and SbNRT2-1 genes was observed (Figure 6).


[image: image]

FIGURE 6. Expression profiles of SbNRT genes in shoot and root samples of high (PVK801) and low NUE (HDW703) genotypes, under N0 condition. Here N0 condition taken as treated and N100 used as control. *, **, and *** denotes significance at 5, 1, and 0.1% P, remaining not significant.




N Assimilation and Remobilization Related Genes

In shoot samples of high NUE genotype PVK801, N assimilatory and remobilization related genes SbNiR[NADH]3, SbGS, SbGOGAT[NADH], SbGOGAT[Fd], and SbGDH down-regulated by 30, 7, 59, 38, and 3-folds, respectively. For low NUE genotype HDW703 exhibited 11, 7, 14, and 3-fold down-regulation of SbNiR[NADH]3, SbGS, SbGOGAT[NADH], and SbGOGAT[Fd] genes respectively. On the contrary to other genes, SbGDH exhibited about twofold up-regulation in shoot samples of HDW703 in N0 compared to the N100 condition.

Root samples of PVK801 exhibited down-regulation of all the above genes in the N0 condition. About 23, 3, 7, 4, and 4-fold down-regulation of SbNiR[NADH]3, SbGS, SbGOGAT[NADH], SbGOGAT[Fd], and SbGDH genes in N0 compared to N100 condition was observed. However, contrasting expression of N assimilatory and remobilization related genes in low NUE genotype (HDW703), with about 2, 21, 9, 14, and 63-fold up-regulation of SbNiR[NADH]3, SbGS, SbGOGAT[NADH], SbGOGAT[Fd], and SbGDH genes, respectively, were noted (Figure 7).
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FIGURE 7. Expression profiles of assimilatory and remobilization related genes in shoot and root samples of high (PVK801) and low NUE (HDW703) genotypes, under N0 condition. Here N0 condition taken as treated and N100 used as control. *, **, and *** denotes significance at 5, 1, and 0.1% P, remaining not significant.






DISCUSSION

We conducted a series of field and lab experiments to understand the genotype response, nitrogen dosage effects, and season-specific variations associated with NUE in a set of sixty diverse sorghum accessions. Different physiological, agronomical, and biological yield attributes associated with NUE were systematically studied in three different N dosages (0, 50, and 100% of the recommended N) over two seasons.

With the increase in N dose, the higher SPAD readings were observed, This variation could be of increased availability of N in leafs under N50 and N100 conditions, similar variations were reported in three sorghum varieties of Nigeria (Ajeigbe et al., 2018) and rice (Hassan et al., 2009), wheat (Noulas et al., 2018). This response was also similar to dicotyledons plants (Poorter and Evans, 1998), spinach (Gülser, 2005). An increase in plant height with an increased nitrogen rate application, which might be attributed to effect of N application in plant growth and development. Our results are in accordance with studies in sorghum varieties of east Africa and Nigeria (Shamme and Raghavaiah, 2016; Ajeigbe et al., 2018) and rapeseed (Khan et al., 2017). Generally physiological maturity of sorghum accelerated under low N than high N conditions, interestingly in this study flowering time showed a minimum response to N doses at field in accordance to few sorghum varieties of Nigeria (Ajeigbe et al., 2018), mung bean (Achakzai et al., 2012) and wheat (Guttieri et al., 2017). Tiller number of the present study increased with enhanced N rates. It is evident that, optimum N availability stimulates tiller number, hence increased number of panicles there by yield improvement. Shamme and Raghavaiah. (2016) and Ajeigbe et al. (2018) also reported higher number of tillers and panicles and weight of panicles with increasing N application in sorghum, in Brachypodium (Yang and Udvardi, 2018) and in mung bean (Achakzai et al., 2012) and rice (Pan et al., 2016). There have been reports on N promoting the spikelet number per panicle and thus yield (Yoseftabar, 2013). The analysis of variance revealed significant influence of genotypes, N dosage treatments and their interaction on grain yield which is in agreement with the earlier reports (Gelli et al., 2016; Shamme and Raghavaiah, 2016). Grain yield of sorghum is the final outcome of yield components, more than 40% reduction in grain yield was observed in N0 compared to N100 for individual and across-season of field evaluations. Significant increase in grain yield with the increased N fertilizer application was well established, as N is the main macro nutrient critical for increased yield and related components such as panicle numbers and tiller numbers in major cereals (Gallais and Hirel, 2004; Laperche et al., 2006; Gelli et al., 2016; Shamme and Raghavaiah, 2016; Srikanth et al., 2016). Less than 8% decrease in test weight was observed amongst genotypes grown in N0 compared to N100 conditions in both the seasons, which could be because of increased spikelet number with increase in N application may affect the spikelet size (Qiao et al., 2013). Contrastingly, it was also reported that, test weight is an important trait and yield determining component, reported to be a genetic and also a stable varietal trait mostly depends on spikelet size hence not influenced by environmental factors (Ashraf et al., 1999; Kanfany et al., 2014).

Harvest index is the measure of success in translocation of absorbed assimilates (from source) into economic yields (to sink). Genotypes with more harvest index distribute carbohydrate in to the product efficiently (Li et al., 2012). In the present study increase in the N dosages consistently improved the harvest index, it was significant within genotypes, season and interaction effects of genotypes with seasons indicates the existence of substantial genetic variability for this trait and could be used as selection criterion for improvement of NUE. About 26% reduction in harvest index was observed in N0 conditions in comparison with recommended N (N100). Our results are in line with the earlier studies explaining harvest index increased with the increase in fertilizer N supply in sorghum and other crops (Lawrence et al., 2008; Shamme and Raghavaiah, 2016; He et al., 2017).

Significant variations for grain N content was observed within genotypes and the seasons. Grain N content was gradually increased by increasing fertilizer N applications. About 9 and 17% reduction in grain N content was observed in the present study suggesting the complexity of this trait in different treatments. N content in stover exhibited significant variations in genotypes, treatments, seasons, and their interactions. N content in grain and stover and its association with grain yield and biomass appears to be highly variable across genotypes, seasons, locations, crop duration of genotypes and timing of N application (Zhang et al., 2009; Artacho et al., 2011; Gueye and Becker, 2011; Zhao et al., 2012; Sui et al., 2013; Li et al., 2014; Gelli et al., 2016; Shamme and Raghavaiah, 2016; He et al., 2017).


Correlation Coefficient Analysis

In all the three N treatments, correlation coefficient analysis revealed significant correlations for grain yield, which is positively correlated with panicle weight and harvest index, except across seasons. In a recent study on rapeseed similar correlation trends were observed where genotypes differed significantly in agronomic traits with no consistency in correlation among morphological and N utilization efficiency (He et al., 2017). Interestingly, significant negative correlations were observed for fresh stover weight, dry stover weight, leaf area with N content in grain. Contrary to our results, there are reports in sorghum and other crops describing, grain yield strongly correlated with biomass yield suggesting the role of economic sink strength (Ntanos and Koutroubas, 2002; Gelli et al., 2016; Srikanth et al., 2016). This could be attributed to the differential response of photo-sensitivity and dual-purpose nature of most of the accessions involved in this study. Correlation of the yield and other associated NUE traits appear to be variable with N fertilizer dosage and the genotypes and/or varieties (Sui et al., 2013; Zhang et al., 2013). In the present study, N content in grain positively correlated with panicle weight, grain yield and harvest index under N0 conditions, suggests these traits importance in screening high NUE lines of sorghum. Fresh and dry stover yield positively correlated with leaf area, plant height, days to 50% flowering in all the treatments and all the conditions. Leaf area correlated with leaf number, dry stover yield in all the treatments of the field trials. N uptake, assimilation and its distribution in vegetative, and reproductive parts are critical processes which determine the grain yield (Guindo et al., 1992). Panicle number significantly correlated with leaf number and number of tillers in all the treatments of the present field study proposes the differential responses of yield and associated traits and their role in plant growth and development under differential nitrogen conditions in sorghum.



Population Structure and Diversity Studies

The sorghum genotypes selected for the study represent the genetic diversity of different countries viz., India, Niger, Sudan, South Africa, Pakistan, Yemen, Cameroon, and the United States depicting the range of genotypes and their origin. The phylogenetic tree from the GBS data formed three distinctive clusters. The high diversity of plant populations may be due to the evolutionary history, genetic drift, and geographic range of the species and their characteristics (Al Salameen et al., 2020). The genotypes representing the grain N and stalk N were randomly distributed over the phylogenetic tree. A similar trend of high genetic variation was observed in sorghum landraces and 44 genotypes selected at random from sorghum mini-core collection (Dossou-Aminon et al., 2015; Satish et al., 2016). Similar overlapping of genotypes in phylogenetic tree was observed in RhanteriumeppaposumOliv. (Arfaj). The major reason was due to low genetic distance and differentiation among the populations (Hogbin and Peakall, 1999).



Identification of Contrasting Sorghum Genotypes Under Varying N Conditions

Sorghum is grown across the world for food-fodder-feed-fuel purpose. This is also include industrial use of silage and biofuel applications, especially in developed world. These different end uses are delivered through breeding products developed for specific purpose and with specific cultivation practices in a given agro-ecology. This also include differential N application and N use scenarios. Accelerating the sorghum productivity in terms of grain and fodder yield under intensive agriculture with high dose of N fertilizer application is a cost effective approach for industrial needs. Similarly improving N use efficiency under substance farming (with no or minimal fertilizer inputs) for poor and marginal farmers is possible and also help realizing climate resilience. In this study, apart from product specific (grain, fodder and dual purpose) sorghum accessions (Figure 4) in varying N conditions, a set of better and poor performing accessions specifically under low N conditions were identified to investigate the molecular basis for low N tolerance in sorghum. Identification of contrasting (high and low NUE) accessions is the first step toward deciphering the candidate genes and pathways associated with N metabolism, addressing to the different end-uses of sorghum cultivars.



Differential Expression of NUE Associated Genes in Contrasting Sorghum Genotypes Under Varying N Regimes

Using quantitative real-time PCR analysis, expression profiles of N uptake, assimilation and remobilization related genes were studied in shoot and root samples of high and low NUE sorghum genotypes. In these assays N0 condition taken as treated and N100 (recommended N) condition considered as control. Ammonium and nitrate are the major sources of fertilizer N in agricultural soils and act as signal and nutrients for plant growth and development. N fertilizer source nitrate is usually absorbed by plant roots by NRT1 and NRT2 (low and high-affinity nitrate transporters), which is further reduced to nitrite by nitrate reductase gene (NR), and converted to ammonium by nitrite reductase (NiR). Ammonium further assimilated into amino acids by glutamine synthetase (GS) and glutamate synthase (GOGAT) genes (Crawford, 1995; Lam et al., 1996; Stitt, 1999).

Expression analysis of NUE associated genes under varying N doses in different crops has exhibited differential expression profiles in different tissue samples. Ammonium is one of the readily available form of N for the plants and NH4+ uptake in plant roots and its transport to shoots is mediated by ammonium transporters belonging to the AMT family. In crop plants, AMT1, NRT2 along with the support of NRT3 genes act as high-affinity transporters (HATs) in low N situations (Masclaux-Daubresse et al., 2010; Zhou et al., 2016). On the other hand, AMT2 and NRT1 works as low affinity transporters (LATs) performs competently under high dose of ammonium and nitrate (Neuhäuser et al., 2007; Wang et al., 2012). HATs and LATs exhibit differential affinities toward N source viz., ammonium and nitrate, it is expected that crops can use a wide range of soil N source applications. In the present study, root samples of low NUE genotype HDW703 exhibited up-regulation of all the SbAMT genes (SbAMT1-1, SbAMT1-2, SbAMT2-1, and SbAMT2-2) in N0 compared to N100 situation. On the contrary root samples of high NUE genotype PVK801 exhibited down-regulation of all the SbAMT genes. In rice (Sonoda et al., 2003), also reported similar results, a constitutive expression profiles of OsAMT1-1 gene well known to be an important member of HAT sub-family, was reported in shoot and root samples. It was well documented that, AMT1-1 is one of the key gene and potential candidate for improving NUE, plant growth, and grain yield for both low and optimal fertilizer N situations (Ranathunge et al., 2014).

In shoot samples of PVK801 and HDW703 down-regulation of all the SbNRT genes (SbNRT1-1A, SbNRT1-1B, SbNRT1-2, and SbNRT2-1) was observed in N0 condition compared to N100. In root samples of high NUE genotype PVK801 all the SbNRT genes of the study showed down-regulation in N0 conditions whereas low NUE genotype HDW703 exhibited up-regulation of all the SbNRT genes under N0 conditions. Contrasting expression profiles of these genes in high and low NUE genotypes indicate different genetic background effects (including breeding and selection history). This clearly reflects in NRT genes responses toward nitrate dosages. Variations in the expression of the SbNRT genes in sorghum leaves and roots between N0 and N100 conditions might be varied with the quantitative fold changes in gene copies also. Enhanced expression of OsAMT1-1 and OsNRT2-1 gene was reported in rice seedlings grown in hydroponics conditions using growth media supplemented with low N (Shi et al., 2010). In the roots of sorghum and maize seedlings, SbNRT1-1A and SbNRT1.1B genes exhibited enhanced expression under N limited conditions (Matsumura et al., 1997; Awada, 2017). Our results are in agreement with the previous study by Fan et al. (2007), Nitrate reductase activity reduced in N sensitive genotype but not altered in NUE rice cultivar under limited fertilizer N condition in hydroponics. One probable reason for the enhanced expression of NRT genes in low NUE genotype HDW703 could be increased nitrate accumulation in roots. Another probability could be these NRT genes capability to act as potential N sensors that facilitate plants to sense and exploit available nitrate source in soil. It is well characterized that variation for improved N absorption (putatively by NRT genes) under low N is contributing to variation in NUE (Masclaux-Daubresse et al., 2010; Shi et al., 2010; Awada, 2017).

It was well established that, N source as a signal induces the differential expression of NUE associated genes including NRT1, NRT2, NR, NiR, GS, and GOGAT (Campbell et al., 1986; Crawford, 1995; Lam et al., 1996; Stitt, 1999). Similar trends were found in our studies with shoot samples of high NUE genotype PVK801 exhibiting down-regulation of SbNiR[NADH]3, SbGS, SbGOGAT[NADH], SbGOGAT[Fd], and SbGDH genes. Root samples of PVK801 exhibited down-regulation of all the above genes in N0 condition. Low NUE genotype HDW703 exhibited down- regulation of N assimilatory and remobilization related genes (SbNiR[NADH]3, SbGS, SbGOGAT[NADH], and SbGOGAT[Fd]) in shoot samples except SbGDH genes showed up-regulation. Whereas in root samples of HDW703 all the assimilatory and remobilization associated genes (SbNiR[NADH]3, SbGS, SbGOGAT[NADH], SbGOGAT[Fd], and SbGDH) up-regulated in N0 compared to N100. Differential expression of NiR and GS between low and high NUE genotypes indicated these enzymes active involvement in imparting efficient uptake and utilization of fertilizer N (Hakeem et al., 2012). Activities of OsGS, OsGOGAT, and OsGDH in a rice hybrid under five N doses described the role of ammonium assimilation enzymes in grain yield improvement and also NUE (Sun et al., 2012). In rice seedlings, Hirose et al. (1997) demonstrated enhanced expression of NADH-GOGAT by inducing with NH4Cl in root tissues. Sonoda et al. (2003) also got similar results, mRNA accumulation of NADH-GOGAT remarkably increased of ammonium induction (after 60 min), while the expression pattern of cytosolic GS1 (Sakamoto et al., 1989) was constitutive throughout the ammonium induction (Tobin and Yamaya, 2001). Another study in barley demonstrated the expression of GS and GDH during early seed development stage (Hansen et al., 2009). Grabowska et al. (2012) reported, differential expression patterns ofTsGS1-3 and TsGS2-1 (low),TsGDH1(high) for compensating the low expression levels of GS genes in seeds. Similar conclusions were also drawn by Tabuchi et al. (2005). Enhanced expression of these genes in root tissues of low NUE genotype HDW703 of our study explains the role of these genes in nitrogen assimilation.

While crop responsiveness to nitrogen availability depends on both crop variety/genotype and it’s interaction with the level of N fertilization (Chardon et al., 2010), the possible solutions for- continued improvement in crop productivity under intensive production system and sustainable crop performance under marginal, resource-poor systems will require optimization of genetic, management and policy interventions. It is thus clear that the different sorghum production ecologies, high N-input (intensive) vs., low/no-input, will need differential genetic (and management) solutions for NUE. This will include appropriate gene constellation and deployment of specific genetic donors through targeted breeding efforts. Additional layer of complexity of crop utilization, viz., grain, forage, or dual-purpose, also require specific inputs in terms of crop modulation and breeding for a specific product. We were able to document this variation (Figures 4A–C) by identifying better germplasm sources for grain, forage and dual-purpose products. This information along with putative candidate genes governing different NUE mechanisms will help to advance the NUE research in sorghum, especially for developing better-targeted breeding for improved productivity and livelihoods of the sorghum growing farming communities across the globe.




CONCLUSION

In the current climate change scenario and continuous global perusal of food security, improving NUE of sorghum for both intensive production ecologies and subsistence ecologies is one of the major goals in sorghum improvement programs. In the high N fertilizer application scenario most commonly observed in the intensive agricultural systems, variation in NUE is primarily triggered by differences in N uptake capacity. In contrast, under limited N conditions such as in agro-ecologies of sorghum production areas in Asia and Africa, NUE variation is driven by changes in N remobilization and utilization efficiency. The screening and identification of robust traits in a complex field evaluation study over two seasons is the first of its kind in NUE research and/or nutrition research. In the present study, different leaf traits, growth traits, panicle and biological yield traits along with NUE traits of 60 diverse sorghum genotypes were systematically evaluated at three N dosages at field level over two seasons. Significant variations were observed for different yield and yield-related traits in 0 and 50% N regimes confirming the availability of genotypic variability in sorghum under low N conditions. There is continuous reduction in the composite yield parameters with the reduction in N application. Correlation coefficient analysis revealed the importance of panicle weight and harvest index in different N environments, and these two traits may be ideal traits for identifying N use efficient genotypes. Contrasting sorghum genotypes identified in this study could be crucial to spot genes for NUE and associated traits. Expression profiling of NUE related genes in shoot and root tissues of contrasting lines (PVK801 and HDW703) raised in varying N conditions (N0 vs., N100) revealed some interesting outcomes. Root tissues of contrasting lines exhibited differential expression profiles for uptake (SbAMT and SbNRT), assimilation (SbGS, SbGOGAT[NADH], SbGOGAT[Fd], and SbNiR[NADH]3), and amino acid biosynthesis associated genes (SbGDH). This study identified some of the promising sorghum genotypes with buffer capacity for yield under low N conditions. This study also identified better performing grain, stover and dual-purpose sorghum genotypes. These genotypes could be potential candidates for in-depth molecular analysis and deployment into the crop improvement programs to develop high NUE sorghum cultivars.
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Once thought to be a minor disease, foliar blast disease of pearl millet, caused by Magnaporthe grisea, has recently emerged as an important biotic constraint for pearl millet production in India. The presence of a wider host range as well as high pathogenic heterogeneity complicates host–pathogen dynamics. Furthermore, environmental factors play a significant role in exacerbating the disease severity. An attempt was made to unravel the genotype-by-environment interactions for identification and validation of stable resistant genotypes against foliar blast disease through multi-environment testing. A diversity panel consisting of 250 accessions collected from over 20 different countries was screened under natural epiphytotic conditions in five environments. A total of 43 resistant genotypes were found to have high and stable resistance. Interestingly, most of the resistant lines were late maturing. Combined ANOVA of these 250 genotypes exhibited significant genotype-by-environment interaction and indicated the involvement of crossover interaction with a consistent genotypic response. This justifies the necessity of multi-year and multi-location testing. The first two principal components (PCs) accounted for 44.85 and 29.22% of the total variance in the environment-centered blast scoring results. Heritability-adjusted genotype plus genotype × environment interaction (HA-GGE) biplot aptly identified “IP 11353” and “IP 22423, IP 7910 and IP 7941” as “ideal” and “desirable” genotypes, respectively, having stable resistance and genetic buffering capacity against this disease. Bootstrapping at a 95% confidence interval validated the recommendations of genotypes. Therefore, these genotypes can be used in future resistance breeding programs in pearl millet. Mega-environment delineation and desirability index suggested Jaipur as the ideal environment for precise testing of material against the disease and will increase proper resource optimization in future breeding programs. Information obtained in current study will be further used for genome-wide association mapping of foliar blast disease in pearl millet.

Keywords: pearl millet, Magnaporthe, blast disease, genotype-environment interaction, heritability, GGE biplots, mega-environments, mixed-model analysis


INTRODUCTION

Pearl millet [Pennisetum glaucum (L.) R. Br.] is a major climate resilient cereal crop that is cultivated extensively on resource-poor marginal lands of arid and semiarid regions of Asia and sub-Saharan Africa (Anuradha et al., 2017). It forms a source of food and fodder and ensures food and nutritional security to the inhabitants who are practicing low-input agriculture (Pankaj et al., 2020). Being a “Nutri-cereal” and thriving well in any cropping system, it shows a crucial role in defeating malnutrition and improving the socioeconomic status of resource-poor farmers (Govindaraj et al., 2020). Foliar blast (FB) disease of pearl millet caused by the fungus Pyricularia grisea (Cooke) Sacc. [Teleomorph: Magnaporthe grisea (Herbert) Barr], a disease of negligible importance in past years, has become a severe menace to successful pearl millet cultivation worldwide (Sharma et al., 2018). It is widespread in the different pearl millet-growing ecologies of India but became a very serious threat in both A1 (includes rainfed areas of western Rajasthan, as well as parts of Gujarat and Haryana, where annual precipitation is anticipated to be < 400 mm and pearl millet productivity is supposed to be less than 100 kg/ha) and A zones (includes North Indian regions excluding regions covered in A1 zones with an annual rainfall of more than 400 mm), where early- to medium-maturing cultivars are preferred (AICPMIP, 2020). In fact, the disease has reached a critical stage that necessitates a multifaceted approach to its effective management (Sharma et al., 2020).

The disease starts out as a small speck or lesion that grows larger and necrotic, causing widespread chlorosis and premature death of young leaves (Figure 1). Lesions can appear as diamond-shaped white to gray or reddish-brown lesions near the leaf tips or margins, or both with reddish to brown borders that extend down and may enlarge, coalesce, and kill entire leaves. During humid weather, particularly with dense plant stands, this disease becomes more severe. M. grisea is a seed-borne fungus that often survives in the soil/leaf debris as chlamydospores or free saprophytic mycelium, providing a source of primary inoculums. Repeated infection in a single crop season happens through the dissemination of asexual spore called conidia. FB on pearl millet was observed to be inversely related to days to maturity, green and dry fodder yield, seed yield per plant, and digestive dry matter, influencing crop productivity and quality (Nayaka et al., 2017).
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FIGURE 1. Symptoms of foliar blast on infected pearl millet plants. (A) Infected leaves. (B) Sheath and stem infection. (C) Infected plants along with resistant lines. (D) Conidia of Magnaporthe grisea.


Foliar blast in pearl millet is a multi-cycle disease, and usually crop is grown by resource-poor farmers. Thus, chemical control with repeated sprays in one crop season is not practically feasible. The development of FB-resistant cultivars is a major thrust area for the pearl millet research and development sector worldwide, as it offers an economic and eco-friendly option for managing the disease. However, due to a limited knowledge of its inheritance (Gupta et al., 2012 and Singh et al., 2018), race specificity (Sharma et al., 2021), and the rapid shift in pathogenicity of the blast fungus, as well as a scarcity of stable resistance in exotic or adapted germplasm (Sharma et al., 2020), progress in transmitting stable resistance to commercial cultivars has been slow. Another most important challenge is poor repeatability in field-plot and greenhouse ratings due to genotype-by-environment interactions (GEIs) (Prakash et al., 2016). The role of genotype × environment (G × E) interaction is also crucial for the eventual appraisal of sources of durable resistance (Singh et al., 2020). Thus, an identification of resistance source against FB in pearl millet, followed by an appraisal of the durability of resistance and its utilization in resistance breeding programs, is necessary.

Delineation of target testing environment that has good discrimination power, representativeness, and high desirability index is also indispensable for facilitating proper selection of resistance sources as well as curtailing the use of non-informative testing locations, thus reducing the cost of multi-location trials (MLTs). Previous reports have stated that genotype and identification of a testing location would be meaningful within a mega-environment (ME) (Yan et al., 2007). Data collected over years are crucial for defining an ME and improving breeding efficiency (Yan and Holland, 2010). Several statistical tools are available for establishing the role of GEI in the identification of desirable genotypes with specific and broad-spectrum adaptability over different locations (Yan and Kang, 2003). The GGE (genotype plus GEI) biplot methodology usually applies the concept of indirect selection, removes the main effect of the environment, considers only the genotypic main effect with the GEI effect in MLT datasets, and represents the result in graphical mode (Yan et al., 2000). Based on different scaling methods, various forms of GGE biplot have been developed. Among these, the heritability-adjusted GGE (HA-GGE) biplot is the most logical and precise method for the identification of genotypes and test environments (Yan and Holland, 2010).

However, information on the identification of durable FB resistance sources based on multi-environment data is scanty. Therefore, in the present study, we employed the HA-GGE biplot method to evaluate the effects of genotype, environment, and GEI for FB resistance by deploying multi-location and multi-year datasets for detecting ideal genotypes with durable resistance. The recommendation of genotypes for a specific environment was corroborated by bootstrapping at the 95% confidence limit (CL). Additionally, test environments were evaluated in terms of discrimination power, representativeness, and desirability index, followed by ME detection, to exclude redundant testing locations and to minimize the cost incurred on future evaluation programs.



MATERIALS AND METHODS


Plant Material and Multi-Environment Field Trials

The experimental materials include a set of diversity panel, which is a subset of PMiGAP (Pearl Millet inbred Germplasm Association Panel). It is denoted as “G” followed by serial number. This panel is composed of 250 accessions collected from over 20 different countries representing the global genetic diversity of pearl millet. The panel includes inbred lines, landraces, released cultivars, germplasm accessions, and advanced breeding lines. These genotypes were evaluated for FB disease under natural epiphytotic conditions in an alpha lattice design with two replications. Supplementary Table 1 represents the list of genotypes along with details such as subspecies, botanical variety, market type, origin, and pedigree. The panel was evaluated at IARI-New Delhi (28°70′N, 76°58′E, 266.0 MSL) for three seasons (Kharif-2017, Kharif-2018, and Kharif-2019), at CCS-HAU, Bawal (28°07′N, 77°10′E, 288.0 MSL) and at RARI, Jaipur (26°50′N, 75°47′E, 390.0 MSL) for a single season (Kharif-2019). Weather parameters from each environment during tillering to hard dough stage of plant [30–60 days after sowing (DAS)] are presented in Table 1. All climatic parameters except rainfall are presented as means over the crop-critical growing period 30–60 DAS. Rainfall is measured as cumulative rainfall received in mm and the cumulative number of rainy days. A canonical correspondence analysis (CCA) was performed to assess the impact of various environmental factors on FB score. The climatic determinants used for CCA includes the following: maximum and minimum, temperature (Max. Temp and Min. Temp), percentage maximum and minimum, relative humidity (Max. RH and Min. RH), and cumulative rainfall and rainy days (cumulative no. of days when daily rainfall measure above 2.5 mm). Weather data for the present analysis were obtained from the Division of Agricultural Physics, ICAR-IARI, New Delhi, India, and AICRP on Agro-meteorology, Hyderabad. The analysis was carried out in R package-“vegan”.


TABLE 1. Geographical identity and climate variables at test environment in respect of temperature, relative humidity (RH), total rainfall, and rainy days along with mean foliar blast (FB) score during the critical period of pearl millet crop growth.
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Agronomic Practices, Disease Screening, and Data Recording in Multi-Environment Field Trials

Each genotype was sown in a plot of two rows each of 2-m length having 65-cm row spacing and a 12-cm plant-to-plant spread. The sites for the research were carefully chosen based on the prevalence of Magnaporthe grisea. Spreader rows of FB-susceptible check (ICMB 95444) were planted after every 10th treatment of the test populations, and five rows of the spreader row of the susceptible check were planted on all the sides of the experimental area for maintaining sufficient disease pressure under natural condition. For a normal and healthy crop, standard cultivation practices recommended for pearl millet were regularly followed. FB scores were recorded from five randomly selected representative plants of all the genotypes in each replication, while days to 50% flowering (DFF) were recorded on a plot basis. Standard statistical methods were followed for data analysis. The disease was assessed following the 0–9 scale of Prakash et al. (2016) and Nayaka et al. (2017) as described earlier. The GE table of FB mean scores is transformed by subtracting each mean score from 9. Thus, the new score obtained as a consequence of this transformation adopted the same general interpretability principles as yield and other related traits, in which high values are preferred. The genotypes screened were categorized into five groups based on disease scoring: highly resistant (9), resistant (6–8), moderately resistant/susceptible (4–5), susceptible (2–3), and highly susceptible (0–1).



Statistical Analysis


Variance Components and Estimation of Broad-Sense Heritability

Individual and combined analyses of variance (ANOVAs) were conducted on replicated data obtained in different environments (a combination of locations and years). The restricted maximum likelihood (REML) analysis was carried out for each environment, with replications as a fixed effect and genotypes and blocks within replication as random effects, while environments and replications within environments were considered as fixed effects whereas genotypes and genotype interactions with environments were considered as random effects in the REML model for combined environment analysis. The error variances of individual environments (a combination of locations and years) were accounted for combined analysis using the mixed model methodology. Error variance modeling using mixed model analysis takes care of heterogeneous error variances of the individual environment during pooled analysis. The REML (Patterson and Thompson, 1971) estimation technique was used to estimate three variance components (σ2g, σ2ge, and σ2e) for transformed FB score and DFF using the lmer function of the lme4 R-package (Bates et al., 2015). The rand function of the lmerTest package used the likelihood ratio test (LRT) at 5% probability to confirm the significance of the random effects (Kuznetsova et al., 2015).

The phenotypic observations Yijkm on genotypes m in replicate j of block k of environment i was modeled as follows:

Yijkm = μ + ei + rij + bijk + gm + (ge)im + (eg)jm + εijkm

where μ is the grand mean; ei is the fixed effect of environment i; gm is the random effect of genotype m and is ∼NID (0, σg2); rij is the fixed effect of replication in the environment i; bijk is the random effect of block k nested with replication j in the environment i and is ∼NID (0, σb2); (ge)im is the random effect of the interaction between genotype m and environment i and is ∼NID (0, σge2); εijkm is the random effect of the error variances.

Broad-sense heritability (H2) for the traits in each environment and over combined environments was estimated from the variance components. For each environment, H2 was calculated as H2 = σg2/ (σg2 + σe2/r); and for combined environments, H2 was used as a measure of the trial’s reliability in genotype evaluation in this study, with H2 = 0 indicating that variations in genotypic mean in the trial are entirely attributable to random error and H2 = 1 indicating that differences are entirely due to genetic effects (Yan and Holland, 2010).

The REML model also produced the best linear unbiased predictors (BLUPs) of each genotype, thereby adjusting the influence of the neighboring rows. These BLUPs were used for downstream analysis.



Heritability-Adjusted Genotype Plus Genotype × Environment Interaction Biplot Analysis

Best linear unbiased predictors values of the transformed disease mean score were stored in a 250 genotypes × five environments matrix M. The matrix was checked for missing data arising due to non-germination of seed in the individual environment and was corrected through imputation using the expectation–maximization algorithm implemented by R package, bbplot/R Bilinear as suggested by Gauch and Zobel (1990). Furthermore, heritability-adjusted scaling (Yan and Holland, 2010) was performed in R. The entries that were identified as resistant were further highlighted in GGE biplot construction for better visualization.

The GGE biplot was constructed by estimating each element of the matrix using the following formula, based on the first two principal components (PCs) resulting from singular value decomposition (SVD) (Yan et al., 2000; Yan and Kang, 2003):

[image: image]

Where,

Yij = mean response of ith genotype (i = 1, …, i) in the jth environment (j = 1, …, j);

μ = grand mean;

ej = environment deviations from the grand mean;

λn = the eigenvalue of PC analysis axis;

γin and δjn = genotype and environment PC scores for axis n;

N = number of PCs retained in the model;

εij = residual effect ∼ N(0, σ2e).

An “average environment coordination” (AEC) view of the GGE biplot was used to appraise genotypic response and stability. It facilitated genotype comparisons based on disease score mean and stability across environments within a “mega-environment” (Yan, 2001, 2002). The axis of the “AEC abscissa,” denoted by a single arrowed line, indicated higher mean performance of genotypes in terms of higher FB resistance, whereas the “AEC ordinate,” denoted by a line perpendicular to the AEC abscissa and passing through the origin of the biplot, represented genotype stability. Stability is represented by projections on the AEC abscissa connecting individual genotypes (Yan and Falk, 2002). Similarly, the “discriminating power vs. representativeness” view of the GGE biplot was constructed for the evaluation of test environments, where the “ideal” test environment should be both discriminating with respect to genotypes and representative of the “mega-environment” (Yan et al., 2007). In addition, a “desirability index” of the test locations has been compiled taking into account the relationship between the test environments and distance from the ideal genotype (Yan and Holland, 2010). Angles between the various environment vectors were used to judge the correlation among the environments in order to determine the relationship between test locations (Yan and Kang, 2003). Furthermore, a “which-won-where” view of the GGE biplot has been prepared to determine the superiority of the genotypes in different test environments as well as grouping of test environments into different “mega-environments” (Yan and Rajcan, 2002). Finally, bootstrapping (re-sampling process is repeated 10,000 times to obtain 10,000 bootstrap samples) is used to assess the validity of GGE biplot. These bootstrap samples were later used to construct CL at the 95% level for individual genotype and environment PC scores as suggested by Hu and Yang (2013). The raw data with columns representing the environments (p = 5) and rows representing the genotypes (n = 43) were later average-centered for each environment, resulting in a mean of zero for each of the p dimensions of raw data. The data were subjected to bidirectional bootstrapping and procrustes rotation in the R package “bbplot/R,” and the confidence regions were computed using a distribution-free approach implemented in the R package “distfree.cr/R” based on the empirical distribution of the aligned genotypic or environmental scores from all bootstrap samples.





RESULTS

The diversity panel of 250 accessions along with checks was subjected to phenotyping for FB incidence and DFF at five different environments. Phenotypic data collected from the population at three different locations during the rainfed seasons of 2017, 2018, and 2019 were statistically analyzed to determine variance components. Hereafter, the five environments are denoted as ND-17 (New Delhi-17), ND-18 (New Delhi-18), ND-19 (New Delhi-19), BWL-19 (Bawal-19), and JPR-19 (Jaipur-19).


Identification of Climatic Factors Influencing Foliar Blast Infection

Weather parameters observed in each environment during tillering to hard dough stage of plant growth (30–60 DAS) are presented in Table 1, and their influence over FB score is elucidated in the CCA diagram (Figure 2). CCA biplot explained 80.77% of the total variation between the site weather parameters and the FB score. The first CCA axis explained 48.08%, and the second CCA axis explained 32.69% of the total variation. Maximum temperature (Max. Temp), minimum temperature (Min. Temp), and maximum humidity (Max.RH) were the main determinants and were positively associated with the increase of FB score during the critical growth period of the crop. Cumulative rainfall recorded during the critical period of growth of the crop was not associated with FB score. Based on spatial angular proximity of identified climatic determinants (Max. Temp, Min. Temp, and Max. RH), JPR-19 was found to be conducive for FB disease in pearl millet.
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FIGURE 2. Canonical correspondence analysis (CCA) biplot based on the correlation of several climatic parameters with foliar blast score recorded from a set of a diversity panel of 250 pearl millet accessions studied in five environments (ND-17, New Delhi-2017; ND-18, New Delhi-2018; ND-19, New Delhi-2019; BWL-19, Bawal-2019; JPR-19, Jaipur-2019). The climatic determinants were recorded during the critical crop growing period 30–60 days after sowing (DAS) period, as follows: Max. Temp, maximum temperature (°C); Min. Temp, minimum temperatures (°C); Max. RH, maximum relative humidity (%); Min. RH, minimum relative humidity (%); Rainfall, cumulative rainfall (mm); RD, cumulative number of days on which received daily rainfall > 2.5 mm; BlSc, foliar blast score.




Mean Performance of Genotypes and Analysis of Variance

The experiment was executed systematically in all the five environments. Susceptible check, ICMB 95444, included in the experiment exhibited uniform FB-susceptible reaction indicating the availability of sufficient inoculums for disease screening. The mean value, standard deviations, and the frequency distribution for FB scores within and across years and locations indicate that the lines exhibited similar levels of disease severity in all five environments (Figure 3A) although slight differences in distribution are evident from the histogram for ND-17. The average FB score in ND-17 was marginally higher than the average scores, but the distribution pattern was flatter, indicating a higher level of variability (SD = 1.7). ND-18 showed the highest variability (SD = 1.88), yet the distribution was slightly skewed toward the resistant side, with FB score considerably lower than the remaining four environments. Moreover, there was a presence of crossover G × E interaction among genotypes for FB scores, which were evident from the heatmap visualization of the GE interaction (Figure 3B). From the pooled data, out of 250 genotypes, none of the genotypes showed a highly resistant reaction (score = 9) to FB. However, at the hard dough stage, 43 genotypes were reported as resistant (R), 118 as moderately resistant/susceptible (MR/MS), 70 as susceptible (S), and 19 as highly susceptible (HS) to FB (Figure 3C). Out of 43 resistant lines, five were late in flowering (51–54 days), whereas 38 lines flowered very late (>54 days). Among 43 resistant lines, 26 genotypes exhibited a resistance reaction above the qualifying check, ICMR 11009 (score = 6.5), across environments (Table 2). Also, five more genotypes have an FB score that is at par with the qualifying check. Genotypes IP 11353, IP 22423, IP 7941, IP 7910, IP 12322, and IP 3106 were consistently showing higher resistance and outperformed the corresponding qualifying checks identified for each environment (indicated in blue color). Considering the frequency of appearance in the top 10 lines based on FB scores, only three genotypes, namely, IP 11353 (G-62), IP 22423 (G-39), and IP 7941 (G-220), were found to be more consistent with the lowest stability index below 0.1 in all the five test environment.


[image: image]

FIGURE 3. (A) Frequency distribution for foliar blast (FB) scores in five different environments along with overall distribution indicating FB scores across the environment. (B) Heatmap visualization of genotypic FB scores observed in individual environments. Environments are depicted in the x-axis, whereas the genotypes are depicted in the y-axis containing the corresponding mean FB score recorded. (C) Scatter plot representing the association of FB disease scores (0–9 scale) with corresponding days to 50% flowering (in days) of 250 genotypes observed across environments. Days to 50% flowering of genotypes are depicted in the x-axis, whereas the transformed FB scores of genotypes are depicted by the y-axis. The regression line (with 95% confidence level) is indicated by brick red lines with gray shadows. The color of the dots indicates the resistant category to which the genotypes belong.



TABLE 2. List of genotypes outperforming resistant checks for foliar blast resistance across environments.
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Analysis of Variance and Estimation of Heritability

Analyses of variance of individual environment indicated significant genotypic differences (p < 0.001) for DFF and FB disease score at the hard dough stage. FB disease score has shown the highest genotypic variance at ND-18, and DFF has shown the highest variance at BWL-19 (Table 3). Combined ANOVA also revealed significant genotypic differences along with significant environment and GEI effects (p < 0.001) for DFF and FB disease score at the hard dough stage. The contribution of genotypic variance toward total phenotypic variance was higher for FB disease score, whereas the contribution of GEI variances was higher compared with genotypic variance for DFF (Tables 3, 4). The contribution of environment variance was very low for both DFF and FB disease scores. Probability plots of residuals versus expected values indicated no discernible trend, implying that the assumptions of independence and equal variance were fulfilled.


TABLE 3. Analysis of variance for foliar blast score and days to 50% flowering at individual environment under rainfed conditions.
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TABLE 4. Combined analysis of variance for foliar blast resistance and days to 50% flowering in pearl millet.
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In the current analysis, both traits were strongly heritable (>0.60) in individual environments, as per the Robinson et al. (1966) scale of heritability (Table 3). Compared with FB disease score, DFF was found to be more heritable. Broad-sense heritability for both the traits was also higher (>0.60) across five environments (Table 4). However, when assessed on the basis of pooled environment, a partitioning of GEI component lowered heritability for both the traits across environments. For foliar disease score, broad-sense heritability ranged from 0.83 (ND-17) to 0.96 (JPR-19); and in the pooled environment analysis, it was 0.89. Similarly, for DFF, it ranged from 0.94 (ND-18) to 0.99 (BWL-19) in case of the individual environment, while in case of pooled data, heritability estimate was 0.97. High heritability for both the traits indicated that the genotypic differences observed are mainly due to genetic effects. Also, there was a moderate, significant positive correlation between FB disease score (transformed data) and DFF (r = 0.503, p < 0.0001), indicating that FB disease resistance in pearl millet is associated with very late flowering (Figure 3C).



Estimation of Best Linear Unbiased Predictor Values and Imputation of Missing Data

Predicted genetic values (BLUP) were estimated to guide the inferences based on a multi-environment GGE model with reduced biases arising from uncontrollable factors (Figure 4). It was useful for recommending genotypes with the minimum likelihood of error while recommending them for a specific environment. For the individual environments, the predicted FB score ranged from 0.81 to 8.21 in ND-17, from 0.48 to 8.56 in ND-18, from 0.19 to 8.79 in ND-19, from 0.61 to 8.50 in BWL-19, and from 0.29 to 8.84 in JPR-19. Under all the environments, genotype G-13 (IP 4020) had the lowest resistance score, and genotype G-62 (IP 11353) had the highest level of FB resistance. Similarly, across the environment, the estimate of genotype (random effect) for FB score ranged from 0.28 (G-13) to 8.77 (G-62). Prior to heritability scaling, the genotype–environment BLUP matrix (M) was analyzed for missing data. It was observed that around 1% of missing data were solved by imputation by the expectation–maximization algorithm.
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FIGURE 4. Normal Q-Q plots showing the distribution of random effects associated with block within replication (BLUPbre), genotype (BLUPg), total phenotypic effects (BLUPg + ge + bre), and GEI (BLUPge) depicting 95% confidence level for adjustment to normality recorded across environments.




Detection of Ideal Genotype Based on Mean Versus Stability

The HA-GGE biplot is the most precise way to detect ideal genotypes. An ideal genotype should have both the highest mean performance and the lowest interactions with the environment. The mean vs stability biplot view of the HA-GGE biplot was generated based on the principle of genotype-focused singular value partition (SVP) (SVP = 1) as suggested by Yan (2002). This biplot view portrays the ranking of genotypes based on their average FB score across environments (Figure 5). PC 1 and PC 2 explained 44.85 and 29.22%, respectively, of the total variation of the environment scoring. The single arrowhead line passing through the origin, the AEC abscissa, indicated a highly resistant genotype with a lower FB score. Therefore, genotypes positioned downstream of the arrow are considered promising for FB resistance reaction. IP 11353 (G-62), IP 22423 (G-39), IP 7910 (G-123), and IP 7941 (G-220) were positioned downstream of the biplot origin and, therefore, experienced less FB score. Moreover, the stability of the genotype could be accessed through the length of the projection in both directions from the AEC abscissa, that is, the AEC ordinate. Thus, if the genotype had greater projection from the AEC abscissa, it would be less stable. Considering both mean performance and stability, IP 11353 (G-62) was the ideal genotype, having less disease score and high stability (Figure 6). Since the distance between two genotypes should always be estimated by Euclidian distance, genotypes that are closer to the ideal genotype are considered to be desirable (Yan and Tinker, 2006). Therefore, IP 22423 (G-39), IP 7910 (G-123), and IP 7941 (G-220) were identified as desirable genotypes with lesser FB scores and almost consistent performance. Furthermore, using the CL at the 95% level for individual genotypic scores on FB as well as environmental scores corresponding to PC 1 and PC 2 (Supplementary Table 2), bootstrapping revealed that PC 1 contributed more to the significant differences among genotypes, as seen on the biplot (Figure 7). In terms of FB scores, it was established that the ideal genotype IP 11353 (G-62) was statistically different from the three desirable genotypes, IP 22423 (G-39), IP 7910 (G-123), and IP 7941, based on PC 1 scores (lower limit, 2.35; and upper limit, 1.99) (G-220). Three desirable genotypes, on the other hand, showed no significant differences in their PC 1 scores for both parameters.


[image: image]

FIGURE 5. Mean vs stability view of the GGE biplot of 43 resistant genotypes across five testing environments. There was heritability-adjusted scaling of data where the environment standardized data were multiplied by the heritability in each environment (transform = HA), and data were centered by means of the environments (centering = 2). The biplot was based on “row metric preserving” [singular value partition (SVP) = 1], which means that the singular values were partitioned into the genotype eigenvectors for visualizing the correlation among genotypes. Numbers correspond to genotypes as listed in Supplementary Table 1. Environment: ND-17, New Delhi-2017; ND-18, New Delhi-2018; ND-19, New Delhi-2019; BWL-19, Bawal-2019; JPR-19, Jaipur-2019.
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FIGURE 6. Genotype ranking plot view of the GGE biplot of 43 resistant genotypes across five testing environments. There was heritability-adjusted scaling of data where the environment standardized data were multiplied by the heritability in each environment (transform = HA), and data were centered using the environments (centering = 2). The biplot was based on “row metric preserving” (SVP = 1), which means the singular values were partitioned into the genotype eigenvectors for visualizing the correlation among genotypes. Numbers correspond to genotypes as listed in Supplementary Table 1. Environment: ND-17, New Delhi-2017; ND-18, New Delhi-2018; ND-19, New Delhi-2019; BWL-19, Bawal-2019; JPR-19, Jaipur-2019.
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FIGURE 7. The fitted principal components (PCs) versus genotype based on foliar blast disease score along with upper and lower limit values, produced by bootstrap analysis over 10,000 times at 95% bias-corrected and accelerated bootstrap (BCa) confidence limits (CLs). (A) Principal component analysis (PCA) score values on PC1 versus genotype. (B) PCA score values on PC2 versus genotype.




Evaluation of Testing Locations Based on Discrimination Power Versus Representativeness and Desirability Index

Three parameters, namely, discrimination power (ability to segregate the tested genotypes), representativeness (ability to represent the ME) and desirability index (the joint response of both discriminating power and representativeness) are crucial for assessing the test environment in the GGE biplot approach. In the HA-GGE biplot, the length of the environmental vector, which is approximately the square root of heritability, represents discrimination ability. The angle between the environmental vectors and the AEC abscissa specifies the representativeness of the testing location. The environment becomes more representative when the angle among the test environment with AEC abscissa becomes more acute. In analysis, it was found that among the test environments, BWL-19 had the longest environmental vectors, rendering it as the most “discriminating location” with the ability to discriminate genotypes from other sites. However, in the case of representativeness, ND-19 showed a minimum angle with average environment followed by JPR-19. Hence, the desirability index was worked out to identify the most ideal testing location accounting for both discrimination ability and representativeness (Table 5). The Jaipur center having the highest desirability index (1.026) was identified as an ideal or a type I testing location for testing of a mini core collection or advance breeding materials against FB disease. Since ND-19 had also been included in the same sector, therefore, it can be considered as a supplementary or type II location for testing pearl millet genotypes against FB (Figure 8).


TABLE 5. Standardized test environment evaluation parameters.
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FIGURE 8. Discriminativeness vs representativeness view of test locations based on GGE biplot of 43 resistant genotypes across five testing environments. There was heritability-adjusted scaling of data where the environment standardized data were multiplied by the heritability in each environment (transform = HA), and data were centered by means of the environments (centering = 2). The biplot was based on “Column metric preserving.” Numbers correspond to genotypes as listed in Supplementary Table 1. Environment: ND-17, New Delhi-2017; ND-18, New Delhi-2018; ND-19, New Delhi-2019; BWL-19, Bawal-2019; JPR-19, Jaipur-2019.




Relationship Among Environments and Mega-Environment Delineation

In the current study, “which-won-where” biplot for FB score created a hexagon with six genotypes, G-62, G-210, G-122, G-138, G-242, and G-181, at the vertices (Figure 9). The equality lines divided the polygon into six sectors effectively. Five testing environments were spread in two sectors within the biplot: three in one and two in another. This illustrated that the testing locations could be divided into MEs. The first ME (ME-I) was represented by ND-19, JPR-19, and BWL-19, with IP 11353 (G-62) having the highest FB resistance as the winning genotypes. The second ME (ME-II) was composed of ND-17 and ND-18 having IP 10543 (G-181) as the winning genotype. All environments within the MEs exhibited acute angles, resulting in a positive association with each other. Genotypes IP 8182 (G-221), IP 11584 (G-135), IP 6883 (G-183), IP 16082 (G-15), IP 6098 (G-237), and IP 13840 (G-226) were placed near to the origin depicting consistency in the performance.
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FIGURE 9. Which-won-where biplot view of 43 genotypic scores and five environmental scores constructed along with the 95% confidence regions using 10,000 rotated bootstrap samples. There was heritability-adjusted scaling of data where the environment standardized data were multiplied by the heritability in each environment (transform = HA), and data were centered by means of the environments (centering = 2). The biplot was based on “row metric preserving” [singular value partition (SVP) = 1], which means that the singular values were partitioned into the genotype eigenvectors for visualizing the correlation among genotypes. Numbers correspond to genotypes as listed in Supplementary Table 1. Environment: ND-17, New Delhi-2017; ND-18, New Delhi-2018; ND-19, New Delhi-2019; BWL-19, Bawal-2019; JPR-19, Jaipur-2019.





DISCUSSION

The FB of pearl millet is a severe menace to successful pearl millet cultivation in the Indian subcontinent particularly in A1 and A zones, which causes considerable yield losses of both grain and forage (Adhikari et al., 2020). A few genotypes with partial resistance to the disease have been identified (Thakur et al., 2009, 2011; Sharma et al., 2013, 2020; Goud et al., 2016; Prakash et al., 2016). Since FB is controlled by a few genetic loci with immense environmental influence, progress through conventional breeding has been very limited. Moreover, the rapid emergence of new isolates and the complex nature of host–pathogen interaction along the confounding environmental effect have made it difficult to pinpoint the various sources of durable resistance (Adhikari et al., 2020; Sharma et al., 2020). Therefore, in this study, the HA-GGE biplot approach was used as an effort to identify durable FB resistance sources in pearl millet with little GEI effect and having a genetic buffering capacity to overcome the pathogenic attack.

In the present study, genotypes showed significant differences for both DFF and FB incidence in all five environments. Even though mean FB incidence was almost similar for all the five environments, ND-17 showed a slightly higher incidence followed by ND-19 and BWL-19. With respect to environment variables, it was observed that maximum temperature (Max. Temp), minimum temperature (Min. Temp), and maximum relative humidity (Max. RH) were slightly higher at ND-17 followed by ND-19. These factors might have played a significant role in determining the emergence of the blast disease as also reported by Pattanayak and Das (2020).

The G, E, and G × E interactions displayed significant differences as revealed by ANOVA. The presence of a significant G × E interaction indicated that the FB incidence of tested genotypes varied across environments, which could be attributed to different agro-ecologies with varying longitude, latitude, and elevation. Significant GEI also suggested the need to develop FB-resistant lines with specific adaptation to target ecology. Furthermore, genotypic variance contributed more to disease resistance than the G × E relationship, suggesting that genetic variation accounted for the most of the variation in disease reactions. Persaud and Saravanakumar (2018) also reported greater contribution of genotypic factor over G × E interaction factor while conducting a multilocation experiment in case of rice FB in which 76.02% of the total SS was attributed to genotype (G) effect, 3.10% to environment (E) effects, and 20.88% to GEI effects. Similar results were also reported by Beyene et al. (2012) in maize foliar disease resistance, Sharma et al. (2012) in chickpea wilt incidence, and Sharma et al. (2016) in pigeon pea–Fusarium udum interaction.

An initial study of 250 genotypes facilitated the selection of 43 resistant genotypes for HA-GGE biplot analysis. The complex GEIs were simplified in different PCs and graphically presented against various PCs in GGE biplot analysis, and their contribution justified the GGE biplot’s utility in explaining sources of variation (Yan and Tinker, 2005). In the present study, the first two PCs clarified more than 70% of the total variance, indicating that the variability for FB resistance reaction is adequately represented. The “mean vs. stability view” of the biplot for the trait represented differential responses of tested genotypes to diverse environments due to the existence of crossover interactions. Genotype ranking in terms of resistance to blast was observed to change from one environment to another. The genotypes IP 11353 (G-62), IP 22423 (G-39), IP 7910 (G-123), and IP 7941 (G-220) were positioned downstream of the biplot origin and, therefore, experienced less FB score and were considered resistant. Among these genotypes, IP 11353 (G-62) was considered to be the ideal genotype owing to its higher disease resistance and smaller interaction with the environment in the form of a high projection from the AEC abscissa (Yan and Falk, 2002). Genotypes that are in proximity with “ideal” were considered “desirable” due to their high genetic relationship with the “ideal” genotype (Yan and Tinker, 2005). IP 22423 (G-39), IP 7910 (G-123), and IP 7941 (G-220) were identified as desirable genotypes owing to their proximity to the ideal genotypes that differ in their ability to respond to fungal infection by inducing long-lasting, broad-spectrum, and systemic resistance. Bootstrapping at 95% CL improved the precision of the visual observation recorded on promising genotypes. The ideal genotype revealed a significant statistical difference from the desirable genotypes. However, all of the desirable genotypes were overlapping. HA-GGE biplot has successfully detected stable and resistant genotypes in various crops (Silva et al., 2011; Sillero et al., 2017; Sánchez-Martín et al., 2017; Parihar et al., 2018; Singh et al., 2020). Thus, the “ideal” genotypes, along with any one of the “desirable” genotypes having durable resistance, would be valuable genetic resources in the upcoming comprehensive resistance breeding program of pearl millet.

Heritability-adjusted genotype plus genotype × environment interaction biplot identified the superior testing location, facilitating complete resource allocation with minimum trial cost without compromising trial heritability and genetic gain under selection (Yan, 2001; Yan and Tinker, 2006; Yan and Holland, 2010). Previous reports also claimed that, assuming adequate discriminating capacity, “representativeness” is the most important factor to be considered when deciding how a test location should be used in genotype evaluation (Yan et al., 2007). The square root of heritability (√H2) of each test environment based on vector length and the representativeness as its genetic correlation with other test environments (r) based on the angle between two test environments can be assessed by HA-GGE biplots (Allen et al., 1978; Flores et al., 2013). Considering both the parameters, Jaipur center (JPR-19), with the highest desirability index, was recognized as the ideal or type I testing location for testing advanced breeding materials for FB-resistant progenies during the early breeding stage. The existence of non-crossover GEI (consistent performance of genotype) suggested the presence of a close relationship among the test locations. Thus, HA-GGE biplot is the most precise method for proper delineation of an ideal testing location.

The only way to accomplish consistent genotype performance within a given sector is to divide testing locations into distinct “mega-environments.” “A mega-environment can be described as a group of analogous locations delivering similar genotypic responses when sharing the same set of genotypes across the year” (Yan and Rajcan, 2002). The “mega-environment” can be effectively depicted using a “which-won-where” view of GGE biplot methodology (Gauch and Zobel, 1997; Yan and Kang, 2003; Yan et al., 2007). The aim of ME diagnosis is to better understand the complex GEI pattern that occurs within that region in order to exploit specific adaptations and maximize selection responses (Yan, 2011). In the current investigation, the HA-GGE biplot was able to separate all of the testing locations into two distinct MEs to aid the restructuring of agro-ecological zones. Year 2019 was separated as single ME (ME-I) in which the most desirable environment JPR-19 was also included. Environmental conditions of the Jaipur location were found to be more conducive for FB incidence. Hence, Jaipur location owing to its informative role in the present study can be selected in future FB testing programs. Bootstrapping at 95% CL improved the precision of recommendation of a testing location and ME delineation. However, reported groupings of environments need to be further reconfirmed using multi-location testing data over more number of years as also reported by earlier authors (Yan et al., 2000; Silva et al., 2011; Phuke et al., 2017; Sánchez-Martín et al., 2017; Das et al., 2020). Also, the performance and stability of all selected materials advocate additional testing in central and southern pearl millet-growing regions of the country for the future development of elite FB-resistant cultivars.



CONCLUSION

In the present study, genotypic effects and GEI exhibited the greatest effect in comparison with the environment alone for FB resistance in pearl millet. Based on the HA-GGE biplot, all of the tested locations could be grouped into two distinct MEs with winning genotypes. It confirms the presence of crossover-type GEI and emphasizes breeding for environment-specific adaptability. More importantly, among the tested genotypes, IP 11353 was recognized as “ideal,” and IP 22423, IP 7910, and IP 7941 were recognized as “desirable” genotypes, having stable resistance against the disease. Salient findings obtained in the present study were also validated by bootstrapping at 95% CL. This study was also able to reorganize delineated MEs and advocates precise testing of materials with optimization of resources in future breeding programs.
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Pearl millet is a climate-resilient, nutritious crop with low input requirements that could provide economic returns in marginal agro-ecologies. In this study, we report quantitative trait loci (QTLs) for iron (Fe) and zinc (Zn) content from three distinct production environments. We generated a genetic linkage map using 210 F6 recombinant inbred line (RIL) population derived from the (PPMI 683 × PPMI 627) cross using genome-wide simple sequence repeats (SSRs). The molecular linkage map (seven linkage groups) of 151 loci was 3,273.1 cM length (Kosambi). The content of grain Fe in the RIL population ranged between 36 and 114 mg/Kg, and that of Zn from 20 to 106 mg/Kg across the 3 years (2014–2016) at over the three locations (Delhi, Dharwad, and Jodhpur). QTL analysis revealed a total of 22 QTLs for grain Fe and Zn, of which 14 were for Fe and eight were for Zn on three consecutive years at all locations. The observed phenotypic variance (R2) explained by different QTLs for grain Fe and Zn content ranged from 2.85 (QGFe.E3.2014–2016_Q3) to 19.66% (QGFe.E1.2014–2016_Q3) and from 2.93 (QGZn.E3.2014–2016_Q3) to 25. 95% (QGZn.E1.2014–2016_Q1), respectively. Two constitutive expressing QTLs for both Fe and Zn co-mapped in this population, one on LG 2 and second one on LG 3. Inside the QTLs candidate genes such as Ferritin gene, Al3+ Transporter, K+ Transporters, Zn2+ transporters and Mg2+ transporters were identified using bioinformatics approaches. The identified QTLs and candidate genes could be useful in pearl millet population improvement programs, seed, restorer parents, and marker-assisted selection programs.
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INTRODUCTION

Pearl millet [Pennisetum glaucum (L). R. Br.] is a climate-resilient and health-promoting nutritious crop of the semi-arid tropics of Africa and Asia (Satyavathi et al., 2015). It is a staple food crop for approximately 90 million people that live in Asia and Africa and practice low-input subsistence farming and livestock production systems (Gangashetty et al., 2016). Pearl millet is an ideal crop in the context of global climate change due to its inherent tolerance to heat stress, salinity, and drought (Shivhare and Lata, 2016). Deficiencies or imbalanced intakes of energy or nutrients, particularly vitamins and minerals, cause a number of dysfunctions and diseases in humans, that are collectively referred to as “micronutrient malnutrition or hidden hunger.” Currently more than 2 billion people in the world are in risk of micronutrient malnutrition (Athar et al., 2020). Iron (Fe) and Zinc (Zn) deficiency in humans is caused by lack of purchasing power for highly nutritious food, reduced dietary intake and less bioavailability and bioutilization, especially among resource poor women, infants, and children in the developing countries (Shariatipour and Heidari, 2020). Nutrition supplementation, dietary diversification, and food fortification are among the targeted strategies available to address micronutrient deficiencies. Among, the above strategies, improving the nutrient profile of agricultural crops through genetic means is more pleasing as it is a one-time investment and becomes self-sustaining over a long period. Breeding of pearl millet varieties/hybrids with improved nutritional quality is one of the priority areas for providing nutritional security in the developing countries. Many breeders (Govindaraj et al., 2011, 2016; Rai et al., 2015; Satyavathi et al., 2015; Kumar et al., 2016) have identified huge variability for the trait and utilizing them in development of a handful of varieties and hybrids rich in micronutrients, which now playing a major role in nutritional security in dry lands. However, hybrid released so far in India is having as mean Fe content at par or less than HarvestPlus target level of 77 mg kg–1 (HarvestPlus, 2014). Underutilization of germplasm material with higher nutritional value may attribute due to poor agronomic qualities. Hence there is a great need to make constant effort to breed more and more parental lines which can combine both for yield and micronutrient content along with resistance/tolerance to drought, downy mildew and blast diseases, good keeping quality, etc., and showing a stable performance under different agro-geographical regions.

Genetic maps provide important information for detailed genetic analysis of quantitative traits and have been proven to be significant method for crop improvement (Mohan et al., 1997; Doerge, 2002). Identifying molecular markers which are closely associated with the nutritional trait such as Fe and Zn enable rapid introgression of such traits into elite backgrounds. Among the different marker systems, simple sequence repeat (SSRs) is considered as a powerful and practically useful marker system for marker-assisted breeding (MAB) because of its cheap and more user-friendly along with co-dominant nature, abundance, reproducibility, and variability (Wang et al., 2018). In addition, the size and type of the mapping population determine the gene effect for an economically important trait (Kumar et al., 2018). Recombinant Inbred Lines (RILs) are the best choice among different types of mapping population as they are homozygous as well as have undergone multiple cycles of recombination which helps in mapping of tightly linked markers. Further use of codominant markers along with large RIL population helps in the construction accurate high-resolution map.

There are so many examples that SSR markers being employed for marker assisted biofortification of crop varieties such as QPM and pro-vitamin rich maize hybrids (Gupta et al., 2009; Muthusamy et al., 2014) and development of high yielding basmati varieties with disease resistance (Singh et al., 2012).

There are two different strategies that the plant can able to uptake iron from the rhizosphere: Strategy I and Strategy II (Connorton et al., 2017). Most of the cereals like rice, maize, and wheat follow Strategy II through secretion of phytosiderophores (PSs) (Roberts et al., 2004). TOM1 (Transporter of Mugineic acid family phytosiderophores)/ZIFL4 is a member of major facilitator superfamily (MFS) which exports Fe3+-PS chelates in rice and barley (Nozoye et al., 2011). In addition to Strategy II, rice and barley both have a functional Iron-Regulated Transporter 1 (IRT1) homolog that allows direct Fe2+ uptake from the rhizosphere. Metal transporters, such as the P1B-ATPase family, zinc-regulated transporter (ZRT), iron-regulated transporter (IRT)-like protein (ZIP), natural resistance-associated macrophage protein (NRAMP) family, and cation diffusion facilitator (CDF) family, have been reported in plants, where these two metals play critical roles (Colangelo and Guerinot, 2006). Several genes/gene families involved in Fe and Zn homeostasis such as yellow stripe-like (YSL), ZRT, ZIP, NRAMP, nicotianamine synthase (NAS), nicotianamine aminotransferase (NAAT), heavy metal ATPases (HMA), zinc-induced facilitator-like (ZIFL), metal tolerant protein (MTP), and others have been characterized in cereal crops such as rice (Anuradha et al., 2012), sorghum (Kotla et al., 2019). In pearl millet, PglYSL, PglZIP, and PglNRAMP and a single gene for PglFER and PglNAS were identified (Mahendrakar et al., 2020). Hence, the aim of this study was to identify the QTL associated with grain iron and zinc content through construct of linkage map using SSRs markers in a large-sized RIL mapping population.



MATERIALS AND METHODS


Plant Materials

The experiment materials comprised of 210 F6:7 RILs mapping population derived from an intra specific cross between PPMI 683 (P1, Female) and PPMI 627 (P2, Male) made during rainy season, 2009. The RIL population advanced by single seed descent method from F2 to F6 from single plants selected during F2, and was segregating for grain Fe and Zn contents, respectively. Parent (P1), i.e., PPMI 683 having high grain iron and zinc content and parent (P2), i.e., PPMI 627 having low grain iron and zinc content with checks (ICMB 98222 for high grain Fe and Zn content, ICMB 92111 for low grain Fe and Zn content) (Table 1). Both checks were planted after every 20th row of the population.


TABLE 1. Pedigree of the parental lines used to develop F6:7 mapping populations along with the high and low iron checks.
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The average grain yield of five randomly selected plants was taken as grain yield per plant and weight of randomly counted 1,000 seeds in each genotype was taken as 1,000 Seed Weight. This study is mainly focused on grain Fe and Zn content. Hence, only the two most important traits viz., seed yield per plant and 1,000 seed weight were considered for the study.



Environments

A total of 210 RILs along with both parents and checks were evaluated in an alpha lattice design with two replicates (Patterson and Williams, 1976), under field conditions at three different geographical areas, showing all three pearl millet growing agro-climatic zones of India, (i) E1: ICAR–Indian Agricultural Research Institute, New Delhi (28°382′N, 77°802′E) representing Zone A with annual rainfall of more than 400 mm, (ii) E2: ICAR-IARI Regional Centre farm, Dharwad (15°212′N, 75°052′E) from zone B (covering the southern peninsular India), and (iii) E3: Agricultural Research Station, All India coordinated pearl millet project, Mandor, Jodhpur (26°252′N, 72°992′E) falling in zone A1 with annual rainfall <400 mm. The trials were conducted at all locations during three consecutive (south-west monsoon season, 2014, 2015, and 2016) growing seasons. Each RIL was sown on a four-rows plot of 4 m long with an inter-row spacing of 65 cm and plant-to-plant spacing of 10 cm. For a normal, healthy crop, standard pearl millet cultivation practices were strictly followed. Table 2 shows the weather and soil parameters at each location throughout the year. All climatic parameters except rainfall are presented as means over the crop-growing season (June–October). Rainfall is cumulative rainfall received during the crop-growing season. The relative humidity was calculated as the average of measurements taken in every morning and afternoon on each day.


TABLE 2. Geographical location, climatic, and edaphic factors over different years and locations.
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Sample Preparation and Extraction of Mineral Elements

At physiological maturity, panicles from five plants per plot were randomly selected from the central two rows and harvested separately and threshed using wooden mallet. Seeds from individual plants within the plot were mixed and washed with deionized double-distilled water to remove debris and other possible contaminations in order to obtain a representative sample for trait measurements. The grain samples were sealed in individual paper bags and placed in an oven at 75°C overnight. About 15 g of air-dried sample from each genotype was further used. Mineral (Fe and Zn) content in the grains during initial year (2014) was measured with EDXRF instrument (a non-destructive, bench-top, energy-dispersive X-ray fluorescence spectrometry, Oxford Instruments X-Supreme 8000) at all three locations (Anuradha et al., 2017). Later, in 2015–2016, a more precise method, di-acid digestion of ground floor samples was used (Dhyan et al., 2005), followed by readings taken on an atomic absorption spectrometer (AAS, ZEE nit 700 tech Analytikjena). To determine whether higher grain mineral content is due to contamination with dust, soil, or is inherent, ICPMS (Nex ION 300X, Perkin Elmer, United States) was used to analyze genotypes having high iron content (>90 mg kg–1) (Pfeiffer and McClafferty, 2007).



Statistical Analysis

Descriptive statistics and Analysis of Variance (ANOVA) was carried out using PBTools v1.4. Histograms and correlations between pairs of traits were estimated through Pearson correlation co-efficient using R software. The model used for ANOVA was:
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Where μ is the grand mean; yi is the fixed effect of year i; ej is the fixed effect of location j; yeij is the fixed effect of interaction between year i and location j; gm is the random effect of genotype m and is ∼NID (0, σ2g); rijk is the random effect of replication in location j and year i and is ∼NID (0, σ2r); bijkl is the random effect of block l nested with replication k in location j and year i and is ∼NID (0, σ2b); (yg)im is the random effect of the interaction between genotype m and year i and is ∼NID (0, σ2yg); (eg)jm is the random effect of the interaction between accession m in location j and ∼NID (0, 0, σ2eg); (yeg)ijm is the random effect of the interaction effect of the genotype m in year i and location j and ∼NID (0, 0, σ2yg); and εijklm is the random residual effect and ∼NID (0, 0, σ2ε).

Analysis of variance was also conducted using data from each environment for grain Fe and Zn content.

Heritability (H2, broad sense) at individual environment was estimated from analysis of variance. The formula used was-
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Whereas Heritability (H2) estimates across environments were estimated by the formula-

[image: image]

Where r, y, l denotes the number of replicates, years and environments, respectively.

The REML model also produced best linear unbiased predictors (BLUPs) of each genotype, thereby adjusting the influence of the neighboring rows. These BLUPs were used for downstream analysis.



Genomic DNA Extraction and Genotyping

The genomic DNA was extracted from fresh and young leaf tissue of each RIL and the parents by using modified cetyltrimethyl-ammonium bromide (CTAB) method (Aboul-Maaty and Oraby, 2019). Polymorphism was assessed using 372 SSR markers, EST-SSRs (ICMP and IPES series), gSSRs (PSMP and CTM series), and gene-based markers. SSRs were amplified in 10 μl PCR reaction mixture containing 25–30 ng genomic DNA, 100 μM of each of the four dNTPs, 1.5 mM MgCl2, 5 pmol/μl of forward and reverse primer, 1 U of Taq DNA polymerase (Banglore-genei, Merck) and 1× PCR buffer in Biorad My Cycler Thermal Cycler, United States. PCR conditions were used as described by Anuradha et al. (2017). The amplified product was checked using 1.2% agarose gel and PCR products were separated by 10% polyacrylamide gel electrophoresis at 120 V (C.B.S. Scientific vertical electrophoresis unit). The SSR marker alleles were scored manually by comparing the position of bands with that of 100 bp ladder from bottom to top (smallest to largest). Based on the position, the allele size in base pairs (bp) was recorded for all polymorphic SSRs in all 210 RILs studied. The parent P1 (PPMI 683) was scored as “A” and parent P2 (PPMI 627) was scored as “B” and both type band present on single locus were designed as “H”. Diffused or ambiguous bands were recorded as missing bands with “0” notation. The chi-square method was conducted to test whether the inherited alleles of the mapping population were consistent with Mendelian segregation ratios. The segregation ratio across the mapping population was tested against a 1:1 ratio. The segregation pattern that did not fit either ratio (p < 0.05) were treated as distorted.



Linkage Analysis and QTL Mapping

The linkage map was constructed using 151 polymorphic SSR markers. The markers that were not taken for the linkage analysis were those with: a minor allele frequency of less than 5%, more than 20% missing data, and those that were monomorphic between the parents. The MAPMAKER/EXP3.0 software was used to develop a genetic linkage map (Lander et al., 1987). The maximum recombination fraction (θ) was set at 0.49 and the critical logarithm of odds (LOD) score for the test of marker pair independence was set at 3. Markers with high segregation distortion (p ≤ 0.01) were removed in a preliminary analysis of the data. Subsequently, the linkage analysis of genotyping data for all the markers including those with distorted segregation was used. Using MapChart software, a graphical map was generated (Voorrips, 2002). The consensus map developed by Supriya et al. (2011) and Rajaram et al. (2013) was used as a reference map in the current study for grouping markers and constructing the map. QTL analysis was carried out using the Inclusive Composite Interval Mapping method (ICIM). The ICIM approach uses a strategy in which a stepwise regression is firstly performed, so markers with significant effect on QTL are selected. ICIM-ADD method was used with the multi-environmental model builtin QTL IciMapping (Li et al., 2015). Significant LOD thresholds were set at 5% tail of the null distribution in a 1,000 permutations test (Luciano Da Costa et al., 2012).



Quantitative Trait Loci Validation

All QTL intervals identified for grain Fe and Zn content were analyzed in-silico with reference genome, Tift23D2B1–P1–P5 (PROJECT ID: PRJNA294988.) in order to navigate the presence of candidate gene associated with Fe and Zn content in grain. The physical position of flanked markers of identified QTLs were obtained from NCBI-BLASTn1. The sequence similarities searched against related cereals (Setaria italica) by Ab initio gene prediction method by using Fgenesh software for the identification of potential protein coding regions (Salamov and Solovyev, 2000)2. For each predicted exon similarity searches were run using the BLAST program on protein and EST databases (Altschul et al., 1997).




RESULTS


Phenotypic Evaluations

The mean performance of parents and range of trait values of RILs during three consecutive years (2014, 2015, and 2016) at E1, E2, and E3 are summarized in Table 3. Both traits (Fe and Zn) were approximately normally distributed when analyzed across the years at their respective locations (Figure 1). The levels of grain Fe in RILs ranged from 43.27 to 108.33 mg kg–1, 33.34–118.52 and 32.88–115.47 mg kg–1, while the range of grain Zn content was 22.4–94, 20.97–120.87, and 17.33–105.17 mg kg–1 across the years at E1, E2, and E3, respectively. The mean BLUP value of grain Fe and Zn content in both parents and RILs were higher across the described years at E1 when compared to E2 and E3, whereas mean BLUPs of grain Fe and Zn for both parents was lowest at E3 across the years. For grain Fe and Zn studied in different environments, both parents and RILs showed a wider range of variation.


TABLE 3. Grain Fe and Zn content (mg Kg–1) ±SE of the parents along with RILs of F6:7 mapping populations over 3 years and three diverse locations.
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FIGURE 1. Histograms of grain Fe and Zn in mapping populations of recombinant inbred lines evaluated across the year (2014–2016) at Delhi, Dharwad, and Jodhpur location.


The seed yield per plant and 1,000 seed weight of the 210 RILs along with both parents varied greatly. At E1 during three consecutive years (2014–2016), 1,000 seed weight ranged from 6.75 to 12.17 g with a mean of 9.05 g, and seed yield per plant ranged from 14.09 to 36.21 g with the mean of 24.05 g. And at E2 from 2014 to 2016, 1,000 seed weight ranged from 6.77 to 12.33 g with a mean of 9.09 g, and seed yield per plant ranged from 19.05 to 35.37 g with a mean of 26.81 g. From 2014 to 2016, 1,000 seed weights in E3 ranged from 6.48 to 11.41 g, with an average of 8.38 g, and seed yield per plant was 18.20–39.8 g, with an average of 26.75 g.

The ANOVA indicated a highly significant G × Y interaction [p < 0.0001, F(66.45) = 1.112 for Fe] and [p < 0.0001, F(62.43) = 1.112 for Zn]. The pooled mean, range, coefficient of variation (CV), genotypic variance (σ2g), residual variance, broad sense heritability (H2), least square difference (LSD) and G × E variance in RILs evaluated during 2014–2016 cropping season at E1, E2, and E3 has shown in Table 4. In the RIL population, the genotypic components of variance (σ2g) for both traits were significant, and the operational heritability (H2) estimates ranged from 0.83 (Zn) to 0.88 (Fe) (Table 4). The high heritability shows that much of the phenotypic variance in the population is genetically controlled and QTL can be mapped with a high degree of reliability. Broad-sense heritability was usually high enough to allow effective QTL mapping, indicating that the traits studied have moderately high to high proportions of genetic variance. Correlation coefficients (r) for grain Fe and Zn content were found statistically significant (p < 0.001) for each year of evaluations for each location.


TABLE 4. Estimates of mean, variance components (2014, 2015, and 2016), broad-sense heritability and LSD at Delhi, Dharwad, and Jodhpur for grain Fe and Zn content in RILs.

[image: Table 4]Homogeneity of variance tests based on Bartlett’s test indicated homogeneous error variance for both the traits which allowed for a combined analysis across the years for all locations. When performing a combined ANOVA, the year was considered as a random and genotypes were considered as fixed effects. Combined ANOVA showed significant Genotype × Environment Interaction (GEI) (p < 0.001), exhibiting the influence of changes in environment on the grain micronutrient contents of genotypes. It was observed that Genotypes (G) and GEI effects were highly significant (p < 0.01) and the contribution of year is very less for both the traits (Table 5).


TABLE 5. Mean sum of square of Fe and Zn at all locations based on combined analysis over three years for RILs and parents.
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Correlation of Grain Fe, Zn, 1,000 Seed Weight and Yield

Grain Fe and Zn content were highly (0.711) and significantly (p < 0.01) correlated (Table 6). Thousand seed weight was also observed to be positively correlated with seed yield per plant (0.579, p < 0.01). For successful incorporation of high levels of both grain Fe and Zn content, association between these micronutrients and their association with thousand seed weight and yield is important to plan a successful breeding approach so as to develop new improved lines or varieties having higher grain yield along with enhanced levels of grain micronutrients.


TABLE 6. Correlation of grain iron and zinc content with thousand seed weight and grain yield.
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Linkage Map Construction

For the polymorphism survey of both parental lines, 366 SSR primer pairs (IPES, PSMP, and ICMP series) and six gene-based primers were used. Of them, 151 (40.59%) SSRs detected polymorphism between the two parents. Polymorphic SSR markers included 94 IPES, 42 PSMP, and 11 ICMP series primer pairs and four newly synthesized primer pair named as Ppmsb (Pusa pearl millet SSR biofortification) (Figure 2). These polymorphic primers were further used for linkage map construction with LOD score 3.0.


[image: image]

FIGURE 2. Linkage map (linkage groups LG 1–LG 7) of the pearl millet recombinant inbred line (RIL) population based on the cross (PPMI 683 × PPMI 627). QTL identified in red color font indicates the grain Fe QTLs and QTL identified in blue color font indicates the grain Zn QTLs.


The total length of the linkage map was 3273.1cM (Kosambi). The individual linkage group ranged from 910 cM for LG 2 with the highest number of markers (31) to 135.3 cM for LG 3 with 14 markers, while the least number of markers were assigned on LG4 (10) followed by LG 3 (14) and LG 5 (14). The average interval size was 8.79 cM. The average LG length was 467.5 cM with an average of 21.57 loci. The average adjacent-marker interval lengths ranged from 3.07 cM (LG 3) to 14.91 cM (LG 2) followed by 11.34 cM (LG 1). Map distance between adjacent markers varied from 0.9 to 49.2 cM (LG 1) and 8.33% of the intervals (31 out of 372 intervals) were smaller than 10 cM. Details of all linkage group, total markers, skewed marker and their percentage, total map length (cM) and average distance (cM) were given in Table 7.


TABLE 7. Details of the simple sequence repeats (SSRs)-based linkage map of the pearl millet RIL population based on the cross PPMI 683 × PPMI 627.
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Quantitative Trait Loci Analysis

The multi-environmental QTL analysis exhibited the association of various genomic regions with grain Fe and Zn content at all the three locations during three consecutive years, 2014, 2015, and 2016 (Table 8). The analysis indicated the presence of four significant common QTL for grain Fe content, flanked by following markers Ppmsb001–Ppmsb002, IPES0142–IPES0180, IPES0157–IPES0093, and IPES0206–IPES0015, which explained the total phenotypic variance of 18.34, 17.98, and 15.98% for QTL1 on LG 2, 14.99, 16.26, and 14.8% for QTL 2 on LG 3, 19.66, 18.83, and 16.85% for QTL 3 on LG 5, 15.66, 16.61, and 14.56% for QTL 4 on LG 7 across three consecutive years (2014–2016) at E1, E2, and E3, respectively. These four QTLs were named as: QGFe.E1.2014–2016_Q1, QGFe.E1.2014–2016_Q2, QGFe.E1.2014–2016_Q3, and QGFe.E1.2014–2016_Q4 for Delhi location (E1), QGFe.E2.2014–2016_Q1, QGFe.E2.2014–2016_Q2, QGFe.E2.2014–2016_Q3, and QGFe.E2.2014–2016_Q4 for Dharwad location (E2), and QGFe.E3.2014–2016_Q1, QGFe.E3.2014–2016_Q2, QGFe.E3.2014–2016_Q3, and QGFe.E3.2014–2016_Q4 for Jodhpur location (E3) (Q = QTL; G = grain; Fe = iron). In addition, two more QTLs for GFe were also found at E3, flanked by IPES0101–IPES0139 and IPES0027–IPES0236 and having very less PVE of 2.92 and 2.85% on LG 1 and LG 2, respectively. The genome wide significant threshold was LOD = 3.5 for E1, E2, and E3.


TABLE 8. Quantitative trait loci for grain Fe (GFe) and Zn (GZn) content in RIL over three locations.
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For GZn, one common QTL was found in E1, E2, and E3 on LG 3 at significant threshold LOD value of 3.5 which was flanked by IPES0142–IPES0180 with total phenotypic variance of 14.39, 16.07, and 22.26% at E1, E2, and E3, respectively. And one more common QTL was also found at E1 and E2 on LG 2, flanked by Ppmsb001–Ppmsb002 having total PVE of 25.95 and 21.88%, respectively. Whereas, at E3, one QTL with flanked markers Ppmsb002–IPES0181was mapped on LG 2 with comparatively low total PVE of 11.18%. Two more un-repetitive QTLs between IPES0166–PSMP2249 (PVE 6.2%) on LG 3 and IPES0141–IPES0151 (PVE 2.93%) on LG 6 were detected in E1 and E3, respectively.

The proportion of the total phenotypic variance (PVE) explained by the QTLs for GFe ranged from 14.99 to 19.66%, 16.26–18.83, and 2.85–16.85% in E1, E2, and E3, respectively (Table 8). On the other hand, the PVE of the QTLs for GZn in E1, E2, and E3 ranged from 6.2 to 25.95%; 16.07–21.88 and 2.93–22.26% (Table 8). The QTLs that had the highest PVE for GFe in E1, E2, and E3 were 19.66% (IPES0157–IPES0093), 18.83% (IPES0157–IPES0093), and 16.85% (IPES0157–IPES0093), respectively. For GZn, the QTLs with the highest PVE were 25.95% (Ppmsb001–Ppmsb002), 21.88% (Ppmsb001–Ppmsb002), and 22.26% (IPES0142–IPES0180) at E1, E2, and E3, respectively.

We localized two genomic regions with pleiotropic effects on LG 2 and LG 3 for GFe and GZn at E1, E2, and E3. The first genomic region was QGFe.E1.2014–2016_Q1 to QGZn.E1.2014–2016_Q1 at E1, QGFe.E2.2014–2016_Q1 to QGZn.E2.2014–2016_Q1 at E2 and QGFe.E3.2014–2016_Q2 to QGZn.E3.2014–2016_Q1 at E3 linked to marker Ppmsb1–Ppmsb2 on LG 2 (Table 8). The second region was associated with QGFe.E1.2014–2016_Q2 to QGZn.E1.2014–2016_Q3, QGFe.E2.2014–2016_Q2 to QGZn.E2.2014–2016_Q2, and QGFe.E3.2014–2016_Q4 to QGZn.E3.2014–2016_Q2 linked to marker IPES0142–IPES0180, across the years, at all the three locations.

The QGFe.E1.2014–2016_Q3 region linked to marker IPES0157–IPES0093 having largest PVE for GFe (19.66%) on LG 5 over the locations, which was also displayed 3.6 additive effect of QTL (Table 8). Whereas, the QTL for GZn having largest PVE (25.95%) was QGZn.E1.2014–2016_Q1 on LG 2 over the locations (Table 8). Similarly, one more QTL for grain Zn (QGZn.E2.2014–2016_Q1) was also found with high PVE 21.88% on LG 2 at E2. The additive effect was detected for all the QTLs on which the alleles from PPMI 683 (donor parent) had positive additive effect.



Validation of Identified QTL in Diverse Set of Germplasm

Eleven high (PPMI 708, PPMI 1102, PPMFeZMP 199, PPMI 1278, 841B, PPMI 1232, PPMI 1107, PPMI 1225, PPMI 1089, PPMWGI 146, and PPMI 1231), nine low (PPMI 1011, PPMI 759, J 2467, PPMI 1087, PPMFeZMP 47, PPMFeZMP 34, J2405, and H77/833-2, 5540B) and four checks (ICMB 98222, ICMB 93222, ICMB 07999, and ICMB 92111) for grain iron expressing pearl millet genotypes (Table 9) were selected and their DNA was used for amplification with ten consistently associated primers, IPES0142, IPES0180, IPES 0160, IPES0093, IPES0206, IPES0015, IPES0166, PSMP2249, Ppmsb001, and Ppmsb002. The amplicons of these genotypes were obtained by PCR amplification of these primers. The similar regions of reference sequence obtained were thus compared with the amplified sequences of high and low grain iron of expressing pearl millet genotypes. These markers were compared with reference genome Tift23D2B1.


TABLE 9. List of pearl millet genotypes used to validate the flanked markers of QTLs for grain iron and zinc content.

[image: Table 9]


In-silico Identification of Candidate Gene

Candidate genes identified for each QTL was shown in Table 10. In the study, we identified ten metal transporter genes. Out of the ten genes seven were identified in the genome of Seteria italica whereas remaining three genes were identified in the genome of Zea mays. Among the genes from the Seteria italica, Ferritin-1 was associated with the QTL QFe 2.1 and QZn 2.1, Aluminum-activated malate transporter 5 and Potassium transporter 25 was identified with QFe 3.1 and QZn 3.1, Probable magnesium transporter NIPA4, Metal transporter Nramp3 isoform X2, Probable cadmium/zinc-transporting ATPase HMA1, chloroplastic isoform X2 and Cadmium/zinc-transporting ATPase HMA2 were linked with QFe 5.1. However, among the genes from the Zea mays, Potassium transporter 3 was associated with QFe 5.1 and QFe 7.1.


TABLE 10. Identification of putative candidate gene within QTL involved in enhancing Fe/Zn content.
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DISCUSSION


Variance Components and Heritability

Pearl millet has a great variation of mineral and agronomic traits. For both traits, the parents of this RIL population exhibited statistically significant divergent phenotypes. The BLUP means of RILs were significant for Fe and Zn content. A very wide range of variation was detected among the population for grain Fe and Zn content (Table 3).

Wider range of variation existed in the present mapping population for grain yield per plant (18.89–36.70 g) and thousand seed weight (6.84–11.79 g). Wide range of variation was earlier reported by many workers in pearl millet for yield and micronutrient traits (Govindaraj et al., 2011; Sankar et al., 2013; Vinodhana et al., 2013; Bashir et al., 2014; Sabiel et al., 2014; Anuradha et al., 2017). Greater amount of variation in the present population show that there is a lot of scope for selection of better lines to increase the grain yield in pearl millet.

The operational heritability (H2) estimates were very high and the genotypic components of variance (σ2g) for both traits were significant. Similar study was also done by Kumar et al. (2016, 2018). The trait heritability information is helpful to choose the selection procedure to be followed to improve the trait. Broad-sense heritability was high enough to allow effective QTL mapping, with moderately high to high proportions of genetic variance for the traits investigated. Higher estimates of heritability with genetic advance as a percent of mean were observed, suggesting the presence of additive gene action efficacy of selection for both traits. The traits which expressed high heritability and low genetic advance showed non additive gene action, hence heterosis breeding would be recommended for these traits. Sumathi et al. (2010) and Govindaraj et al. (2011) were also found similar result.



Frequency Distributions

The frequency distributions of the overall means for grain iron and zinc content in the mapping population are represented by histogram (Figure 1). Likewise, previously Kumar et al. (2016, 2018) were also concluded the normal frequency distribution for both traits in pearl millet. The normal Frequency distribution for both traits was also observed in other crop like wheat (Crespo-Herrera et al., 2017). Both traits in the RIL population have phenotypic normal distributions and transgressive segregations, indicating polygenic inheritance. The presence of transgressive segregation also suggests genetic recombination (Falconer, 1996), which means that both favorable and unfavorable alleles for the traits are dispersed between the parents.



Correlation Analysis

The understanding of the association between nutritional and agronomic traits will support the breeders to select suitable selection/breeding program for genetic improvement of associated traits such as mineral content. Several crops have been studied to determine the correlation between grain Fe and Zn contents. Iron and zinc didn’t record any significant association with grain yield and thousand seed weight albeit they in turn are correlated. In many previous studies there was negative association of Fe and Zn with yield (Kanatti et al., 2014), which hampers the effective selection of all these traits. This study is in accordance with Anuradha et al. (2017), where they didn’t notice any associations. Hence, there is a possibility for selection of high Fe and Zn content along with high yield. In current study, positive correlation between iron and zinc was observed as also reported in many previous studies (Rai et al., 2012; Govindaraj et al., 2013; Kanatti et al., 2014; Kumar et al., 2016, 2018; Anuradha et al., 2017, 2018; Velu et al., 2017). This could be due to common molecular mechanisms that regulate mineral uptake and metabolism in grains, or to common transporters controlling mineral movement within plants (Vreugdenhil et al., 2004; Ghandilyan et al., 2006; Magallanes-López et al., 2017). The strong association between these minerals in populations may be due to the co-segregation of genes for these traits. The direction and intensity of the association suggest that co-transferring superior alleles regulating these traits into the genetic backgrounds of elite lines could provide good opportunities for simultaneous genetic improvement of both micronutrients (Allouis et al., 2001). Genotypic correlations were found to be higher for all traits, implying that there is less interaction between the genetic makeup of the traits and environment.



Linkage Map

Linkage mapping is essential for QTL mapping and marker-assisted breeding programs. The most preferred mapping population is RIL, but the accuracy of the mapping resolution is dependent on population size. The linkage maps have been predominantly constructed using F2 populations and up to certain extent RILs in pearl millet (Ferreira et al., 2006). Only few previous studies were done on linkage map and QTLs in pearl millet like Supriya et al. (2011) had constructed the linkage map based on 321 loci (258 DArTs and 63 SSRs) for 140 RILs. Similarly, Kumar et al. (2016, 2018) had also used DArTs and SSRs for construction of linkage map and used a smaller number of SSRs for genotyping of RILs and map development. In our study, we found 151 polymorphic SSRs out of 366 and used for linkage map development for 210 RILs. The mapping population size and number of SSRs was high compared to the Supriya et al. (2011) and Kumar et al. (2016, 2018). The present study recorded lesser polymorphism for SSRs compared to that of Senthilvel et al. (2008) who reported 74%. It may be because the parents used here for the development of RILs are closely related than that of Senthilvel et al. (2008). The distribution of SSRs across the linkage group was uniform in the current study. In terms of SSR marker positioning on the genetic map, all SSRs mapped on the similar linkage group (LG) as previously reported pearl millet maps by various researchers (Yadav et al., 2004; Senthilvel et al., 2008; Supriya et al., 2011; Kumar et al., 2016, 2018). One hundred fifty-one polymorphic SSR markers were assigned to seven previously established pearl millet linkage groups (Figure 2). The present map had a larger length than the one reported by Yadav et al. (2004); Supriya et al. (2011) and Kumar et al. (2016, 2018).

Recombinant inbred lines usually exhibit segregation distortion, because, many recessive lethal genes become homozygous during the RIL development process (Kumar et al., 2016). Segregation distortion was found in 31.57% of the loci on the current linkage map. Whereas Kumar et al. (2018) found 60% segregation distortion of DArts and SSRs. Pollen abortion is most common in pearl millet than abnormalities in female gametes, leading to a comparatively greater loss of male alleles and the subsequent skewness toward the female parent (Kumar et al., 2018). Distortion from expected Mendelian segregation has been observed previously in maize (Wendel et al., 1987; Lu et al., 2002), barley (Graner et al., 1991; Devaux et al., 1995), rice (Causse et al., 1994; Xu et al., 1997), wheat (Blanco et al., 2004; Quarrie et al., 2005), and pearl millet (Supriya et al., 2011). The protogynous nature of pearl millet also contributes to segregation distortion (Liu et al., 1994). According to Cloutier et al. (1997) and Livingstone et al. (1999), residual heterozygosity and inbreeding depression during inbred development may also contribute to segregation distortion. The residual heterozygosity in some RIL may be advantageous at the same time, because deleterious genetic combinations in the form of reduced fitness or lethality can be avoided. The segregation of nearly all loci of LG 3 was distorted in comparison to earlier reports, which may explain part of the increase in LG 3 map length.

The presence of large gaps between the centromere and telomere is a characteristic feature of pearl millet linkage maps. Senthilvel et al. (2008) found a large gap in LG 4. The previously built framework map for the cross ICMB 841-P3 × 863B-P2 had big gaps in LG 2 and LG 7 (Senthilvel et al., 2008; Yadav et al., 2011). This new population also revealed a large gap (>25 cM) in LG 1, LG 2, LG 4, and LG 6, possibly due to extreme recombination localization at the ends of LG. The interval distance between the markers in LG 4 was high suggesting additional polymorphic markers are needed to fill-up the gap. According to many researchers like Devos et al. (2000); Varshney et al. (2006), and Senthilvel et al. (2008), large gaps in the distal regions reflect regions of high recombination, rather than a lack of markers in these regions. However, these linkage groups are still incomplete, and need the addition of new markers that are located on the distal regions of the linkage groups. The number of large gaps has tried to decrease in the present study, although there is still the possibility to map more markers to fill these gaps.



Quantitative Trait Loci for Grain Iron (Fe) and Zinc (Zn) Content and Environment Interaction

The use of QTL analysis to map populations is useful not only for identifying genomic regions associated with traits of interest, but also for using the associated marker information in breeding programs to integrate particular loci in elite germplasm. The application of QTL by environment interaction with composite interval mapping was used in the present study (Li et al., 2015), it was possible to locate several genomic regions associated with GFe and GZn during the three consecutive years over three diverse locations. Our findings support other authors’ findings that GFe and GZn are quantitative traits (Kumar et al., 2016; Anuradha et al., 2017). These previous QTL studies have also mapped QTL or genomic region for GFe and GZn in different linkage group of pearl millet, including LG 3 and LG 5, with PVE 13.6 and 10.0%, respectively, for iron content (Kumar et al., 2016). on the other hand, Anuradha et al. (2017), identified different markers on different linkage groups for both high grain iron and zinc content, namely PSMP 2261 (LG 5), IPES0096 (LG 7), IPES 0180 (LG3), and Xsinramp 6 (unmapped). Kumar et al. (2016) reported the co-localization of high grain iron and zinc content alleles/QTLs in pearl millet. It may happen because starting from uptake to final deposition into grain of iron and zinc may share some common pathways (Grotz and Guerinot, 2006). In present study we found four repetitive QTL on LG 2, LG 3, LG 5, and LG 7 with PVE ranging 16.0–18.6, 14.83–16.26, 16.88–19.63, and 14.59–16.61% in E1, E2, and E3, respectively, and the largest PVE (19.63%) was displayed by QGFe.E1.2014–2016_Q3 in LG 5. Kumar et al. (2016) has mapped one SSR marker (IPES142) on LG 3 and Anuradha et al. (2017) has mapped IPES180 on LG3. In the present study one QTL was mapped between IPES142–IPES180 on LG 3 which is in accordance with that of Kumar et al. (2016) and Anuradha et al. (2017). Further, Anuradha et al. (2017) mapped a marker ICMP 3092 on LG 7 for Fe. Similarly, we also identified one repetitive QTL between IPES0206–IPES0015 on LG 7 and interestingly the nearest marker to this QTL is ICMP 3092 as per Rajaram et al. (2013). However, the genomic regions of this study and other studies are not comparable since Kumar et al. (2016) used DArT markers while this study used SSR markers. Similarly, the mapping method used by Anuradha et al. (2017) was association mapping while it is QTL in the present study.

The genotype by environment interaction, particularly the cross-over type interactions, has significant implications for crop performance and breeding. The ideal case for pearl millet biofortification is to obtain stable pearl millet genotypes that perform well without cross-over interaction when tested in different environments or years in a particular geographical area. The analysis of the phenotypic data in our study revealed the presence of a significant G × Y interaction. QTL analysis revealed that most of the LOD scores for the additive average effect were higher than the LOD score for the interaction (Table 7), showing that QTL with higher LOD (Add) are more stable than those with higher LOD (G Y) (Li et al., 2015). The additive effect was detected for all the QTLs for grain Fe and Zn, on which the alleles from donor parent had positive additive effect. Gaoh et al. (2020) found the additive × additive gene effects had the most important effects for grain Fe content, while additive × dominance gene effects were significant for grain Zn content in pearl millet. Similarly, Garcia-Oliveira et al. (2018) and Kumar et al. (2018) reported that epistasis plays a role in regulating grain iron and zinc content in pearl millet and cereals, respectively. Lu et al. (2008) reported 28 genome-wide additive × additive interactions for mineral elements in rice. Anuradha et al. (2012) also reported epistatic interactions between loci on chromosomes 1 and 5 for grain Zn concentration. Jin et al. (2013) reported the additive effect for Zn and partial dominant for Fe in maize.




VALIDATION OF IDENTIFIED QTLS IN A DIVERSE SET OF GERMPLASM

Validation of marker trait associations can reveal their worthiness for further utilization in breeding. Hence, DNA from eleven high, nine low grain iron and four check (two for high and two for low) expressing genotypes were amplified with ten SSR markers which were consistently associated with both the traits. Flanked SSR markers of identified QTLs were compared with the reference Tift23D2B1 genome.


In silico Identification of Candidate Gene

The availability of the pearl millet genome sequence has allowed researchers to search for candidate genes involved in Fe and Zn accumulation in grains. The presence of candidate genes was investigated in genomic regions encompassing all QTLs contributing to Fe and Zn in pearl millet. QTLs identified for Fe and Zn content using composite interval mapping were analyzed In-silico for the presence of putative candidate genes. In the study, we identified ten metal related genes within the obtained QTLs.

Foods with higher iron content can be produced using modern genetic and molecular technologies. To increase the amount of iron and zinc in wheat, ferritin is over-expressed (Liu et al., 2016). Other mineral concentrations were also affected by ferritin expression, as reported by several studies (Drakakaki et al., 2005; Qu et al., 2005). The promoter selected to control ferritin expression is critical to iron accumulation in specific tissues. The Fe and Zn concentrations in transgenic indica rice grain improved by endosperm-specific glutelin gene promoter of soybean ferritin (Vasconcelos et al., 2003). According to Liu et al. (2016), over-expression of sickle alfalfa ferritin, which is controlled by the seed-storage protein glutelin GluB-1 gene promoter, increases grain Fe and Zn concentrations but also affects mineral homeostasis in transgenic wheat grain. Wheat TaALMT1 (ALMT, for Al-activated Malate Transporter) encoding a malate transporter involved in Al tolerance (Raman et al., 2005). Over expression of TaALMT1 in wheat, barley, and tobacco-cell suspension increases the efflux of Al-activated malate and increases the tolerance to Al stress (Pereira et al., 2010). Root exudation of organic acid such as malate/citrate may play an important role in providing iron to plants (Brown, 1983). Citrate efflux is crucial for iron translocation, and this is mediated by the efflux transporter FRD3 in Arabidopsis (Green and Rogers, 2004) and its orthologue FRDL1 in rice (Yokosho et al., 2016). Barak and Chen (1984) reported a positive effect of K on iron absorption which was associated with acidification of the rhizosphere. Sakaguchi et al. (1999), observed secretion of mugineic acid family phytosiderophores (MAs) from the use of potassium gradient, and content of potassium in barley roots increased with iron-deficiency. Grotz et al. (1998) identified the zinc transporter genes in Arabidopsis thaliana. Yang et al. (2020) studied on activity of zinc transporter (OsZIP9) mediates zinc uptake in rice. Plants acquire Mg from the environment and distribute in the ionic form via Mg2+-permeable transporters. In Arabidopsis, MGT6, (plasma membrane-localized magnesium transporter) mediates Mg2+ uptake under Mg-limited conditions (Yan et al., 2018). The Magnesium/proton exchanger protein is a vacuolar exchanger of protons with cytosolic Mg2+ and Zn2+ in Arabidopsis. Hence, it may be possible that Mg and Zn share a common pathway of transport in plants.


Ferritin Gene (Ppmsb001–Ppmsb002)

Plant ferritins are important iron storage proteins that serve as both an acceptor and a donor of iron in metabolic processes (Briat et al., 2010). It shares structurally and functionally similarities with animal ferritins. Plant ferritin is generally observed in cells which are inactive in photosynthesis such as seed, root, root nodules, and others. Plant ferritins are nuclear encoded and located primarily in plastids (Zielińska-Dawidziak, 2015). This protein also controls the cellular concentration of transition metals, metal ions apart from iron in the mineral core (including cadmium, beryllium, zinc, aluminum, and lead) (Kumar and Prasad, 1999). Many gene families like FER, ZIP, NRAMP, YSL, and NAS, were involved for mineral translocation from soil to the grain filling site. These gene families have been identified in plants such as Arabidopsis thaliana (Weber et al., 2004), Setaria italica (Alagarasan et al., 2017), and Oryza sativa (Neeraja et al., 2018). In the current report, the ferritin gene was reported by in silico method, which is similar to the Ferritin-like (PglFER1) gene family previously reported by Mahendrakar et al. (2020). With reference to previous studies it is clear that ferritin gene regulates the iron metabolism in plants.



Al3+ Transporter in Plants (IPES0142–IPES0180)

Aluminum is a potentially phytotoxic metal and Al tolerant plants excrete organic acids such as malate, citrate, and oxalate from root tips, depending on the plant (Ryan et al., 2011). The organic acid exudation is vital for plants tolerating metal and nutritional stress at the root-soil interface. Aluminum interferes the uptake or transport of nutrients such as Ca, B, Fe, Mn, P, Mg, and Cu or K (Keltjens and Tan, 1993; Keltjens, 1995; Lukaszewski and Blevins, 1996; Ślaski et al., 1996). Root elongation and nutrient (B, Fe, Mg, Ca, and P) absorption may also be inhibited by Al or low pH soils. Root exudation of organic acid such as malate/citrate may play a key role in supplying Fe to plants (Brown, 1983). Hence, with the consideration of previous studies, we assumed that the aluminum activated malate transporter gene is responsible to cease the aluminum absorption by plant root and also induce the iron absorption.



K+ Transporters in Plants (IPES0142–IPES0180, IPES0157–IPES0093, and IPES0206–IPES0015)

Oertli and Opoku (1974), as well as Barak and Chen (1984), identified a positive effect of K on Fe nutrition, which was linked to rhizosphere acidification (excessive K+ uptake and consequent release of H+ ions by roots to maintain a cation/anion balance). The activity of H+ ATPase pumps located at the plasma membrane is responsible for rhizosphere acidification, which is essential for nutrient acquisition. The liberation of proton is in the favor of uptake of Fe and other macro and micronutrients, especially under the deficiency conditions (Houmani et al., 2015). Hughes et al. (1992) found a significant effect of K+ on proton efflux and ferric reduction mechanisms (Strategy I of iron uptaking by roots). They also identified that K+ play specific physiological functions in the biosynthetic pathway of mugineic acid production and in the transport of Fe3+- phytosiderophore complex (Strategy II). So, we can assume that K+ transporter also regulate the iron absorption in plants under iron stress condition.



Zn2+ Transporters in Plants (XIPES0157–XIPES0093)

In present study, we have notified one zinc transporter gene of ZIP superfamily that was earlier reported in pearl millet by Mahendrakar et al. (2020). In higher plants, members of the ZIP family are involved in metal uptake, transport, and accumulation of iron and zinc in plant cells. The first identified zinc transporter genes were ZIP1, ZIP2, and ZIP3 in Arabidopsis thaliana (Grotz et al., 1998). Several ZIPs, including OsIRT1, OsIRT2, OsZIP1, OsZIP3, OsZIP4, OsZIP5, OsZIP7, and OsZIP8, have been identified as being responsible for Zn uptake from soil, translocation within the root and from the root to the shoot, and storage in rice seeds (Yang et al., 2009; Lee et al., 2010).



Mg2+ Transporters in Plants (IPES0157–IPES0093)

Mg2+ transporters are used to maintain Mg in plant organs. Among the proteins potentially involved in Mg2+ transport, Magnesium transporter (MGT) family Mg2+ transporters plant was the most well-investigated protein (Kobayashi and Tanoi, 2015). Meanwhile, the other transporters of Mg2+ are also possible such as Non-selective cation channels (NSCCs) (Guo et al., 2003). According to Demidchik and Maathuis (2007), Voltage-independent NSCC (VI-NSCC) reported the uptake of several cations including Mg2+, Ca2+, and Zn2+ at the resting membrane potentials. The Arabidopsis Magnesium/proton exchanger (MHX) protein is a vacuolar exchanger of protons with cytosolic Mg2+ and Zn2+. Hence, it may be possible that Mg and Zn share a common pathway of transport in plants.

We have identified one of the gene in ferritin gene family that was already reported in pearl millet via insilico studies and validated by qRT-PCR gene expression (Mahendrakar et al., 2020). The transporter genes like Al, Mg, and K transporter are reporting for the first time in pearl millet. Whereas these transporter gene family were found previously in many different crops such as Al transporters gene in wheat (Li T. et al., 2017) and Rice (Sonoda et al., 2003); Mg transporter gene in Maize (Li et al., 2016, 2018) and Arabidopsis (Li H. et al., 2017); K transporter gene in Maize (Zhang et al., 2012) and Barley (Santa-María et al., 1997); and Zn transporter gene in Arabidopsis (Grotz et al., 1998), rice (Ishimaru et al., 2005; Lee et al., 2010; Neeraja et al., 2018) and Maize (Li et al., 2013).





CONCLUSION

Enhancing the level of grain Fe and Zn content among elite cultivars of pearl millet become the priority area in answering the nutritional imbalance among poor inhabitance of the semi-arid tropics, especially women and children. Unravelling the genetic principles involved in inheritance of complex traits like grain micronutrient content in pearl millet via, trait-specific mapping enables rapid genetic gains. Huge genetic variation among RIL population observed under the present study can be further used to develop high yielding micronutrient rich cultivar through heterosis breeding. The two co-localized QTLs on LG 2 and LG 3, for both the minerals found to promising as it could simultaneously transferred to the parental lines of elite pearl millet hybrids through marker-assisted breeding programs.
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Supplementary Figure 6 | A and B shown the QTLs for grain Zn content at LG 2 and 3 at Jodhpur location.
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Grain mold is a major concern in sorghum [Sorghum bicolor (L.) Moench] production systems, threatening grain quality, safety, and nutritional value as both human food and livestock feed. The crop’s nutritional value, environmental resilience, and economic promise poise sorghum for increased acreage, especially in light of the growing pressures of climate change on global food systems. In order to fully take advantage of this potential, sorghum improvement efforts and production systems must be proactive in managing the sorghum grain mold disease complex, which not only jeopardizes agricultural productivity and profitability, but is also the culprit of harmful mycotoxins that warrant substantial public health concern. The robust scholarly literature from the 1980s to the early 2000s yielded valuable insights and key comprehensive reviews of the grain mold disease complex. Nevertheless, there remains a substantial gap in understanding the complex multi-organismal dynamics that underpin the plant-pathogen interactions involved – a gap that must be filled in order to deliver improved germplasm that is not only capable of withstanding the pressures of climate change, but also wields robust resistance to disease and mycotoxin accumulation. The present review seeks to provide an updated perspective of the sorghum grain mold disease complex, bolstered by recent advances in the understanding of the genetic and the biochemical interactions among the fungal pathogens, their corresponding mycotoxins, and the sorghum host. Critical components of the sorghum grain mold disease complex are summarized in narrative format to consolidate a collection of important concepts: (1) the current state of sorghum grain mold in research and production systems; (2) overview of the individual pathogens that contribute to the grain mold complex; (3) the mycotoxin-producing potential of these pathogens on sorghum and other substrates; and (4) a systems biology approach to the understanding of host responses.

Keywords: sorghum grain mold, mycotoxins, disease resistance, host-pathogen interactions, phenolics, phenylpropanoid pathway, flavonoid pathway


INTRODUCTION

Sorghum [Sorghum bicolor (L.) Moench] is grown internationally for its robust ability to withstand harsh climates, underlined by great water use efficiency and a diverse biochemical profile boasting high antioxidant potential. Sorghum exhibits robust environmental resilience and yield stability while being capable of reaching potential yield levels at lower input costs than other major cereals. These desirable traits have the crop posed for increased acreage. However, in many areas of agronomic sorghum growth such as regions in the tropical and subtropical climates, high heat and extended periods of humid conditions (relative humidity > 70%) are common. Regions such as these demonstrate inherently warm air capable of holding increased levels of water vaper, and will become more common and expansive as climate change occurs (Willett et al., 2014). Unfortunately, high heat and humidity are conducive to the growth of fungi associated with the sorghum grain mold (SGM) disease complex (Figure 1). Due to the sustained humidity in existing production environments (Western and Southern Africa, Southern Asia, South America, and Eastern North America), grain mold unfortunately persists throughout the growing season and post-harvest through the off-season if warm and wet storage conditions occur (Tola and Kebede, 2016). Storage conditions conducive to post-harvest mold generally occur when high-moisture grain is not properly dried prior to storage, resulting in storage of wet grain and generally higher levels of non-grain plant residue. Storage facilities that lack proper airflow capacity consequently encourage growth of fungal pathogens such as Aspergillus spp. from infected grain and residue (Kange et al., 2015). While SGM remains a threat to yield, it is not consistently the top yield-limiting disease in sorghum as it has been called on occasion in the past. The greater concern in regard to SGM is that the associated mycotoxin contamination is indisputably one of the top international threats to sorghum grain quality and safety. Critical reviews on SGM were published by Castor and Frederiksen (1980), Williams and Rao (1981); Forbes et al. (1992), Bandyopadhyay et al. (2000), and Waniska et al. (2001). However, it has been two decades since an updated review of grain mold literature has been provided, and much progress has been made toward understanding the SGM disease complex from physiological, genetic, and biochemical perspectives.
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FIGURE 1. Sorghum grain mold affecting the panicles of tannin and non-tannin cultivars.


The SGM pathosystem is exceedingly dynamic, as grain mold is innately multifarious, consisting of a multitude of fungi demonstrating various trophic lifestyles: necrotrophic, saprophytic, and hemibiotrophic. The taxonomic diversity of the SGM complex most commonly encompasses but is not limited to Fusarium spp., Aspergillus spp., Curvularia spp., Colletotrichum spp. and, Alternaria spp. (Forbes, 1986; Forbes et al., 1992; Bandyopadhyay et al., 2000; Little et al., 2011; Cuevas and Prom, 2020). The various fungal constituents that comprise the hierarchal makeup of the SGM complex drastically fluctuates throughout sorghum growth, harvest, and storage. The physiological changes that occur as the host transitions from vegetative to reproductive stages as well as the shift from the growing season into post-harvest storage environments affect the fungal constitution of the SGM complex (Forbes et al., 1992; Bandyopadhyay et al., 2000). The ascomycete F. verticillioides, previously known as F. moniliforme (Seifert et al., 2003), is the single most predominant species during the growing season (Williams and Rao, 1981; Cuevas et al., 2019a). Aspergillus however, is regarded as a top threat to the storage of grain, flourishing in poor storage conditions with high moisture or the presence of insects (Amaike and Keller, 2011; Gemede and University, 2016).

During early host anthesis (i.e., flowering), fungal constituents of the grain mold complex can infect and colonize spikelet tissue prior to grain development (Forbes et al., 1992), resulting in “blasting” of the grain and poor seed set. Post-anthesis, grain mold can externally colonize intact grain outside of the pericarp; however, true damage arises from internal colonization that can hinder grain fill and be detrimental to grain quality. Internal infection of grain is generally a consequence of opportunistic fungal infection at sites of deterioration due to weathering of developing or mature grain. Consequences of internal infection of grain are: (1) digestion of the starches and proteins within the endosperm; (2) overall softening and decay of the seed; and (3) the excretion of toxic secondary metabolites called mycotoxins into the caryopsis, with the latter having one of the most detrimental effects to overall quality and safety (Rodriguez-Herrera et al., 2000). In brief, exposure to dietary mycotoxins has been associated with health adversities such as cancer and cirrhosis (Wild and Gong, 2010; Ostry et al., 2017), immunological disorders (Corrier, 1991), and impaired child growth indicators (Lombard, 2014). In India, a foodborne diarrheal disease outbreak in the 1990s was linked to the consumption of mycotoxin-contaminated sorghum and maize (Zea mays) (Bhat et al., 2008). In addition to human diseases, about 48% of total sorghum grain is used as animal feed (Astoreca et al., 2019). In livestock, economically important pathologies associated with mycotoxins, such as Turkey X disease, and other exposure-associated nutritional deficiencies, are pervasive in global animal production systems (Bhat et al., 2010).

Worldwide, mycotoxin exposure through food is widespread (Astoreca et al., 2019) and the amount of international crops affected by mycotoxins was previously estimated near 25% (Park et al., 1999). Park et al. (1999) cited (Boutrif and Canet, 1998) as supporting evidence – even though no mention of this 25% estimate is present in the 1998 publication. This issue was recognized and addressed by Eskola et al. (2019), concluding that the original estimate of 25% could be based on EU legislation and Codex Alimentarius limits. The authors argue this estimate could largely understate the percentage of total food crops that could be infected with mycotoxins at a detectable level, which is argued by (Eskola et al., 2019) to be upward of 60–80%. Estimates for economic losses as a result of SGM-related damages have been previously estimated at US $130 million globally (Das et al., 2020), however, the United States Department of Agriculture (USDA) Grain Fungal Diseases and Mycotoxin Reference states economic losses due to related mycotoxins can be difficult to accurately assess (Schmale and Munkvold, 2009; USDA-ARS, 2018a, b).

The USDA estimates that 300–400 mycotoxins have been identified to date (USDA, 2016), with a portion of these being notable as they are produced by various pathogens implicated in the SGM complex and adversely affect marketable grain quality to an extent to which they are a severe threat to international food and feed safety (Abrunhosa et al., 2016); aflatoxins, ochratoxins, zearalenone (ZEN), fumonisins, deoxynivalenol (DON) and patulin are commonly listed among this subset (Bandyopadhyay et al., 2000; Bhat et al., 2010; Omotayo et al., 2019). Sorghum is the fifth most-produced cereal globally and a staple food in many parts of the world, such as Africa and Asia. Consequently, sorghum grain is responsible for a considerable portion of the food-related mycotoxin exposure as described above. However, unlike other cereals, sorghum does not yet have legislation regulating the maximum mycotoxin concentration in commercial grain (Astoreca et al., 2019).



SGM-ASSOCIATED FUNGI AND THEIR MYCOTOXIN BIOSYNTHETIC POTENTIAL

The pathogenic relationships between SGM-associated fungi and their sorghum host have been difficult to characterize due to the dynamic spatiotemporal development and multi-organismal nature of the disease complex. SGM has generally been regarded as a single entity, yet the complex does not have a single causal agent. Rather, SGM is a syndrome attributable to a diverse assemblage of fungal taxa (Mpofu and Mclaren, 2014), the composition of which can be highly variable across regions (Table 1). Additionally, the fungal makeup of the complex is heavily influenced by fluctuating dominance among species in the hierarchy throughout the lifespan of the host (Hareesh et al., 2000), which ultimately has a direct effect on the potential for specific production of various mycotoxins. Thus, both pathogen-host and pathogen-pathogen interactions are important determinants of SGM disease outcomes, further convoluting prospects for developing stable host resistance.


TABLE 1. Summary of SGM-associated fungi implicated in biosynthesis of some major mycotoxins.
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The diverse fungal species associated with SGM each take on unique physical and biochemical relationships with their host, involving both pathogenic and saprophytic lifestyles. Given the breadth and complexity of these relationships, host molecular defense mechanisms and the underlying genetics have been difficult to characterize. The need to breakdown the multi-species complex and scrutinize its various components has been expressed in previous literature (Das et al., 2011; Mpofu and Mclaren, 2014), and numerous efforts have been made in recent years (Cuevas et al., 2019a; Nida et al., 2019; Prom et al., 2020a). However, substantial gaps remain in understanding these relationships, reflected by lack of deployed SGM resistance in sorghum grown in agricultural environments around the world. Additionally, little is known about the ecology and mycotoxin biosynthetic potential of SGM-associated fungi, further limiting the extent to which conclusions can be drawn about the risk of toxin exposure within and across environments. The recent successful efforts in breaking down the components of the disease complex, and understanding pathogenicity on sorghum hosts, have created an opportunity to more critically examine the roles of the implicated fungal taxa in the disease complex and their implications for the future of research regarding SGM.


Fusarium spp.

A predominant genus of SGM-associated fungi is Fusarium, which contains numerous mycotoxigenic species and is among the most common genera in the disease complex (Williams and Rao, 1981). The most common species associated with sorghum grain mold are F. verticillioides (synonymous with F. moniliforme in the literature for the purposes of this review), F. thapsinum, and F. proliferatum, although many others have also been isolated from sorghum grain (Pena et al., 2019). F. verticillioides and related taxa produce the mycotoxin fumonisin, which has been implicated in human and animal diseases such as esophageal cancer, equine leukoencephalomalacia, and impaired growth (Chen et al., 2018). In more temperate growing environments, DON, a mycotoxin produced by F. graminearum, is a major concern across susceptible cereal crops (Das et al., 2011; Dweba et al., 2017). Sorghum contamination with DON has been occasionally reported (Das et al., 2011), but F. graminearum is demonstrably less virulent in the disease complex than other fusaria, such as F. thapsinum (Mpofu and Mclaren, 2014).


Mycotoxigenic Characteristics of Sorghum-Associated Fusaria

Relatively little is known about the mycotoxin biosynthetic potential of Fusarium isolates derived specifically from sorghum. Among isolates of Fusarium verticillioides derived from sorghum, much variability has been documented in fumonisin B1 (FB1) biosynthetic potential. Nelson et al. (1991) showed that among 15 sorghum- or millet-derived F. moniliforme isolates from sub-Saharan Africa, 6 produced detectable FB1 in vitro with a range of 95–2448 μg/g when incubated at 25°C for 31 days (Nelson et al., 1991). In South Africa, by contrast, it has been shown that F. napiforme isolates associated with sorghum molds produce very little to no FB1 (Nelson et al., 1992). In Kansas, USA, FB1-producing Fusarium isolates produced between 3 and 3148 μg/g FB1 when cultured on cracked maize under the same conditions (Leslie, 1992).

Moniliformin (MON), another mycotoxin produced by Fusarium species associated with SGM, can also accumulate in sorghum and be cause for human and animal health concern. In Argentina, sorghum-derived F. thapsinum isolates produced 175–2,100 μg/kg MON (mean 579 μg/kg) on sorghum medium in vitro when incubated at 28°C for 21 days (Pena et al., 2019). Leslie et al. (1996) found that sorghum-derived F. verticillioides isolates from United States, Philippines, and South Africa were capable of producing MON when incubated on ground maize at 25°C for 21 days. While the isolate with the highest biosynthetic potential (10,345 μg/kg) was collected in South Africa, vast ranges in MON production by F. verticilliodies was observed across the isolates of the various geographical regions (Leslie et al., 1996).

Aside from fumonisins and moniliformin, the Fusarium genus is a prolific producer of trichothecene mycotoxins such as deoxynivalenol (DON) and zearalenone (ZEN), and others, which have been documented in sorghum. DON biosynthetic potential or sorghum-derived Fusarium isolates has also been studied to some depth in a range of environments. In India, isolates cultured in glucose-yeast extract-peptone broth at 28°C for 14 days exhibited relatively low levels (0.01–0.04 μg/g) of DON biosynthesis (Ramakrishna et al., 1989). By contrast, a F. graminearum isolate from Queensland, Australia produced 239 μg/g on ground maize substrate incubated at 28°C for 28 days (Blaney and Dodman, 1988). This divergence in toxigenicity across geographies is consistent with earlier evidence that populations of F. graminearum are differential in their abilities to produce toxins and cause disease in their plant hosts (Ward et al., 2008). Aoyama et al. (2015) found that Japanese isolates of F. semitectum derived from sorghum hosts produce substantial amounts of ZEN on sorghum substrate, ranging from 1,530 to 19,400 μg/g. This is higher than what has been observed among isolates of F. semitectum and other Fusaria in India, where ZEN production among toxigenic strains ranged from 0.6 to 2.4 μg/g on rice substrate when incubated at 25°C for 20 days (Gupta, 1998).



Fumonisin as a Virulence Factor in Host Diseases

Fusarium verticillioides, a major contributor to SGM disease outcomes globally, exhibits both biotrophic and necrotrophic modes of infection. With respect to its role in the sorghum grain mold disease complex, F. verticillioides infection typically occurs via aerial spores that colonize developing panicles during florescence (Williams and Rao, 1981). There has been debate regarding whether fumonisins act as virulence factors in Fusarium-related plant diseases (Munkvold, 2003; Dastjerdi and Karlovsky, 2015). While the infection of F. verticillioides and bioactivity of FB1 within the host has not been extensively studied in sorghum, the etiology of infection via FB1 and fumonisins as a whole has garnered attention in other crops such as maize. There is some evidence, largely from seedling diseases, that fumonisin-producing isolates are more virulent than isolates that do not produce fumonisins (Gilchrist, 1998; Abbas et al., 2000; Bacon et al., 2008). Abbas et al. (2000) for example, demonstrated that FB1 is active on contact and exhibits limited translocation via the xylem when able to penetrate through a wound, thus playing an active role in necrotrophic infection. However, there has been little convincing evidence that fumonisins play a role in Fusarium virulence in grain diseases (grain molds, ear rots, etc.).

Several studies have been unable to demonstrate a relationship between fumonisin production and disease outcomes. Dastjerdi and Karlovsky (2015) reported from stalk rot of maize that fumonisin-producing and non-producing strains of F. verticillioides were shown to colonize stalks at an equal rate and caused similar levels of ear rot. Additionally, both fumonisin producing and non-producing strains were able to create similar levels of maize ear rot. Igarashi et al. (2013) found in Arabidopsis that the successful suppression of FB1-related host cell death caused by host recognition of FB1 is independent of any phytohormonal signaling response, and is actually a pathogen-associated molecular pattern-triggered immunity. In maize treated with F. verticillioides, Campos-Bermudez et al. (2013) found that the transcriptional and subsequent metabolic responses of the susceptible variety were far more accentuated than the resistant, suggesting that metabolite synthesis was actually supporting F. verticillioides growth and alluded to a more constitutive form of defense in resistant genotypes (Campos-Bermudez et al., 2013). This statement aligns with current literature as FB1 elicits a salicylic acid (SA)-based response in the host – a response usually reserved for responding to biotrophic invasion (Glazebrook, 2005; Verwaaijen et al., 2019). This SA response results in induced apoptosis via hypersensitive reaction (Torre-Hernandez et al., 2010), a successful mode of defense against a biotroph, but counterproductive in the case of necrotrophic and hemibiotrophic infection, ultimately creating dead host tissue that is optimal for necrotic F. verticillioides colonization. These studies illustrate the potential relationship (if any) of fumonisin production to F. verticillioides infection (Munkvold, 2003).




Aspergillus spp.

The Aspergillus genus contains among the most prolific producers of the mycotoxins aflatoxin (AF) and ochratoxin. The Aspergillus species common in the SGM disease complex include soil-borne saprophytes that can opportunistically infect the developing caryopsis following events such as insect damage (Pfliegler et al., 2020). The Aspergilli commonly found in sorghum grain molds are: A. flavus, A. niger, A. parasiticus, A. fumigatus, and A. glaucus (Little et al., 2011; Gemede and University, 2016). A. flavus and A. parasiticus are the most notable producers of aflatoxins, and while A. fumigatus produces the immunosuppressive mycotoxin gliotoxin to increase virulence to plants, animals and humans, it is not known to produce aflatoxin (Kamei and Watanabe, 2005). The risks associated with aflatoxin exposure are most pronounced in tropical and subtropical environments, where Aspergillus spp. proliferate abundantly, and the risk is less in regions with both cooler and drier off seasons (Cotty et al., 1994; Amaike and Keller, 2011). Additionally, growing regions with the inability to utilize modern grain storing technologies, which boast increased aeration and drying of stored grain, are at risk of enhanced fungal growth during storage.

The consumption of aflatoxin-contaminated grain can lead to aflatoxicoses (Marin et al., 2013; Mahato et al., 2019), which are some of the most widespread mold-associated diseases globally (Latgeì, 1999). Aflatoxin exposure can result in cancer, lack of immune suppression, liver damage, and mortality (Bennett and Klich, 2003; Sarma et al., 2017). From a public health view and in regard to the SGM complex, A. flavus and its close relative within the Flavi section, A. parasiticus, are of the highest concern within the Aspergillus genus (Sarma et al., 2017). Compared to A. parasiticus, A. flavus has a wide host range, and is much more prevalent in the SGM complex across locations (Amaike and Keller, 2011; Little et al., 2011; Gemede and University, 2016; del Palacio and Pan, 2020). Out of the more than 20 known aflatoxins there are four major aflatoxins which are a focus of studies for their abundance in foods and toxicity: B1, B2, G1, G2, and M1 (Iqbal et al., 2015; Kumar et al., 2017). AFB1 is the most toxic of these four, being a potent genotoxic and hepatoxic agent as well as being classified as a group 2A carcinogen by the International Agency for Research on Cancer (IARC) (Khoury et al., 2011). The A. flavus S and L strains are prolific producers of aflatoxins B1 and B2, and in addition, the L strains produce aflatoxins G1 and G2 (Amaike and Keller, 2011).

Under Aspergillus infection, sorghum has been shown to produce varying levels of antifungal proteins including sormatin, glucanases, and chitinases (Seetharaman et al., 1997; Ratnavathi and Sashidhar, 2004). Ratnavathi and Sashidhar (2004) showed chitinase as a response mechanism to Aspergillus from relatively strong positive correlations between chitinase activity and aflatoxin levels for both white-pericarp (r2 = 0.482) and red-pericarp (r2 = 0.600) sorghums. The authors added that the lower rate of chitinase activity in red to white-seeded sorghums is likely due to red-seeded sorghums reliance on a constitutively higher presence of polyphenols. Chitinase and glucanase production in an effort to fragment a pathogen cell wall is a common defense mechanism in host plants (de Ferreira and da Monteiro, 2017), and while further studies in sorghum are limited, chitinase production has been shown to be an effective defense response to Aspergillus in maize and peanut (Fountain et al., 2015; Hawkins et al., 2015).

In addition to their roles as pathogens in the SGM disease complex, Aspergilli also constitute a serious post-harvest spoilage threat for sorghum and other crops when grain is stored under sub-optimal conditions conducive for fungal growth and mycotoxin accumulation. Post-harvest genetic resistance is especially important in ensuring the prevention of aflatoxin infection throughout storage, as Aspergillus remains a top threat to storage safety. Sorghum is a staple crop in many developing countries which lack proper storage facilities capable of limiting contamination, and post-harvest genetic resistance is an important defense measure which prevents further expenses such as fumigation from occurring (Gemede and University, 2016; Meseka et al., 2018; Soni et al., 2020).

Compared to the Aspergilli associated with maize and groundnuts, the crops most vulnerable to aflatoxin accumulation in many environments, there is relatively little understanding of the mycotoxigenic characteristics of sorghum-associated Aspergillus strains. In parts of the world where sorghum is a major staple, notably India and sub-Saharan Africa, some evidence has accrued enabling characterization of aflatoxin biosynthetic potential of sorghum-derived isolates. In Egypt, Abdel-Sater et al. (2017) found that local sorghum-derived isolates of Aspergillus flavus produced an average of 254 μg/kg AFB1 when incubated on potato dextrose agar at 28°C for 10 days. Tunisian sorghum-derived isolates, on the other hand, produced just 1.15 μg/kg AFB1 on whole sorghum grains incubated at 37°C for 7 days (Lahouar et al., 2016). This discrepancy is consistent with earlier evidence that the thermal optimum for aflatoxin production is ∼30°C (Mousa et al., 2011), but could also be indicative of differential mycotoxigenicity of fungal isolates even from the same geographic region.

In India, Aspergillus flavus isolates from sorghum grain produced on average 2567 μg/kg AFB1 in yeast extract broth when incubated at 27°C for 7 days (Usha et al., 1994). Other studies in India also report aflatoxin biosynthetic potential in this ballpark in culture media (Somashekar et al., 2004; Reddy et al., 2011). Incubation on sorghum grain as a substrate has yielded much lower levels of aflatoxin production by sorghum-derived Aspergillus isolates in India (Mukherjee and Lakshminarasimham, 1995). This is illustrative of the importance of substrate characteristics in aflatoxigenesis; Winn and Lane (1978), for example, observed marked differences in aflatoxin deposition across sorghum substrates in different forms (whole, cracked, and ground) (Winn and Lane, 1978).



Curvularia spp.

Another ascomycete genus commonly associated with SGM is Curvularia, particularly C. lunata, which has been shown to play an increased role in the disease complex in drier environments and to have greater negative impact on germination in early season (Prom et al., 2016). Similarly, to F. verticillioides, Curvularia is typically associated with early-stage infection of the developing sorghum caryopsis and is known to elicit defense response genes in the host plant (Little and Magill, 2003). There is some evidence that Curvularia may be more competitive in the disease complex than Fusarium spp. in moist environments and that infection by this fungus substantially reduces seed viability even without presenting severe symptoms of infection (Prom et al., 2003). While certainly regarded as an important disease agent in SGM, there is no confirmed evidence of mycotoxin deposition by Curvularia in sorghum and it is unlikely that this genus plays and active role in sorghum mycotoxin contamination.



Colletotrichum spp.

The Colletotrichum genus, also the causal agent of another economically important sorghum disease, anthracnose, is known to play a role in the SGM disease complex. The predominant species implicated in both pathosystems is C. graminicola, which is abundant in warm, humid sorghum production contexts and has high levels of genetic diversity (Cuevas et al., 2016). While Colletotrichum spp. can occasionally predominate over other taxa in the SGM disease complex (Bandyopadhyay et al., 2000), the relative importance of this species is likely highly dependent on climatic conditions in the growing environment. In Texas, a low-humidity environment, for example, there is evidence that Colletotrichum spp. is a far less prominent member of the fungal assemblage than Fusarium, Curvularia, or Alternaria taxa (Prom et al., 2011). Like Curvularia spp., Colletotrichum is likely not implicated directly in mycotoxigenesis in the SGM disease complex. However, it remains unknown the extent to which atoxigenic taxa involved in SGM symptom manifestation modulate or enable toxin deposition by toxigenic fungi via disruption of physical, biochemical, or immune defenses of the host – this should be the subject of future investigation into the host-pathogen and pathogen-pathogen interactions within the disease complex.



Alternaria spp. and Epicoccum sorghinum

While not known to infect early flowering tissue of sorghum, A. alternata and A. solani are common contributors to SGM disease symptoms and have also been implicated in mycotoxin contamination (Bandyopadhyay et al., 2000). In certain environments, such as Texas and Turkey, this genus can be the most prominent member of the SGM fungal assemblage (Prom et al., 2020a). Alternaria is a diverse genus of ascomycete fungi, which is a prolific mycotoxin producer and is implicated in a range of plant diseases, notably in high-value crops (Logrieco et al., 2009). Like Fusarium spp., the mode of infection of Alternaria spp. in the SGM disease complex is largely via airborne spores, which are present in the growing environment throughout caryopsis development (Bandyopadhyay et al., 1991). Sorghum-associated Alternaria can be prolific producers of key mycotoxins such as tenuazonic acid, alternariol, alternariol methyl, altenuene, and altertoxin. The aforementioned Alternaria mycotoxins can be mutagenic and cytotoxic and, and while less toxic than aflatoxins or fumonisins, are believed to have synergistic effects (Patriarca et al., 2007). At present, tenzuazonic acid contamination in sorghum- or millet-based infant foods is the only governmentally regulated Alternaria toxin (Tralamazza et al., 2018).

Sorghum contamination with Alternaria mycotoxins has been observed in many production contexts globally. Despite the known role of this genus in the disease complex, relatively little attention has been given to the toxigenicity of Alternaria associated with SGM, compared to higher-profile toxins in public health dialog. In India, isolates of sorghum-derived Alternaria tenuissima produced 32.6, 22.1, 9.2, 2.7, and 1.8 μg/g of these toxins, respectively, on rice medium incubated at 25°C for 28 days (Bilgrami et al., 1995). Epicoccum sorghinum (formerly Phoma sorghinum) is another important contributor to SGM symptoms in some production systems and has also been implicated in the production of tenuazonic acid. A recent study from Brazil documented substantial tenuazonic acid production by sorghum-derived isolates between 0.0986 and 148 μg/g incubated on rice substrate at 25°C for 21 days (Oliveira et al., 2019).




MECHANISMS OF GRAIN MOLD RESISTANCE IN SORGHUM

Previous publications dating from the 1980s to the early 2000s have described important sources of host resistance to sorghum grain mold, recognized and selected upon through visual features such as panicle compactness (Williams and Rao, 1981; Brown et al., 2006), grain pigmentation representative of tannin content, presence of a pigmented testa, grain hardness, endosperm texture, pericarp thickness, and both glume coverage and tenacity (Williams and Rao, 1981; Menkir et al., 1996; Brown et al., 2006; Sharma et al., 2010). A study by Sharma et al. (2010) using the sorghum mini core collection (Upadhyaya et al., 2009) found two major phenotypes to contribute to SGM resistance in significant ways: panicle compactness and grain pigmentation. Panicle structures exhibiting compactness were found to significantly increase grain mold severity (r = 0.47) and grain pigmentation to decrease severity (r = −0.45). It should be noted that the relationship between grain pigmentation and SGM is difficult to determine using visual methods due to potential bias, as it is inherently easier to observe mold incidence on white pericarp grain than pigmented grain.

Open panicle structures common in the guinea race of sorghum allow increased resistance to mold colonization by maximizing airflow and minimizing moisture within the panicle. Additionally, guinea sorghum exhibits large glumes with high grain coverage, a trait shown to limit grain mold infestation (Audilakshmi et al., 1999). However, guinea sorghum commonly demonstrates poor yield as a result of less grain per branch than other sorghum races and exhibit undesirable agronomic traits. Consequently, most commercial varieties consist of semi-open to semi-compact panicle architecture rather than open. This trend demonstrates the limitations of relying on open-panicle structure for SGM resistance.

While panicle architecture is a compilation of types of inflorescence branching, grain pigmentation is a culmination of a diverse and abundant set of biochemical compounds housed within the pericarp, testa, and endosperm (Waniska, 2000). Presence of a dominant spreader gene is necessary for the spread of pigmentation from the testa into the pericarp (Xiong et al., 2019b). Glume pigmentation is also influenced by biochemical compounds similar to the grain. A large portion the biochemical compounds that influence grain and glume color consists of the secondary metabolites that fall into the chemical class of phenolics (Shen et al., 2018), many of which have demonstrated biochemical host resistances that are active against SGM infection. Ubiquitous throughout plants, phenolics of sorghum are responsible for reacting to environmental cues and responding to stress (Cheynier, 2012; Razzaq et al., 2019). Total phenolics in sorghum grain have previously been broken down into phenolic acids, condensed tannins, and flavonoids, all of which have been implicated into SGM resistance at some level (Shen et al., 2018; Xiong et al., 2019b).

Phenolic compounds underlying pigmentation in sorghum demonstrate a range of antioxidant potential that provides an effective source of phytochemical resistance to diseases such as SGM through scavenging of reactive oxygen species generated during fungal infection by both the host and pathogen (Das and Roychoudhury, 2014). While constitutive maintenance of phenolic compounds is widely present in sorghum grain, synthesis of critical phenolic compounds with increased specificity to biotic resistance is largely induced in response to pathogen detection (Liu et al., 2010). Due to this responsiveness of inducible phytochemical production, total phenolic content in sorghum grain unchallenged by pathogens does not effectively predict biotic resistance (Dicko et al., 2005; Atanasova-Penichon et al., 2016).

The presence of a pigmented testa contributes a large amount of condensed tannins and a considerable portion of phenolic content to the biochemical profile of sorghum grain (Menkir et al., 1996). However, the use of condensed tannins within a pigmented testa as a primary source of SGM resistance is limited as tannins lower feed acceptance (Rooney and Murty, 1982) and hinder protein digestion in both animals and humans (Wu et al., 2012), as well as reduce the efficiency of grain starch to ethanol conversion (Zhao et al., 2009). Forbes et al. (1992) stated the need to understand resistance mechanisms of varieties without a pigmented testa (no to low condensed tannins), and since the publishing of this review, progress has been made in elucidating the grain mold – sorghum pathosystem and understanding the host phenolic profile far beyond tannin content. Important sources of both inducible and constitutive phytochemical resistances have been further characterized; largely enhanced by an improved understanding of the underlying metabolic pathways and processes in sorghum.



BIOACTIVE METABOLITES AND PATHWAYS INVOLVED IN HOST RESPONSE TO GRAIN MOLD INFECTION

Improved knowledge of the transcriptional responses and metabolic architecture of not only sorghum, but crops such as wheat (Triticum aestivum) and maize (that encounter similar head mold diseases), has guided the characterization of cereal grains response to grain mold-specific pathogens to limit host stress and mitigate mycotoxins production. Increased characterization of the head mold pathosystems has provided a framework to further understand host phytochemical resistances of sorghum that are derived from metabolic pathways. The following sections seek to highlight specific host chemical mechanisms that are active throughout SGM disease development to provide a general understanding of these interactions to assist in the further research and development of sorghum cultivars with effective phytochemical grain mold resistances while maintaining and even improving important agronomic traits.

In sorghum, grain pigmentation is underlined by a diverse metabolic profile, and has been used to visibly select resistance-related phytochemical traits. Many of these chemical compounds underlying grain pigmentations are phenolic compounds, which represent a large group of secondary metabolites present across the plant kingdom that are synthesized in response to biotic and abiotic stress (Bhattacharya et al., 2010). Various phenolic compounds that play roles in SGM resistance are individual products and intermediaries of the phenylpropanoid biosynthesis pathway. Induced biosynthesis of these phenolics as a defense mechanism occurs predominantly in resistant sorghum genotypes (Katilé et al., 2010; Prom et al., 2020a).


The Phenylpropanoid Biosynthesis Pathway

The phenylpropanoid pathway begins with the enzymatic conversion of phenylalanine by phenylalanine ammonia lysase (PAL) (Tohge et al., 2013), which then undergoes additional enzymatic conversions resulting in naringenin chalcone, the intermediate that chalcone isomerase (CHI) ultimately converts to the flavanone naringenin and marks the beginning of the flavonoid biosynthesis pathway (Figure 2). Many of the phenolic acids contributing to SGM disease resistance are derivatives of phenylalanine, and while part of the phenylpropanoid pathway, are not part of the downstream flavonoid pathway.
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FIGURE 2. Overview of phenylpropanoid pathway in sorghum, highlighting components and branches which are directly related to SGM resistance/susceptibility and enzymatic competition over flavanones naringenin and eriodictyol. Solid black squares over arrows represent enzymes and blue squares over arrows represent enzymes that are affected by TAN1’s regulatory role in transcription. Enzyme names are as follows: phenylalanine ammonia lysase (PAL), cinnamate-4-hydroxylase (C4H), coumaryl-CoA ligase (CCL), naringenin chalcone synthase (NCS), chalcone isomerase (CHI), flavonoid 3′ hydroxylase (F3′H), dihydroflavonol reductase (DFR), and DFR-like flavanone 4-reductase (FNR).


Phenolic acids represent the largest and simplest group of non-flavonoid phenolics in sorghum grain. Having been subject to an array of anti-mycotoxin research, phenolic acids have been shown to both inhibit and activate mycotoxin production (Atanasova-Penichon et al., 2016; Stuper-Szablewska and Perkowski, 2017). The main phenolic acids connected to SGM resistance reported in sorghum consist of the (1) cinnamic acids: ferulic, chlorogenic, caffeic, p-coumaric, and sinapic acids (2) benzoic acids: gallic, protocatechuic, vanillic, and syringic acids (Xiong et al., 2019b). In cereals, cinnamic acids such as ferulic and p-coumaric acid have been shown to have inhibitory effects for Fusarium growth and mycotoxin production (Ferruz et al., 2016b), and additionally shown to directly inhibit F. verticillioides and F. proliferatum mycelial proliferation and fumonisin production on maize-based media (Ferrochio et al., 2013). Studies have shown caffeic acid and vanillic acid to drastically reduce FB1 production and mycelial growth of Fusarium (Beekrum et al., 2003; Schöneberg et al., 2018). In contrast to cinnamic acids, benzoic acids with the exception of syringic acid have generally been shown to have activating effects, even providing slight stimulation to mycelial growth (Boutigny et al., 2009; Atanasova-Penichon et al., 2016; Schöneberg et al., 2018).

Phenolic acids exist in both bound and free forms. Bound forms represent 70–95% of phenolic acid in sorghum grain (Xiong et al., 2019b) and present a multifaceted grain mold resistance source. Alongside of contributing to antioxidant potential and limiting mycotoxins on a cellular level, bound forms of phenolic acids strengthen grain hardness (Chiremba et al., 2012). Alongside ferulic acid, p-coumaric acid has also been shown to positively correlate with sorghum grain hardness (Chiremba et al., 2012). Grain hardiness contributes to grain mold resistance by reducing weathering of the pericarp and ultimately limits the ability of grain mold pathogens to degrade the endosperm. This connection of phenolic acids to grain hardness suggests an interesting contribution to SGM-resistance (Jambunathan et al., 1992; Waniska et al., 2001).

Compared to bound phenolic acids, free phenolic acids represent a smaller portion of total phenolic acids within sorghum, maize and wheat. Additionally, biosynthesis levels undergo more drastic fluctuations than their bound counterparts (Atanasova-Penichon et al., 2016). In many cereals, free chlorogenic acid is the most common free phenolic acid. Gauthier et al. (2016) demonstrated in maize that chlorogenic acid is a valuable source of resistance to F. graminearum proliferation and limiter of type B trichothecene mycotoxin production. While chlorogenic acid exhibits antifungal properties of its own, the authors showed that F. graminearum transforms host chlorogenic acid into caffeic acid, which exhibits antifungal properties of increased potency over the former. The authors concluded this phenomenon regarding chlorogenic acid exhibits “pro-drug” qualities, demonstrating its highest toxicity levels when degraded into caffeic acid (Gauthier et al., 2016). Chlorogenic acid is shown to be a major phenolic acid present in sorghum (Pasha et al., 2015), shown to play roles in essential physiological processes such as photosynthesis (Turner et al., 2016); however, the role of chlorogenic acid as a fungal inhibitor in sorghum has not been explored to the extent that it has in maize or wheat.

Both the strain of pathogen and host are critical determinants in the overall efficiencies of phenolic acids as they interact with pathogens in inhibitory, neutral or activating roles (Ferruz et al., 2016a; Gauthier et al., 2016). Research has helped create a solid understanding of the roles phenolic acids play in diseases such as wheat Fusarium head blight and maize ear rot. Even though sorghum boasts a diverse and abundant phenolic profile well suited for further exploration in relation to biotic resistance, phenolic acid activity has not been as extensively studied with sorghum-based substrates using grain mold pathogens and related mycotoxins. Presence of common phenolic acids across crops and studies showing functional properties of phenolic acids on mycotoxins demonstrates a potential for increased contribution to grain mold resistance in sorghum. To understand the nuances of phenolic acid based-sorghum grain mold resistances, interactions of phenolic acids with grain mold pathogens must undergo further research using sorghum-based media or in vivo studies to understand these relationships in planta.



The Flavonoid Biosynthesis Pathway: Naringenin as a Precursor Influenced by Host Sensitivity

Naringenin marks the beginning of the flavonoid biosynthesis pathway, acting as a substrate that is subject to competition from an array of enzymes: flavonoid 3′ hydroxylase (F3′H), flavanone-3-hydroxylase (F3H) as well as dihydroflavonol 4-reductase (DFR) and the DFR-like enzyme flavanone 4-reductase (FNR) (Xiong et al., 2019a; Figure 2). The ultimate fate of naringenin is heavily influenced by genotype by environment interactions, with studies such as (Taleon et al., 2012) demonstrating 48% of total variation in naringenin abundance being a consequence of environmental variation, and separate studies having reported major influence on naringenin by biotic factors such as fungal ingression (Boddu et al., 2005). The fate of naringenin is also tissue-dependent, as downstream products such as 3-deoxyanthocyanidins (3-DAs) are maintained constitutively in unchallenged grain while synthesis is only induced in leaf tissue upon fungal ingress (Boddu et al., 2005; Ibraheem et al., 2015; Kawahigashi et al., 2016).

Sorghum demonstrates a high level of host sensitivity to fungal ingression, as spatial accuracy in the induction of phytoalexins critical to SGM resistance occur through site-specific synthesis at place of infection. Naringenin is a precursor to many of these phytoalexins and marks an important junction in the flavonoid pathway. A resistant response to fungal ingression is dependent on the availability of naringenin to enzymes that synthesize SGM resistance-related compounds. As described in detail in later sections, synthesis of 3-DA phytoalexins is an inducible resistance-related host response to SGM, and a lack of activity by F3H can be a consequence of inducible synthesis of 3-DAs resulting from increased channeling of DFR3/FNR on naringenin (Figure 2; Liu et al., 2010). As will be explored throughout this text, the availability of naringenin at optimal time and point of infection is crucial to host response. At its core, a large portion of host biochemical responses to grain mold may in many ways a consequence of the management of the enzymatic competition over naringenin.



Enzymatic Conversion of Naringenin by F3H – The Synthesis and Properties of Condensed Tannins (Proanthocyanidins)

Condensed tannins (proanthocyanidins) are well understood for their roles in increased antioxidant capabilities and significant correlations with SGM resistance (Harris and Burns, 1973; Forbes, 1986; Melake-Berhan et al., 1996; Dicko et al., 2005; Cuevas et al., 2019b). The presence of condensed tannins throughout SGM resistant germplasm is interesting, as there is little knowledge to suggest condensed tannins demonstrate direct toxicity to fungal pathogens as do products of other branches of the flavonoid biosynthesis pathway such as 3-DAs and flavones (Melake-Berhan et al., 1996; Du et al., 2009; Nida et al., 2021). Regardless, the use of condensed tannins is limited in sorghum germplasms for their reduction in protein digestibility of animals. However, the toxicity of condensed tannins to humans has been misunderstood, and have been shown to provide antioxidants, fiber and reduce obesity as a food source (Dykes et al., 2005). Sorghum tannin types have been divided amongst three categories: type I) no tannins; type II) tannins in pigmented testa; type III) tannins in pigmented testa and pericarp (presence of spreader gene) (Waniska et al., 2001).

SbF3H1 of sorghum codes the flavanone-3-hydroxylase (SbF3H) enzyme that is capable of converting naringenin to condensed tannins (Figure 3). As another competitive enzyme for naringenin, host management of SbF3H activity could play an important role in managing enzymatic competition for naringenin (Mizuno et al., 2014). SbF3H converts flavanones to dihydroflavonols from which SbDFR1 synthesizes flavan-3,4,-diols (leucoanthocyanidins). Leucoanthocyanidins represents a junction in this branch of flavonoid synthesis from which anthocyanidins or flavan-3-ols can be synthesized. Condensed tannins are the result of oligomerization and polymerization of flavan-3-ol compounds (He et al., 2008; Wu et al., 2012).
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FIGURE 3. Detailed overview of the flavonoid biosynthesis branch responsible for the synthesis of condensed tannins (proanthocyanidins) in sorghum. Highlights F3H activity on flavanones naringenin and eriodyctiol. Enzymes are as follows: chalcone isomerase (CHI), flavanone-3-hydroxylase (F3H), and dihydroflavonol reductase (DFR).


Early understandings of SGM resistances recognized condensed tannin content as a lone dominant influence on SGM resistance (Harris and Burns, 1973). While this outlook was justified at the time, it was chemical studies such as Menkir et al. (1996) that began to expand this perspective to consider a more complete host phenolic profile by showing inconsistencies in condensed tannin content of SGM resistant phenotypes. Recent studies have assisted in the accurate understanding of the contributions of condensed tannin content to SGM resistance as the expansive genetic underpinnings of grain mold resistance continue to be elucidated. Biosynthesis of condensed tannins is controlled by the Tannin-1 (TAN1) transcription factor (Wu et al., 2012). TAN1 demonstrates influence over enzymatic competition for naringenin by regulating expression of enzyme-coding genes in the pericarp responsible for the transcription of CHI, F3H, F3′H, DFR and ANS (Wu et al., 2012; Mizuno et al., 2014), and consequently influencing the synthesis of 3-DAs, flavones, and anthocyanins in addition to condensed tannins (Liu et al., 2010).

Wu et al. (2012) found the TAN1 allele was present throughout 78% of a diverse collection of sorghum germplasm consisting of 161 accessions. Similar to the 161 accessions used by Wu et al. (2012), Cuevas et al. (2019a) found that a functional TAN1 is present in 79% of the sorghum association panel (SAP) (Casa et al., 2008), an interesting finding considering that a majority of the accessions within the SAP were also found be highly susceptible to SGM. The study by Cuevas et al. (2019a) demonstrated that genotypes harboring a non-functional TAN1 allele (tan1-a) were more susceptible to grain mold on average compared to accessions with the functional allele. Interestingly, the Genome-Wide Association Studies (GWAS) of the SAP did not associate TAN1 with grain mold resistance, illustrating the complexity of the SGM resistance phenotype that supports the author’s conclusion that resistance is a culmination of many additional factors in addition to the concentration of tannins (Cuevas et al., 2019a).

Another recent SGM association study employing 635 Ethiopian genotypes by Nida et al. (2021) identified a collection of protein-coding loci, and consistently detected SNPs within the TAN1 coding region. The authors suggested TAN1’s role in the flavonoid pathway affecting biosynthesis of 3-DAs and tannins could contribute to TAN1’s role in grain mold resistance. While widespread presence of TAN1 across mapping populations is a factor of both aforementioned studies, a key difference is the differing levels of resistance between the two populations, with the former (SAP) demonstrating increased susceptibility overall than the latter (Ethiopian). This notable difference in SGM resistance between mapping populations may be a consequence of varying levels of TAN1’s role in transcriptional regulation of the enzyme-coding genes in the flavonoid pathway, and could be factoring into why TAN1 was not associated with SGM resistance in the SAP, but consistently identified in the Ethiopian panel.

Additional GWAS such as those by Prom et al. (2020a) and Ahn et al. (2019) further highlight the genetic complexities of SGM resistance, as many identified genes show minor rather than major effects, such as a variety of zinc finger proteins, resistance genes (R-genes), and the underlying genetics associated with systemic acquired resistance (SAR) mechanisms (Ahn et al., 2019; Prom et al., 2020a). While condensed tannin content remains an important component of host resistance, it only represents a portion of the phenolic profile that contributes to a complex host resistance mechanism. Many additional components of host resistance such as sorghum SAR mechanisms, R-genes and the phenolic profile in its entirety should be explored in order to provide a more complete understanding of mold resistance in sorghum germplasms (Cuevas et al., 2019a). Additionally, at the core of the grain mold resistance phenotype in sorghum is host management of enzymatic competition over naringenin and the ability to ensure naringenin availability to the correct branch of the flavonoid pathway at time of grain mold infection.



Enzymatic Conversion of Naringenin by SBDFR3/FNR – The Synthesis and Properties of Flavan-4-OLS, 3-Deoxyanothcyanidins, and Phlobaphenes


Flavan-4-ols

Flavan-4-ols have been subject to many early studies regarding grain mold resistance, and repeatedly shown to be a critical component of sorghum defense mechanisms active against SGM (Jambunathan and Kherdekar, 1991; Melake-Berhan et al., 1996). Studies have shown resistant genotypes respond to pathogen infection by producing flavan-4-ols, and demonstrated their importance as a precursor and active compound (Jambunathan and Kherdekar, 1991; Poloni et al., 2014). The dihydroflavonol 4-reductase enzyme SbDFR3 and DFR-like flavonoid 3′-hydroxylases (SbFNR) are responsible for the conversion of naringenin into flavan-4-ol (Kawahigashi et al., 2016; Mizuno et al., 2016) (Figure 4). Resistant and susceptible genotypes have been shown to maintain flavan-4-ols at similar concentrations in early sorghum development (Jambunathan and Kherdekar, 1991). Three weeks post-anthesis however, flavan-4-ol content in susceptible genotypes decreased over three times more than in resistant lines (Melake-Berhan et al., 1996). While flavan-4-ol concentrations have been shown to be present in the caryopsis throughout grain mold resistant genotypes, flavan-4-ols do not directly inhibit the growth of fungal pathogens (Schutt and Netzly, 1991), suggesting a role as a precursor or in signaling mechanisms.
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FIGURE 4. Detailed overview of the flavonoid biosynthesis branch responsible for the synthesis of flavan-4-ols, 3-DAs, and phlobaphenes in sorghum. Highlights DFR3/FNR activity on flavanones naringenin and eriodictyol as well as flavan-4-ols as an intermediate junction between 3-DAs and phlobaphenes. Enzymes are as follows chalcone isomerase (CHI), dihydroflavonol reductase (DFR), DFR-like flavanone 4-reductase (FNR), uncharacterized anthocyanidin synthase (ANS), flavonoid 3′ hydroxylase (F3′H).




3-Deoxyanthocyanidins

3-DA’s of sorghum are composed of luteolinidin, apigenidin and their methoxylated derivatives (Xiong et al., 2019a). These anthocyanins demonstrate high levels of fungal toxicity and have been tied to fungal resistance mechanisms (Nicholson et al., 1987; Schutt and Netzly, 1991). Early studies such as the one by Menkir et al. (1996) found the phytoalexin apigenidin to contribute to grain mold resistance and found no relationship between resistance with luteolinidin and apigenidin combined. Interestingly, notable studies had previously determined luteolinidin, when compared to apigenidin, exhibits higher levels of fungal toxicity to H. maydis and C. graminicola, accumulates at slower rates following infection (Nicholson et al., 1987), and is more consistently present throughout anthracnose resistant varieties (Snyder and Nicholson, 1990). While luteolinidin accumulates at slower rates than apigenidin, literature suggest resistant varieties exhibit increased reliance on this extra enzymatic step involving F3′H to produce luteolinidin, possibly to take advantage of the higher fungal toxicity over apigenidin (Nicholson et al., 1987; Mizuno et al., 2014). Melake-Berhan et al. (1996) were able to demonstrate high correlations of apigenidin and luteolinidin with each other as well as with flavan-4-ols; however, the study was unable to demonstrate a major contribution of luteolinidin and apigenidin to grain mold resistance, even though both compounds demonstrate effective fungal toxicity.

3-DAs have been found to be present in maize and flowers of the Gesneriaceae and Bignoniaceae families, but pathogen-induced rapid production of 3-DAs as phytoalexins is unique to sorghum (Liu et al., 2010; Xiong et al., 2019a). In sorghum, 3-DAs are produced in infected cells as inclusion bodies (Snyder and Nicholson, 1990), and migrate to the site of infection (Liu et al., 2010). This production and migration of phytoalexin 3-DAs is primarily a pathogen-induced mechanism, and undetectable in tissues of unchallenged hosts. The enzymes SbDFR3 and SbFNR are responsible for the conversion of naringenin into flavan-4-ol precursors, and an unknown ANS enzyme converts flavan-4-ols to 3-DAs (Figure 4; Xiong et al., 2019a).

Much of the research to understand the transcriptional controls and site-specific production of 3-DAs in response to fungal ingress have been performed in relation to anthracnose resistance using Colletotrichum sublineolum (Ibraheem et al., 2010; Kawahigashi et al., 2016). Consequently, much of the research that has highlighted these phytoalexins for site-specificity in sorghum analyzed 3-DA biosynthesis in leaf and mesocotyl tissue. Sorghum fungal diseases such as anthracnose predominantly initiate in leaf tissue, while the most damaging aspects of grain mold occur in developing reproductive tissue (i.e., grain). Leaf tissue production of 3-DAs is primarily an induced mechanism and only measurable when challenged by fungal pathogens (Kawahigashi et al., 2016). In contrast, SGM resistant genotypes maintain constitutive, detectable levels of 3-DAs within grain that is unchallenged by SGM (Awika et al., 2004; Boddu et al., 2005).

Two overlying concepts in the understandings of 3-DA activity in the SGM disease complex outline two shortcomings in current understandings: (1) Antifungal properties and pathogen-related induction of 3-DAs suggests a considerable role in grain mold resistance, but evidence of significant contributions to phenotype are inconsistent; and (2) the analysis of inducible 3-DA activity in SGM specific-interactions and host tissues (developing reproductive tissue, grain, and glume) compared to other fungal pathogens of sorghum has been lacking. Recently however, with the addition of association and expression studies, Nida et al. (2019) successfully identified and connected genes responsible for 3-DA synthesis to SGM resistance and identified induced expression of flavonoid biosynthesis-related structural genes in the grain and glume. The authors performed GWAS for grain mold scores across a large set of 2,010 accessions, with 1,940 Ethiopian landrace accessions, 1,550 of which were from the Ethiopian Biodiversity Institute. This GWAS successfully identified the previously mapped locus that contains the MYB R2R3 transcription factor gene YELLOW SEED1 (Y1) (Nida et al., 2019), that Boddu et al. (2005) had implicated to play a direct role in synthesis of 3-DAs and phlobaphenes in the leaves, glumes and the seed pericarp of sorghum. Furthermore, in the same GWAS, Nida et al. (2019) identified two additional MYB transcription factor genes. The first of which is YELLOW SEED2 (Y2) as previously described by Boddu et al. (2006), as a tightly linked, potentially nonfunctional pseudogene containing 97% sequence identity to the functional Y1 (Boddu et al., 2006). The second of which is another MYB R2R3 transcription factor gene that was previously uncharacterized, which the authors designated YELLOW SEED3 (Y3). In addition to mapping efforts by the previously illustrated study, Dicko et al. (2005) found higher presence of 3-DA common across the SGM-resistant genotypes within a panel of fifty sorghum varieties, suggesting roles as phytoalexins and contributions to grain mold resistance (Dicko et al., 2005).

The complimentary expression study by Nida et al. (2019) on grain and glume tissue did show the upstream structural gene SbDFR3 underwent significantly increased expression in resistant genotypes following inoculation of Fusarium spp. and Alternaria spp. Alongside of maintaining constitutive levels of 3-DAs, induction of genes such as SbDFR3 suggest a significant degree of responsiveness is present within the grain and glume. Grain and glume SbDFR3 expression shows transcriptional response to infection, however SbDFR3 is responsible for the conversion of flavanones to flavan-4-ols, and the enzyme responsible for the conversion of flavan-4-ols to 3-DAs, while likely a form of ANS, remains unknown (Liu et al., 2010). Flavan-4-ols have been shown to positively correlate with 3-DAs, which is promising for 3-DA grain and glume inductions. However, more research is needed to determine if the degree of responsiveness demonstrated by pathogen-induced 3-DA production in leaf, root, and mesocotyl is reflected in SGM niches such as early reproductive tissue as well as mature grain and glume tissues in response to grain mold-specific pathogens. Each host-pathogen interaction is unique (Agrios, 2005; Balint-Kurti et al., 2016), and while many aspects of inducible 3-DA biosynthesis are likely shared between differing pathogen etiologies such as anthracnose and the SGM, each pathosystem should be regarded as unique and extrapolation of knowledge between diseases should be approached cautiously.



Phlobaphenes

The alternate fate of flavan-4-ols are phlobaphenes - insoluble phenolic compounds typically stored in the pericarp that contribute to visible red pigmentation of maize and sorghum (Poloni et al., 2014). While most available literature to date has targeted pigmentation as being the primary role of phlobaphenes in plants, recent research in maize highlights phlobaphenes for antioxidant capabilities and roles in resistance to fungal ingression (Landoni et al., 2020). Landoni et al. (2020) reported a strong correlation between phlobaphene content and pericarp thickness (R = 0.9318; p = 0.0067) and demonstrated it to decrease fumonisin concentration in the seed. The authors also speculate as to the ability of phlobaphenes to inactivate fungal proteins by the formation of irreversible complexes as part of host detoxification mechanisms. Additionally, the enzymatic machinery which synthesizes phlobaphenes from flavan-4-ols has not yet been elucidated. While showing promise in resistance to Fusarium spp. of ear rot in maize, phlobaphenes are mainly regarded as a contributor to grain pigmentation in sorghum, and have not been scrutinized for their contribution to other phenotypes such as biotic resistance.

Pericarp Color 1 (P1) of maize, an ortholog to sorghum Y1, has been shown to be functionally similar in the maize flavonoid biosynthesis pathway, with a confirmed role in the accumulation of phlobaphenes (Ibraheem et al., 2015; Landoni et al., 2020). Y1 of sorghum, as described earlier for its role in 3-DA biosynthesis, is primarily known in sorghum for control of pericarp pigmentation (Brenton et al., 2016). In addition to pigmentation, results from Boddu et al. (2005) demonstrate that a functional Y1 is also required for biosynthesis of phlobaphenes. Additionally, in comparison to maize, sorghum phlobaphenes are present in both vegetative and reproductive tissues; whereas, maize phlobaphenes are generally relegated to reproductive tissues (Boddu et al., 2006; Ibraheem et al., 2015). While both Y1 and a high presence of flavan-4-ols are present across much of the SGM-resistant germplasm (Menkir et al., 1996; Nida et al., 2019), much is to be determined as to the competition for flavan-4-ols as a substrate. Much progress has been made in understanding the presence of 3-DAs across SGM-resistant sorghum germplasm (Dicko et al., 2005; Nithya et al., 2013); however, the alternate fate of flavan-4-ols and the presence of phlobaphenes across SGM-resistant germplasm has yet to be characterized to the same degree.




Enzymatic Conversion of Naringenin by SbFNSII – The Synthesis and Properties of Flavones

Flavone synthase II (FNSII) enzymes are responsible for the synthesis of the flavones apigenin and luteolin (Figure 5), and like F3′H, are part of the cytochrome P450 superfamily (Yonekura-Sakakibara et al., 2019). Flavones in sorghum represent a separate branch of the flavonoid biosynthesis pathway that begins with the hydroxylation of naringenin or eriodyctiol by SbFNSII resulting in the formation of 2-hydroxyflavone intermediates (Du et al., 2009). Subsequent conversion of 2-hydroxyflavones by an unknown ANS results in the formation of the flavones apigenin and luteolin (Figure 5). Flavones are one of the largest subgroups of flavonoids and are well understood for their ability to affect color by complexing with anthocyanins as well as antioxidant potential and nutrient value amongst other benefits (Martens and Mithöfer, 2005). Additionally, flavones such as luteolin and apigenin have been shown to demonstrate levels of fungal toxicity of their own, with increased fungal toxicity and higher presence in resistant germplasm demonstrated by the former (Du et al., 2009; Aboody and Mickymaray, 2020). Research in sorghum has suggested flavones are a phytoalexin due to a combination of the aforementioned fungal toxicity and pathogen-related induction (Du et al., 2009). Functional characterization of flavone synthase genes in other crops however, has reported an interesting mechanism in balancing the competition between FNSII and other enzymes and even pathogen-manipulation of flavone production potentially being a component of host susceptibility (Ferreyra et al., 2015).
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FIGURE 5. Detailed overview of the flavonoid biosynthesis branch responsible for the synthesis of flavones in sorghum. Highlights FNSII activity on flavanones naringenin and eriodictyol. Enzymes are as follows chalcone isomerase (CHI), flavanone synthase (FNSII).


Darker pericarp color and purple plant sorghum lines have been generally shown to be more resistant to disease (Melake-Berhan et al., 1996; Menkir et al., 1996; Kawahigashi et al., 2016). Kawahigashi et al. (2016) reported that during tissue wounding, red pericarp, purple plant sorghum types favor conversion of naringenin and eriodyctiol by SbFNR (3-DA synthesis), while seemingly suppressing conversion by SbFNSII - suggesting increased reliance on flavan-4-ols and 3-DA phytoalexins pathways over flavones (Dykes et al., 2005; Kawahigashi et al., 2016). On the contrary, tan plants favor conversion of naringenin and eriodyctiol by SbFNSII while seemingly blocking the production of flavan-4-ols, resulting in leaf and glume tissue showing higher levels of apigenin and luteolin over 3-DAs (Kawahigashi et al., 2016; Mizuno et al., 2016). This phenomenon could potentially be a factor contributing to the higher antioxidant capabilities and disease resistance of purple plant/dark pericarp sorghum genotypes over tan plants.

The findings described above from Kawahigashi et al. (2016) suggest potential mechanisms of sorghum in managing enzymatic activity on naringenin to balance compound synthesis between separate flavonoid pathway branches. Research in maize and Arabidopsis has begun to show this as an important trait of SA-mediated resistance, a phytohormone commonly associated with SAR responses. Flavone synthase enzymes responsible for flavone synthesis such as FNSII are widely present throughout the flavonoid biosynthesis pathways of plants. FNSI and FNSII enzymes of maize are functionally similar to SbFNSII, as both play roles in the synthesis of flavones from naringenin and both have been shown to play an important role in the SA – flavone cross talk affecting maize salicylic acid-mediated resistance (Ferreyra et al., 2015; Righini et al., 2019). It is important to note that FNSI distinctly differs from FNSII in that it is part of the 2-oxoglutarate-dependent dioxygenase family and shows higher sequence identity to F3H than to FNSII (Du et al., 2009; Yonekura-Sakakibara et al., 2019). While maize has been shown to rely on both ZmFNSI and ZmFNSII, sorghum has thus far been shown to be reliant on SbFNSII for flavone synthesis (Righini et al., 2019). An important dissimilarity in the roles of FNSI and FNSII exists: FNSI converts flavanones directly to flavones, while most FNSII enzymes convert flavanones to 2-hydroxyflavanones prior to conversion to flavones by an unknown protein (Figure 5; Du et al., 2009; Kawahigashi et al., 2016).

ZmFNSI-1 is commonly coexpressed with maize R2R3-MYB transcription regulator P1 (Ferreyra et al., 2015), an ortholog of the critical SGM resistance gene Y1 (Boddu et al., 2005; Nida et al., 2019). Transcriptional studies show ZmFNSI-1 is highly active in maize pericarps and silk - tissues commonly under pressure from ear rot-related pathogens (Righini et al., 2019). In maize and Arabidopsis, a SA – flavone cross talk that fine-tunes homeostasis between the phytohormones and flavones has been well described. Studies have characterized an Arabidopsis SA 5-hydroxylase DMR6 (Downy mildew resistance), a recently reported homolog of ZmFNSI-1 (Zhang et al., 2017b). In Arabidopsis, the ZmFNSI-1 homolog DMR6 was shown to be responsible for controlling levels of salicylic acid (SA) and naringenin through use of either compound as a substrate. However, studies show that DMR6 prefers SA as a substrate over naringenin, showing that increased availability of SA over naringenin to DMR6/ZmFNSI-1 will consequently result in higher availability of naringenin. The authors conclude that while enhanced SA levels are responsible for pathogen resistance, lowered levels of apigenin and luteolin are likely not directly connected to resistance. Rather, the resistant mechanism is a result of the preoccupation of ZmFNSI-1/DMR6 with the hydroxylation of SA rather than naringenin, increasing the availability of naringenin as a substrate to other resistance-related enzymes to increase phytoalexin production (Zhang et al., 2017b).

Metabolic studies of sorghum under Burkholderia andropogonis (leaf blight) infection point toward induction of flavone synthase as a defense response (Mareya et al., 2019), while studies in Arabidopsis and maize have suggested the potential of flavones in active immune suppression through metabolic manipulation by the pathogen resulting in host susceptibility (Ferreyra et al., 2015). Studies regarding pigmented sorghums suggest a role in limiting SbFNSII activity to support resistance related enzymes such as SbFNR (Dykes et al., 2005; Kawahigashi et al., 2016). Additionally, recent SGM association studies identified BTB/POZ domains within SAR response pathways that involve phytohormone induction (Cuevas et al., 2019a). Rather than SA-induced resistance as described above, Liu et al. (2010) found that expression of SbDFR3 and 3-DA pathways were induced by methyl jasmonate treatment of sorghum roots and antagonized by SA. The enzymatic competition for naringenin in sorghum and coexpression of Y1 ortholog P1 with ZmFNSI-1 in maize suggest flavones may be carefully managed in SGM interactions; however, host mechanisms must be further characterized in reproductive tissue using grain mold pathogens to elucidate this relationship.

With confirmation of the role of Y1 in SGM resistance, the combined increased expression of SbDFR3 and elucidation of implicated SAR mechanisms identified in SGM resistant sorghum suggests there is potential for heightened enzymatic competition for naringenin and a phytohormone-mediated mechanism for management of enzymatic activity on naringenin (Nida et al., 2019; Prom et al., 2020a). The presence of flavones in SGM resistant varieties has been demonstrated, but further functional characterization of SbFNSII in SGM pathosystems is required to understand to which extent that host reliance on flavone synthesis branches of the flavonoid pathway over SbDFR3/SbFNR and F3H-mediated branches contributes to a SGM resistant phenotype.



Enzymatic Conversion of Naringenin by F3′H – The Synthesis and Properties of Eriodyctiol and 3′ Hydroxylated Derivatives

Part of the cytochrome P450 superfamily, flavonoid 3′-hydroxylase enzyme (F3′H) plays a potentially important role in the SGM response of sorghum as it is responsible for the conversion of naringenin to the flavanone intermediate eriodyctiol (Figure 2; Poloni et al., 2014; Yonekura-Sakakibara et al., 2019). Through hydroxylation of the 3′ position of the B-ring of naringenin, F3′H synthesizes eriodyctiol, the precursor to luteolinidin and luteolin (Figures 4, 5; Mizuno et al., 2016). Luteolinidin has been shown to be present at a higher rate than apigenidin throughout red pericarp sorghum, a pigment trait that correlates with SGM resistance (Dykes et al., 2005). Additionally, luteolinidin exhibited increased fungal toxicity over apigenidin (Nicholson et al., 1987). Luteolin has also been described to exhibit higher presence in disease resistant sorghum lines as well (Du et al., 2009). This phenomenon is suggestive that the extra enzymatic step in F3′H hydroxylation to produce eriodyctiol as an intermediate may play a role in enhancing resistance mechanisms to SGM pathogens.




MOVING FORWARD WITH ELUCIDATING SGM HOST-PATHOGENS INTERACTIONS AND DEVELOPING SGM RESISTANT CULTIVARS

Research has shown grain mold resistance of sorghum to be a vastly complex and highly quantitative trait (Cuevas et al., 2019a). Recent efforts have begun to isolate the fungal pathogens of the grain mold complex and differentiate host responses. A wealth of knowledge has been provided by recent association studies, but more research is needed to characterize these host-pathogen interactions in both tissue-specific and pathogen-inducible contexts. As more QTL are implicated into SGM resistance, understanding host manipulation of metabolic pathways and pathogen biosynthetic mycotoxin potential is vital to fully elucidating the SGM disease complex and host response mechanisms.

As fungal assemblages change throughout regions, the plasticity of grain mold resistance in current germplasm justifies increased attention. Many studies have been performed over the years screening germplasm in a variety of regions under the stress of different fungal assemblages of the SGM complex (Table 2). As warmer air and widespread humidity becomes more present in the face of climate change, the importance of acknowledging different fungal assemblages in regions with newly developing grain mold pressure will become increasingly important. Much of sorghum grain production relies on hybrid varieties, and considerable positive heterosis for grain mold resistance has been demonstrated by breeding programs (Kumar et al., 2008; Hundekar et al., 2015). Hundekar et al. (2015) reported a better parent heterosis of SGM resistance of 147.22%, but also reported a negative heterotic effect as far as −17.32%. Studies have reported success in developing grain mold resistant hybrid varieties through the use of resistant varieties as the female parent (Thakur et al., 2008), citing the many minor QTL responsible for SGM resistance as a potential factor. While the value of heterosis in SGM resistance has been demonstrated, little is known as to how this phenomenon affects the many biochemical mechanisms described throughout this text. More research is required to better understand the heterotic contributions to the metabolic makeup of sorghum in relation to host resistance.


TABLE 2. Table highlighting projects that have screened grain mold resistance in sorghum germplasm at different locations worldwide, under differing fungal assemblages (if listed), and report resistant varieties.

[image: Table 2]
Many of the underlying transcription factors related to SGM resistance like Y1 and TAN1 have shown widespread transcriptional regulation of a multitude of biochemical compounds. Orthologous genes such as P1 of maize demonstrate both similar and dissimilar functions, as divergence of orthologous genes can be significant even in species such as maize and sorghum with a close evolutionary relationship (Zhang et al., 2017a). Consequently, while functional characterization and enhanced understanding of head molds in other crops such as maize and wheat demonstrate a framework for hypotheses development in sorghum, extrapolation must be approached with caution when researching the transcriptional and metabolic responses of SGM.

Many additional topics related to the understanding of the SGM disease complex suffer from a lack of general knowledge in sorghum. Included within this group is mycotoxin detoxification in planta, knowledge of the contribution of heterosis to host plant resistance, changes in host response through various physiological growth stages, relationships between the individual pathogens in the fungal makeup of SGM, and the effects of fungal endophytes on host resistance. Fungal endophytes have demonstrated the ability to reprogram the host transcriptome and metabolome to favor secondary metabolism in ryegrass (Dupont et al., 2015). While similar systemic effects have not been shown in sorghum, a trend such as this would result in increased host favoritism of the many components of the flavonoid pathway that are related to SGM resistance, hypothetically resulting in increased SGM resistance at a potential cost of yield due to a change in photosynthate partitioning. While few endophyte-related host systemic changes have been shown in relation to sorghum host resistances, localized biocontrol of SGM pathogens by fungal endophytes has been demonstrated (Rajini et al., 2020). Rajini et al. (2020) showed biocontrol effects were demonstrated by 26 endophytic isolates on common SGM complex pathogens: Fusarium thapsinum, Epicoccum sorghinum, Alternaria alternata, and Curvularia lunata. This study by Rajini et al. (2020) demonstrates the fungal endophyte potential for localized control, however, characterization of host systemic changes caused by the presence of fungal endophytes requires increased research to understand the potential effects on sorghum biotic resistance.

SGM is poised to increase in relevance as regions boasting warm temperatures and humidity increases due to climate change. For this reason, increased efforts are required to understand the plasticity of the grain mold complex between environments, how this affects the fungal hierarchy, and ultimately how these changes affect SGM pathogenicity on sorghum as a host. While the use of individual pathogens to isolate host response is critical to research, understanding the relationships within the disease complex is critical to understanding SGM and finding sources of resistance adapted to SGM complexes native to specific regions in international germplasm. Maintaining grain quality as a food and feed and increasing SGM resistance are both one in the same. Achieving this objective is achievable largely in part to sorghums abundant phenolic profile. However, due to the intricate and changing makeup of the SGM disease complex, continued research ventures into SGM show both notable obstacles and great potential for sorghum improvement in increased resilience, quality, and yield.
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Pearl millet [Pennisetum glaucum (L.) R Br.] is an important staple food crop in the semi-arid tropics of Asia and Africa. It is a cereal grain that has the prospect to be used as a substitute for wheat flour for celiac patients. It is an important antioxidant food resource present with a wide range of phenolic compounds that are good sources of natural antioxidants. The present study aimed to identify the total antioxidant content of pearl millet flour and apply it to evaluate the antioxidant activity of its 222 genotypes drawn randomly from the pearl millet inbred germplasm association panel (PMiGAP), a world diversity panel of this crop. The total phenolic content (TPC) significantly correlated with DPPH (1,1-diphenyl-2-picrylhydrazyl) radical scavenging activity (% inhibition), which ranged from 2.32 to 112.45% and ferric-reducing antioxidant power (FRAP) activity ranging from 21.68 to 179.66 (mg ascorbic acid eq./100 g). Genome-wide association studies (GWAS) were conducted using 222 diverse accessions and 67 K SNPs distributed across all the seven pearl millet chromosomes. Approximately, 218 SNPs were found to be strongly associated with DPPH and FRAP activity at high confidence [–log (p) > 3.0–7.4]. Furthermore, flanking regions of significantly associated SNPs were explored for candidate gene harvesting. This identified 18 candidate genes related to antioxidant pathway genes (flavanone 7-O-beta-glycosyltransferase, GDSL esterase/lipase, glutathione S-transferase) residing within or near the association signal that can be selected for further functional characterization. Patterns of genetic variability and the associated genes reported in this study are useful findings, which would need further validation before their utilization in molecular breeding for high antioxidant-containing pearl millet cultivars.

Keywords: pearl millet [Pennisetum glaucum (L.) R. Br.], antioxidant activity, phenolics, germplasm, genome-wide association study, marker-trait associations, candidate genes


INTRODUCTION

Pearl millet [Pennisetum glaucum (L.) R Br.] provides nutritious staple food grains worldwide especially to the poorest rural households in some of the hottest and driest rainfed farming regions of Africa and Asia. Global cereal production has been estimated to increase by ~1 billion tons over the last 50 years (FAOSTAT database, 2017). Pearl millet grown on 33 M ha worldwide is one of the four most important cereals grown in the tropical semi-arid regions of the world. It has excellent sustainability credentials, as the crop can easily survive on marginal lands, in harsh climatic conditions, and has a short growing season to complete its life cycle. It also is well-suited to multiple cropping systems under irrigated and dry land farming. It contains on average 92.5% dry matter, 2.1% ash, 2.8% crude fiber, 7.8% crude fat, 13.6% crude protein, and 63.2% starch, mostly of the resistant form, and high iron levels. It has a high energy content, lower readily available starch levels, higher fiber (1.2 g/100 g, most of which is insoluble), and 8–15 times greater α-amylase activity compared with wheat. Pearl millet also has a low glycemic index (50) and is gluten-free, thus, an ideal candidate grain for use in the functional-food market worldwide (Ali et al., 2003; Ragaee et al., 2006; Saleh et al., 2013). It also contains several phenolic compounds such as benzoic and cinnamic acid derivatives, anthocyanidins, flavonoids, lignans, and phytoestrogens, which play an important role in disease prevention (Muthamilarasan et al., 2016).

There are growing scientific evidences available, which confirm that diets, especially the plant food-based diets, rich in antioxidant compounds, offer a lower risk of developing cardiovascular diseases, certain kinds of cancers, and age-related degenerative processes (Pandey and Rizvi, 2009; Shahidi and Chandrasekara, 2013). Particular attention has been drawn to the role they play as “free radical scavengers,” which has provoked numerous studies into studying phenolic compounds in many plants, including cereals. The most studied sources of natural antioxidants are vegetables, fruits, and cereals (Khan et al., 2015). The presence of antioxidants in cereals is a consequence of the fact that all biological systems, including cereals, have a natural tendency to minimize the destructive potential of oxidation reactions, and consequently, they have developed their own multifunctional defense systems (Shahidi, 2000). Antioxidants found in cereals have the advantage of maintaining antioxidant capacity inside the human body following consumption (Serea and Barna, 2011). Cereals, especially millets, are the most commonly consumed foods in India and sub-Saharan Africa. They contain a wide range of phenolic compounds that are good sources of natural antioxidants (Ilesanmi and Akinloye, 2013). Antioxidant capacity of different cereal products, such as corn, wheat, rice, oats, and ready-to-eat breakfast cereals has been reported previously (Adom and Liu, 2002; Choi et al., 2007; Singh et al., 2012). In these cereals, antioxidant activity of different extracts correlated very well with their total plant phenolic content (Zieliński and Kozłowska, 2000). However, information on the extent of genetic variability and genes involved for antioxidant activities in pearl millet germplasm is scanty.

Rapid human population growth on a global scale is boosting the demand for a corresponding increase in crop grain yield, coupled with better nutritional credentials for a food secure future. Understanding the molecular and genetic control of useful traits, such as yield and nutritional quality, therefore, is becoming a major objective in the genetic study of staple cereal crops (Jin et al., 2010). Association mapping has been demonstrated as a powerful tool for dissecting genetic control of agronomic and other traits in plants (Yu and Buckler, 2006; Buckler and Gore, 2007; Zhu et al., 2008; Sehgal et al., 2015). Association panels today exist for a number of key crops (for example maize, wheat, sorghum, and pearl millet) that are routinely used in performing association analysis (Flint-Garcia et al., 2005; Maccaferri et al., 2006; Casa et al., 2008; Varshney et al., 2017). In pearl millet, an association panel known as pearl millet inbred germplasm association panel (PMiGAP) has been assembled from the world collection of pearl millet germplasm maintained at ICRISAT (Sehgal et al., 2015), which has recently been re-sequenced making available 28 million SNPs (Varshney et al., 2017) for use in genome-wide association studies. Availability of such resources is paving a powerful way for linkage disequilibrium (LD) mapping and association analysis of traits in pearl millet.

In the present study, we report on genetic variation for antioxidant-related traits in pearl millet, and the possible candidate genes associated with such traits, using genome-wide association studies.



MATERIALS AND METHODS


Pearl Millet Germplasm Association Panel's Genotypes Used

A random set of 222 genotypes from within the pearl millet germplasm association panel (PMiGAP) was included in this study for antioxidant analysis (Supplementary Table 1). The PMiGAP is a collection of genotypes drawn from within the pearl millet core collection, landraces, cultivars, and breeding lines as explained in Sehgal et al. (2015) and represents geographical regions from 23 pearl millet growing countries across the world. The PMiGAP genotypes, thus, included in this study represent the entire global diversity of cultivated pearl millet. Further details of the origin of each of the PMiGAP genotypes used in the study are available in Sehgal et al. (2015) and Varshney et al. (2017). Seeds of each of the PMiGAP genotypes used for antioxidant determination were bulk multiplied by growing them in a uniform field condition following standard agronomic and seed multiplication procedure (Upadhyaya et al., 2008; Ramya et al., 2018). Each entry was planted in three rows by maintaining 15 cm between plants and 75 cm between rows. Field was applied with 100 kg/ha of DAP (di-ammonium phosphate) as basal dose; thinning was done to one plant per hill. Weeding was done two times during the seed multiplication plot. Each individual head was selfed before the emergence of panicle, and strict pollination was controlled to get the pure seeds of each line. Harvesting was done during physiological maturity. Threshing was done with Winterstieger single head thresher and cleaned to remove the remaining debris.



Preparation of Extracts for Antioxidant Analysis From Pearl Millet Flour

Pearl millet flour was extracted for antioxidant analysis according to a modification of the method described in Akpanika et al. (2017). A quantity of washed grains (1 g) was milled in a customized robotic instrument (Labmann Automation, Middlesbrough, UK) to obtain a fine flour. Thirty milligrams of flour was extracted with 5 ml of 70% ethanol with intermittent stirring for 1 h. The extract was then centrifuged at 10,000 × g for 10 min at room temperature, and the supernatant was transferred to clean tubes. The pellets were then washed with 2.0 ml of 70% ethanol and centrifuged again at 10,000 × g for 10 min. The second supernatant fraction was added to the first to maximize recovery of target compounds. The ethanol was then removed using a heated centrifugal evaporator (Jouan RC10.22, Saint Herblain, France) set to 70°C. The dried extract was re-dissolved with 70% ethanol to an equivalent concentration of 15 mg/ml of the original sample and stored at 4°C until analysis. All biochemical analyses (see below) were carried out in triplicate, which allowed us to calculate the repeatability of these measurements.



Determination of 1,1-Diphenyl-2-Picrylhydrazyl Radical Scavenging Activity

DPPH is a stable free radical for the determination of antioxidant or radical scavenging capabilities. The DPPH radical portion of the molecule is a centralized nitrogen atom that gives rise to a maximum absorbance at 515 nm in methanol in its oxidized form. When a solution of DPPH in its radical form is mixed with a proton-donating substance such as antioxidants, the radicals are scavenged, and DPPH=H is formed with a concomitant decrease in absorbance. The ability of the pearl millet ethanolic extracts to scavenge free radicals was determined against a very stable free radical DPPH (1,1-diphenyl-2-picrylhydrazyl). DPPH is violet in color, while the reduced product is colorless, and the loss of color was determined in a plate reader (Hauck, 2018). Aliquots of the sample extract (50 μl) at different concentrations were added to ethanolic solutions of 500 μl of DPPH (0.12 mg/ml). Each mixture was left for 20 min at room temperature in the dark. The absorbance was measured at 517 nm, and the activity was expressed as percentage of DPPH radical relative to control using the following equation: DPPH scavenging activity (%) = [(absorbance of control – absorbance of sample)/absorbance of control] × 100.



Ferric-Reducing Antioxidant Power Assay

FRAP assay is a novel method for assessing antioxidant power where the ferric-reducing ability of a sample extract is tested. Ferric to ferrous ion reduction at low pH causes a colored ferrous–tripyridyltriazine complex to form. FRAP values are obtained by comparing the absorbance change at 593 nm in test reaction mixtures with those containing ferrous ions in known concentration (Benzie and Strain, 1999). The ferric-reducing antioxidant power (FRAP) assay measures the antioxidant potential of antioxidants to reduce the Fe3+/tripyridyl-s-triazine complex present in stoichiometric excess to the blue ferrous form (Hauck, 2018). FRAP reagent was freshly prepared by mixing together 10 mM 2,4,6-tripyridyl-s-triazine (TPTZ) and 20 mM ferric chloride in 0.25 M acetate buffer, pH 3.6 in proportions of 1:1:10 (v/v), respectively. Pearl millet extract (50 μl) was added to 1.5 ml of FRAP reagent. The absorbance was read at 593 nm after 4-min incubation at ambient temperature against distilled water as a blank in a plate reader. A calibration curve of ascorbic acid concentration (100–1,000 μmol/L) versus absorbance was used to calculate values, and results are expressed in mg/ml ascorbic equivalents/g dry weight for plant total extracts from three determinations.



Sample Separation by High-Performance Liquid Chromatography and Statistical Analysis

Among the analyzed pearl millet samples, 40 samples were picked from the higher, lower, and mid-range antioxidant potential, and evaluated for total phenolic and flavonoid content by high-performance liquid chromatography with online photodiode array detection and electrospray ionization–ion trap tandem mass spectrometry (HPLC-PDA-ESI/MSn) analysis (Supplementary Table 2). Samples were prepared for analysis by solid phase extraction with Waters Sep-Pak C18 500 mg cartridges (WAT036945) prepared by passing through 4 ml of 100% methanol followed by 4 ml of purified water. The sample (500 μl) was then loaded onto the cartridge. The unbound aqueous fraction was eluted with 4 ml of purified water, and the bound fraction was then eluted with 4 ml methanol. Both fractions were collected in separate clean vials. The samples were then fully dried using a heated centrifugal evaporator at 13,000 rpm and 70°C, and reconstituted in 100 μl of 70% methanol. Secondary metabolites were analyzed by reverse-phase HPLC-PDA-ESI/MSn.

The analyses were carried out on a Thermo Finnigan LC-MS system (Thermo Electron Corp, Waltham, MA, USA) with a Finnigan PDA plus detector, a Finnigan LTQ linear ion trap with ESI source, and a Waters C18 Nova-Pak column (3.9 × 100 mm, particle size 4 μm). The column temperature was maintained at 30°C and equilibrated with 95% solvent A (water/formic acid 99.9:0.1 v/v) and 5% solvent B (methanol/formic acid 99.9:0.1 v/v) at a flow rate of 1 ml min−1, with 10% going to the mass spectrometer. Compounds were eluted by linear gradient to 65% solvent B over 60 min. Compounds were detected by PDA from 240 to 400 nm and MS in positive and negative mode from 150 to 1,500 m/z with the following MS parameters: sheath gas 30 and auxiliary gas 15 (both arbitrary units), spray voltage −4.0 kV in negative and 4.8 kV in positive ionization mode, capillary temperature 320°C, capillary voltage −1.0 and 45 V, respectively, and tube lens voltage −68 and 110 V, respectively.

Aglycones were identified by direct comparison with relevant flavonoid standards, and glycosylated flavonoid compounds were identified by comparison of UV spectra and MS2 fragmentation patterns with standard flavonoid compounds. Standards were purchased from Carbosynth Ltd. (Compton, Berkshire, UK).



Statistical Analysis of Biochemical Traits Measured

The replicated mean data of 222 PMiGAP genotypes for the two traits viz., FRAP and DPPH expressed in mg/ml was subjected to one factor analysis of variance (ANOVA) using the statistical software OPSTAT to find out the significant differences among the PMiGAP lines for both FRAP and DPPH activity (Sheoran et al., 1998). The means along with critical difference and coefficient of variation values were calculated using the software OPSTAT (Sheoran et al., 1998). The correlations between phenolic compounds and antioxidant activities were statistically evaluated by two-tailed bivariate correlate analysis, and were indicated by Pearson's coefficient indices, and p < 0.05 was considered as statistically significant. Heritability in broad sense was calculated using OPSTAT software (Sheoran et al., 1998) as the ratio of genotypic variance (σ2g) to the phenotypic variance (σ2g) and was expressed in the form of percentage (Hanson et al., 1956). The multivariate principal component analysis was performed by the JMPv.8 software (SAS Institute, 2008) to compare the multivariate correlation for antioxidant activities and phenolic compounds.



Genotyping and Filtering of Single-Nucleotide Polymorphisms

A set of SNPs resulting from 222 pearl millet accessions used in this study were obtained from ICRISAT (Varshney et al., 2017). The SNPs were filtered for site coverage (90%) and minimum minor allele frequency (MAF) of 0.01 with only bi-allelic markers using the Tassel ver. 5.2.64 software. Other SNP filtering criteria used in this study were no SSR motifs, no InDel marker, only bi-allelic SNPs, minor allele frequency (MAF) 0.01, and SNP quality score ≥30. Genetic variant annotation for SNPs and its effect on genes and protein were predicted using SnpEff (https://pcingola.github.io/SnpEff/). Low-quality SNPs and SNPs with missing data were removed using the protocols described in Iquira et al. (2015) and Kujur et al. (2015).



Population Structure and Linkage Disequilibrium Mapping Analysis

The population structure analysis was performed using STRUCTURE software as described by Sehgal et al. (2015), which is based on Bayesian model-based cluster analysis (Pritchard et al., 2000). This was used for the assessment of patterns of genetic structure in 222 lines of the PMiGAP samples. This method used these 222 individuals to infer the fraction of an individual accession's genetic ancestry that belongs to a population, for a given number of populations (K3–K10). The “correct” K from the Ln probability of data [Ln P(D)], the delta-K values were estimated, as per the procedure suggested by Evanno et al. (2005). Maximum peak of ΔK was considered as the true cluster number.

The LD between pairs of polymorphic loci were analyzed using the software package TASSEL 5.2.64 (Bradbury et al., 2007; http://www.maizegenetics.net/) as per the instructions of the user manual. LD was estimated using the squared allele frequency correlations (r2), which is a measurement of the correlation between a pair of variables (Hill and Robertson, 1968). Decay of LD with genetic distance was estimated by nonlinear regression (SPSS Version 10.0) following the methods of Remington et al. (2001). The expected decay of LD was modeled as per Weir and Hill (1986).



Genome-Wide Association Analysis

Marker-trait association (MTA) analysis was performed using TASSEL program, ver. 5.2.64 by two different models, generalized linear model (GLM) and mixed linear model (MLM) (Bradbury et al., 2007). The MLM model-based analysis essentially required the population structure (Q), kinship (K), and a total of 67 K high-quality SNPs from 222 pearl millet lines for generation of K-matrix (Yu et al., 2006). The K-matrix was generated using the default parameters by choosing “Centered_IBS” method to obtain a better estimate of additive genetic variance. The default settings of the program were used for filtering marker data for minimum genotype count and minor allele frequency. Furthermore, no compression option in combination with P3D′ for variance component estimation was adapted during MLM-based association analysis. The experiment-wise p-value provided a test of significance that corresponded to the experiment-wise error and was used to make decisions about the significantly associated markers. The markers were filtered at –log10 p-value ≥ 3.0 for considering as significant marker trait associations. The phenotypic variation (R2) explained in percentage was also recorded for each individual marker. MTA analyses were also performed with an additional statistical method using the principal component analysis (PCA) matrix using the GLM (Yu et al., 2006). A permutation test using 1,000 permutations was allowed to correct the p-value for multiple comparisons. Q–Q plots and Manhattan plots were generated using the R package qqman (https://cran.r-project.org/web/packages/qqman/index.html; Turner, 2014).



Identification of Probable Candidate Genes

Significant SNPs from the GWAS were located by position and chromosome number on the Pennisetum glaucum reference genome (ftp://cegresources.icrisat.org/) using the CLC Genomics Workbench v.6.5 (CLC Bio, Aarhus, Denmark). Upstream and downstream regions surrounding each significantly associated SNP were searched in order to find and propose possible candidate gene. Furthermore, BLAST search of the NCBI database was conducted on each region of interest against the NCBI nr database.




RESULTS


Antioxidant Capacity Analysis by 1,1-Diphenyl-2-Picrylhydrazyl Free Radical Scavenging Capacity

DPPH free radical scavenging activities were assessed for the pearl millet flour extracts. Table 1 displays the significant differences in DPPH activity among the 222 genotypes of the PMiGAP. All the millet extracts scavenged DPPH radicals in a dose-dependent manner. DPPH scavenging activity (% inhibition) of the extracts ranged from 2.32% (in IP4965 genotype) to 112.45% (in IP10539 genotype) (Supplementary Table 3). Overall average DPPH scavenging activity of the extracts among pearl millet cultivars was found to be 53.75% (Figure 1A). These results indicated that extracts of pearl millet contain various phenolic antioxidants with the ability of donating hydrogen and scavenging free radicals. The heritability (measured as repeatability across three runs) was 99.92% for DPPH trait-regulatory factor and the phenotypic coefficient of variations for DPPH was 38.46.


Table 1. Analysis of variance (ANOVA) for phenotypic antioxidant traits [1,1-diphenyl-2-picrylhydrazyl (DPPH) and ferric reducing antioxidant power (FRAP)] measured in triplicate for 222 pearl millet genotypes of the pearl millet inbred germplasm association panel (PMiGAP) (one factor).
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FIGURE 1. Histogram displaying normal distribution for (A) ferric-reducing antioxidant power (FRAP) and, (B) 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activities observed in the pearl millet inbred germplasm association panel (PMiGAP) of 222 genotypes.




Ferric-Reducing Antioxidant Power Assay

In this study, FRAP was calculated using the equation Y = 0.2453x, where x is the OD of the sample. The genotypic differences between the 222 genotypes were significant for FRAP activity (Table 1). Overall average FRAP activity of the extracts in pearl millet genotypes was 73.74 (AAE mg/100 g) (Figure 1B). The FRAP activity ranged from 21.68 mg/100 g (IP9446 genotype) to 179.66 mg/100 g (IP10579 genotype) of ascorbic acid (Supplementary Table 3). The highest ferric reducing ability of the extracts was found in IP7967 (150.57 mg/100 g) and IP9824 (149.27 mg/100 g). Higher antioxidant activity in these lines may be related to a higher content of phenolic compounds. The heritability of this extract (measured as repeatability across three runs) for FRAP was calculated, and it was found to be very high (99.91%). The phenotypic coefficient of variations for FRAP was recorded as 34.44.



High-Performance Liquid Chromatography With Online Photodiode Array Detection and Electrospray Ionization–Ion Trap Tandem Mass Spectrometry Analysis

The total phenolics and flavonoid content that resulted from the HPLC-PDA-ESI/MSn is presented in Figure 2, which shows the mass spectral data showing identified peaks in the representative chromatograms of the phenolic fractions of the selected millet grains. Phenolic compounds identified in millets were mainly of the flavonoids class, although spermidine hydroxycinnamte conjugates were also detected. Apigenin glycosides were the most prevalent flavones in the germplasm samples, and these included apigenin-8-C-glucoside (AH; Vitexin), apigenin-C-pentoside-C-pentoside (ADP), and apigenin-O-hexoside-C-hexoside (ADH). Luteolin-glycosides were also relatively abundant with luteolin-C-O-dihexosidedihex (LDH), and its caffeic acid conjugate was detected in extracts. The phenolamide, dicaffeoyl spermidine, was also observed in the sample extracts. An interesting pattern is seen in Figure 3, which demonstrates that apigenin is the predominant flavone in pearl millet samples with high levels of phenols, with the exception of Tift186, while for samples with lower total levels; apigenin is generally the major flavone core. The results also suggest that apigenin levels are far more variable than luteolin content. In millet phenolic extracts, several compounds from different flavonoid groups were detected that were either positively or tentatively identified as flavan-3-ol (monomers and dimers), flavonols, and their glycosides, and flavones, although in the current study, only flavone glycosides were found to be present in quantifiable levels.
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FIGURE 2. Flavonoid composition observed in selected 40 pearl millet germplasm samples. LDHC, luteolin-C-O-dihexosidecaffeate; AHP, apigenin-C-hexoside-C-pentoside; LDH, luteolin-C-O-dihexosidedihex; AH, apigenin-8-C-glucoside; ADH, apigenin-O-hexoside-C-hexoside C; ADP, apigenin-C-pentoside-C-pentoside.
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FIGURE 3. Distribution patterns for flavones fraction in 40 genotypes of the pearl millet germplasm. LUT, luteolin; AP, apigenin.




Correlation Studies Between Antioxidant Activities and Phenolic Compounds

Polyphenols showed a positive and significant correlation with antioxidant activity (Table 2) as evident from the Pearson's coefficients between phenolics and different antioxidant activities. DPPH showed highly significant positive correlation with AHP, luteolin (LUT) (r2 = 0.88*), and FRAP (r2 = 0.64**) indicating a strong association between phenolic compounds and antioxidant activity. FRAP also showed significant and positive correlation with LHDC (r2 = 0.97**), and (LDH) (r2 = 0.96**). THL has also shown positive correlation with LDH (r2 = 0.92**) (Table 2). The results also clearly demonstrate a stronger correlation between total luteolin content and antioxidant activity (r2 = 0.88 and 0.79 with DPPH and FRAP assays, respectively) compared with total apigenin content (r2 = −0.39 and 0.49 with DPPH and FRAP assays, respectively) (Table 2). Multivariate principal component analysis (PCA), displayed the consistent dispersion pattern for each trait in relation to the first two principal coordinates. Based on measured eigenvalue, the first principal coordinate explained 39.2% of the total variation; the second coordinate could explain only 29.9%. The first five coordinates could explain a total of 96.01% variation. Thus, the first two components of the PCA explain a total of 69.07% of the variability among antioxidant activities and phenolic compounds (Supplementary Figure 1). The pairwise comparisons of DPPH and FRAP showed a weak correlation between the DPPH and FRAP with the r2 value as 0.24 (Figure 4). This indicates that the radical scavenging activity measured by DPPH does not correspond directly with the reducing antioxidant activity measured by FRAP.


Table 2. Correlation studies between phenolic compounds and antioxidant activities observed in selected 40 entries of the pearl millet germplasm.
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FIGURE 4. Correlation between FRAP and DPPH activities measured in the pearl millet inbred germplasm association panel (PMiGAP).




Identification and Distribution of Single-Nucleotide Polymorphisms

A total of 67,979 high-quality SNPs distributed all over the seven chromosomes of pearl millet genome were identified (Supplementary Figure 2). In general, one SNP change was observed at every 23,015 bases in the genome. The average nucleotide change rate was 43.35 SNPs per 1,000 bases of the genome. The maximum SNP change rate was observed on chromosome 5, which was 46.74 SNPs per Mb region of the genome and minimum on chromosome 4 (38.04). Structural annotation of 67,979 SNPs revealed the presence of 4,027 (~1.3%) SNPs in exonic regions, followed by 57,251 (19.4%) in intergenic regions. A total of 2,177 SNPs (0.73%) showed non-synonymous types of modification, whereas 1,831 (0.62%) were synonymous SNPs. A total of 9,605 (3.25%) SNPs were underlying from intergenic region, and 294 (0.003%) SNPs were present in 5′ UTR regions (Supplementary Figure 3).



Population Structure and Linkage Disequilibrium Analysis

The clustering program has estimated the membership probability (Q-matrix) of each PMiGAP accession to combine into a number of hypothetical subpopulations (K3–K10), and ΔK value was generated for subsequent runs. The optimum K at run 6 showed maximum peak during cluster analysis. In this way, Bayesian model-based cluster analysis revealed that the 222 individual genotypes were clustered into six groups (K = 6) (Supplementary Figure 4). These individuals were further classified into the ones with “pure” ancestry (where >50% of their inferred ancestry was derived from only one of the clusters) and “mixed ancestry” or “admixtures” (where <50% of inferred ancestry was derived from more than one cluster). The majority of the accessions belonged to the “mixed” ancestry, and the remaining 80 individuals from all six clusters were of “pure” ancestry.

The extent of LD was assessed among 67,979 pairs of loci (Supplementary Figure 5). Across all accessions, 2.08% of the total marker pairs showed a significant level of LD (P < 0.01). The average of r2 for all pairs was 0.108, which may be attributable to low levels of markers. Counts for individual r2 values were also analyzed by Varshney et al. (2017), where the r2 threshold was set as 0.2, and rapid LD decay of <0.5 kb in PMiGAP lines (84–444 bp) was observed.



Markers Associated With 1,1-Diphenyl-2-Picrylhydrazyl and Ferric-Reducing Antioxidant Power

Marker trait association (MTA) analysis was performed for DPPH and FRAP activity-related trait using TASSEL. The MLM model-based association mapping showed 65 SNP markers associated with DPPH, whereas 153 SNPs showed association with FRAP trait at a p-value ≤ 0.001 (Supplementary Tables 4, 5). The MTA test resulted from the MLM model were further visualized into Manhattan plots in which each SNP was plotted against their chromosomal positions and the observed p-values (on a –log 10 scale) to remark the highly significant SNP markers associated with a trait. Thus, higher stringent threshold values were considered to filter out the highly associated markers with a specific trait –log 10 (p-value = 3.0) to minimize the effects of moderate size of the association panel and background noise of the Manhattan plots. Twenty-one SNP markers were found to be highly associated with the DPPH trait at p-value = 0.001, and Manhattan plot visualization revealed the high –log 10 p-value ranging from 3.0 to 3.76 (Figure 5A). The percentage of phenotypic variation ranged from 4.8 to 10.4% for the DPPH trait. These markers were found to be distributed on chromosomes 1, 2, 3, and 6 for DPPH, which had the highest r2 value. Out of 153, 80 SNP markers exhibited strongest associations with FRAP activity based on the MLM model at the p-value of 0.0001. Interestingly, 23 SNPs showed strongest associations with FRAP based on the MLM model at the range of p-values = 9.5731E−04 to 3.6325E−08 (Figure 5C). The strongest association of these SNPs for FRAP trait was also explained by the Manhattan plot and the –log 10 p-value ranges from 3.7–6.0. Maximum number of markers were distributed on chromosome 6 for this trait followed by chromosomes 1 and 2. Interestingly, the phenotypic variance ranged from 4.7 to 14.92% for these markers, and they were present on chromosomes 1, 2, and 6 for FRAP, which had the highest r2 value. QQ (quantile–quantile) plots displayed linear distribution when plotted against the observed and expected distribution of p-values for both the traits (DPPH and FRAP) (Figures 5B,D).
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FIGURE 5. Genome-wide association studies (GWAS)-based Manhattan plots built in the TASSEL v5.2.64 environment exhibiting significant p-values measured by mixed linear model (MLM) model for (A) DPPH (C) FRAP activity using 67 K SNPs in pearl millet. The x-axis illustrates the relative density of Pennisetum glaucum reference genome-based SNPs physically mapped on seven chromosomes. The y-axis displays the –log10 p-value for the significant association of SNP loci for DPPH the trait. Quantile–quantile plot for (B) DPPH and (D) FRAP activity using the MLM model, built in the TASSEL v5.2.64 environment. The x-axis displayed the expected –log10 p-value and y-axis represented the observed –log10 p-value.


A GLM model-based association mapping approach was also applied to identify the associated markers for comparison purposes. It found that 122 SNPs exhibited close association with DPPH and 388 SNP markers with FRAP at p-value ≤ 0.001, but only common markers present in MLM-based analysis have been considered for further downstream analysis (Supplementary Tables 4, 5). After filtering, four SNP markers were found to be highly associated with DPPH at –log 10 p-value ranging from 4.0 to 4.4 (Supplementary Figure 6). The phenotypic variance associated with them ranged between 4.4 and 10.4%, and they were distributed on chromosomes 1 and 6. Similarly, 60 SNP markers displayed strong association with FRAP at a very high confidence statistical power. The Manhattan plot showed that the –log10 p-value scores in all cases were very high (3.0–7.4) (Supplementary Figure 8). QQ (quantile–quantile) plots displayed a linear distribution when plotted against the observed and expected distribution of p-values for both the traits (DPPH and FRAP) (Supplementary Figures 7, 9).



Identification of Candidate Genes

Furthermore, we investigated the candidate gene falling in the association region, which showed strong association with the trait of interest. The significant SNPs identified as a result of the GWAS were located by position on their respective chromosome of Pennisetum glaucum by reference genome assembly (https://cegresources.icrisat.org/data_public/PearlMillet_Genome/). A total of 436 gene surrounding each SNP was identified using the GFF file of the reference genome. A BLAST search against the NCBI database using Blast2go revealed a large number of hits, representing a vast number of candidate genes of which the functions included defense against biotic/abiotic stress factors, growth, development, and regulation of bioactive metabolites (Supplementary Figure 10). Out of 436, 18 genes, showed similarity with antioxidant biosynthetic pathway-related genes (Table 3). Functional annotation revealed that these genes contained molecular active sites involved in regulating antioxidant activities. For example, GDSL esterase/lipase (Pgl_GLEAN_10037404) was found to be involved in hydrolase activity and especially acting on ester bonds to promote the sequestration and accumulation of carotenoids. This suggests that these genes may be acting as co-factors in these pathways, or they may regulate genes through various chemical pathways to promote the accumulation of antioxidant compounds. Furthermore, some candidate genes were found to be directly associated with antioxidant biosynthetic pathways across all SNP datasets including UDP-glycosyltransferase 73D1-like (Pgl_GLEAN_10001315), agmatine coumaroyltransferase-2 (Pgl_GLEAN_10010945), anthocyanin 5-(6‴-hydroxycinnamoyltransferase) (Pgl_GLEAN_10025805), GDSL esterase/lipase (Pgl_GLEAN_10037404), purple acid phosphatase 15 (Pgl_GLEAN_10028864), DUF3755 family protein (Pgl_GLEAN_10026569), and ATP binding cassette (Pgl_GLEAN_10005798), which were deemed to be the most significant (P = 6.84E−06). These candidate genes will be taken forward for further verification by haplotyping and characterization of their functions in future studies.


Table 3. List of candidate genes residing around SNP markers found to be associated with DPPH and FRAP using generalized linear model (GLM) and mixed linear model (MLM) analysis on a collection of 222 individuals of the PMiGAP.

[image: Table 3]




DISCUSSION

Phytochemical antioxidants have numerous nutritional benefits, especially phenolic compounds, which are an important group of secondary metabolites with bioactive properties (e.g., hydroxycinnamates and flavonoids) and play a significant role in plants and human health conditions such as cancer, diabetes, and heart disease (Chandrasekara and Shahidi, 2011; Ofosu et al., 2020). Pearl millet [Penisetum glaucum (L) R. Br.] is widely cultivated as a dietary staple food in the arid and semi-arid regions of the world, particularly in India and Africa and known to be a good source of natural antioxidants. In the present study, we explored the antioxidant activity in the pearl millet germplasm (PMiGAP) set of 222 genotypes, by screening it for DPPH and FRAP assays. These assays are widely applied in numerous studies to investigate the free radical scavenging ability and for measuring antioxidant activity of natural extracts [Alam et al. (2013), López et al. (2014), and Berwal et al. (2016)]. The phenotypic evaluation and comparison of antioxidant activity in PMiGAP revealed distinct differences among pearl millet lines for antioxidant activities. The majority of pearl millet accessions were found to have higher FRAP activity. On an average, DPPH scavenging activity of 53.8% was observed among the pearl millet germplasm studied in this report. A similar trend of antioxidant capacity was also reported in other studies in pearl millet that demonstrated that antioxidant potential of pearl millet was greatly influenced by the cultivar (Fukumoto and Mazza, 2000; Pushparaj and Urooj, 2014; Kalteh et al., 2018). In five bran extracts of pearl millet, substantial levels of differences in total phenolics, flavonoids, and DPPH radical scavenging activities were reported (Iqbal et al., 2007). On a similar trend, Berwal et al. (2016) also reported a study on the antioxidant potential of 92 pearl millet genotypes by studying DPPH and ABTS radical assays.

Phenolic compounds such as phenolic acids and polyphenolic flavonoids are known to scavenge various free radicals by two different mechanisms, either by electron transfer or by hydrogen atom transfer, and protect cells and tissues of the body from oxidative stress, and thereby protecting humans from various diseases (Scalbert et al., 2005; Seifried et al., 2007; Valko et al., 2007). Flavones such as luteolin, apigenin, naringenin, and their o-methyl derivatives are reported to have anti-cancerous properties (de Morais et al., 2017; Salazar-Lopez et al., 2018). Interestingly, in our study, DPPH showed a positive correlation with AHP, luteolin (LUT), suggesting higher phenolic compound accumulation and increased antioxidant activities. A similar trend of correlation with LHDC and LDH was also observed for FRAP activities. The similar observations were also recorded by Awika et al. (2004), Dykes et al. (2005), and Shen et al. (2018) where ADH showed positive correlation with AP (r2 = 93**). This is consistent with the theory that the dihydroxy functionality present in the luteolin molecule increases, reducing power in comparison with flavonoids with a single hydroxy group on the B ring as found with apigenin (Leopoldini et al., 2004).

Association mapping has been successfully performed in a number of crops including wheat, rice, pearl millet, maize, and cotton (Srivastava et al., 2020). In pearl millet, genetic diversity of PMiGAP panel and GWAS has been combined recently for several agronomic traits and reported recently (Varshney et al., 2017). However, association analysis of antioxidant trait has not been reported in pearl millet so far and is being reported for the first time via this study. A total of 222 genotypes studied in this report were drawn from the PMiGAP, which represented global diversity for antioxidant-related traits in pearl millet. The origin of each of these genotypes is provided in Supplementary Table 1, confirming that they are highly variable and were collected from different parts of the world. Population structure analysis for these accessions revealed that these individuals were grouped into six clusters in the panel. Interestingly, our results corroborate with earlier studies; for example, Sehgal et al. (2015) reported that there were six subpopulations within these PMiGAP by using 345 entries of the PMiGAP and 37 SSR markers. Similarly, population genomic analysis was carried out by Kanfany et al. (2020) and reported that the pearl millet inbred lines derived from diverse geographic and agroecological features possessed five subgroups mostly following pedigree differences with different levels of admixture. They have also stated that high genetic diversity prevails in pearl millet, which is very useful in defining heterotic groups for hybrid breeding, trait mapping, and holds promise for improving pearl millet for yield and nutritional quality. Six sub-groupings of pearl millet were also observed by Serba et al. (2019) using 398 accessions and 82,112 SNPs.

In the present study, we report the significantly associated MTAs for the antioxidant-related traits using ~67 K SNPs. Thus, a total of 24 SNPs strongly associated with the antioxidant-related traits (qualified at –log10 p-value ≥ 3.0) were further searched for LD status and for candidate gene searching. GWAS of these was performed by using widely used statistical models GLM and MLM (Yu et al., 2006; Price et al., 2010). In association analysis, the GLM procedure takes into account the phenotypic and genotype data combined with population structure data, while MLM considers both population structure and kinship data (familial relatedness), and therefore considered a stronger method, which avoids the chances of finding spurious associations (Zhao et al., 2007). However, in MLM, sometimes, over-compensation with both Q and K may also lead to false negatives (type II error; Zhao et al., 2007, 2011; Anuradha et al., 2017). Therefore, to overcome such difficulties, in this study, both the statistical models (MLM and GLM) were applied for antioxidant association, and only the common significantly associated markers were considered to be more reliable. Like us, He et al. (2019) had also relied on common MTAs using GLM or MLM for target traits that have a normal distribution.

A total of 436 genes were identified around each SNP found to be associated with DPPH and FRAP activity. Eighteen candidate genes including UDP-glycosyltransferase, agmatine coumaroyltransferase-2, anthocyanin 5-(6‴-hydroxycinnamoyltransferase), GDSL esterase/lipase, purple acid phosphatase 15, DUF3755 family protein, ATP binding cassette, and putative DUF594 domain-containing protein were found to be directly associated with antioxidant biosynthetic pathways across all selected SNP datasets. These candidates were found in close vicinity of the SNPs identified in this study but would require further validation in the future before they can be deployed in breeding programs. For validation, one can use candidate gene-based association mapping using large populations, or functional characterization through RNAi, VIGS, etc. Identification of desirable alleles of these MTAs will further confirm their roles in antioxidant synthesis and ensure their efficient utilization in crop improvement programs. Similar approaches as we report here were also adopted by Luo et al. (2020) for association analysis with variation in tocopherol and tocotrienol content, and these authors found that out of 47 associated SNPs, seven SNP markers were mapped in LD blocks (r2 > 0.6), while 185 of the other SNPs were not mapped in LD blocks. Thus, they identified 88 genes, which were predicted to be transcription factors, including NAC domain transcript factors, and Myb domain transcripts. However, they selected EgHGGT (homogentisate geranylgeranyl transferase) for further analysis, which is involved in biosynthesis of tocotrienols and had higher expression levels in the mesocarp compared with other tissues. Antioxidant-associated candidate gene identification has previously been attempted by many researchers in maize and other cereal crops. In maize, association analysis was performed by Li et al. (2012) to identify SNP markers associated with phenotypic variation of vitamin E and found that an indel 85 kb upstream of the ZmVTE4 gene was detected and found to play a role in the expression of the ZmVTE4 gene. Similarly, association analysis was applied by Diepenbrock et al. (2017) to identify two chlorophyll biosynthetic enzyme genes, which were responsible for major variation in vitamin E content in maize, and they observed that HGGT and prephenate dehydratase had positive roles in phenotypic variation in vitamin E content. GWAS analysis was also performed by Varshney et al. (2017) in pearl millet using 3,117,056 SNPs on 20 agro-morphological traits, and strong association of the markers for GNP (grain number per panicle) trait was observed at chromosomes 1 and 5. Association mapping and significant allelic association for grain iron and zinc were also demonstrated by Anuradha et al. (2017) in pearl millet. Similarly, association mapping analysis was also performed by Saïdou et al. (2014) and Sehgal et al. (2015) for many agronomically important traits in pearl millet.

In conclusion, the present study explored the genetic architecture of antioxidant content in pearl millet for the first time using LD-based GWAS exploiting historical recombination in a natural germplasm population. The population used showed a wide range of variability for traits studied. Furthermore, resequencing data and quality phenotyping of DPPH and FRAP led us to the identification of highly significant SNP markers associated with antioxidant content. Such associations provided better insights into the genetic architecture of this very important trait in pearl millet. Candidate gene analysis in the significantly associated SNP region has identified potential candidates, which on further validation, will provide a great resource to select these important traits in pearl millet breeding programs.
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Supplementary Figure 1. Principal Component analysis (PCA) depicting variation among phenotypic traits for antioxidant activities and phenolic compounds.

Supplementary Figure 2. Single nucleotide polymorphism (SNP) density on seven chromosomes of pearl millet. The x-axis shows the interval distance in Mb. Window size to calculate SNP density 1 Mb.

Supplementary Figure 3. Annotation of single-nucleotide polymorphisms (SNPs) against reference genome of pearl millet showing distribution of SNPs in intergenic, upstream in different genic regions, synonymous, and non-synonymous SNPs detected within the CDS region.

Supplementary Figure 4. Determination of optimum K using Evanno's method identified during population structure analyses.

Supplementary Figure 5. LD plot built in the TASSEL v5.2.38 environment zoomed in on regions of high LD on chromosomes. The squared correlation coefficient (r2) values are denoted by a color scale from white (0.0) to red (1.0) in the upper triangle. The p-values ranging from non-significant (0.01; white) to highly significant (<0.0001; red) are shown in the lower triangle.

Supplementary Figure 6. GWAS-based Manhattan plots built in the TASSEL v5.2.64 environment exhibiting significant p-values measured by GLM model for DPPH activity using 67 K SNPs in pearl millet. The x-axis represented by SNPs on seven chromosomes and y-axis exhibited the -log10 p-value for the significant association of SNP loci for both the trait DPPH.

Supplementary Figure 7. Quantile-quantile plot of DPPH using the GLM model, built in the TASSEL v5.2.64 environment.

Supplementary Figure 8. GWAS-based Manhattan plots built in the TASSEL v5.2.64 environment exhibiting significant p-values measured by GLM model for FRAP activity. The x-axis displayed the distribution of SNPs throughout all pearl millet chromosomes and y-axis represented the -log10 p-value for the significant association of SNP loci for FRAP.

Supplementary Figure 9. Quantile-quantile plot representing distribution pattern for SNP marker associated with FRAP trait along with p-value analyzed through GLM model.

Supplementary Figure 10. Functional annotation of biological processes of genes residing around traits (DPPH and FRAP) associated SNPs.

Supplementary Table 1. Details of the 222 accessions of the PMiGAP genotypes having origin from around the world and used in this study.

Supplementary Table 2. Sample details of the pearl millet genotypes used for HPLC analysis.

Supplementary Table 3. Phenotyping values of 222 PMiGAP pearl millet genotypes represented by mean values for FRAP assay and DPPH activity.

Supplementary Table 4. Significantly associated SNP markers with DPPH at P < 0.001 analyzed through MLM and GLM based statistical model on a collection of 222 individuals of the PMiGAP.

Supplementary Table 5. List of markers associated with FRAP trait at P < 0.001 using MLM and GLM based methods on a collection of 222 individuals of the PMiGAP.
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Pearl millet [Pennisetum glaucum (L.) R. Br.] is grown under both arid and semi-arid conditions in India, where other cereals are hard to grow. Pearl millet cultivars, hybrids, and OPVs (open pollinated varieties) are tested and released by the All India Coordinated Research Project on Pearl Millet (AICRP-PM) across three zones (A1, A, and B) that are classified based on rainfall pattern. Except in locations with extreme weather conditions, hybrids dominate pearl millet growing areas, which can be attributed to hybrid vigor and the active role of the private sector. The importance of OPVs cannot be ruled out, owing to wider adaptation, lower input cost, and timely seed availability to subsidiary farmers cultivating this crop. This study was conducted to scrutinize the presently used test locations for evaluation of pearl millet OPVs across India, identify the best OPVs across locations, and determine the variation in grain Fe and Zn contents across locations in these regions. Six varieties were evaluated across 20 locations in A1 and A (pooled as A) and B zones along with three common checks and additional three zonal adapted checks in the respective zones during the 2019 rainy season. Recorded data on yield and quality traits were analyzed using genotype main effects and genotype × environment interaction biplot method. The genotype × environment (G × E) interaction was found to be highly significant for all the grain yield and agronomic traits and for both micronutrients (iron and zinc). However, genotypic effect (G) was four (productive tillers) to 49 (grain Fe content) times that of G × E interaction effect for various traits across zones that show the flexibility of OPVs. Ananthapuramu is the ideal test site for selecting pearl millet cultivars effectively for adaptation across India, while Ananthapuramu, Perumallapalle, and Gurugram can also be used as initial testing locations. OPVs MP 599 and MP 600 are identified as ideal genotypes, because they showed higher grain and fodder yields and stability compared with other cultivars. Iron and zinc concentration showed highly significant positive correlation (across environment = 0.83; p < 0.01), indicating possibility of simultaneous effective selection for both traits. Three common checks were found to be significantly low yielders than the test entries or zonal checks in individual zones and across India, indicating the potential of genetic improvement through OPVs.

Keywords: representative, G × E, GGE-biplot, iron, zinc, grain yield, fodder yield


INTRODUCTION

Pearl millet (Pennisetum glaucum L.R.Br.) is cultivated in dry regions of arid and semi-arid tropics where no other cereal can be successfully grown. India is the largest producer of millets in the world, harvesting about 11 million tons per year, nearly 36% of the world's output. Pearl millet, which accounts for about two-thirds of millet production in India, is grown in the drier areas of the country, mainly in the states of Rajasthan, Maharashtra, Gujarat, Uttar Pradesh, and Haryana. In India, pearl millet is the fourth most widely cultivated food crop after rice, wheat, and maize. It occupies an area of 6.93 million ha with an average production of 8.61 million tons and productivity of 1,243 kgha−1 (Directorate of Millets Development, 2020). The cultivated area for pearl millet in India is divided into three main zones based on soils and rainfall patterns. The northwestern part of India, receiving <400 mm of annual rainfall, is classified as an A1 zone. The northern and central parts of India, with sandy loam soils and receiving >400 mm of annual rainfall, are denoted as an A zone, and the peninsular region of India, receiving >400 mm of annual rainfall and bearing heavy soils, is broadly classified as a B zone (Rai et al., 2015). The arid tracts are grown with landraces/OPVs (open pollinated varieties) that are poor yielders. The progress achieved in pearl millet yields is attributed to the active role of the private sector in the dissemination of pearl millet hybrids in the productive zone of northern and central India rather than in the arid zone (Rai et al., 2015). On the other hand, the public sector could not record progress on par with that of the private sector. The active role of the private sector and the predominantly cross-pollinated nature of the crop have led to the rapid development and dissemination of hybrids pushing OPVs to marginal areas.

Pearl millet varieties have seed yields two to three times higher than inbred seed parents. The intra-population variability in pearl millet OPVs contributes toward greater resilience to several biotic and abiotic types of stress in contrast to the single-cross hybrids of pearl millet, which, when developed initially, were highly vulnerable to the downy mildew epidemic. The genetic heterogeneity of OPVs confers durable resistance to downy mildew, and a variation in flowering confers pollen-based escape from ergot and smut infection, which contrast well with frequent downy mildew epidemics and their greater vulnerability to ergot and smut. Consequently, improved pearl millet OPVs are readily acceptable to farmers and are easier to multiply, and hence have carved a niche for themselves even in India, where hybrids are the preferred cultivars (Sanjana Reddy, 2017). The genetic improvement of OPVs started in the 1930s and could not progress beyond a certain limit because of a narrow genetic base. During the 1970s, with the introgression of African germplasm lines especially from Western Africa, the primary center of diversity was led by the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) to enhance the genetic diversity of this crop. Due to such focused efforts, composites and OPVs were developed largely based on these germplasm lines. These populations were also a source for the breeding lines, which were widely used over the years by both the public and private sectors. The Iniadi germplasm, acquired from western Africa, has been extensively used in India, the USA, and other places worldwide, and several high-yielding hybrids were derived from it. OPV ICTP 8203 is also based on the iniadi germplasm. Apart from hybrids, OPVs such as WC-C75, Raj 171, ICMV 155, ICMV221, ICTP 8203, CZP 9802, and JBV 2 became very popular with farmers soon after their release (Yadav and Rai, 2013). In Maharashtra, a substantial proportion is still an OPV (variety ICTP 8203). In the arid tracts of west Rajasthan, landraces/OPVs are widely grown because of an extremely risky production environment. Though research focus has shifted to hybrids, the development of OPVs with good yield potential is possible. Hybrid parents with improved resistance to downy mildew and with good yield levels were further derived and formed the background of modern-day hybrids. These breeding lines were used worldwide, predominantly in India (Rai et al., 2014). However, the wide usage of a single source of germplasm, such as iniadi, poses a threat of disrupting existing heterotic patterns, which may be noticed in upcoming years. Diversification and development of new OPVs can also be used as a continuous source of variability for the generation of hybrid parental lines. Since OPVs are more preferred by resource-poor farmers in marginal areas, the nutritional status of OPVs with optimum levels of Fe and Zn has to be maintained, as the grain is consumed at the source. In this context, it becomes pertinent that the existing populations are evaluated for yield potential, adaptability, and nutritional status, and draw conclusive steps for the breeding and testing of new OPVS.

The research on Pearl millet improvement in India is carried out by the All India Coordinated Research Project on Pearl Millet (AICRP-PM), administered by the Indian Council of Agricultural Research (ICAR) through a network of 13 AICRP-PM centers and several voluntary ones. Newly developed cultivars are tested in multiple locations to determine their stability and performance before commercial release. Interpreting the genotype-by-environment interaction (GE) is essential for the identification of stable genotypes across environments to thereby obtain a correct ranking of genotypes and identify ideal genotypes for the target environment and ideal environment for discriminating genotypes. Several statistical methods are available for the study of GE. Among them, the additive main effects and multiplicative interaction (AMMI) and GGE biplots are frequently used for multi-environment trial (MET) data analysis. The GGE biplot analysis proposed by Yan et al. (2000) considers both genotype main effects and GEI effects for the analysis (Miranda et al., 2009), while genotype effects are not considered in AMMI. Therefore, the GGE biplot model is considered as an efficient method for identifying the best genotypes and test environments (Ding et al., 2007).

The current study was accomplished with the involvement of 20 locations across India to (i) identify best representative/ discriminating locations for the evaluation of pearl millet OPVs, (ii) identify stable OPVs across locations and those suitable to specific zones, and (iii) determine variation in grain Fe and Zn contents across locations in the OPVs.



MATERIALS AND METHODS


Plant Material

The experimental material consisted of seven test or new varieties and nine released and popular OPVs, including biofortified variety Dhanshakti, used as checks in a population trial. Of them, seven test varieties and six checks were evaluated across 10 locations in zones A1 and A (pooled as A, referring to northern India), while six test varieties (new OPVs) and six checks were evaluated across 10 locations in zone B. For pooled analysis, six test varieties evaluated across 20 locations in the A and B zones, along with three common checks and additional three zonal-adapted checks in respective zones, during the 2019 rainy season were used. The information that pertains to the varieties used in this study is presented in Table 1.


Table 1. Varieties used in the study.
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Test Locations and Experiment

The multi-location testing was done at 20 locations in 11 states. The states of Maharashtra, Andhra Pradesh, and Rajasthan had three locations; the states of Karnataka, Haryana, and Madhya Pradesh were represented with two locations; and the states of Tamil Nadu, Telangana, Gujarat, Punjab, and Delhi were represented with a location each. Detailed features of these test locations and dates of sowing are given in Table 2. The crops were sown with the onset of monsoon in each of these locations. In each location, the experiment was conducted in a randomized complete block design with three replications. The plot size of each genotype varied from 12 to 14.4 m2 across locations, which included approximately 100 plants. Plot yield data were converted to tons per hectare using the plot size as a factor.


Table 2. Test locations used in the study.
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Trait Measurements

Eight yield-related traits were measured in each trial. The flowering time (DF) was measured as the number of days taken from the date of sowing to the date on which 50% of plants in a plot showed full stigma emergence. The length in centimeters of fully matured plants from the base of the plant to the top of the ear head was recorded as plant height (PHT). The number of productive tillers (NPT) was counted as the total number of tillers that bear ear head with grains per plant. The panicle length (PL) was measured from the base of the panicle to its tip and recorded in centimeters. The panicle diameter (PD) was measured at the maximum thickness of the panicle in centimeters. Grain yield (GY) was estimated by weighing the grains obtained after drying and threshing of the panicles at 12% moisture content and expressed in grams. Then, the weight per plot was extrapolated into t/ha. For measuring dry fodder yield (DFY), harvested plants were allowed to sun-dry for 7–10 days. The weight recorded per plot was extrapolated to t/ha. For measuring 1,000-grain weight (1,000 GWT), a sample of 1,000 grains was counted randomly from the threshed seed, and the weight was recorded in grams.



Micronutrient Analysis

The grain Fe and Zn contents were analyzed using an energy-dispersive x-ray fluorescence spectrometry machine (ED-XRF), model X-Supreme 8000 from OXFORD, installed in the Pearl Millet Breeding program at ICRISAT, Patancheru, India. The ED-XRF method for pearl millet established and reported a higher correlation between ICP-OES and ED-XRF (r = 0.9) for both Fe and Zn, as suggested by Govindaraj et al. (2016). The quantified grain iron and zinc levels were measured in milligrams per kilogram (mg kg−1) of the seed and interpreted in the same unit. All possible care was taken from sampling to laboratory analysis to avoid any contamination.



Statistical Analysis

Recorded data from eight yields and two quality traits were subjected to combined analysis of variance (ANOVA) to investigate genotypes (G), environments (E) and genotype × environment interaction (GEI) effects using GenStat 12th edition. In the combined ANOVA, the genotypes were considered as fixed effects, while the environments and replications were considered as random effects. As the GEI was significant, GGE biplot method (Yan et al., 2000) was employed to analyze GE interaction and assess the stability of GY, DFY, Fe and Zn data, and the pattern of response of OPVs tested in 20 locations. For the eight individual trials, the Pearson's correlation coefficients were calculated using R-software (R Development Core Team, 2019). The repeatability of a variety trial is derived as the proportion of the variation due to genotype effects. Variance components and heritability across the locations were estimated. The broad-sense heritability was calculated as: h2 = [image: image]/([image: image] + [image: image]/l + б2e/lr), where [image: image] is the genotypic variance, [image: image] is the interaction variance of genotype with location, [image: image] was the error variance, l was the number of locations, and r was the number of replicates. The estimates of б2g, [image: image], [image: image] were obtained from an ANOVA with the environment considered as a random effect, as mentioned by Xie et al. (2020).

The grain yield stability of OPVs and suitability of test environments is tested using the GGE biplot based on the following model proposed by Santos et al. (2019).

[image: image]

where Yij is the mean grain yield of genotype i in environment j; Yj is the mean grain yield of environment j; λ1 and λ2 are the singular values of the first and second principal components, PC1 and PC2, respectively; ξi1 and ξi2 are the scores of genotype i for PC1 and PC2, respectively; η1j and η2j are the scores of environment j for PC1 and PC2, respectively; and εij is the error associated with the model.

The genotype-centered and the environment-centered singular value partitioning (SVP) are used for the evaluation of genotypes and environments, respectively (Yan et al., 2011), but symmetric scaling is preferred for the study of which-won-where pattern (Yan, 2002). Genotype-by-trait biplot (GT biplot) is generated from combined data using “Genotype-by-trait biplots Scaling = 1 option” of GGE biplot software. Here, traits were considered as “tester.” “Which is best for what” analysis is performed to identify the genotypes superior for particular traits. GGE Biplot analyses were performed using the R statistical software, version 4.0.0 (R Development Core Team, 2019) and GGEbiplot ver. 8.2 (Yan, 2001).




RESULTS


Analysis of Variance

ANOVA was performed zone-wise as well as pooled over all the locations. The combined ANOVA across environments evidenced highly significant differences among genotypes for all the recorded traits. The proportion of genotype to GE variance was 4–5 times for NPT and DFY; 9–10 times for GY, PL, and 1,000 GWT; 12–15 times for DF, PHT, PW, and Zn; and 49 times for Fe. The proportion of genotypic variance to total variance was marginally higher for traits GY and 1,000 GWT in the A-zone in contrast to the B-zone; while for other traits, the genotypic variance was marginally superior in the B-zone. The broad-sense heritability estimates for NPT (0.73) and DFY (0.79) were lower than those of the other traits (0.88–0.98). The repeatability of the trial, as measured by broad-sense heritability, was marginally higher for traits GY and DFY in the A-zone; while for the other traits, B-zone estimates were marginally higher (Table 3).


Table 3. Estimation of variance components and broad sense heritability (h2bs) for yield, quality, and agronomic traits in A-zone, B-zone, and across all locations in India.
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Mean Performance

The OPVs had better performance for DFY, PHT, PL, Fe, and Zn in the A-zone; GY, NPT, and 1,000 GWT in the B-zone, while no difference was observed for DF and PD across zones. The new OPVs had 27% higher grain yield in the A zone and 25% higher in the B zone compared with the checks. In both zones, varieties MP 596, MP 599, and MP 600 had the highest grain yield (2.18–2.35 t/ha). Similarly, for DFY, new varieties were superior to checks by 27% in the A-zone and 23% the in B-zone. OPVs MP 595, MP 599, and MP 600 had a higher DFY of 8.74–9.42 t/ha in the A zone; while OPVs MP 598, MP 599, and MP 600 had a higher DFY of 5.6–5.96 t/ha in the B zone. Thus, the two OPVs, MP 599 and MP 600, were superior for both GY and DFY. The biofortified variety, Dhanshakti, had the highest levels of Fe (72.1 ppm) and Zn (41.4 ppm), followed by check ICMV 221. The new OPVs had lesser levels of Fe (21% in A-zone, 25% in B-zone), and Zn (14% in A-zone, 16% in B-zone) compared with checks. Among the new OPVs, MP 597 had higher levels of Fe (53.1 ppm) and Zn (35.5 ppm). When the other agronomic traits were observed across the zones, the new OPVs were late by 3 days, had a taller height of 7–15 cm, longer panicle length of 2.5 cm, and smaller grain size by 0.2–0.5 g/1,000 grains. Minor differences were observed for PD and NPT (Table 4).


Table 4. Performance of OPVs for grain yield and quality traits pooled across locations.
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Among the A-zone locations, Ludhiana, Gurugram, and Hisar were more productive for GY (2.3–2.6 t ha−1) while Gurugram, Ludhiana, and New Delhi were productive for DFY (12.1–17.4 t ha−1). The grains harvested from New Delhi, Hisar, and Bikaner had higher levels of Fe and Zn contents. In the B-zone, the Aurangabad, Ananthapuramu, and Vizianagaram locations had higher grain yields (2.7–3.2 t ha−1), while the Perumallapalle, Vijayapura, and Malnoor locations had higher fodder yields (5.9–9.3 t ha−1). The grains harvested from the Dhule, Aurangabad, and Malnoor locations had higher levels of Fe and Zn contents (Table 5).


Table 5. Location and zonal means for grain yield and quality traits pooled across OPVs.

[image: Table 5]



Trait Associations

Increase in grain yield was significantly associated with the enhancement of DFY. However, the grain Fe and Zn contents decreased with an increase in grain yield. Grain Fe content was more in early flowering OPVs with shorter panicles and bigger seed sizes. High Fe content is significantly related to high Zn content in the grain (Figure 1).


[image: Figure 1]
FIGURE 1. Correlation among yield, quality, and agronomic traits recorded on nine OPVs over 20 locations. Significant effects at *P < 0.05, **P < 0.01, ***P < 0.001.




Mean Performance and Stability Visualized Through Genotype Main Effect Plus Genotype by Interaction Biplot

The environment-centered (centering = 2) genotype-metric (SVP = 1) biplots without scaling (scaling = 0) for grain yield and fodder yield, economically important traits and Fe and Zn, and grain quality traits are presented in Figures 2A–D, respectively. The first two PCs explained the 67.8% variation for GY, 85.5% for DFY, 90.4% for Fe, and 78.7% for Zn. The AEC abscissa passes through the biplot origin and acts as a marker for the average environment and points toward higher mean values (Yan, 2001). The perpendicular lines to the AEC passing through the biplot origin are referred to as AEC ordinate. These ordinates are depicted as dotted lines in Figures 2A–D. The greater the absolute length of the projection of a cultivar, the less stable it is. Furthermore, the average yield of genotypes is approximated by the projections of their markers to the AEC abscissa (Kaya et al., 2006). Accordingly, MP 596 was the best performing genotype in terms of grain yield, followed by MP 599 and MP 600; while ICMV 221, Raj 171, and Dhanshakti were limited by lower yields. They were also least stable for grain yield with higher projection from the AEC abscissa. OPV MP 600 was the most stable among the high-yielding OPVs (Figure 2A). For dry fodder yield, MP 599 and MP 600 had the highest yields, but MP 599 was more stable. Compared to the test varieties, the check varieties had a low fodder yield (Figure 2B). Dhanshakti had higher Fe (72.1 mg/ka) and Zn (41.4 mgkg−1) contents, followed by ICMV 221 (63.4 mgkg−1 Fe and 38 mgkg−1 Zn). However, ICMV 221 had greater stability for the traits. The rest of the OPVs did not perform well for grain quality traits (Figures 2C,D).


[image: Figure 2]
FIGURE 2. GGE biplot showing “mean vs. stability” of nine pearl millet OPVs across 20 locations for (A) grain yield, (B) dry fodder yield, (C) grain Fe content, and (D) grain Zn content.




Relationship Among Environments

The relationships among the test environments were studied by environment centered (centering = 2), environment metric (SPV = 2), and without scaling (scaling = 0). Combined ANOVA for grain yield (Figure 3A) showed that the majority of the angles between their vectors are acute. Acute vector angles are indicative of a closer relationship among the environments (Yan and Tinker, 2006). Thus, the majority of the locations were highly correlated except for the Vizianagaram and Perumallapalle locations and for the Ludhiana, Vijayapura, Mandor, and Durgapura locations, which shows no relationship among them as the angle was 90°. The distance between two environments measures their ability to discriminate genotypes. Thus, the 20 locations could be divided into three groups for grain yield; one with Durgapura, Mandor, Vijayapura, and Ludhiana; second with Vizianagaram and Perumallapalle; and the other 14 locations forming the third group. The groupings did not correlate with the A-zone and B-zone groupings that exist or with geographical identity. The environments were diverse with respect to fodder yield. The locations Perumallapalle, Niphad, Ludhiana, Malnoor, Gwalior, Vijayapura, New Delhi, Dhule, Mandor, and Durgapura were related for DFY (Figure 3B). All of the locations were highly correlated for grain Fe content (Figure 3C), while the majority of the locations were correlated for grain Zn content (Figure 3D) with the exception between Gwalior and Hisar, which has a right angle between them showing no-relationship.


[image: Figure 3]
FIGURE 3. GGE biplot showing “relationship among environments” of nine pearl millet OPVs across 20 locations for (A) grain yield, (B) dry fodder yield, (C) grain Fe content, and (D) grain Zn content.


In Figure 4, “average environment” is represented by a small circle on the average environment axes (AEA). The length of environmental vectors is proportional to the standard deviation of the genotypes in the environments. The longer environmental vectors indicate that the environment is more differentiating for the trait among the genotypes. Another important criterion in evaluating environments is the test of their representativeness. The average environment coordination (AEC) line crosses the center of the biplot and the medium environment, and the angle of each vector with the AEC axis is a criterion for identifying the sample environment. Environments with smaller angles with the AEA are most representative of the average test environments. A suitable environment should have two criteria at the same time: distinctive and a target environment. The Ananthapuramu location was closest to the average environment, and thus is the most representative or discriminating environment, followed by the New Delhi location. While ranking the genotypes in near-average environment Ananthapuramu, MP 596, MP 599, and MP 600 had higher GY; MP 595 and MP 598 had moderate yield, and genotypes MP 597, Raj171, ICMV 221, and Dhanshakti had lower than average yield. Variety MP 600 was highly stable, followed by MP 599 (Figure 5).


[image: Figure 4]
FIGURE 4. Ranking of environments for grain yield based on discriminating ability and representativeness.



[image: Figure 5]
FIGURE 5. Ranking of genotypes based on their performance for grain yield in near-ideal location, Ananthapuramu.




Which Won Where and Mega Environment Identification

A mixture of crossover and non-crossover types of GEI in MET data is of very common occurrence (Kaya et al., 2006; Fan et al., 2007; Sabaghnia et al., 2008; Rao et al., 2011). The “which-won-where feature” of the GGE biplot graphically addresses crossover GE, mega-environment differentiation, specific adaptation, etc. (Gauch and Zobel, 1997; Yan et al., 2000; Yan and Tinker, 2006; Putto et al., 2008; Rao et al., 2011). The “which-won-where” graph is constructed by joining the farthest genotypes in a polygon. From the origin of the biplot, perpendicular lines, referred to as equity lines, are drawn to the sides of the polygon, separating the polygon into several sectors (Yan, 2001). Genotype at the vertex is the best performing genotype in the environment falling in that sector (Yan and Tinker, 2006). The “which-won-where” biplots for GY and DFY over pooled locations are presented in Figures 6A,B. The biplots indicated the existence of crossover GEI and the existence of mega-environments (ME). For grain yield over pooled locations, the hexagon has six genotypes, MP 595, MP 596, MP 599, MP 597, Raj 171, and ICMV 221 at its vertices. The equity lines divided the biplot into six sectors, of which three retained 20 locations. The testing locations partitioned into three MEs, ME1 with locations Vijayapura, Ludhiana, Dhule, Aurangabad, Morena, Palem, Jamnagar, Malnoor, Hisar, Jamnagar, New Delhi, Ananthapuramu, Mandor, Durgapura, and Coimbatore with MP 595, MP 596, and MP 599 as the winning genotypes. ME2 consisted of locations Vijayanagaram, Perumallapalle, and Niphad with MP 597 as the winning genotype. ME3 consisted of the Bikaner and Gurugram locations with no genotype performing better for these locations (Figure 6A). The correlation among the locations did not exist in terms of geography. For fodder yield, five genotypes were placed at the vertices of the pentagon, and the biplot was divided into five sectors. ME1 had seven locations: Perumallapalle, Niphad, Ludhiana, Malnoor, Vijayapura, Hisar, Bikaner, and Ananthapuramu with MP 599 and MP 600 as winning genotypes. The second largest ME had six locations: Mandor, Durgapura, Jamnagar, Palem, Gurugram, and Dhule with MP 595 as the winning genotype. ME3 had Coimbatore, Aurangabad, Morena, and Vijayanagaram with Raj171 as the winning genotype; while Gwalior and New Delhi fell into ME4, which had no winning genotype (Figure 6B).


[image: Figure 6]
FIGURE 6. Which-won-where analysis of the genotypes for (A) grain yield and (B) fodder yield.


“Which is best for what” analysis of the genotype × trait biplot helped to compare genotypes on the basis of multiple traits, and to identify genotypes superior for a particular trait (Figure 7). The biplot indicates that MP 595 was the best for PHT, PL, NPT, and late flowering. OPVs MP 596, MP 598, MP 599, and Mp 600 were better for GY and DFY; while Dhanshakti and ICMV 221 performed well for early flowering, grain Fe and Zn contents.


[image: Figure 7]
FIGURE 7. Polygon view of GT biplot indicating which is the best genotype for the target traits.





DISCUSSION

Pearl millet is grown in arid and highly arid tracts of India under minimal or no inputs with hybrids and OPVs as cultivar options. Over a period of time, 61 OPVs are released. This figure is very low compared to the hybrids available for the commercialization of pearl millet. However, few OPVs, such as ICTP 8203 and ICMV 221, are popularly grown, owing to their resilience to marginal conditions and good grain quality apart from reasonable yield levels. Though the OPVs have not received the attention they deserve, few research centers are continuing to develop OPVs with improved yield. Determination of the performance of improved OPVs to compare with that of the popular OPVs for yield and quality traits, and identification of suitable OPVs for target locations are required for focusing research efforts. The 20 multi-location testing sites across India used for the study on pearl millet are handled by AICRP and represent diverse pearl millet production ecosystems. GGE biplot, effectively used in many crops, has been used to analyze MET data and interpret complex GEI (Yan, 2001; Yan and Tinker, 2006), and to obtain high yielding and stable cultivars, derive the relationship among the environments, identify an ideal environment besides “which won-where,” and delineate mega-environments among the testing locations (Yan et al., 2007). We have studied the GEI among nine pearl millet OPVs (six new and three popular varieties) across 20 locations performing GGE biplot analysis. In the combined data from the current study, environment or location contributed 48–91% of the variation in the data, while the contribution of genotype is from 8 to 66% for 10 traits. The interaction of genotype with location is less (1–4%) though significant (Table 3). Gauch and Zobel (1997) reported that normally in MET data, environment accounts for about 80% of the total variation. In barley MET data, environment accounted for as high as 76.7% (Jalata, 2011). Similar trends are observed in proso millet with environment contributing up to 85% (Pan-pan et al., 2016) and up to 82% in sunflower (Santos et al., 2019). However, Tefera (2018) reported a moderate 51.6% of variation being explained by environment in soybean MET data, and Krishnamurthy et al. (2017) reported 40.5% in rice MET data. In this study, GL explained a lesser proportion of the variation than G alone. This explains the lesser fluctuations among the cultivars with change in environment as they are known for high adaptability and stability. Though low, the significant GE indicates that the genotypes showed varied performances across locations. In the GGE biplot analysis, the complex GEI are simplified in different PCs; and if the first two PCs explain more than 60% of the (G and GL) variability in the data and the combined (G and GL) effect accounts for more than 10% of the total variability, then the biplot adequately approximates the variability in G × E data (Rakshit et al., 2012). In this study, the first two PCs explained 67.8% variation for grain yield and 85.5% for fodder yield. In addition, Table 3 indicates that G and GL together accounted for 8 and 14% of total variability for grain and fodder yields, respectively. Thus, the graphical representation of the biplots can be used for deriving stable and ideal genotypes and ideal environments.


Ideal Genotypes

A genotype is considered ideal if it has a high mean yield and less variable across locations and seasons. The quality of the data could be considered quite reliable because of moderate to high broad-sense heritability (73–98%) over locations (Table 3). It is evident from Figure 3A that the highest grain yielders, MP596 and MP 599, are moderately stable, while MP 600 is comparatively a good yielder with high stability. For fodder yield, MP 599 and MP 600 are good yielders with MP 599 having high stability (Figure 3B). The new OPVs performed exceptionally well for mean performance and stability compared with proven and popularly cultivated OPVs, ICTP 8203, ICMV 221, and Raj171 (Figures 3A,B). It is a known fact that the OPVs in pearl millet would have more stable yields, are more widely adapted than hybrids, and are less vulnerable to pests and diseases (Charyulu et al., 2014). Improving the OPVs for grain yield indirectly influences the income sustainability of farmers. Variety MP 600, though highly stable for GY, showed less stability for DFY. Similarly, MP 599 was highly stable for DFY and comparatively less stable for GY. A genotype showing stability for a trait may not necessarily be stable for other traits. As different traits are governed by a different set of genes and the environment influences the overall cumulative expression of different sets of genes, the genotypes vary with yield and stability. Similar observations have been reported by Rakshit et al. (2012) with sorghum. However, other OPVs have followed similar trends in yield and stability for grain and fodder yields. As grain yield and fodder yields are more preferred traits in OPVs by farmers, OPVs MP 599 and MP 600 can be recommended for cultivation across all regions and are identified as ideal genotypes for recommendation to farmers.



Ideal Environments

The “ideal” test environment is that which is most discriminating (brings out the differences among the genotypes) and most representative (represents the target region). Discrimination ability and representativeness of a location can be viewed conveniently from the biplot. The environment with a longer vector and the smallest angle with an ideal environment are identified as a perfect test location in terms of being more discriminating and most representative of overall locations (Pan-pan et al., 2016). Locations Ananthapuramu, Gurugram, Durgapura, Mandor, and Coimbatore, with more vector lengths, are more discriminating. The near average locations, namely, Ananthapuramu and New Delhi, are more representative and are suitable for selecting more adapted genotypes. On the other hand, Durgapura and Gurugram, being discriminating and non-representative, are useful for selecting specifically adapted genotypes. With the advantage of such graphical representation, where a generally adapted environment and a specific environment can be identified, cultivar choices and breeding schemes can be made. Similar views are put forth by Jalata (2011) and Rakshit et al. (2012). Closer relationships between the test environments indicated that the same information could be obtained from fewer environments. Thus, for initial testing, similar environments may be removed in future multi-location testing of pearl millet cultivars. This also ensures the optimal allocation of scarce resources while formulating MLTs. The absence of wide obtuse angles between environment vectors (Figure 4) indicates that there were no negative correlations among the test environments, suggesting the absence of a strong crossover GEI across locations for grain and fodder yields, as suggested by Yan and Tinker (2006). This indicated that genotypes performing better in an environment would also be performing in the same direction in another environment, which means that ranking of genotype does not change from location to location. Even though a mixture of crossover and non-crossover types of GEI in MET data is of very common occurrence (Rao et al., 2011), the data from this study did not show a crossover type of interaction, as the genotypes included in this study are OPVs with inherent resilience, and the check varieties are proven for stability and popularly grown by farmers. Stability is also a response to the environment due to the combined properties of their gene combinations. Being more discriminative and representative among all the testing locations, Ananthapuramu is the ideal environment. Also, in this ideal testing environment, OPVs MP 596, MP 599, and MP 600 have high grain yield.

“Which-won-where” is the most attractive feature of the GGE biplot, which graphically addresses crossover GEI, mega-environment differentiation, specific adaptation, etc., and is widely used by several researchers on many crops (Gauch and Zobel, 1997; Yan and Tinker, 2006; Rao et al., 2011, Krishnamurthy et al., 2017, Jadhav et al., 2019, Pan-pan et al., 2016). Based on this graphical representation, for grain yield, the testing locations were partitioned into three mega environments (ME). ME1 was represented by Vijayapura, Ludhiana, Dhule, Aurangabad, Morena, Palem, Jamnagar, Malnoor, Hisar, Jamnagar, New Delhi, Ananthapuramu, Mandor, Durgapura, and Coimbatore, with MP 595, MP 596, and MP 599 as winning genotypes. For ME1, Ananthapuramu can be selected as the most representative environment. ME2 consisted of locations Vijayanagaram, Perumallapalle, and Niphad, with MP 597 as the winning genotype and Perumallapalle as the most representative environment. ME3 consisted of the Bikaner and Gurugram locations, for which no genotype performed better. Gurugram can be selected from ME3, as it is more discriminative than Bikaner (Figure 4), for initial testing of cultivars and planning of breeding activities. However, this mega-environment pattern needs to be verified through multi-year and multi-environment trials (Rakshit et al., 2012), as proposed for wheat (Yan et al., 2000). The advantage for grain and fodder yields in the new OPVs compared to traditionally grown check varieties can be clearly observed from the study. Hence, more efforts can be targeted for new OPV development, as the advantage of OPVs in resource-constrained and environment-challenged areas cannot be ignored.



Grain Quality

Genetic variance was very high for grain Fe content and moderate for Zn content, indicating less influence of interaction with the environment on the expression of these traits. The checks had higher grain Fe and Zn content than the new OPVs, while the new OPVs had higher grain and fodder yields. This can also be seen from the trait associations where there was a significantly negative correlation between grain yield and quality traits. However, the new OPVs meet the minimal requirement for grain Fe content of 42 ppm and for grain Zn content of 32 ppm, which is fixed by the AICRP on pearl millet. Though the Fe-rich variety, Dhanshakti, has higher levels of Fe and Zn contents, the check variety, ICMV 221, has comparative levels of Fe and Zn and more stable for grain quality. The grains harvested from the A-zone locations (more from New Delhi, Hisar, and Bikaner) have higher Fe and Zn contents compared with those from the B-zone locations (Dhule, Aurangabad, and Malnoor). The grain Fe and Zn contents seem to be under genetic control and show very less interaction with the environment. Similar to other traits, the influence of location is very high, and the northern part of India has higher levels than the southern India locations. Thus, while fixing the minimal levels of Fe and Zn contents in the grain for varietal release, this aspect has to be considered.



Genotype × Trait Associations

From the trait relationships and GT biplot, it can be observed that the grain quality traits (grain Fe and Zn contents) are highly related and associated with seed size and panicle density along with early flowering and with check varieties ICMV, 221, and Dhanshakti being promising for them. Most of the tested varieties performed best for the economically important traits, GY and DFY, which are highly correlated with each other, poorly correlated with agronomic traits, and negatively correlated with grain quality traits. For other agronomic traits, MP 595 has performed well. Though the grain and dry fodder yields are the most important traits in any crop improvement program, the pearl millet cultivars grown in arid regions should have early flowering and high tillering to sustain harsh climate, apart from yield and quality. The cultivars grown in semi-arid regions require high grain yield contributed through increased panicle length and density in medium to late maturity background. Hence, selection based on correlated response is required to develop a variety that has higher yields in the desired flowering and tillering background along with good grain quality that is not found in a single variety in this study. Thus, this study has identified a wider scope to develop promising OPVs of pearl millet with breeding strategies based on its outputs.




CONCLUSION

Analysis of variance showed significant differences among genotypes and locations. The GEI was significant though comparatively less than location and genotype effects as the cultivars used in the study are known for their stability. The study has identified the best varieties suitable for cultivation across 20 locations of pearl millet growing areas in India. OPVs MP 599 and MP 600 are identified as ideal genotypes, because they showed higher grain and fodder yields and stability than other cultivars. The study has also shown that the genotypes with high mean performance and stability for a trait may not show similar performance for another trait. On the other hand, the Ananthapuramu location had the best discrimination and better representativeness than other locations. Therefore, Ananthapuramu is the ideal test site for selecting pearl millet cultivars effectively for adaptation across India while Ananthapuramu, Perumallapalle, and Gurugram can be used as initial testing locations based on this study. G × E interaction had very little influence on grain Fe and Zn contents. Dhanshakti had higher levels of grain Fe and Zn contents, while ICMV 221 was most stable for traits. The check varieties had higher Fe and Zn contents compared with the new OPVs, which is also reflected in the negative correlation of grain yield with grain Fe and Zn contents. Breeding efforts should be directed to break this linkage. However, the new OPVs meet the required levels of 42 ppm Fe and 32 ppm Zn, fixed by AICRP on pearl millet. Breeders can focus on one of these traits as the correlation between grain Fe and Zn content is very high.
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Sorghum (Sorghum bicolor L.) is a staple food crops in the arid and rainfed production ecologies. Sorghum plays a critical role in resilient farming and is projected as a smart crop to overcome the food and nutritional insecurity in the developing world. The development and characterisation of the sorghum pan-genome will provide insight into genome diversity and functionality, supporting sorghum improvement. We built a sorghum pan-genome using reference genomes as well as 354 genetically diverse sorghum accessions belonging to different races. We explored the structural and functional characteristics of the pan-genome and explain its utility in supporting genetic gain. The newly-developed pan-genome has a total of 35,719 genes, a core genome of 16,821 genes and an average of 32,795 genes in each cultivar. The variable genes are enriched with environment responsive genes and classify the sorghum accessions according to their race. We show that 53% of genes display presence-absence variation, and some of these variable genes are predicted to be functionally associated with drought adaptation traits. Using more than two million SNPs from the pan-genome, association analysis identified 398 SNPs significantly associated with important agronomic traits, of which, 92 were in genes. Drought gene expression analysis identified 1,788 genes that are functionally linked to different conditions, of which 79 were absent from the reference genome assembly. This study provides comprehensive genomic diversity resources in sorghum which can be used in genome assisted crop improvement.

Keywords: sorghum, pan-genome, diversity, SNP, gPAV, GWAS, drought genes


INTRODUCTION

Sorghum (Sorghum bicolor) is a multi-utility cereal of global importance, and a major food crop in sub-Saharan Africa and South Asia (Ritter et al., 2007; Motlhaodi et al., 2014). It is typically a diploid species (2n = 20) with an estimated genome size of the ~800 Mb sequence (Price et al., 2005). It provides important primary and secondary products, such as food, fodder, starch, fibre, biofuels, alcohol, dextrose syrup as well as other products. It is domesticated and further bred for diverse use as food, fodder, and bioenergy in different agro-climatic conditions (Li et al., 2010) and shows a wide diversity at the genome level (Kong et al., 2000; Hart et al., 2001).

A draught sorghum genome assembly of 730 Mb was initially prepared for Sorghum bicolor Moench (Paterson et al., 2009), followed by an improved assembly of 732.2 Mb, covering ~91.5% of the genome (McCormick et al., 2018). Recently, a sorghum reference genome assembly for the “Rio” line was generated comprising 729 Mb (Cooper et al., 2019). Each of these genome assemblies is limited to its respective accession and does not reflect the diversity of genes in this species.

The presence or absence of genes or genomic regions among genotypes is an important form of genomic variation in plants, and genes can be categorised into core and variable within the species (Saxena et al., 2014; Golicz et al., 2016b). The collection of these core and variable genes is known as pan-genome. Studying the pan-genome from a large number of genotypes enhances the understanding of species diversity, domestication and breeding history, and provides complete characterisation of species genes content diversity as demonstrated in rice (Wang et al., 2018) and tomato (Gao et al., 2019).

Several approaches are available to construct a pan-genome (Golicz et al., 2016b). The classical approach of whole-genome assembly of all genotypes was initially implemented in bacteria, and later developments led to the complementary method to “iteratively map and assemble,” the unmapped sequence reads, demonstrated in B. oleracea (Golicz et al., 2016a), B. napus (Hurgobin et al., 2018), bread wheat (Montenegro et al., 2017), and pigeon pea (Zhao et al., 2020). The whole genome assembly and comparison method has the advantage in that it can place almost all individual specific genes in a genomic context, but suffers from the inability to distinguish assembly or annotation errors from true biological variation (Bayer et al., 2017). It is also unsuitable for large population studies due to the expense of sequencing, assembling, and comparing large numbers of genomes. In contrast, the iterative assembly approach can cost effectively assess large numbers of genotypes for gene presence/absence variation and hence identify genes that may be relatively rare in a population and not samples in whole genome assembly approaches, though without additional long read data, it is unable to place many of the newly identified genes. Hence the iterative assembly method is most suited for large population diversity studies.

Hence, we assembled a pan-genome using reference and re-sequenced genomes for genetically diverse race-specific sorghum accessions. The sorghum pan-genome was initiated with the reference genome obtained from JGI on Phytozome (McCormick et al., 2018), followed by adding to this reference with novel genome sequences from 176 sorghum accessions.

We provided structural and potential functional aspects of this pan-genome in the form of genes, single nucleotide polymorphism (SNP) and gene presence and absence variations (PAV). The utility of the pan-genome was demonstrated by identifying candidate functional genes using publicly available SNP chip data, genome-wide association studies and gene-expression assays. These sorghum pan-genome resources will be useful for achieving the sustainable development goals in developing countries by accelerating the genetic gain in arid and semi-arid ecologies.



MATERIALS AND METHODS


Pan-Genome Assembly and Annotation

The pan-genome was assembled using iterative mapping and assembly approaches. The assembly was initiated with a sorghum reference assembly v3.0.1 to map sorghum accessions whole-genome sequence data iteratively. Reads from 176 sorghum accessions with a minimum of 10X coverage sequence data were mapped to the sorghum reference v3.0 (McCormick et al., 2018) using Bowtie2 (Langmead and Salzberg, 2012) v2.3.4, and unmapped reads were assembled with IDBA_UD assembler (Peng et al., 2012) and the assembled contig sequence more than 500 bp length was only considered and appended to reference genome sequence. The resulting final assembly sequence was compared with NCBI non-redundant nucleotide databases using BLASTn and the sequences with homology to sorghum mitochondria (NC_008360), chloroplast (MK348612) also the sequences having homology outside the green plant group Viridiplantae taxonomy group (Taxonomy ID: 33090) were removed. The remaining sequences were self-compared with nucmer search (http://mummer.sourceforge.net/) and sequences with >90 percent coverage with greater 90 percent identity were removed to maintain the non-redundancy of the novel sequences. REPEATMASKER-v4.0.7 (Smit et al., 2000) masked repetitive elements using sorghum as the species. The sorghum expressed sequence tags (ESTs) from GenBank were aligned with tBLASTx and genes were predicted using AUGUSTUS v3.3.2, supporting the EST alignments. The gene models having fewer than 300 bp in length were filtered out and the remaining genes supporting either EST alignments or hisat2 (Kim et al., 2019) alignments (RNASeq read from 25 accessions, Supplementary Table 1) further used for functional annotation against uniref90 (database downloaded in May 2020).



Gene Presence-Absence Variations (gPAVs)

Whole-genome sequence reads of all 354 sorghum accessions were mapped with Bowtie2 v2.3.4 (Langmead and Salzberg, 2012) to pan-genome assembly with a wide insert size range between 0 and 1,000 bp. The gene PAVs were defined based on sequence reads coverage mapped to respective genes as described by Golicz et al. (2016a). Genes models on contigs longer than 1 Kbp were used in this analysis. PAV converted into the binary matrix and with 1,000 bootstrap resampling were used to estimate the genetic relationship among the accessions with R “ape” package (Paradis et al., 2004) to construct an NJ tree and visualised in iTOL tree viewer (Letunic and Bork, 2019).

The core genes were defined as the genes present in all the accessions, whereas the variable genes are the genes missing in one or more accessions. The in-house developed script was used to define the core and variable genes from the PAV matrix. Core and variable genes were compared for gene length, exon number, synonymous SNPs, non-synonymous SNPs, and Ka/Ks. The mean count for each sample size of core and pan-genes present in all possible combinations of 354 accessions was plotted. The protein sequences of Zea mays, Setaria italica, Brachypodium distachyon, and Oryza sativa were downloaded from the public database UniProt for cluster analysis. All protein sequences were compared using all-by-all BLASTp followed by MCL for gene clustering into gene families with default parameters. The gene enrichment analysis was performed with Fisher exact test from R “topGO” package (Alexa et al., 2006) using “Elim” method.



SNP Discovery and Annotation

The sorghum whole genome sequence reads of 354 accessions were quality trimmed using Trimmomatic (Bolger et al., 2014) and mapped to pan-genome using Bowtie2 v2.3.4 (Langmead and Salzberg, 2012) allowing to map paired reads. The aligned reads in SAM format converted to BAM format using samtools (Li et al., 2009) followed by filtering out the read duplication with Picard tools (http://broadinstitute.github.io/picard). Variants against the reference (pan-genome) were called with GATK v.4.1 (McKenna et al., 2010) and directed to quality filtered with vcftools v.0.1.13 (Danecek et al., 2011). The variant sites having missing genotypes of more than 0.15 and minor allele count <2 were excluded and the remaining sites were used for downstream analysis such as SNP functionally annotated with SnpEff v.4.3 (Cingolani et al., 2012).



Sorghum Diversity and Population Structure

A subset of 216 diverse sorghum accessions from 354 set with known sorghum race information (Valluru et al., 2019), was used for genetic diversity and population structure assessment. A total of 1.12 million filtered SNPs from sorghum race accessions were retained for downstream analysis. The STRUCTURE v2.3 (Hubisz et al., 2009), was used to estimate the population structure using the admixture model. The tested K was set from 2 to 5 and optimal K for population structure was defined with the structure program. With the same SNP set, PCo analysis was done with R labdsv package (https://CRAN.R-project.org/package=labdsv) and phylogeny analysis performed using 1000 replicates with R “ape” package (Paradis et al., 2004) and visualised in iTOL tree viewer (Letunic and Bork, 2019).



Genome-Wide Association Analysis (GWAS)

Two different mapping populations having the phenotypic data of 10 traits were used for the association study.


Pop1

The phenotype and genotype data associated with plant height (PH), dry biomass (DBM), and starch (ST) were adapted from published work (Valluru et al., 2019) for GWAS analysis. A subset of 227 accessions from the 354 WGS set belonged to four major races of sorghum having representation from Africa, Asia, and America was used. The SNPs corresponding to the above-mentioned genotypes were filtered with vcftools and used for GWAS. In 2016, the PH was recorded from 4 to 16 weeks after planting with an interval of 2 weeks, DBM and ST was measured at harvest.



Pop2

The stay-green fine-mapping population developed by crossing an introgression line cross RSG04008-6 × J2614-11 (Usha Kiranmayee et al., 2020) was used for association study using the pan-genome assembly. The DNA from parents and 152 individuals were isolated and skim-sequenced to produce genotype data to a depth of 0.1X. The sequence reads were QC'd with trimmomatic (Bolger et al., 2014), mapped with bowtie2 (Langmead and Salzberg, 2012) and SNP called with GATK (McKenna et al., 2010) and filtered with vcftools (Danecek et al., 2011) as above said method.

The Pop2 was evaluated with green leaf area (GLA) trait in the rabi season of 2012–2013 and 2013–2014 at ICRISAT, Patancheru, India. The GLA percentage was measured from seven to 49 days after flowering (DAF) for every 7 days interval in both years. Additionally, in the year 2013, the phenotypes of glossy (GL), leaf sheath pigment (LSP), plant vigour (V), trichome low (TL), trichome up (TU), soot fly dead hearts (SFDH) traits were recorded in rabi (R13), and kharif (K13) seasons.

The genotype to phenotype association was performed with GAPIT (Lipka et al., 2012) and the results were initially filtered with Bonferroni cut-off [-log10(p-value)>2.5] followed by p-value and false discovery rate values <0.05 (close to Benjamini-Hochberg cut-off value) as the significant values. These significant SNPs were further functionally annotated with predicted gene coordinates.




Drought RNASeq Assay Analysis

To demonstrate the utility of the pangenome, we have used a sorghum transcriptome experiment on drought response (Abdel-Ghany et al., 2020) available in the Sequence Read Archive (SRP227627). In this study, the RNASeq data were derived from contrasting genotypes- drought resistant [BT × 623 (DR1) & SC56 (DR2)] and drought susceptible [T × 7000 (DS1) and PI482662 (DS2)] at the seedling stage was obtained The quality cheque was performed on raw sequence reads using FastQC (Andrews, 2015) followed by cleaning the low-quality reads and removing sequencing adaptors using the Trimmomatic (Bolger et al., 2014) tool. Trimmed reads were aligned to the Sorghum pan-genome using TopHat2 (Kim et al., 2013) and bam files were filtered to remove reads aligned to multiple locations. Differential gene expression was performed on different conditions using Cuffdiff (Trapnell et al., 2010) to compute logFC and q-values across all accessions at different conditions (control and treated). A total of eight conditions were analysed to find drought-induced genes after 1 and 6 h of post-treatment (20% PEG treatment). Two biological replicates were analysed for each condition resulting in 32 samples (4 genotypes × 2 conditions × 2-time points × 2 replicates). The differentially expressed genes (DEGs) were determined if the q < 0.05 and log2FC is <−2 or >2 ratios between control and treatment for each time point and in each genotype.




RESULTS


Pan-Genome Assembly

Genome sequence data with minimum 10X coverage from earlier studies (Guo et al., 2019; Valluru et al., 2019) were used for pan-genome assembly (Supplementary Table 1). The pan-genome was constructed using 176 sorghum accessions using an iterative mapping and assembly approach, similar to Brassica (Golicz et al., 2016a) and pigeon pea (Zhao et al., 2020) (Figure 1).


[image: Figure 1]
FIGURE 1. Raw reads of accession were aligned to reference, the unaligned reads were assembled and the contig sequence added to the reference sequence. The updated reference with assembled contigs used as reference for next iteration. The contamination and redundant sequence filtered from final updated reference and genes predicted with homology and ab initio method. On availability of pan-genome sequence and gene models, the downstream analysis performed including PAV, variant calling, phylogeny, enrichment, and structure analysis.


On an average, each iteration of the process added 1.9 Mb of sequence to the reference (Supplementary Figure 1) and a total of 263.7 Mbp was assembled. Of these, 89.2 Mb of the sequence were removed as contaminants (including chloroplast and mitochondrial sequences) and/or duplicated contigs. The final resulting pan-genome contained 210,805 contigs with a total length of 883.3 Mb (Figure 2) with a minimum contig size of 500 bp. Gene density on the contigs added by this pan-genome exercise was lower than on assembled chromosomes but comparable to the density observed on the reference unplaced scaffolds (Figure 3).


[image: Figure 2]
FIGURE 2. The development of sorghum pan-genome from reference genome assembly: (A) a draught pan-genome (including sequence contamination, duplication, chloroplast, and mitochondrial sequence) and final pan-genome assembly sequence size, (B) cumulative length of assembled contigs and (C) GC percentage of cleaned assembled contig sequences.
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FIGURE 3. Circos plot of sorghum pan-genome having the extra contigs as a novel sequence assembled from 176 accessions. The genomic features of each track represent absolute values to the respective track (with 80 Kb window size), (A) Reference whole genome sequence reads mapping (B) Drought expression (RNASeq) sequence mapping density. (C) Gene density (D) Genes commonly present in all accessions (core genes) (E). genes absent in at least one of the accessions (variable genes) (F) SNP density (G) Insertions and deletions (indels).


The pan-genome showed an increase of 24.6% (174.5 Mb) over the reference genome, which was the second-biggest increase of any previously reported pan-genome after the tomato pan-genome. The increase in tomato pan-genome size was captured a 42% non-reference sequence from 725 accessions including the wild relatives (Gao et al., 2019). In other species, an increase in sequence size of 3.3% in wheat (Montenegro et al., 2017), 4% in Oryza sativa japonica, 6% in Oryza sativa indica (Yao et al., 2015), 5% in Brachypodium distachyon, and 20% in Brassica oleracea (Golicz et al., 2016a) was documented. The relative increase in sorghum pan-genome assembly size indicated that the presence of high level of genome diversity contributed by the accessions used in this study.

The assembled sequence was annotated using a strategy called combining evidence-based ab initio gene prediction. RNASeq (Guo et al., 2019) mapping hints from the 25 accessions used for ab initio gene prediction and the 3,589 genes supporting the mapped expressed sequence tags (EST) sequences were retained. We identified 11,057 to 17,616 variable genes in the 176 genomes, with an average gene sequence length and exons per gene of 1,567 bp and 3.6, respectively. The gene length and exons in core genes were more than the variable genes comparatively (Figure 4).


[image: Figure 4]
FIGURE 4. (A) Gene presence and absence variations (gPAVs) in sorghum accessions (B) Gene variation of pan-genome and core genome (C) Sorghum core and variable gene properties. Variable gene length is shorter with fewer exons. The variable genes have fewer synonymous SNPs and similar non-synonymous SNPs compared to core genes. The gene counts with different Ka/Ks category indicating the selection pressure in both core and variable genes. There is a difference in the number of SNPs between core and variable genes within all groups.




Sorghum Pan-Genome Gene PAV (gPAV)

The gPAV in genes among the sorghum accessions could reveal the genetic changes that can be used to infer the phylogenetic history as well as to select the potential targets for breeding. To identify the gPAVs, sequence reads were mapped to the pan-genome contigs and genes were scored as present or absent based on the mapped sequence read coverage (Supplementary Table 2, Figure 5). For a given gene, to assess the gene loss event, the mapping of the whole genome sequence reads was measured. On an average, each sorghum accession contained 32,795 genes (Supplementary Table 3), of which 16,821 (47%) were core genes or in other words, they were shared by all remaining accessions. Comparatively, tomato (Gao et al., 2019) (74.2%), maize (Hirsch et al., 2014) (39%), Arabidopsis thaliana (Contreras-Moreira et al., 2017) (70%), wheat (Montenegro et al., 2017) (64%), pigeon pea (Zhao et al., 2020) (86%), Brassica rapa (Lin et al., 2014) (87%), O. sativa (Schatz et al., 2014) (92%), and, Brassica napus (Hurgobin et al., 2018) (62%) had higher number of genes (Bayer et al., 2020). On the other hand, 18,898 genes were variable/accessory genes (Figure 4A), of which 30 genes were uniquely present (indicating that the genes are present in any one accession but absent in remaining all accessions) and 3,183 (8.9%) were uniquely absent (indicating that the genes present in all accessions but absent in any one accession) (Figure 5). Variable genes were found shorter and had fewer exons per gene when compared to core genes (Figure 4C) which were in agreement with O. sativa and A. thaliana crop studies (Bush et al., 2014; Schatz et al., 2014; Golicz et al., 2016b). Based on gPAVs from 354 cultivars, we estimated the sorghum pan-genome had a closed type of pan-genome (Figure 4B), with 30 genes were uniquely present and 3,183 genes were uniquely absent. The uniquely present genes were fewer than the wheat (49 unique genes per cultivar) (Montenegro et al., 2017) and B. oleracea (37 unique genes per cultivar) (Golicz et al., 2016a). Of the 30 genes uniquely present in any single sorghum accession, nine such genes were reported from Macia accession alone (Figure 5). Extending the population size and including the wild relatives could further increase the measure of the gene content of this species (Figure 4B) (Golicz et al., 2016b).


[image: Figure 5]
FIGURE 5. gPAVs-based neighbour-joining tree shows the genetic relationship among the sorghum accessions. Histogram shows the variable genes (purple bars), uniquely present genes (green bars) and uniquely absent genes (blue bars).




Gene Functional Analysis

We identified enriched biological pathways by performing gene enrichment analysis using the R topGO package. The significantly enriched pathways related to responsive genes were identified (Figure 6). A total of 94 most significantly enriched genes (Supplementary Table 4) for biological process pathways are shown in Supplementary Figure 2. The gene ontology (GO) enrichment analysis showed that the genes were enriched in response to chemical, hormone, organic substance, stress, auxin and abiotic stimulus (Figure 6A). It was noted that most of the pathways were related to plant response to stimulus and chemicals. The gene enrichment among stress responses genes including water deprivation (GO:0009414), desiccation (GO:0009269), abiotic stimulus (GO:0009628), chemical stimulus (GO:0042221), and stress (GO:0006950) were reported in a reference set of genes (Woldesemayat and Ntwasa, 2018). The gPAV-based enrichment on assembled genes from the sorghum pan-genome has added the response of the genes to auxin (GO:0009733), hormone (GO:0009725), organic substance (GO:0010033), hypoxia (GO:0001666), and decreased oxygen levels (GO:0036294). The functional annotation of the variable genes highlighted the genes involved in response to biotic and abiotic stress indicating the possible evolutionary adaptive traits (Lasky et al., 2015). Macia (9 genes), Ajabsido (4 genes), and PI329719 (4 genes) were identified with a number of trait-specific genes (Figure 5), which could be used as potential donors for trait improvement. It was observed that the above-mentioned unique genes were involved in response to the stimulus (GO:0050896), chemical (g8132, GO:0042221), and arsenic-containing substance (g24192, GO:0046685) (Supplementary Table 5).


[image: Figure 6]
FIGURE 6. (A) Significantly enriched top GO terms among the variable genes (p < 0.05) (B) distribution of Infinium SNP array markers on chromosomes (C) specific and common genes across races (D) neighbour-joining tree shows the genetic relation among the sorghum accessions belonged to different races (blue-Caudatum, red-Durra, green-Kafir and yellow-Guinea) (E) structure analysis of sorghum population with K2 to K5 and (F) sorghum accessions grouped by caudatum, durra, guinea and kafir race through principal co-ordinate analysis (PCo).




Variant Discovery

We identified a large number of variants (single nucleotide polymorphism (SNPs) and indels) by mapping the sorghum population whole-genome sequence reads to sorghum pan-genome assembly using GATK. Of the total of 2.0 million SNPs, 91,319 were in the extra contig (assembly) sequence (Supplementary Table 6). The SNP density in extra contigs (0.52/Kbp) was much less compared to the density in the reference genome assembly (2.72/Kbp) (Figure 3). The SNP annotation results illustrated the highest number of SNPs in intergenic region (40%) followed by upstream (22.5%), downstream (21.4%), intron (8.8%), and exon (3.6%) regions with an overall Ts/Tv ratio of 1.92. Chromosome 4 had the highest number of SNPs (251,830), followed by chromosomes 1, 2, 3, 5, 10, 8, 6, 9, and 7, respectively. Chromosome 7 had the fewest number of SNPs (119,019) with the highest density of 0.55/Kbp and chromosome 4 had the least density of 0.27/Kbp (Supplementary Table 6) (Figure 3). The presence of more SNPs and indels in the telomeres compared to centromeres explained the higher gene activity toward the telomeres supporting the SNPs and indels density reported in historically important grain sorghum genotypes (BTx623, BTx642, and Tx7000) (Evans et al., 2013) (Figure 3). The SNP annotation reported the frequency of synonymous SNPs in the core genes was much higher than in the variable genes (Figure 2). This was in contrast to the higher mis-sense SNPs in core pigeon pea genes to variable genes early reported (Zhao et al., 2020). We detected genome-wide indels of various size (Supplementary Figure 3A) and the genes featuring indels has reduced proportionally to the size of the indels (Supplementary Figure 3B). On increasing the indel size, the number of the indels decreases in both gene and genome-wide sequence. The overall indels count from the sorghum accessions used in this study was much higher than the indels earlier reported in the six sorghum accessions (Yan et al., 2018). A total of 36,097 genes had 983,060 CNVs among the sorghum accessions used in this study. The Ka/Ks ratio estimating the balance between neutral mutations, purifying selection, and beneficial mutations on a set of core and variable genes exhibited that, core gene count under positive selection were significantly close to variable gene count compared to genes under the negative selection pressure (Figure 4).

The maximum (432,286) and minimum (2,854) number of SNPs were identified in sorghum accessions PI267614- NSL54318 and IS3693- IS23514, respectively (Supplementary Table 7). The accessions NSL54318 (849,052) and IS3693 (17,084) had the maximum and minimum polymorphism, respectively, with sorghum pan-genome assembly sequence (Supplementary Table 8). The SNPs were validated with 3K SNPs Infinium array (Bekele et al., 2013) and of the 2,980 mapped flanking SNPs sequence, only 20 did not map on pan-genome assembly. The overall alignment rate was 99.33%, from the mapped 2,980 SNPs array sequences (Supplementary Table 9, Figure 6B). Among them, 37 SNP sequences were mapped to extra contigs (novel sequence assembly) and 150 (5%) did not represent any GATK SNPs calls (29 SNPs from extra-contigs). In addition to the core SNPs of the array sequence, more SNPs were identified in the flanking sequence. Out of 15,383 GATK SNPs on the mapped array sequence, 15,314 SNPs were validated with the GATK called allele (Supplementary Table 9). Finally, on validation with array SNPs, the overall GATK SNP calling reported 99.9% accuracy.

To understand the genetic relationship of the 354 sorghum accessions, a neighbour joining (NJ) tree was constructed with the SNPs (Supplementary Figure 4). The accessions were arranged in many sub-groups indicating the possible sorghum race accessions. To assess the race-specific accessions, the 216 known sorghum race accession bootstrapped to construct an NJ tree. The NJ tree showed the subgroups of sorghum accessions according to the races except a few, indicating the hybridisation process in the past (Figure 6D). For example, PI221662, a durra race accession was genetically related to the guinea race. Similarly, to understand the gene PAV-based genetic relation, the phylogenetic relationship among sorghum accessions was assessed by distance-based 1,000 bootstrap replicates and represented through the NJ tree. Among the 35,719 total genes, 53% exhibited the genic variations to estimate the relationship among the accessions (Figure 5). The largest number of genes uniquely present and absent genes was found in Macia (9 genes) and PI660645 (372 genes), which indicated the evolutionary distance from other accessions.

With the known four races (Obilana et al., 1996), the structure analysis with the variants set showed the presence of three sub-population (Figure 6E), resulting an expected admixture between caudataum and kafir accessions which was in agreement with early study (Valluru et al., 2019) (Figure 4). The result was also validated by the PCo, where durra and guinea sorghum races displayed identifiable clusters, because of the available sequence representation through pan-genome, while caudatum and kafir accessions exhibited the admixers (Figure 6F). The earlier principal component study shows the mixed grouping of guinea and kafir accession in the (Sapkota et al., 2020), indicating the missing sequence representation for all race in the single reference genome.



Variation of Sorghum Race-Variable Genome

Sorghum pan-genome analysis has identified 18,898 variable genes, and the gene cluster analysis identified 11,470 gene families, of which un-clustered genes (6,057) included 556 from the non-reference genes and the remaining 5,501 were reference genes. Among these un-clustered genes, 3,195 were orthologous to Zea mays, Setaria italica, Brachypodium distachyon, and Oryza sativa and the remaining 2,862 were paralogous. Among the total variable genes, a total of 111 genes are race-specific and the gene shares among four sorghum races showed that the durra and guinea had a maximum of 56 and 32 unique genes, respectively, making them more diverse than the other two races with 14 (caudatum) and 9 (kafir) unique genes (Figure 6C). The gene annotations suggested that the unique genes from durra were associated with heat shock protein, LRR repeat protein, L-type lactin-domain receptor, ABC transporter family proteins, and Ras-related proteins. Guinea group had the unique genes associated with disease resistance protein, beta-glucosidase proteins, NRT1/PTE protein family, and Alpha/beta-Hydrolases superfamily proteins (Supplementary Table 10). The gene uniqueness to specific races possibly reflected the selection of the genotypes for adapting to the respective ecological conditions (Upadhyaya et al., 2017).



GWAS

Two populations namely, Pop1 (Valluru et al., 2019) and Pop2 (Usha Kiranmayee et al., 2020) were used for GWAS to understand the functional utility of the pan-genome. Pop1 had 216 accessions with the phenotypes of DBM, PH, and ST while Pop2, a stay-green fine-mapping population with 190 segregates, had green leaf area (GLA), GL, V, LSP, SFDH, TL, and TU.

In Pop1, the SNPs were further filtered by accessions and on applying the SNP quality philtres, which retained 1.12 million SNPs for association analysis. Pop2 having sequence data of 190 genotypes processed to map to pan-genome and 109,338 SNPs were used for GWAS.

We identified a total of 397 unique SNPs having significant association (having p-value and false discovery rate below 0.05) in both Pop1 and Pop2 traits, of which 216 SNPs were commonly mapped with multiple traits. Most of these SNPs distributed on chromosome 10 (120 SNPs) followed by chromosome 6 (69 SNPs). The reference genome alone had 385 SNPs and the rest of the SNP-trait associations located on the unmapped read sequence assembly.

For the Pop1, a total of 36 SNPs had a significant association across three traits (Figure 7A) (Supplementary Table 11). Among them, seven were located on newly assembled contigs (DBM and PH) (Figure 7B), three were from unplaced reference contigs and the remaining 26 are from chromosome sequence. Among the 36 linked SNPs, 10 were genic and the remaining 26 were inter-genic regions (Supplementary Table 12). Three of the genic SNPs were associated with DBM while six were associated with PH and the remaining one co-mapped to both DBM and PH. From the 10 associated genes, three genes (Sobic.002G022500, Sobic.003G173400, and Sobic.004G350800) were from the core gene set and the remaining belonged to variable genes.


[image: Figure 7]
FIGURE 7. Genome-wide association showing the significant association of SNPs for (A) plant biomass on chromosome 9 (on Sorbic.009G246000.v3.1) and (B) plant height trait association on extra-contigs.


From the Pop2, the GLA, at various stages (Supplementary Table 13), associated with 219 SNPs including 111 genic, distributed across all chromosomes including the pan-genome assembly contigs (Supplementary Table 11). GL, LSP, SFDH, TL, and TU traits were associated with 129 and 103 significant SNPs in Rabi (R13) and Kharif (K13) seasons, respectively (Supplementary Table 11). The majority of the SNPs were associated with chromosome 10 followed by 5 and 6 in both the seasons. Among them, a total of 96 SNPs was mapped across seasons and a total of 18 and 196 showed season-specific association in K13 and R13, respectively. Interestingly, only four genic SNPs were associated with TU in K13, whereas 63 were associated in R13 explained the season-specific gene regulations. Similarly, SFDH had no association in K13 but had 56 genic SNPs in R13 season (Supplementary Table 11).

The number of SNPs associated with DBM, PH, ST (Pop1), plant vigour (V), GL, LSP, SFDH, TL and TU, and GLA (Pop2) was 10, 25, 1, 1, 23, 31, 84, 169, 98, and 397, respectively. Among the chromosomes, as many as 392 of the SNPs were associated with chromosome 10 and only 8 SNPs were associated with chromosome 3 (3 SNPs on scaffolds). The pan-genome assembly contigs hold 15 trait-associated SNPs, an additional genetic resource for the sorghum breeding program.

Of the total 183 GWAS SNPs directly associated with gene functions, the DBM and PH (from Pop1) were associated with 10 genes (off these, 1 gene assembled in this study). In Pop2, 173 genes were distributed as 96, 11, 13, 46, 48 and 1 for GLA, GL, LSP, SFDH, TL, and TU, respectively.



Identification of the Drought Candidate Genes

A sorghum RNASeq data generated from drought-resistant [BTx623 (DR1) & SC56 (DR2)] and susceptible [Tx7000 (DS1) and PI482662 (DS2)] genotypes at different seeding stages (Abdel-Ghany et al., 2020) were re-analysed and mapped through the newly developed pan-genome. A total of 1,788 genes were significantly affected by drought stress (Figure 3) and among them, 79 genes were reported from genes on assembly sequence (extra- contig) (Figure 8A) (Supplementary Table 14).


[image: Figure 8]
FIGURE 8. (A) Sorghum drought trait-based RNASeq assay on pan-genome assembled genes (extra contigs). DR1 and DR2 were the two datasets for drought resistance after 1 and 6h, respectively. DS1 and DS2 related to drought susceptibility after 1 and 6 h, respectively. Heatmap showing the range of up-regulated genes as green and down-regulated genes as red colour (B) Drought resistance in BTx623 (DR1) and SC56 (DR2) and (C) Tx7000 (DS1) and PI482662 (DS2) drought susceptible genes share between the genotype and treated conditions (1 and 6 h).


The drought-resistance (DR1 and DR2) and drought-susceptibility (DS1 & DS2) samples were phenotyped at two conditions (1 and 6 h). The DR1 and DR2 samples reported (1 h treatment) a total of 590 (450 up and 140 down-regulated) and 195 (180 up- and 15 down-regulated) expressed genes, respectively (Figure 8B). Of these, none of the genes reported from the novel sequences, indicating both (DR1 and DR2) were closely related. Additionally, DR1 and the reference sequence belong to the same genotype and this supports the absence of gene expression from the novel sequence at this condition. When the treatment was extended for 6 h, 14 (13 up and 1 down-regulated) and 34 (31 up and 3 down-regulated) genes from novel sequence were expressed for DR1 and DR2 data-sets, respectively.

Similarly, DS1 and DS2 samples showed (for 1 h treatment) 235 (123 up and 112 down-regulated) and 430 (388 up and 42 down-regulated) genes, respectively (Figure 8C). Of these, DS1 and DS2 had 32 (1 up and 31 down-regulated) and 13 (7 up and 6 down-regulated) expressed genes from novel sequence, respectively. After 6 h of treatment, DS1 and DS2 samples reported 270 and 449 expressed genes respectively. Of these, DS1 and DS2 reported 8 (2 up and 6 down-regulated) and 17 (5 up and 12 down-regulated) expressed genes were from the novel sequence, respectively.

Over-all, five drought-related genes were co-mapped with the trait-associated genes. Among the five genes, three traits-linked genes Sobic.001G363200 (GLA), Sobic.007G180300 (GL), and Sobic.010G231900 (TL, TU, and SFDH) were commonly expressed in drought resistance and susceptibility conditions. The remaining two drought resistance specific genes Sobic.005G069800 and Sobic.006G127800 were linked to PH and LSP traits.




DISCUSSION

We built a sorghum pan-genome with an iterative mapping and assembly approaches with 176 of 354 whole genomes sequenced accessions having coverage of more than 10X. The total size of the pan-genome has become 883 Mbp, with a 20% increase (175 Mbp) compare to the reference assembly of 708 Mbp. This level of novel sequence increase probably due to the high level of genetic diversity observed in the respective species (Cuevas and Prom, 2020).

We have generated the pan-genome genomic resource from the diverse sorghum accessions including the basic and intermediate sorghum races [bicolor (B), caudatum (C), durra (D), kafir (K), and guinea (G)]. Comparison of the wide range of sorghum whole genome sequence datasets has enabled to assemble many coding genes that were absent in published sorghum reference genome sequences. The mapping of RNASeq read from 25 accessions on the assembled contigs supports the predicted genes on the novel sequence (Supplementary Figure 5) is an additional genetic resource that will enhance the identification of the quantitative trait locus (QTL) and genome-wide association studies (Chen et al., 2014; Yano et al., 2016; Zhao et al., 2020). The earlier pan-genome studies found that non-reference genes have significantly involved in agronomic traits mainly in plant defence responses (Hirsch et al., 2014; Golicz et al., 2016a; Montenegro et al., 2017; Dolatabadian et al., 2020). Similar to the sorghum genes, B. oleracea pan-genome genes also showed that nearly 30 percent of reference genes exhibited the gPAV (Golicz et al., 2016a). It is understood that, as the number of genotypes increases, the size of core genes decreases with a relative increase of variable genes (Figure 4B). With the 10 sample sizes, Brassica oleracea pan-genome had 20% of PAV genes (Golicz et al., 2016a) which was in consistent with simulation with similar population size in B. distachyon pan-genome (Gordon et al., 2017). Similarly, pan-genome from 15 Medicago genomes had 42% of sequences share with few accessions (Zhou et al., 2017), which was comparatively similar to the 49% of sorghum variable pan-genes in this study.

The result of the structure groupings correlated with the PCo showing three different clusters with one of them having two groups (caudatum and kafir). Among the four basic sorghum races used in this study, PCo displayed, guinea, and durra remain as distinct clusters while caudatum with kafir classified with mixed genotypes, which is considered as the stable hybrid race among the 10 possible stable combinations of sorghum races (Obilana et al., 1996). Similarly, mixed PCo clusters were also reported earlier with five basic sorghum races, where the sorghum B race was not well-supported genetically and a majority of them share membership with the remaining four genetic groups (Brown et al., 2011).

The genomic features helped the races to group into different clusters. By looking at the race-specific genomic data, each race had distinctive features. The guinea group had 37 accessions with race specific genes present in range of 2–13 genes per accessions, whereas durra had 2–12 genes in 92 accessions, kafir had 2–5 genes in 12 accession, and caudatum had 2–4 genes in 15 accessions. The two groups including durra and guinea were having 56 and 32 distinct genes, respectively, unique to these groups, whereas caudatum and kafir have on 14 and 9 distinct unique genes, as these groups have the admixture accessions which share genes between the groups.

The functional analysis of variable genes was enriched with GO terms associated with response to light, flower development, salt stress, water, heat, desiccation, temperature, osmotic stress, lipid, gibberellin, and stress. The results supports the earlier gene function based clustering and enrichment analysis exhibiting the similar stress response genes reported in sorghum (Woldesemayat and Ntwasa, 2018). The plant hypersensitive response annotation in the variable gene was reported in plant pan-genome analysis (Golicz et al., 2016a; Montenegro et al., 2017; Hurgobin et al., 2018; Zhao et al., 2020).

The development and application of sorghum SNPs have limited to reference genome assembly sequence used in the analysis. The 1.8 million SNP reported earlier on Rio with respect to BTx623 (Cooper et al., 2019), were limited to the single reference genome. Using the whole genome sequence data from 354 sorghum diverse accessions, we identified two million SNPs and 3.9 million indel sites, which represented the functional genome diversity. The density of genetic variation in the novel assembled sequence was low compared to the reference sequence. The reference genome carried most of the conserved essential genes, indicating that the variable sequence has low diversity (Figure 3), as reported in the six sorghum accessions from common geographical regions (Yan et al., 2018). The fewer number of SNPs on variable sequence mainly contained genes involved in response to various stress (biotic and abiotic stress tolerance), this finding is well-aligned with the SNPs from disease resistance R genes differentiating sweet and grain sorghum accessions (Zheng et al., 2011). A reference sequence within the pan-genome assembly alone accounted for 95.4% of SNPs and the added assembly sequence from the sorghum population had 4.5% additional SNPs. A total of 2,980 array SNPs from (Bekele et al., 2013) were identified as similar to GATK called (reference-based variant calling) SNPs with 99.33% of true SNPs. The GATK called sorghum SNPs validation rate with array SNPs was higher (99.33%) compared to the non-reference based variant calling methods, for example, the wheat pan-genome SNPs were called with 96.3% accuracy (Montenegro et al., 2017). The abundance of SNPs depends on factors such as mutation events and genome diversity and the SNPs identified in the variable genome can assist in characterising novel metabolic pathways.

Phylogenetic analysis of 354 sorghum accessions using SNPs on the pan-genome demonstrated the mixed groups of diverse biomass genotypes (Valluru et al., 2019), domesticated accessions (Guo et al., 2019) and Chibas sorghum breeding program accessions (Jensen et al., 2020). gPAV-based phylogeny showed a group of 15 accessions having uniquely absent genes in a range of 2–509 genes from the biomass genotypes indicating the wider genetic diversity. The five Chibas sorghum breeding lines (Macia, Ajabsido, SC1345, P898012, and Grassl) had the most unique genes followed by seven domesticated accessions distributed across the phylogenetic tree. On assessing the known sorghum race genotypes from Valluru et al. (2019) phylogeny showed a cluster for each sorghum race. Few accessions of caudatum and guinea were mixed with durra cluster indicating that these are the caudatum-durra (CD) and guinea-durra (GD) hybrid individuals. Similarly, few accessions were not placed in respective race groups, for example, PI248317 accession was a durra race accession placed in guinea race cluster which shared the genetic similarity with guinea race as DG hybrid individual.

The GWAS performed in the earlier study was limited to the phenotype association only with limited SNPs on the reference genome used (Morris et al., 2013; Kimani et al., 2020). The SNP calling on sorghum pan-genome has enabled the identification of the variants also from non-reference sequence assembly from the genetically diverse accessions. A total of 91,339 SNPs reported from the assembled sequence were the additional markers used for GWAS. A total of 36 SNPs (from Pop1) were associated with target traits. Among them, 10, 25 and 1 were from assembly sequence (extra contigs) were associated with DBM, PH, and ST, respectively. Additionally, the GLA (from Pop2) had a significant association with five SNPs on extra-contigs. The GLA phenotypes in 2013 and 2014 after 7, 14, 21, 28, 35, 42, 49 days after flowering (DAF) in rabi were associated with 219 SNPs. Most of the SNPs were linked with the GLA recorded at the early stage of 7 (linked with 150 SNPs) to 14 DAF (linked with 161 SNPs) (Supplementary Table 11). From the flowering stage to 14 days of post-flowering, the GLA expression was significantly linked with 101 common SNPs (two SNPs reported from Extra-Contig101123 at 855 positions and Extra-Contig170379 at 501 base position) (Supplementary Table 11). For the phenotypes of GL, LSP, SFDH, TL, and TU in both rabi and kharif seasons, a total of 147 SNPs were identified, of which 85 were co-mapped in both seasons, 44 were unique to rabi and 18 were unique to kharif. Out of total 397 associated SNPs, 12 SNPs from novel sequences having significant trait association is an additional gain from the pan-genome assembly.

Most of the associated SNPs linked to genes including NAC-domain protein controls the flowering time and stress response, BTB domain for protein-protein interaction, PSII protein complex for oxygenic photosynthesis, AAI domain protein for lipid transfer protein (LTP). The genes are transcription factors (TFs) such as nuclear TF, reverse transcriptase Ty1/Copia-type domain and BZIP. The genes also associated with ubiquitination pathway proteins such as B-box, F-box, U-box, RING-type, and RING-type E3 ubiquitin transferase protein supporting the sorghumFDB gene family classifications (Tian et al., 2016).

We found 1,788 drought-responsive genes with different seeding stage sequence data mapping on pan-genome assembly, whereas weekly sampled the growing plants and mapping the RNASeq data to reference alone reported the 44% of genes exhibiting the response to drought stress (Varoquaux et al., 2019).

This difference in drought expression was expected between the seedling samples (in 1–6 h difference) compared to root and leaf large scale sampling in 2–17 weeks of pre and post-flowering drought responses (Varoquaux et al., 2019). Similar drought stress gene expression changes were seen in laboratory and greenhouse studies in sorghum genotypes (Johnson et al., 2014; Fracasso et al., 2016). Identifying 79 drought-linked differentially expressed genes on assembly sequence are the additional genes added from this study (Supplementary Table 15). These additional genes through pan-genome were mainly involved in the cell membrane, catalytic activity, molecular function regulation, response to the stimulus, metabolic process, cellular, and biological regulation.

The sorghum pan-genome assembly, genes with its annotations, SNPs data sets are available at the sorghum website (https://doi.org/10.21421/D2/RIO2QM).



CONCLUSIONS

We constructed and characterised the sorghum pan-genome using the reference genome assembly and the whole-genome sequence reads of genetically diverse sorghum accessions. The pan-genome had 35,719 predicted genes, which were categorised as core, conserved genes, and variable genes as they exhibited presence and absence variation. The variable genes were enriched with genes response to various stresses. The SNP Infinium array result showed 99% of representation on the pan-genome assembly sequence. About two million SNPs were developed through pan-genome which can use for functional downstream research. The pan-genome resources were validated by assessing the genetic diversity of sorghum races, identification of genes from GWAS and RNASeq studies. These newly generated genomic resources could be used in sorghum genetic gain improvement programs.
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MADS-box transcription factors play vital roles in multiple biological processes in plants. At present, a comprehensive investigation into the genome-wide identification and classification of MADS-box genes in foxtail millet (Setaria italica L.) has not been reported. In this study, we identified 72 MADS-box genes in the foxtail millet genome and give an overview of the phylogeny, chromosomal location, gene structures, and potential functions of the proteins encoded by these genes. We also found that the expression of 10 MIKC-type MADS-box genes was induced by abiotic stresses (PEG-6000 and NaCl) and exogenous hormones (ABA and GA), which suggests that these genes may play important regulatory roles in response to different stresses. Further studies showed that transgenic Arabidopsis and rice (Oryza sativa L.) plants overexpressing SiMADS51 had reduced drought stress tolerance as revealed by lower survival rates and poorer growth performance under drought stress conditions, which demonstrated that SiMADS51 is a negative regulator of drought stress tolerance in plants. Moreover, expression of some stress-related genes were down-regulated in the SiMADS51-overexpressing plants. The results of our study provide an overall picture of the MADS-box gene family in foxtail millet and establish a foundation for further research on the mechanisms of action of MADS-box proteins with respect to abiotic stresses.
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INTRODUCTION

Transcription factors play multiple roles over the entire life cycle of higher plants (Riechmann and Ratcliffe, 2000; Singh et al., 2002). In combination with cis-regulatory sequences, TFs activate or inhibit the expression of specific target genes in different tissues or cells, or in response to environmental conditions, and thus participate in the growth, development, morphogenesis, and biotic and abiotic stress responses process in plants (Liu et al., 1999). According to the PlantTFDB4.01, 320,370 TFs from 165 plant species have been classified into 58 families (Jin et al., 2018). Among these families, MADS-box proteins comprise a large TF family and are ubiquitous in the plant kingdom (Alvarez-Buylla et al., 2008; Zhang et al., 2018). Based on the evolutionary relationships and sequence characterization, Alvarez-Buylla et al. (2008) classified MADS-box proteins into two major types, Type I and Type II, and they all have one thing in common; both types contain a MADS-box domain. Normally, Type I MADS-box genes in plants contain one or two exons, none or one intron, and the proteins encoded usually contain a highly conserved SRF-like MADS domain but lack a K domain (De Bodt et al., 2003b; Gramzow and Theißen, 2010). However, Type II MADS-box genes contain multiple introns and exons, and the corresponding proteins possess four domains; from the N to the C terminus these are a conserved MEF2-like MADS (M) domain, a less-well-conserved intervening (I) domain, a semi-conserved keratin-like (K) domain, and a C-terminal (C) domain and are thus also known as MIKC-type MADS-box proteins (De Bodt et al., 2003a; Kaufmann et al., 2005). The M domain is the most conserved region that enables the functions f or nuclear localization, dimerization, DNA binding, and accessory factor binding (McGonigle et al., 1996; Riechmann et al., 1996; Immink et al., 2002; Gramzow et al., 2010). The I domain contributes to MADS-box protein dimerization (Kaufmann et al., 2005), and the K domain plays an important role in the formation of higher-order complexes in addition to dimerization (Yang and Jack, 2004; Puranik et al., 2014; Theißen et al., 2016). The C domain is the most variable region and is responsible for transcriptional activation (Honma and Goto, 2001). On account of the diversity of the I and K domains, Type II MADS-box proteins are divided into two clades, MIKC∗ and MIKCc, in which MIKCc proteins have a shorter I domain and a more conserved K domain than MIKC∗ proteins (Henschel et al., 2002). Furthermore, based on phylogenetic analysis, the MIKCc proteins from angiosperms group into at least 14 distinct subclades; AG/STK (AGL11), AGL6, AGL12, AGL17, Bsister (GGM13), FLC, AP1 (SQUA), AP3 (DEF), PI (GLO), OsMADS32-like, SVP (StMADS11), SOC1(TM3), TM8, and SEP (Becker and Theißen, 2003; Zhao et al., 2006; Gramzow and Theißen, 2015). Within the same subgroup, MADS-box genes mostly share similar expression patterns and the proteins perform highly related functions.

As transcriptional regulators, MADS-box genes play crucial roles in ontogeny and signal transduction in higher plants (Schilling et al., 2018). At present, there are few published studies on Type I MADS-box genes, although the results of Masiero et al. (2011) indicate that Type I MADS-box genes are significant in plant reproductive development. Research has shown that the expression of Type I MADS-box genes in Arabidopsis can affect development of the female gametophyte, embryo, and endosperm (Day et al., 2008; Walia et al., 2009; Tiwari et al., 2010; Wuest et al., 2010). In contrast, studies on the plant-specific Type II MADS-box genes have been more thorough and extensive, and have shown that such genes play a broader regulatory role in plants. Firstly, the Type II MADS-box genes are closely related to flower development, and studies of the Type II MADS genes from several floral homeotic mutants in dicots have led to the establishment of the well-known ABCDE model for the determination of floral organs (Krizek and Fletcher, 2005). Additionally, multiple organs, including the roots, leaves, buds, embryos, and seeds were found to express Type II MADS-box genes, which provides further evidence for their diverse roles in plant development (Fornara et al., 2004; Gramzow and Theißen, 2010). For example, the expression of MdDAM1, a MIKC-type MADS-box gene from apple, was restricted to buds and could control growth cessation and bud dormancy (Moser et al., 2020). A recent study showed that under high temperature stress, AGAMOUS-LIKE67 (AGL67) could be combined with EARLY BOLTING IN SHORT DAY (EBS) to negatively control seed germination through the zinc-finger protein SOMNUS (SOM) in Arabidopsis (Li et al., 2020). With the increase in the number of research studies, a large number of MIKC-type genes have been identified from different species and shown to be involved in processes related to the stress response and hormone effects (Arora et al., 2007; Jia et al., 2018; Wang et al., 2018; Wei et al., 2018). For example, the MIKC-type MADS-box transcription factor SVP2 from kiwifruit (Actinidia sp.) was found to participate in ABA-mediated dehydration pathways by modulating expression of numerous target genes (Wu et al., 2018). Expression of the AGL2-like gene ZMM7-L from maize was affected by a variety of stresses, including cold, salt, drought, and exogenous ABA (Zhang Z. et al., 2012). In rice (Oryza sativa L.), the expression of OsMADS61 (OsMADS26, an AGL12 ortholog; Lee et al., 2008a), was enhanced in response to osmotic stress induced by D-mannitol, and further studies confirmed that overexpression of OsMADS61 (OsMADS26; Khong et al., 2015) in rice had a negative impact on pathogen resistance and drought tolerance. Chen et al. (2019) found that the expression of an SEP/AGL2 subfamily MADS-box gene in pepper (Capsicum annuum L.) was induced by abiotic stresses (cold, heat, salt, and osmotic stress) and hormones (ABA, SA, and MeJA); in addition, the transgenic CaMADS-expressing plants were found to be more tolerant to low temperature, high salt, and mannitol treatments compared with WT plants (Chen et al., 2019). Also, more MIKC-type MADS-box genes associated with stress resistance have been identified in other species including wheat (Triticum aestivum L.), sheepgrass (Leymus chinensis), Brassica rapa, and tomato (Solanum lycopersicum) (Gopal et al., 2015; Guo et al., 2016; Jia et al., 2018; Schilling et al., 2020). These studies on the role of MIKC-type MADS-box genes on stress resistance provide crucial resources for potential use in plant breeding and crop improvement (Boden and Østergaard, 2019). At present, genome-wide analyses and functional characterization of MADS-box proteins have been conducted in many organisms, but there are few reports describing MADS-box genes in foxtail millet.

In this study, we identified a total of 72 MADS-box genes (29 Type I and 43 Type II) from the foxtail millet genome and we performed a comprehensive analysis of these genes. Ten MIKC-type MADS-box genes from different clades were shown to be induced by various abiotic stresses (drought and salinity) and exogenous application of hormones (ABA and GA). The SiMADS51 genes, which belongs to the AGL12 subgroup, was isolated from cDNA of the foxtail millet cultivar ‘Yugu 1.’ The expression of SiMADS51 was induced by PEG-6000, NaCl, ABA, and GA treatments. Further studies showed that overexpression of SiMADS51 reduced the drought resistance of transgenic Arabidopsis and rice plants. These results will helpful in understanding the evolutionarily relationships, gene structures, and biological functions of the MADS-box TFs in foxtail millet and will establish a foundation for elucidating the drought resistance mechanism of SiMADS51 gene.



MATERIALS AND METHODS


Sequence Acquisition and Identification of MADS-Box Genes in Foxtail Millet

Hidden Markov Model (HMM) were employed to identify the MADS-box genes from foxtail millet (Setaria italica L.) genome. The implementation details were carried out as described by He et al. with some revisions (He et al., 2019). Setaria italic protein sequences were downloaded from the Phytozome V12.1 website2 to build a local protein database (Goodstein et al., 2012). The HMM profile of the SRF-TF domain (PF00319) was obtained from the Pfam database3. To acquire the foxtail millet MADS-box genes, the HMM profile were used to search against the local protein database by HMMER3 software with E-value < e–5 (Eddy and Pearson, 2011). Subsequently, all candidate proteins were checked for containing MADS domain by submitting them as search queries to the National Center for Biotechnology Information Conserved Domain Database (NCBI-CDD, Lu et al., 2019) and SMART (Ivica and Peer, 2017). MADS-box protein sequences of Setaria viridis were obtained by the same method above. MADS-box protein sequences from Arabidopsis, rice (Oryza sativa L.), and potato (Solanum tuberosum) were obtained from published studies (Parenicová et al., 2003; Arora et al., 2007; Gao et al., 2018). Ultimately, we acquired 72 MADS-box genes in foxtail millet, 76 in Setaria viridis, 75 in rice, 109 in Arabidopsis and 156 in potato and named them based on their chromosomal location order (Supplementary Table 1).



Sequence Characteristics and Phylogenetic Analysis of MADS-Box Proteins in Foxtail Millet

Information regarding chromosomal distribution, predicted ORF length, number of amino acids, pfams, and introns of the foxtail millet MADS-box genes were downloaded from Phytozome V12.1. Isoelectric points (pI) and molecular weights (MW) were computed using the ProtParam tool on the ExPASy Server4. Full details are given in Table 1.


TABLE 1. The detailed information of 72 MADS-box genes identified in foxtail millet genome.

[image: Table 1]The MADS-box protein sequences were aligned using ClustalX 2.0 with the default parameters (Larkin et al., 2007). A phylogenetic tree was constructed using the maximum likelihood method with 1,000 bootstrap replicates as implemented in MEGA 7 (Sudhir et al., 2016).



Chromosomal Localization and Gene Duplication Analysis of MADS-Box Genes in Foxtail Millet

All identified MADS-box genes were mapped to the nine foxtail millet chromosomes using the information obtained from the foxtail millet database using MapDraw software (Liu and Meng, 2003). Gene duplication analysis of foxtail millet MADS-box genes was conducted using the screening criteria proposed by Gu et al. (2002). The software KaKs_calculator (Zhang et al., 2006) was used to calculate the Ka/Ks values.



Predicted Protein Motifs and Gene Structure Characterization of Foxtail Millet MADS-Box Genes

The Multiple EM for Motif Elicitation (MEME) online tool5 was used to discover motifs in the predicted foxtail millet MADS-box proteins (Bailey et al., 2015). A MEME search was executed with the following parameters: motif count is 20; motif width ranges from 6 to 200 (inclusive) amino acids, and any number of repetitions (Arora et al., 2007). The detailed amino acid sequences of the 20 motifs are shown in Supplementary Table 2.

The coding sequences (CDS) and genomic DNA (gDNA) sequences of foxtail millet MADS-box genes were downloaded from the Phytozome database in order to predict gene structures. The Gene Structure Display Server 2.0 (GSDS 2.06) online website was used to display the structures of the MADS-box genes (Hu et al., 2014).



Cis-Regulatory Element Analysis and Expression Analysis of Foxtail Millet MADS-Box Genes

In general, the 2,000 bp sequence located upstream of the initiation codon of a gene is considered to be the promoter region (Zhao et al., 2016). Therefore, the promoter sequences of all foxtail millet MADS-box genes were acquired from the Phytozome website. The primary cis-regulatory elements (CREs) in the promoter regions were then predicted using the online tool New PLACE7 (Higo et al., 1999). All predicted CREs obtained were counted and classified (Supplementary Table 3). The distribution of cis-elements related to abiotic stresses in the promoter regions were shown in Table 3.

The RNA-seq data for foxtail millet plants under drought stress was extracted from our previous research to investigate the expression of SiMADS-box genes in response to drought (Yu et al., 2018). The transcriptome sequence data for different tissues including the leaves, roots, stems, and tassel inflorescences were downloaded from Expression Atlas8 (Zhang G. Y. et al., 2012). Using the FPKM values (fragments per kilobase of transcript per million mapped reads) we obtained, a heat map of SiMADS-box gene expression in the different tissues was drawn with EvolView (Zhang H. K. et al., 2012).



Plant Materials, Growth Conditions, and Treatments

In this study, wild type Arabidopsis (ecotype Col-0) and rice (cv. ‘Nipponbare’) were used as recipients in the transformation experiments. Foxtail millet variety ‘Yugu1’ was used for the cDNA amplification, promoter sequence amplification, and expression analysis of the SiMADS51 gene. The seeds of foxtail millet were sown in nutrition soil and grown at 28°C in a greenhouse at ∼65% relative humidity and a 14 h/10 h (day/night) photoperiod. Three-week-old seedlings were treated with various abiotic stresses and exogenous hormones, including drought (15% PEG-6000 to simulate drought conditions), NaCl (100 mM), ABA (100 μM), and GA (100 μM). Leaves of foxtail millet seedlings were sampled at 0, 1, 3, 6, 12, and 24 h after the treatments and frozen immediately in liquid nitrogen for RNA extraction.



RNA Isolation, RT-PCR, and qPCR Analysis

A Plant Total RNA Kit (ZP405, Beijing Zoman Biotechnology Co., Ltd.) was used for total RNA isolation following the kit instructions. For cDNA synthesis we used the EasyScript® One-Step gDNA Removal and cDNA Synthesis SuperMix kit (AE311-02, Transgen, Beijing). TransStart® Top Green qPCR SuperMix (+Dye II) kit (AQ132-21, Transgen, Beijing) was used for qPCR assays to determine the relative level of gene expression. The foxtail millet actin gene (GenBank ID: AF288226), Arabidopsis actin2 gene (At3g18780), and rice actin gene (LOC_Os03g50885.1) were used as internal controls for normalization of gene expression in the three species. The relevant gene-specific primers used in this study are given in Supplementary Table 6. The experimental data was analyzed using the 2–ΔΔCt method of Livak and Schmittgen (2001).



Subcellular Localization

To investigate the subcellular localization, the coding sequences excluding the termination codons of 10 SiMADS-box genes were cloned into the plant expression vector p16318h-GFP. The control plasmid and the recombinant plasmids were introduced into rice protoplasts separately as described previously (Zhang et al., 2011). The transfected protoplasts were incubated for 18 h in darkness at 22°C, after which they were examined using a confocal laser scanning microscope.



Generation of Transgenic Arabidopsis and Rice Plants Overexpressing the SiMADS51 Gene

To obtain transgenic plants, the full-length coding region of SiMADS51 was amplified from cDNA prepared from foxtail millet RNA (leaves sampled at 0 h). The coding sequence of SiMADS51 excluding the termination codon was amplified and cloned into the plant expression vectors pCAMBIA1302 and pCAMBIA1305. To generate transgenic Arabidopsis plants, the fusion plasmid pCAMBIA1302:SiMADS51 was transfected into Agrobacterium tumefaciens strain GV3101 which was then used to transform Arabidopsis Col-0 plants by floral dipping method (Clough and Bent, 1998). 0.5X MS solid medium (2.5 g/L phytagel) containing 30 mg/L hygromycin was used to screen transgenic Arabidopsis lines (Zhao et al., 2017). Transgenic Arabidopsis seedlings were cultured at 22°C with ∼65% relative humidity and a 16 h light/8 h dark photoperiod in a climate-controlled chamber. To obtain transgenic rice plants, the fusion plasmid pCAMBIA1305:SiMADS51 was transformed into Agrobacterium tumefaciens strain EHA105, and the recombinant strain was used to transfect rice embryonic calli according to the procedure detailed in Sallaud et al. (2003). Transgenic rice plants were selected by hygromycin (50 mg/L) and planted in soil substrate in a containment greenhouse under daily cycle of 28°C 14 h light/22°C 10 h dark (Khong et al., 2015). All constructs were sequence-verified before they were used for plant transformation. SiMADS51-positive transgenic plants were screened using PCR and cultured to the T3 generation. The expression levels of SiMADS51 in the T3-generation transgenic lines were determined by RT-qPCR, and the lines with the highest expression levels were then used for the further evaluation of drought resistance.



Drought-Resistance Assessment of the Transgenic Plants

For the seed germination test, seeds of the wild type (WT; Col-0) and three SiMADS51-overexpressing (OE) Arabidopsis lines were sterilized and sown on 0.5X MS medium with or without 6% PEG-6000 or 9% PEG-6000. All the seeds were vernalized at 4°C for 3 days in the dark before being transferred to a climate-controlled chamber at 22°C with ∼65% relative humidity and a 16 h light/8 h dark photoperiod. The numbers of germinated seeds were recorded every 12 h.

For the root growth test, 8-day-old WT and OE Arabidopsis seedlings grown on 0.5X MS medium were transferred to 0.5X MS medium with or without 9% PEG-6000. The transferred seedlings were cultured in the climate chamber for a week. The total root lengths were then measured using a root system scanner.

To evaluate drought-resistance in adult-stage transgenic Arabidopsis plants, 8-day-old WT and OE Arabidopsis seedlings grown on 0.5X MS medium were transferred to soil with suitable moisture. Water was withheld from 2-week-old soil-grown Arabidopsis seedlings until they wilted (about 2 weeks). The plants were then re-watered and allowed to recover for 1 week in the growth chamber.

To assay drought stress in transgenic rice plants, hydroponics experiment under PEG-6000 simulated drought conditions were conducted in the growth chamber. Rice seeds were sterilized with 2.5% sodium hypochlorite (NaClO) for 30 min and germinated in tap water at 28-degree incubator for 2 days. Germinated seeds were cultured in 0.5X MS liquid medium for 2 weeks under the conditions described above. The seedlings were then transferred to 0.5X MS liquid medium containing 15% or 20% PEG-6000 and continued to grow until the seedlings were all wilted (about 1 week). Next, the seedlings were transferred to 0.5X MS liquid medium and allowed to recover for 1 week. All liquid media were changed every 2 days.



Physiological Measurements

For physiological measurements, the leaf samples from the control and transgenic plants were collected before and after stress treatments. The measurements of proline (Pro), chlorophyll, and MDA contents and the assays of SOD and POD activity were conducted using the corresponding test kits (Comin, China) following the manufacturer’s protocols. A Varioskan LUX Multimode Microplate Reader (Thermo Fisher Scientific, United States) was used to measure the absorbance values. All measurements were repeated three times with three biological replicates.



Data Analysis

All experiments above were replicated three times independently. GraphPad Prism 5.0 software was used for statistical analyses. Statistical analysis of the data was performed with Student’s t-test and ANOVA (a one-way analysis of variance). The significant or extremely significant differences (p < 0.05, p < 0.01) between two sets data are marked with single (∗) or double (∗∗) asterisks, respectively, in the figures.



RESULTS


Identification, Characterization, and Phylogenetic Analysis of Foxtail Millet MADS-Box Genes

A total of 72 candidate genes encoding MADS-box domain (SRF-TF) were identified in the foxtail millet (Setaria italica L.) genome and named as SiMADS01∼SiMADS72 based on their chromosomal locations. The predicted open reading frames (ORFs) of the SiMADS-box genes ranged from 186 to 1,434 bp, and the encoded amino acid sequences varied from 61 to 477 aa. The predicted molecular weights (MW) of the SiMADS-box proteins ranged from 6.79 to 53.18 kDa, with predicted isoelectric points (pI) that ranged from 4.41 to 10.65 (Table 1).

To investigate the phylogenetic relationships among MADS-box proteins in monocotyledons and dicotyledons, a phylogenetic tree was constructed with 488 MADS-box protein sequences from Arabidopsis (109), potato (Solanum tuberosum) (156), rice (Oryza sativa L.) (75), foxtail millet (72), and Setaria viridis (76). The details of each gene are shown in Supplementary Table 1. We also constructed a second phylogenetic tree with only the 72 foxtail millet MADS-box proteins. Based on amino acid sequence similarities and the previous classification of MADS-box proteins from Arabidopsis and rice (Paøenicová et al., 2003; Arora et al., 2007), the 72 MADS-box genes in the foxtail millet genome were divided into two major phylogenetic clades: 29 Type I (M-type) and 43 Type II (MIKC-type) (Figures 1, 2A). The 43 Type II MADS-box genes were then further divided into the 14 major subclades: SEP (4 proteins), AGL6 (2), AP1/SQUA (4), FLC (4), SOC1/TM3 (3), SVP/StMADS11 (3), PI/GLO (2), AP3/DEF (1), AG/STK (4), AGL17 (5), AGL12 (4), Bsister/GGM13 (3), OsMADS32-like (1), and MIKC∗ (3) (Figures 1, 2A). As can be seen from Figure 1, most of the type I MADS-box genes from each species clustered into one clade, showing a sister-group relationship. All of the foxtail millet Type II proteins clustered with their counterparts from Arabidopsis, potato, Setaria viridis, and rice with high bootstrap support apart from SiMADS45, which has no known ortholog in Arabidopsis and potato. In particular, the AGL17, AGL12, Bsister, and PI (GLO) subclades are significantly expanded in foxtail millet, rice, and Setaria viridis, compared with Arabidopsis and potato (Figure 1).
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FIGURE 1. Phylogenetic analysis of MADS-box transcription factor genes in foxtail millet, Arabidopsis, Setaria viridis, potato (Solanum tuberosum), and rice (Oryza sativa L.). A total of 488 MADS-box protein sequences were used to construct the ML (maximum likelihood) tree. The different clades were marked respectively in different colors.
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FIGURE 2. Chromosomal location of foxtail millet MADS-box genes. (A) The 72 SiMADS-box genes distributed on the nine foxtail millet chromosome. Type I and type II genes are colored red and black, respectively. The duplicated genes are connected by green lines between the two relevant chromosomes. (B) The percentages of SiMADS-box genes on each chromosome.




Chromosomal Locations and Gene Duplication Analysis of Foxtail Millet MADS-Box Genes

The physical positions of the MADS-box genes on the foxtail millet chromosomes were visualized with Mapdraw software. As shown in Figure 2A, the 72 MADS-box genes are distributed on nine foxtail millet chromosomes. Chromosome 8 contains the fewest MADS-box genes (∼2.8%), while chromosomes 5, 4, and 1 contain the most (19.4%, 15.3%, and 13.9%, respectively), and account for nearly half of all the MADS-box genes (Figure 2B). Also, we found that the Type I and Type II MADS-box genes showed an uneven distribution on the foxtail millet chromosomes. There were no Type I genes identified on chromosome 6, whereas Type II genes are distributed across all nine chromosomes (Figures 2A,B). The numbers of Type I and Type II genes on chromosomes 2, 5, and 8 are equal, while there are more Type II genes than Type I genes on chromosomes 1, 3, 7, and 9 (Figure 2B). Also, some MADS-box genes from the same subclades tend to cluster together in one region of the chromosome. For example, SiMADS55 and SiMADS56, and SiMADS58 and SiMADS59, which belong to the FLC and AGL12 subclades, respectively, are tightly linked on chromosomes 6 (SiMADS55/56) and 7 (SiMADS58/59) (Figure 2A).

For gene duplication analysis, the coding sequences of the 72 foxtail millet MADS-box genes were used as queries in BLAST searches against all other SiMADS-box genes using an E-value < 1e–10 and identity >85%. After the screening, only five pairs (SiMADS03 and SiMADS34, SiMADS06 and SiMADS60, SiMADS10 and SiMADS27, SiMADS21 and SiMADS46, and SiMADS33 and SiMADS57) met the search criteria, and both members of each pair are located on different chromosomes (Figure 2A and Table 2). These results mean that the duplicated MADS-box genes are likely to have been generated by segmental duplication, which would produce many homologs on different chromosomes (Duan et al., 2015). The Ka, Ks, and Ka/Ks values of the homologs were calculated using a KaKs_calculator and are shown in Table 2. Based on the Ka/Ks ratios, we determined that the evolution of foxtail millet MADS-box genes was mainly accelerated by purifying selection (Hurst, 2002).


TABLE 2. The Ka, Ks, and Ka/Ks values of the duplicated SiMADS-box genes.
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TABLE 3. Number of cis-elements in the promoter region of 10 SiMADS-box genes.
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Conserved Protein Motifs and Structure of Foxtail Millet MADS-Box Protein Genes

The MEME on line tool (see text footnote 5) was used to identify the conserved motifs in the 72 predicted foxtail millet MADS-box proteins. A total of 20 conserved motifs (motif 1 to motif 20), were identified (Figure 3B). Detailed motif information is given in Supplementary Table 2. As can be seen in Figure 3B, Type I and Type II MADS-box proteins contain 15 and eight main motifs, respectively. The Type I MADS-box proteins exhibit more motif variation, and this is likely due to their non-conserved C-terminal regions. As anticipated, some particular motifs are specific to each family; for example, motifs 3, 9, 10, and 11 are found in Type I proteins, and motifs 2, 19, and 20 are found in Type II proteins (Figures 3A,B). The specificity of the protein motifs probably accounts for the functional diversity of the Type I and Type II family proteins. In general, the MADS-box proteins with similar motifs tended to cluster together in the phylogenetic analysis [the PI (GLO), AP1, and AGL6 subclades, for example], which implies that members of the same subclade have similar functions (Parenicová et al., 2003). However, we also found that some members, including SiMADS27, SiMADS35, and SiMADS59, differed from other members of the same subclade in terms of the particular motifs (Figures 3A,B). These differences might be due to the evolution of the MADS-box protein genes in foxtail millet.
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FIGURE 3. Evolutionary tree, conserved motif compositions, and gene structures of foxtail millet MADS-box genes. (A) A total of 72 foxtail millet MADS-box protein sequences were used to construct the ML (maximum likelihood) tree. The different clades were framed by rectangles filled with different colors. (B) Motif locations of the 72 foxtail millet MADS-box proteins. Different motifs are represented by different colored boxes. Motifs 1, 3, and 8 represent the SRF-TF (MADS) domain, motifs 2 and 20 represent the K-box domain, motifs 4, 5, and 17 represent the intervening (I) region. The box length represents motif length. Corresponding p-value are shown on the left of panel (B). (C) The exon-intron structure analyses of 72 foxtail millet MADS-box genes. The lengths of the exons and introns of each MADS-box genes are displayed proportionally. The yellow boxes represent exons, the black lines represent introns, and the blue boxes represent 5′ and 3′ non-coding regions.


To investigate the gene structures, the intron-exon organization of the foxtail millet MADS-box genes were analyzed using the GSDS online tool (see text footnote 6). As shown in Figures 3A,C, we found that the number of introns in foxtail millet MADS-box genes varied from 0 to 11, and the number of introns in Type I and Type II protein genes showed obvious differences. To be specific, 27 of 29 (93.1%) Type I genes contained either none or one intron, except for SiMADS29 and SiMADS67, while 40 of 43 (93%) Type II genes had at least four introns, although SiMADS56, SiMADS59, and SiMADS72 were among the exceptions (Figures 3A,C). This distribution of introns is analogous to that reported in Arabidopsis and rice (Parenicová et al., 2003; Arora et al., 2007). The PI (GLO), AP1 and AGL6 subclade proteins not only possess similar conserved motifs, but they also have similar numbers of introns, with the only differences between the members being the lengths of the introns and exons (Figures 3A–C). Also, within the same subclade, the proteins in which the motifs differ greatly from the others (e.g., SiMADS27, SiMADS35, and SiMADS59), the genes also differ greatly in the arrangement of the introns and exons (Figures 3A–C).



Promoter Cis-Regulatory Element Enrichment Analysis of Foxtail Millet MADS-Box Genes

Regulation of gene expression is mainly dependent on the presence of CREs in the promoter region. To investigate the potential CREs present in the MADS-box gene family in foxtail millet, the 2000 bp of genomic DNA sequence upstream of the coding region of each gene was retrieved from the Phytozome website and searched against the New PLACE database. This analysis predicted 13,915 putative CREs in the 72 SiMADS-box genes (Supplementary Table 3). All the CREs can be divided into four broad categories based on their functions and response to stimuli (Supplementary Table 3 and Figure 4). Statistical analysis showed that growth and biological process responsive elements comprised 48.95% of all CREs, followed by metabolism responsive elements (22.79%), and stress responsive elements (16.12%). Hormone responsive elements represented the lowest proportion (12.14%) of the CREs (Supplementary Table 3). For the growth and biological process responsive elements, light- and photosynthesis-related cis-elements accounted for 26.23% of the total (Figure 4A). Amongst the metabolism-related elements, the proportion of carbohydrate/sugar metabolism responsive elements (29.74%) followed by phenylpropanoid and flavonoid biosynthesis-related cis-elements (23.08%) was highest (Figure 4B). As shown in Figures 4C, numerous GA, Auxin, ABA, and SA response elements were identified upstream of the SiMADS-box genes, among which the GA response elements were the most abundant. Additionally, a large number of stress responsive cis-elements, which are involved in dehydration/water stress, wound signaling, and defense responsiveness, were also found in the SiMADS-box gene promoters (Figure 4D). These results imply the possible involvement of the SiMADS-box genes in plant development and stress tolerance.
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FIGURE 4. Percentage distribution of cis-regulator elements (CREs) in the promoters of SiMADS-box genes based upon the putative functions. (A) Growth and biological process responsive elements. (B) Metabolism responsive elements. (C) Stress responsive elements. (D) Hormone responsive elements.


In our previous study, was performed RNA-seq analysis of drought-treated foxtail millet seedlings (Yu et al., 2018). Twenty-five SiMADS-box genes that showed a transcriptional response to drought stress were identified; among them, the relative expression levels of 10 SiMADS-box genes were found to be up-regulated in response to drought stress, and the differences were statistically significant (P < 0.05) (Supplementary Table 4). Interestingly, all of these 10 SiMADS-box genes belong to different Type II MADS-box subclades. Moreover, each of the 10 SiMADS-box genes contained at least 21 stress- or hormone-related CREs in their promoter regions (Table 3). This demonstrates that a majority of Type II MADS-box genes in foxtail millet may be involved in the drought stress response.



Tissue-Specific Expression of SiMADS-Box Genes and Subcellular Localization of SiMADS-Box Proteins

To further analyze the expression patterns of the 10 Type II SiMADS-box genes in various tissues and organs, we downloaded the transcriptome sequencing data for different tissues of foxtail millet. The expression profiles of 10 SiMADS-box genes in leaf, root, stem and tassel inflorescence are given in Supplementary Table 5 and shown in a heatmap in Figure 5. The results show that the 10 SiMADS-box genes exhibited large differences in their expression profiles. For example, SiMADS36, SiMADS51, and SiMADS55 showed their highest transcript levels in the tassel inflorescence, roots, and leaves, respectively, and were expressed at lower levels in other tissues; SiMADS01 and SiMADS10 were expressed at moderate to high levels in the leaves, roots, stems, and tassel inflorescence, while SiMADS25 and SiMADS28 were weakly expressed in all tissues and organs examined (Figure 5).
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FIGURE 5. The transcript accumulation of ten SiMADS-box genes in various foxtail millet tissues (root, leaf, stem, and tassel inflorescence). The transcriptome data of foxtail millet for different tissues were obtained from Expression Atlas. A heatmap was generated using EvolView. Transcript levels are indicated by different colors.


Subcellular localization information is important in the study of protein function. To investigate the subcellular distribution of the predicted SiMADS-box proteins, the coding sequences without the stop codons of the SiMADS-box genes were fused in frame with the gene for green fluorescent protein (GFP), and the constructs were transformed into rice protoplasts. We observed that the GFP fluorescence signals for the 10 SiMADS-box protein fusions were only found in the nucleus (Supplementary Figure 1), suggesting that these SiMADS-box proteins function mainly in the nucleus.



SiMADS-Box Gene Expression Is Induced by Multiple Abiotic Stresses

Previously published studies have suggested that MADS-box genes from different species are involved in the regulation of abiotic stresses and hormone response processes (Zhang G. Y. et al., 2012; Khong et al., 2015; Castelán-Muñoz et al., 2019). To further investigate the possible involvement of the 10 SiMADS-box genes that are upregulated by drought in the response to abiotic stresses, we measured their expression patterns in response to PEG-6000, NaCl, ABA, and GA by RT-qPCR (Figure 6). The quantitative analysis results indicated that the 10 SiMADS-box genes had distinctly different transcriptional responses to the various abiotic stress or phytohormone treatments. Under the osmotic stress induced by PEG-6000, the transcription levels of SiMADS51, SiMADS36, and SiMADS55 were dramatically up-regulated (>5-fold) and reached a peak at 12 h, 24 h, and 12 h, respectively (Figure 6A). In the salt stress treatment, the expression levels of SiMADS01 and SiMADS51 were up-regulated five-fold compared to the controls, and the expression of the two genes peaked at 6 h and 12 h, respectively (Figure 6B). Following ABA stress treatment, the expression of SiMADS51, SiMADS56, and SiMADS10 was up-regulated four-fold, and the highest transcription levels occurred at 3 h, 6 h, and 6 h, respectively, while expression of the SiMADS28 gene increased only slightly in response to ABA (<2-fold) (Figure 6C). When the seedlings were treated with GA, the transcript levels of the 10 SiMADS-box genes were at least twice that of the control; SiMADS45 showed the highest overall expression level, which occurred at 6 h (Figure 6D). These results suggest that foxtail millet MADS-box TFs may play diverse roles in plant responses to abiotic stresses.
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FIGURE 6. Expression level of ten foxtail millet MADS-box genes under (A) PEG-6000, (B) NaCl, (C) ABA, and (D) GA treatment. The data were normalized to the foxtail millet actin gene (GenBank ID: AF288226). Three biological replicates were performed, and the values are presented as the means ± SD.




Overexpression of SiMADS51 Affects Seed Germination in Response to PEG-6000 Treatment in Arabidopsis

Based on the gene expression analysis, SiMADS51, which belongs to the AGL12 subclade and is induced strongly by PEG-6000, was selected for further stress tolerance assays in transgenic Arabidopsis plants. The relative expression levels of SiMADS51 gene in different line plants were shown in Supplementary Figure 2A. Homozygous T3-generation transgenic Arabidopsis seeds were used in the germination test. After surface sterilization, the Arabidopsis seeds were sown on 0.5X MS medium with or without 6% PEG-6000 and 9% PEG-6000. Statistical analyses of the results showed that there were no significant differences in germination between wild-type (WT) and transgenic Arabidopsis lines (OE-1, OE-2, and OE-3) on 0.5X MS medium (Figures 7A,B), indicating that overexpression of SiMADS51 probably has no effect on plant growth and development under normal conditions. In the presence of 6% PEG-6000 and 9% PEG-6000, germination of both wild-type and transgenic lines was inhibited; nonetheless, SiMADS51-overexpressing lines had lower germination percentages than WT (Figures 7A,C,D). For example, on 0.5X MS medium supplemented with 9% PEG-6000, the germination rates of seeds from each transgenic line within 2 days was 56.5% (OE-1), 51.9% (OE-2), and 55.6% (OE-3), significantly lower than the 73.1% germination rate in the wild-type seeds.
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FIGURE 7. Germination assays of wild-type (WT) and SiMADS51 transgenic Arabidopsis seeds under PEG-6000 treatments. (A) Phenotypes of WT and SiMADS51 transgenic Arabidopsis seeds on 0.5X Murashige and Skoog (MS) medium with or without 6% PEG-6000 and 9% PEG-6000, respectively. (B–D) Germination rates of WT and SiMADS51 transgenic Arabidopsis seeds on 0.5X MS medium, 0.5X MS medium containing 6% PEG-6000, and 0.5X MS medium containing 9% PEG-6000 at different time points. Date for each time point are means of three biological replicates.




Overexpression of SiMADS51 Reduced Drought Tolerance in Transgenic Arabidopsis Plants

To investigate the tolerance of SiMADS51-overexpressing lines to drought stress, transgenic Arabidopsis seedlings were cultured on 0.5X MS medium supplemented with PEG-6000 and also subjected to drought stress in soil. When grown on 0.5X MS medium, WT and SiMADS51-overexpressing (OE-1, OE-2, and OE-3) plants exhibited similar growth status (Figure 8A). However, on 0.5X MS medium supplemented with 9% PEG-6000, the roots of the transgenic line seedlings were shorter than those of the wild-type plants, and plants of the three transgenic lines had lower fresh weights compared to the wild-type plants (Figures 8A–C). When grown in soil, no significant differences in morphology were observed between wild-type plants and the three SiMADS51-overexpressing lines prior to drought treatment (Figure 8D). After drought stress treatment, seedlings of the SiMADS51-overexpressing lines appeared to be in poorer physical condition compared to the wild-type plants. As can be seen in Figure 8D, the OE line plants were badly wilted and bleached, while the WT plants were only slightly damaged. After re-watering, the survival rate of the wild-type Arabidopsis plants was higher than that of the three OE lines (Figure 8E). To study the possible physiological mechanism that explains the decreased drought tolerance in the SiMADS51-overexpressing lines, some stress-related physiological indicators were measured for the OE lines and WT plants grown under normal and drought conditions. Under normal growth conditions, there were no significant differences in the proline and MDA contents between the OE and WT plants (Figures 8F,G). However, the proline content in the WT plants was higher than in the OE plants under drought stress conditions (Figure 8F). For MDA, the contents measured in detached leaves from the SiMADS51 overexpressing lines were higher than in the WT plants under drought stress conditions (Figure 8G). These results indicate that decreased contents of stress-related metabolites and enhanced membrane lipid peroxidation may be the causes of reduced drought tolerance in the SiMADS51-overexpressing Arabidopsis plants.
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FIGURE 8. Overexpression of SiMADS51 reduced drought tolerance in transgenic Arabidopsis plants. (A) Root length assays of wild-type (WT) and SiMADS51-overexpressing plants under normal conditions and PEG-6000 treatment. (B) Total root lengths of seedlings. (C) Fresh weight of normal and PEG-6000 stressed plants. (D) Drought tolerance phenotypes of WT and SiMADS51 transgenic Arabidopsis in soil. Three-week-old seedlings of WT and SiMADS51-overexpressing lines were dehydrated for 1 week and then rehydrated for 3 days. (E) Survival rate of normal and drought-stressed plants. (F) Proline and (G) MDA content were detected in WT and OE plants under drought or normal growth condition. Data are presented as the means ± SDs of three independent replicates. The asterisks indicate significant differences between WT and SiMADS51-overexpressing lines (*P < 0.05; **P < 0.01; Student’s t-test).




Overexpression of SiMADS51 Reduces Tolerance to Drought Stress in Transgenic Rice Plants

To gain further evidence of how SiMADS51 overexpression reduces plant tolerance to drought stress, we transformed the SiMADS51 gene into rice, and obtained 19 independent transgenic lines. The relative expression levels of SiMADS51 gene in OE-5 and OE-12 line plants (T3 generation) were higher than those of the other lines (Supplementary Figure 2B). Thus, the transgenic lines OE-5 and OE-12 were selected for further testing. PEG-6000 treatment was used to mimic dehydration stress conditions, and the drought tolerance of the two SiMADS51-overexpressing rice lines and control line (CK) plants were assessed at the vegetative growth stage. As shown in Figure 9A, all the seedlings exhibited similar growth status before stress treatment, while exposure to PEG-6000 stress for 1 week led to leaf wilting and even drying. However, in the 15% PEG-6000 stress treatment, leaves of the control plants showed delayed wilting and less curling compared to plants of the two transgenic OE lines (Figure 9A). After returning to normal growth conditions, only 57% and 49% of the transgenic OE-5 and OE-12 line seedlings lines recovered from the 20% PEG-6000 treatment, while 75% of the control seedlings survived (Figure 9B). In addition, the fresh weights of the transgenic line seedlings were less than those of the CK plants (Figure 9C). To investigate the physiological changes that occurred in the SiMADS51-OE and CK plants, the chlorophyll content and the POD and SOD activities were measured under drought stress and normal growth conditions. After PEG-6000 treatment, the POD and SOD activities increased significantly in both the SiMADS51-OE and CK plants compared with the activities in plants grown under normal conditions (Figures 9D,E). Under drought stress conditions, the POD and SOD activities in SiMADS51-OE plants were much lower than in the CK plants (Figures 9D,E). Furthermore, the chlorophyll contents of the SiMADS51-OE plants under PEG-6000 stress were also significantly lower than in the CK plants (Figure 9F). These results indicate that under drought stress, the photosynthesis rate and reactive oxygen species (ROS) scavenging capacity of the SiMADS51-OE plants were reduced compared to the CK plants, which led to the observed reduction in drought tolerance of the transgenic line plants.
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FIGURE 9. Overexpression of SiMADS51 reduces tolerance to drought stress in transgenic rice plants. (A) Phenotypes of CK and SiMADS51-transgenic rice under the treatment of PEG-6000. (B) Survival rate and (C) fresh weight of normal and PEG-6000 stressed plants. (D) POD, and (E) SOD activities were measured under PEG-6000 stress and normal growth conditions. (F) Chlorophyll content were detected in CK and OE plants under PEG-6000 stress or normal growth condition. Data are presented as the means ± SDs of three independent replicates. The asterisks indicate significant differences between WT and SiMADS51-overexpressing lines (*P < 0.05; **P < 0.01; Student’s t-test).




SiMADS51 Expression Alters the Transcription of a Group of Abiotic Stress-Related Genes in Rice

To explore the possible molecular mechanisms responsible for the reduced drought tolerance in transgenic plants, we examined the expression profiles of several rice genes reported to be related to abiotic stress tolerance. Leaves from normally grown plants were sampled for RT-qPCR analysis. As shown in Figure 10, compared with the control plants, the expression levels of OsDREB2A (Dubouzet et al., 2003), OsMYB2 (Yang et al., 2012), and OsPP2C06 and OsPP2C49 (Singh et al., 2010), some signal transduction- and regulation-related genes known to be associated with abiotic stress tolerance, were down-regulated in the transgenic lines. Likewise, the expression level of two late stress-responsive genes, OsLEA3 (Xiao et al., 2007) and OsP5CS1 (Xiong et al., 2014), were also down-regulated in the transgenic lines. We also found that the expression of OsNCED1 and OsNCED3 (Hwang et al., 2010; Changan et al., 2018), two stress-related genes involved in ABA biosynthesis, was down-regulated in the transgenic plants grown under normal condition. These results indicate that SiMADS51 may act as a negative regulator to inhibit the expression of abiotic stress-related genes, thereby impairing drought tolerance in plants.
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FIGURE 10. Expression of several stress-related genes in SiMADS51-overexpressing plants (OE-5 and OE-12) and control line (CK) under normal condition. The expression of each gene was normalized using the actin gene (LOC_Os03g50885) as control. Data are presented as the means ± SDs of three independent replicates. Asterisks indicate statistical significance (*P < 0.05; and **P < 0.01; Student’s t-test) compared with the corresponding controls.




DISCUSSION

Foxtail millet (Setaria italica L.) is one of the oldest cultivated crops in China (Jia et al., 2013). With the development of high quality varieties and the improvement of cultivation techniques in recent years, improving the quality and production efficiency of millet will become a major research focus. Previous studies have shown that MADS-box TFs play important roles in plant growth, development, and the abiotic stress response (Honma and Goto, 2001; Becker and Theißen, 2003; Lee et al., 2008b; Khong et al., 2015). Therefore, the MADS-box gene family could be a key resource for promoting transgenic crops and traditional breeding to increase yield.

In this paper, a total of 72 MADS-box genes were identified in the foxtail millet genome (Table 1). In comparison with previously published studies, the number of MADS-box genes vary between monocotyledons and dicotyledons; for example, rice (Oryza sativa L.) (75), maize (Zea mays L.) (75), and Sorghum bicolor (65) (Arora et al., 2007; Zhao et al., 2011), all have fewer MADS-box genes than Arabidopsis (109), potato (Solanum tuberosum) (156), and tomato (Solanum lycopersicum) (131) (Gao et al., 2018; Wang et al., 2019). This suggests that monocotyledonous plants might have lost MADS-box genes during evolution. To examine the gain and loss of MADS-box genes in foxtail millet, a phylogenetic tree was constructed using the amino acid sequences of MADS-box proteins from foxtail millet, Setaria viridis, Arabidopsis, potato, and rice. As can be seen in Figure 1 and Supplementary Table 1, the number of Type I MADS-box genes in Arabidopsis (63) and potato (116) was much higher than that in foxtail millet (43), rice (45), and Setaria viridis (43), while, the number of Type II MADS-box genes was similar in the five species. Therefore, we speculated that during the evolution of monocotyledons, the loss of MADS-box genes occurred mainly in the Type I clade. In foxtail millet, the Type II MADS-box genes could be divided into MIKCc and MIKC∗ clades, and the MIKCc clade is further divided into 12 smaller subclades. In the OsMADS32-like subclade, the MADS-box genes are present in related monocot species but not in Arabidopsis and potato, which suggests that these may have evolved after the divergence of monocots and dicots. In the AGL17, AGL12, Bsister, and PI (GLO) subclades, there are more MADS-box genes from rice, Setaria viridis, and foxtail millet than that from Arabidopsis and potato, suggesting these subclades expanded in during the evolution of monocots.

The plant MADS-box gene family appears to have expanded mainly through tandem duplication events (Airoldi and Davies, 2012). It was previously reported that different groups of MADS-box genes underwent expansion in different plant species, such as M-type genes in rice, SVP-like genes in cotton, and AGL17-like and Bsister-like genes in wheat (Triticum aestivum L.) (Arora et al., 2007; Nardeli et al., 2018; Schilling et al., 2020). Our analysis revealed that the amplification of foxtail millet MADS-box genes was due to segmental duplication alone (Figure 2 and Table 2). Also, the Ka/Ks ratios indicate that the SiMADS-box genes mainly experienced purifying selection (Ka/Ks ratio < 1) during evolution (Zhang et al., 2006). This evidence indicates that the expansion (and contraction) of the foxtail millet MADS-box gene family might be to allow it to adapt to changes in the environment, thereby contributing to its wider distribution (Theißen et al., 2018). In some cases, neofunctionalization and subfunctionalization might be involved in gene duplication (Irish and Amy, 2005).

It is known that the structural diversity of genes drives the evolution of multigene families. Studies have shown that intron loss and insertion mutations are common during the evolution of plant MADS-box genes (Wei et al., 2015; Gao et al., 2018). In this study, we found that the number of introns in the SiMADS-box genes varied greatly (ranging from 0 to 11), most of the M-type MADS-box genes in foxtail millet had no introns, with a few exceptions, while the MIKC∗ genes had 9 to 11 introns, the most in any group of SiMADS-box genes, and was more than in other genes in the MIKCc subgroup (Table 1 and Figure 2C). Also, the protein motifs present in proteins the same family were not identical (Figure 2B). These differences among MADS-box genes in the same subgroup suggest that the loss or acquisition of introns may be a pattern of SiMADS-box gene evolution, and could be a major contributing factor to the functional diversity of the foxtail millet MADS-box family. Despite the differences, most of the SiMADS-box genes in the same group had similar intron-exon arrangements and the predicted proteins had a similar complement of motifs (Figures 2A–C). Similar results have been reported in monocots species such as rice (Arora et al., 2007) and wheat (Schilling et al., 2020), which imply evolutionary conservation within the MADS-box family.

Cis-regulatory elements play an important role in the regulation of plant gene expression; therefore, we conducted a systematic analysis of the CREs present in the promoter regions of the SiMADS-box genes. A large number of GA, ABA, defense, and dehydration responsive elements were identified in the SiMADS-box genes promoter region, which suggests that SiMADS-box genes might be regulated by various phytohormones, abiotic and biotic stresses. In addition, combined with our transcriptome sequencing data, we identified 10 foxtail millet MADS-box genes belonging to eight of MIKC-type subgroups in which expression was induced by drought stress. The promoter regions of these 10 SiMADS-box genes contain several stress-related cis-elements such as ABREs, GAREs, MYB, MYC, and W box (Table 3), indicating that the expression of SiMADS-box genes can respond to multiple environmental cues. This is supported by further RT-qPCR analysis showing that the 10 SiMADS-box genes were induced significantly by PEG-6000, NaCl, ABA, and GA treatments (Figure 6). Moreover, tissue-specific expression patterns for the 10 SiMADS-box genes varied considerably in four plant organs (Figure 5), indicating the functional diversity of the SiMADS-box proteins. This knowledge could establish a foundation for further functional characterization of MADS-box gene family members in foxtail millet and other important crops.

In the present study, we observed that transgenic Arabidopsis and rice plants overexpressing SiMADS51 showed reduced drought stress tolerance as indicated by the lower survival rates and poorer growth characteristics under drought stress conditions (Figures 7–9), which demonstrated that SiMADS51 is a negative regulator of drought stress tolerance in plants. Previous studies have shown that AtMADS028 (XAL1/AGL12; Tapia-López et al., 2008), an Arabidopsis gene homologous to SiMADS51, plays a role in regulating the root meristem, cell proliferation, and the flowering transition. The SiMADS51-homologous gene in rice, OsMADS61 (OsMADS26; Khong et al., 2015), was found to negatively regulate resistance to pathogens and drought tolerance and had no significant impact on plant development. Homologous genes play different roles in monocotyledons and dicotyledons, which further illustrates the functional diversity of MADS-box genes. The mechanisms that underly the impaired drought tolerance in the SiMADS51-transgenic plants can be partially explained by the measured changes in several physiological and biochemical parameters. Generally, free proline is thought to be a compatible osmolyte that facilitates osmo-regulation, and it can help plants tolerate osmotic stress (Kochhar and Kochhar, 2005). The activities of POD and SOD can play a key role in protecting cell membranes against free radical attack and minimizing oxidative damage (Shah and Nahakpam, 2012). The chlorophyll content and MDA level can also be used as indicators of the degree of cellular injury (Gunes et al., 2011; Hong et al., 2016). In our study, we found that transgenic plants overexpressing SiMADS51 had higher MDA contents than did the control plants, while the free proline levels and chlorophyll contents and the POD and SOD activities in the SiMADS51-overexpressio plants were lower than those of the control plants under drought treatment. All of these results suggest that overexpression of SiMADS51 reduced the tolerance of seedlings to drought stress, resulting in increased membrane permeability, reduced activity of peroxidases, and decreased photosynthesis. In addition, we also noticed that overexpression of SiMADS51 in transgenic rice seedlings resulted in a decrease in the expression of a group of stress-responsive genes (Figure 10), including OsPP2C06, OsPP2C49 (Singh et al., 2010), OsDREB2a (Dubouzet et al., 2003), OsMYB2 (Yang et al., 2012), OsLEA3 (Xiao et al., 2007), OsP5CS1 (Xiong et al., 2014), OsNCED1 (Changan et al., 2018), and OsNCED3 (Hwang et al., 2010), which have been previously reported to be involved in the stress response. Hence, we can speculate that the decrease in plant stress tolerance may be due to SiMADS51 directly or indirectly inhibiting the expression of these genes. Nevertheless, it is not clear how SiMADS51 affects the function of other genes to reduce plant drought tolerance. Even though the expression of SiMADS51 is significantly induced by exogenous ABA, it is unknown whether its function is dependent on the ABA-mediated pathway. Moreover, functional analysis using knockout mutants is necessary to determine whether SiMADS51 is required for drought tolerance in foxtail millet. Therefore, further studies will be needed to clarify the mechanism(s) by which SiMADS51 regulates the response to abiotic stresses.



CONCLUSION

In this study, we report the first systematic analysis of the foxtail millet (Setaria italica L.) MADS-box TF family. A total of 72 MADS-box genes including 29 Type I and 43 Type II genes, were identified in the foxtail millet genome. The phylogenetic relationships, chromosomal distribution, conserved motifs, gene structures, and cis-acting elements of the 72 foxtail millet MADS-box genes were characterized. Furthermore, the expression patterns of 10 foxtail millet MADS-box genes that are upregulated in response to drought were analyzed in different organs in response to different abiotic stresses. Because the SiMADS51 genes was found to be strongly induced by drought stress, the function of SiMADS51 gene was assessed by expression in the model plants Arabidopsis and rice (Oryza sativa L.). Finally, SiMADS51 was shown to be involved in the negative regulation of drought stress. Our results provide evidence of the relationship between foxtail millet MADS-box genes and abiotic stresses; therefore, it may be possible to use these genes for both genetically modified crops and in traditional foxtail millet breeding programs.
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Supplementary Table 5 | The FPKM (fragments per kilobase of transcript per million mapped reads) values of different tissues of 10 SiMADS-box genes.

Supplementary Table 6 | Primers used in this study.
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Information on photoperiod and temperature sensitivity of sorghum germplasm is important to identify appropriate sources for developing cultivars with a broad adaptation. The sorghum mini core collection consisting of 242 accessions along with three control cultivars were evaluated for days to 50% flowering (DFL) and plant height in two long-day rainy and two short-day post-rainy seasons, and for grain yield and 100-seed weight in the two post-rainy seasons. Differences in DFL and cumulative growing degree days (CGDD) in the rainy and post-rainy seasons were used to classify the accessions for photoperiod and temperature sensitivity. Results revealed 18 mini core landraces as photoperiod and temperature insensitive (PTINS), 205 as photoperiod sensitive and temperature insensitive (PSTINS), and 19 as photoperiod and temperature-sensitive (PTS) sources. The 19 PTS sources and 80 PSTINS sources took less DFL in the long-day rainy seasons than in the short-day post-rainy season indicating their adaptation to the rainy season and a possible different mechanism than that trigger flowering in the short-day sorghums. In all three groups, several accessions with desirable combinations of agronomic traits were identified for use in the breeding programs to develop climate-resilient cultivars and for genomic studies to identify genes responsible for the photoperiod and temperature responses.
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INTRODUCTION

Sorghum [Sorghum bicolor (L.) Moench] is an important multipurpose crop grown for food, feed, fodder and fuel purposes. It is a C4 crop with high photosynthetic efficiency, cultivated in both temperate and tropical regions between 40°N to 40°S of the equator (Doggett, 1988). Sorghum ranks fifth among the cereal crops after maize (Zea mays L.), rice (Oryza sativa L.), wheat (Triticum aestivum L.), and barley (Hordeum vulgare L.). During 2018, sorghum was grown on an estimated area of 42.14 Mha with a production of 59.34 Mt in over 100 countries, with a productivity of 1408 kg ha–1. Globally, sorghum is largely cultivated during the rainy season in diverse conditions which is often affected by moisture stress and also several diseases and insect pests affect crop productivity (Assefa et al., 2010; Upadhyaya et al., 2019). In India sorghum is grown in two distinct seasons: kharif (rainy season, June–October) and rabi (post-rainy season, October–February). Kharif season is characterized by long-days with high temperature and rabi season by the short-days with low temperature. It is therefore important to develop high-yielding cultivars resistant to various biotic and abiotic stresses and adapted to diverse climatic conditions.

Variation in the germplasm collection is key to crop improvement. Vast germplasm collections are conserved in the national and international Genebanks. Globally over 23,6000 accessions of sorghum have been conserved in the genebanks having a rich diversity for various traits of economic importance (Upadhyaya et al., 2016b). The ICRISAT Genebank has the largest collection of over 41,000 sorghum accessions from 93 countries. Large size of germplasm collection and non-availability of reliable data on traits of economic importance restricted breeders from using germplasm collections and caused them to use their working collections (Upadhyaya et al., 2014d). This results in low use of germplasm in crop improvement and consequently a narrow genetic base of crop cultivars (Dalrymple, 1986; Vellve, 1992; Upadhyaya et al., 2014b). Genetic studies indicated that the sorghum wild and weedy relatives and landraces are more diverse than the improved hybrids (Muraya et al., 2011; Mace et al., 2013). For example, in the United States, the improved sweet sorghum lines were mostly derived from six landraces therefore the majority of the lines have similar genes/alleles for high Brix % (Murray et al., 2009). The genetic diversity assessment sorghum hybrids widely cultivated in the United States between 1980 and 2008 indicated that the hybrids released during the 2000s had the least number of new alleles as compared to the previous two decades (Smith et al., 2010). Similarly, a decline in genetic diversity was reported in Australian sorghum breeding programs as a result of a strong selection for resistance to the sorghum midge, stay-green (a drought resistance trait) and other agronomic traits (Jordan et al., 1998, 2003). In sorghum which is a short-day plant (SDP), several germplasm accessions do not flower or take much more time in the long-day rainy season and thus restrict the use of germplasm in crop breeding programs.

The germplasm diversity representative subsets such as core collection (10% of the entire collection) and mini core collection (10% of core collection or 1% of the entire collection) conserved in a genebank are the ideal genetic resources for identifying new sources of variation for traits of interest (Upadhyaya and Ortiz, 2001; Upadhyaya et al., 2013, 2014c). In this study, we evaluated 242 accessions of sorghum mini core collection (Upadhyaya et al., 2009) for photoperiod and temperature sensitivity in the two rainy and two post-rainy seasons at ICRISAT, Patancheru, India, to identify insensitive accessions that can be used in crop improvement to develop high-yielding photoperiod and temperature insensitive cultivars with a broad genetic base and greater adaptation.



MATERIALS AND METHODS


Description of Materials

The 242 accessions in the sorghum mini core collection (Upadhyaya et al., 2009) and three controls (IS 33844, IS 18758 and IS 2205) were utilized in this study. The mini core accessions originating (collection site) from 57 countries, and it included all the five basic races (caudatum 16.1%, durra 12.4%, guinea 12%, kafir 8.7%, and bicolor 8.3%) and 10 intermediate races (caudatum-bicolor 12.4%; guinea-caudatum 11.2%; durra-caudatum 7.9%; durra-bicolor and kafir-caudatum each 2.9%; kafir-durra 1.7%; guinea-kafir 1.2%; and guinea-bicolor, guinea-durra, and kafir-bicolor each 0.8%) of sorghum (Upadhyaya et al., 2009). The two controls, IS 33844 and IS 18758 are the germplasm accessions and selection from these were released as cultivars. IS 33844 was released as Parbhani Moti in India, which is the most popular drought-tolerant cultivar grown under receding soil moisture conditions during the post-rainy seasons and possesses excellent grain quality attributes (Upadhyaya et al., 2017). The selection from IS 18758 was released in Burkina Faso as E-35-1 and in Burundi as Gambella 1107 (Upadhyaya et al., 2014a). IS 2205 is a durra-bicolor landrace originating from India is resistant to shoot fly [Atherigona soccata (Rondani)] and stem borer [Chilo partellus (Swinhoe)] (Sharma et al., 2003).



Experimental Details

The experiments were conducted at the ICRISAT, Patancheru (17.51° N, 78.27° E, and 545 masl), India during the 2010 and 2011 rainy and 2010–2011 and 2011–2012 post-rainy seasons. The precision fields of the ICRISAT, Patancheru center having uniform fertility with a gentle slope of 0.5% were used. The experiments were conducted in an Alpha design in the rainy seasons with three replications. In the post-rainy seasons, accessions were planted in a split-plot design in three replications using drought stress and optimally irrigated treatments as the main plot and genotypes as the subplots in five maturity groups (Upadhyaya et al., 2017), and data from the optimally irrigated condition was used for this study. The experimental materials were planted in the last week of June in the rainy season and in the second week of October in the post-rainy season each year. Each accession was sown in a single row of 4 m long plot and the spacing between plots was 75 cm. Seeds were sown at a uniform depth of 2–3 cm using a tractor-mounted four-cone planter, and excess seedlings were thinned during 2 to 3rd weeks after sowing, by maintaining the plant-to-plant spacing of about 10 cm. The crop-specific agronomic practices such as weeding, thinning, irrigation and plant protection measures were followed. A basal dose of Ammonium phosphate was applied at the rate of 150 kg ha–1, and urea was applied as topdressing at the rate of 100 kg ha–1 during the 3 weeks after planting. A ridge and furrow system of cultivation was adopted, and each time, the experimental plots received about 7 cm of irrigation water. Observations on days to 50% flowering (DFL, the day when 50% or more of the plants had reached anthesis in a plot) were recorded in each of the two rainy and two post-rainy seasons. Plant height was recorded on five representative plants at maturity in the rainy and post-rainy seasons whereas data on grain yield and 100-seed weight was recorded only in the post-rainy season on five representative plants.



Data Analysis

Data on daily minimum and maximum temperatures was obtained from the ICRISAT intranet1 and was used to calculate the growing degree days (GDD) in the two rainy and two post-rainy seasons separately.

The GDDs were computed using the following equation:
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The cumulative growing degree days (CGDD) were computed as follows:

CGDD = the sum of all daily GDD from the effective date of sowing to the date of 50% flowering.

For sorghum a base temperature of 10°C (Gerik et al., 2003) was used. Data on DFL, CGDD, and plant height in the two rainy and two post-rainy and grain yield and 100-seed weight in the two post-rainy seasons were analyzed separately using Genstat 172 following residual (or restricted) maximum likelihood (REML) (Patterson and Thompson, 1971). Combined analyses of two rainy seasons and two post-rainy seasons were performed separately considering genotypes as random and seasons fixed. Variance components due to genotypes and genotype × environment (season) were estimated and tested for their significance against their respective standard errors. Wald’s statistic (Wald, 1943) for the season was calculated and tested to determine the significance of the two rainy or two post-rainy seasons. For DFL, CGDD, plant height, grain yield and 100-seed weight, BLUPs (balanced linear unbiased predictors) were obtained for combined analysis of two rainy and two post-rainy seasons, separately.



Classification of Mini Core Accessions for Photoperiod and Temperature Sensitivity

The mini core accessions were categorized into photoperiod and temperature-sensitive/insensitive considering the differences in DFL and CGDD requirement during the long-day rainy season and short-day post-rainy seasons. When the difference between DFL in rainy and post-rainy seasons was equal to twice the standard error of the mean (±4 calendar days), the accessions were classified as photoperiod-insensitive while the remaining were considered as photoperiod-sensitive. Similarly, in the case of temperature sensitivity, the accessions were classified as temperature-sensitive when the difference in CGDD requirements in the rainy and post-rainy seasons was equivalent to ±4 calendar days (−57 to +57°d) while the remaining accessions on both sides (+ and −) were categorized as temperature-insensitive. Finally, both photoperiod and temperatures sensitivities were considered together which resulted in three groups of accessions: photoperiod- and temperature-insensitive (PTINS), photoperiod-sensitive and temperature-insensitive (PSTINS), and photoperiod- and temperature-sensitive (PTS).

The phenotypic correlations among DFL, CGDD, and plant height in both the rainy and post-rainy seasons and grain yield and 100-seed weight in the post-rainy season were calculated using Genstat 17 (see Text Footnote 2) to determine the relationships between traits in the entire mini core collection, PTINS, PSTINS, and PTS groups of accessions.



RESULTS


Variance Components, Mean and Range

The REML analysis of individual rainy and post-rainy season data, and combined of two rainy and two post-rainy seasons revealed significant genotypic variance (σ2g) for DFL, CGDD, plant height, grain yield and 100-seed weight (Supplementary Table 1). The significant interactions between genotypes and seasons (σ2 ge) was observed for all the traits in both rainy and post-rainy seasons, except in group 5 where the plant height, grain yield per plant and 100-seed weight were not significant (Supplementary Table 1). Wald’s statistics was significant for all the traits in the rainy and post-rainy seasons except in the G5 in the post-rainy season for 100-seed weight.

In the mini core collection, the DFL ranged from 45 to 152 days in the 2010 rainy season and 42–142 days in the 2011 rainy season (Table 1). On average, mini core accessions flowered 10 days later in 2010 than in the 2011 rainy season indicating differences in the two rainy seasons mainly due to varying GDD per calendar day during flowering, besides other factors including the genotype by environment interactions. Averaged over two rainy seasons the DFL ranged from 44 (IS 12706) to 148 days (IS 15744) (Table 1 and Supplementary Table 2). The differences in the DFL have also reflected the differences in the CGDD in the two rainy seasons. The CGDD to flower ranged from 758 to 2,403°d in the 2010 rainy season with a greater mean (1,415°d) than in the 2011 rainy season (range 731–2,275°d, mean 1,297°d). Averaged over both the rainy seasons the CGDD varied from 756 (IS 12706) to 2,356 (IS 15744) with a mean value of 1,369°d (Supplementary Table 2). In the post-rainy seasons also the DFL differed between 2010–2011 and 2011–2012 seasons. The DFL ranged from 47 to 109 in the 2010–2011 and 51 to 132 in the 2011–2012 post-rainy season. On average mini core accessions took 5-days more to flower in the 2011–2012 season (75 days) than in the 2010–2011 season (70 days). Averaged over both the post-rainy seasons, DFL ranged from 51 days (IS 32245) to 120 (IS 31446) with an average of 73 days (Supplementary Table 2). The CGDD required to flower in the 2010–2011 post-rainy season were less (793°d) with a lower range (577 to 1,270°d) than in the 2011–2012 post-rainy season (mean 966°d, range 693 to 1,698°d). This indicated that the two post-rainy seasons affected the expression of flowering in the mini core collection accessions. On average over the two post-rainy seasons, the mini core accessions took 880°d to flower with IS 32245 flowering earliest requiring only 658°d and IS 31446 being the latest requiring 1,485°d. Both in terms of DFL and the CGDD requirements highly significant genotype × season (year) interaction was observed (Supplementary Table 1). Plant height of mini core accessions also showed a great deal of differential expression in the two rainy and two post-rainy seasons. On average plant height was higher in the 2011 rainy season (326 cm) than in the 2010 rainy season (281 cm) with a greater range in the former (117–501 cm) than the latter (126–406 cm) (Table 1). Similarly, in the 2011–2012 post-rainy season mean (256 cm) and ranges (99–390 cm) for plant heights were more than in the 2010–2011 post-rainy season (214 and 105–347 cm) (Table 1).


TABLE 1. Mean and range of different traits in the 2010 and 2011 rainy and 2010–2011 and 2011–2012 post-rainy seasons and combined of two rainy and two post-rainy seasons at ICRISAT, Patancheru, India.
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Photoperiod and Temperature-Sensitive and Insensitive Mini Core Accessions

The criteria of twice the standard error of the mean for differences in DFL and CGDD requirements between the long-day rainy seasons (combined of two rainy seasons) and the short-day post-rainy seasons (combined of two post-rainy), the mini core collection accessions were classified into three groups: PTINS (18 accessions), PSTINS (205 accessions) and PTS (19 accessions) (Supplementary Table 2). The three control cultivars were also grouped into PTINS (IS 2205 and IS 33844) and PSTINS (IS 18758). On average, the PTINS took 57–84 days in the rainy seasons and 56–87 days in the post-rainy seasons and the differences in DFL of the 18 individual PTINS accessions between the rainy and post-rainy seasons were within ±4 days (Table 2) indicating their adaptation to both rainy and post-rainy seasons. The CGDD requirements of the PTINS accessions were more in the rainy season (1,159°d) than in the post-rainy season (837°d). For 18 PTINS mini core accessions individually, the CGDD requirement ranged from 971 to 1,386°d in the rainy seasons and 711 to 1,041°d in the post-rainy season and differences between two seasons ranged from 218°d (IS 4060) to 417°d (IS 7131). The two PTINS controls, IS 2205 and IS 33844 required to flower 1,267 and 1,239°d in the rainy season and 960 and 924°d in the post-rainy season, respectively.


TABLE 2. Performance of photoperiod and temperature insensitive landraces identified in the sorghum mini core collection, evaluated during two rainy and two post-rainy seasons at ICRISAT, Patancheru, India.

[image: Table 2]The PTS landraces flowered early in the rainy seasons and on average took 52 days compared to 72 days in the post-rainy season and showed similar CGDD requirement (±57°d). The DFL requirement of the 19 individual PTS accessions ranged from 46 to 66 days in the rainy season and 60 to 94 days in the post-rainy season (Table 3). The CGDD requirement was between 785 and 1,110°d in the rainy season and 738 and 1,121°d in the post-rainy season.


TABLE 3. Performance of photoperiod and temperature sensitive landraces identified in the sorghum mini core collection evaluated during two rainy and two post-rainy seasons at ICRISAT, Patancheru, India.
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The 205 PSTINS mini core accessions on average took 14 days and 548°d more in the rainy season (87 and 1,433°d) for flowering than in the post-rainy season (73 and 885°d) (Table 4). However, within these 205 mini core accessions, there were vast differences in terms of DFL and CGDD requirements in the rainy season vis-a-vis their requirements in the post-rainy season. The DFL ranged from 44 to 148 days in the rainy and from 51 to 120 days in the post-rainy season and the CGDD requirement from 756 to 2,356 °d in the rainy and from 658 to 1,485°d in the post-rainy season. This indicated different adaptation patterns of PSTINS accessions in terms of DFL and CGDD requirement for flowering. This group was therefore further categorized into three sub-groups. The accessions that took fewer days and fewer CGDD for flowering in the rainy season than in the post-rainy season were grouped into subgroup 1 following (Upadhyaya et al., 2018). None of the mini core accessions fell into this subgroup. The accessions that took fewer days and more CGDD in the rainy season than in the post-rainy accessions were grouped into Subgroup 2 and the accessions, which took more days and more CGDD in the rainy season than in the post-rainy were classified into Sub-group 3. In the mini core collection, 80 accessions were categorized into Subgroup 2 and 125 and control IS 18758 into Subgroup 3. The accessions in the Subgroup 2 on average took 11 days less in the rainy season (60 days) than in the post-rainy season (71 days) whereas those in the Subgroup 3 took 30 days more in the rainy season (104 days) than in the post-rainy season (74 days). Individually the difference between DFL in the rainy season and the post-rainy season ranged from −22 to −5 days in subgroup 2 compared to 5–74 days in the Subgroup 3. Of the 125 accessions in the Subgroup 3, 59 accessions took on average 30–74 days more, 24 took 45–74 days more and 7 took 61–74 days more in the rainy season than in the post-rainy season (Supplementary Table 2). Contrastingly, in Subgroup 2, 20 accessions took 15–22 days less in the rainy season than in the post-rainy season, indicating the differential response of these two subgroups for flowering. These accessions could be useful sources for the sorghum improvement program for the two distinct conditions, Subgroup 2 for the long-day rainy season and subgroup 3 for the short-day post-rainy season.


TABLE 4. Performance of 15 best yielding landraces identified in the photoperiod sensitive and temperature insensitive subgroups 2 and 3 in the sorghum mini core collection evaluated in two rainy and two post-rainy seasons at ICRISAT, Patancheru, India.
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The CGDD requirements of the Subgroup 2 was on average, 1,009°d in the rainy and 862°d in the post-rainy with a narrow range in both the seasons (756–1,369°d in rainy; 685–1,108°d in post-rainy). The CGDD requirements for the Subgroup 3 landraces was on average 1,704°d in the rainy and 899°d in the post-rainy season with a wide range in the rainy (1,026–2,356°d) and post-rainy (658–1,485°d). Individually the differences in the CGDD requirements in the rainy and post-rainy season of the 125 accessions in the Subgroup 3 were much greater (341–1,475°d) than in the 80 accessions of Subgroup 2 (58–278°d). This clearly established that the PSTINS accessions of the mini core in group 2 and 3 were different in their adaptation in terms of DFL and CGDD requirements.



Agronomic Performance of Mini Core Accessions

The mini core accessions and three control cultivars, two PTINS (IS 205, IS 33844) and one PSTINS (IS 18758), were evaluated for grain yield per plant and 100-seed weight. Vast differences in the grain yield per plant were observed between accessions of the mini core collections in both the post-rainy seasons.



Performance of PTINS Mini Core Sources

The detailed information on the performance of 18 PTINS sources and three control cultivars is given in Table 2. The PITNS originated from 11 countries, 6 from India, and 2 each from Ethiopia and the United States and 1 each from eight other countries (Table 2). Over both seasons, three PTINS produced a grain yield of 30–33 g per plant, however, none of them was superior to the IS 33844 (Table 2). For 100-seed weight also, none of the PTINS (1.43–2.99 g) was superior to IS 33844 (3.6 g) (Table 2). Considering DFL in the rainy and post-rainy seasons and yield per plant of IS 29568 appears promising.



Performance of PSTINS Mini Core Sources

The 205 PSTINS accessions originated from 54 countries, six countries contributing 10 or more accessions were Cameroon (12), Ethiopia (10), India (24), Yemen (15), the United States (13) and South Africa (22). Nine accessions in the combined over two post-rainy seasons (39–54 g) performed very well and yielded significantly greater than the PSTINS control IS 18758 (29 g) (Table 4). For 100 seed weight, 68 lines had greater 100-seed weight than the IS 18758 (2.4 g).

Subdivision of PSTINS into Subgroups revealed adaptation of Subgroup 2 to the rainy season and Subgroup 3 to the post-rainy season in terms of the DFL and CGDD requirements. This was further confirmed by the performance of these two subgroups in terms of grain yield and 100-seed weight (Table 4). Though the overall performance of both the subgroups in terms of mean grain yield per plant was similar (24 g), the number of accessions that produced significantly greater yield than the control IS 18758 were higher (17 in 2010–2011, 13 in 2011–2012, 8 overall) in the Subgroup 3 compared to subgroup 2 (7 in 2010–2011, 3 in 2011–2012 and 1 overall). In terms of percentage also, since the number of accessions in the two subgroups were different, Subgroup 3 had 13.6% of accessions in 2010–2011, 10.4% in 2011–2012 and 6.4% overall that were significantly superior in yield to IS 18758 compared to 8.5% in 2010–2011, 3.8% in 2011–2012 and only 1.3% in overall in both seasons in Subgroup 2. For 100-seed weight also, a similar pattern was observed with Subgroup 3 showing a greater number of significant accessions (52, 62, and 54) than Subgroup 2 (15, 21, and 14) over the control IS 18758. The two post-rainy seasons had a differential influence on the accessions in both the subgroups. Combined over both seasons, the grain yield varied from 10 to 54 g in Subgroup 2 and 7 to 49 g in Subgroup 3, with a mean value of 24 g for both the Subgroups.

The performance of the top 15 accessions with a desirable combination of DFL, grain yield and 100-seed weight in the Subgroups 2 and 3 are given in Table 4. The selected 15 Subgroup 2 sources on average yielded 33 g, 11.4% more than the control IS 18758 (29 g). IS 4698 from India with 54 g was the best line in this group, giving 86.2% more grain yield than IS 18758. Other promising high-yielding sources in this group were IS 22294 from Botswana, IS 29241 and IS 29187 from Swaziland and IS 13971 from South Africa, producing 20.6–24.1% more grain yields than IS 18758 (Table 4). In Subgroup 3, the 15 selected accessions yielded on average 38 g, 31% more than IS 18758. Of these, IS 1004 from India, and IS 23586 and IS 23590 from Ethiopia (40–49 g), and IS 31706, IS 23891, and IS 28141 (39–42 g) from Yemen were significantly superior and gave 34–69.0% more yield than IS 18758. IS 31706, IS 23891, and IS 28141 had a good combination of significantly greater yields (39–42 g) and 100 seed weight (4.69–5.33 g) than the control IS 18758 (yield 29 g, 100-seed weight 2.37 g).



Performance of PTS Mini Core Sources

The 19 PTS accessions originated from 9 countries, predominated by China with 8 accessions followed by 2 each from Korea, Zimbabwe and South Africa and 1 each from Cameroon, Yemen, Swaziland, the United States and Myanmar (Table 3). The grain yield of 19 PTS ranged from 2 to 29 g in the 2010–2011, 3–33 g in the 2011–2012 and 2–28 g overall in both the seasons. None of the PTS accessions was significantly better than control IS 18758, however, IS 30451 was promising in 2010–2011, 2011–2012 and combined over two post-rainy seasons with grain yields similar to IS 18758 (29 g) (Table 4).



Distribution of Sensitive and Insensitive Sources Across Latitudes

Data on the latitude of origin of only 135 mini core accessions, including 11 PTINS, 10 PTS, and 114 PSTINS landraces were available and plotted in Figure 1. For the 103 mini core landraces, the hemispheres were decided based on country of origin and the four landraces which originated from the countries spread over both the hemisphere were not included in this analysis. Of the 80 PSTINS of Subgroup 2, latitude data was available only for 41 and in Subgroup 3 on 73 out of 125. Hemisphere wise, 86 accessions (7 PTINS, 71 PSTINS, and 8 PTS) were from North Hemisphere and 49 (4 PTINS, 43 PSTINS, and 2 PTS) were from South Hemisphere. Among PSTINS distribution of Subgroup 2 and 3 was contrasting, with Subgroup 2 being predominant in the South Hemisphere (29 out of 41) and Subgroup 3 being predominant in the North (59 out of 73). The PTINS sources were distributed from 6 to 30° in the northern hemisphere and from 15° to 30° in the southern hemisphere. Similarly, the PTS sources were distributed from 10 to 40° in the north and from 15 to 30° in the southern hemisphere. Since the number of accessions in the northern and southern hemisphere in the PTINS and PTS was less than 10 in each, it would be meaningless to determine and discuss the patterns. In the case of PSTINS Subgroup 2, all the 29 sources in the southern hemisphere originated from 15 to 30° and all the 59 sources in Subgroup 3 originated from 0 to 30° in the northern hemisphere. The 12 sources of Subgroup 2 were distributed in northern from 11 to 45° and 14 sources in the southern hemisphere originated from 0 to 25°. In both the hemisphere, an increase in latitude results in a decrease in DFL and CGDD in the entire mini core collection. The mean yield among hemispheres was similar in the entire mini core, PTINS, PSTINS, Subgroup 3, and PTS. However, the range was higher in the entire mini core and PSTINS (7–54 g), Subgroup 2 (10–54), and 3 (7–49) in the northern hemisphere than in the southern hemisphere. A similar pattern was observed for the range of 100-seed weight (Table 5).
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FIGURE 1. Distribution of sorghum mini core accessions with known geographical coordinates.



TABLE 5. Hemisphere wise, mean and range of days to 50% flowering, cumulative growing degree days (CGDD), plant height, grain yield and 100-seed weight of the entire mini core and sensitivity response groups.
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Correlations Among Quantitative Traits in the Insensitive and Sensitive Groups

Phenotypic correlations were performed among all quantitative traits in the entire mini core, in the PTINS, PSTINS and PTS groups and two subgroups of the PSTINS separately (Table 6). The DFL in the rainy and post-rainy seasons were highly correlated with plant height in the rainy and post-rainy seasons in the entire core, PTINS, entire PSTINS, PSTINS Subgroup 2 and Subgroup 3 (p < 0.001–0.05), but it was non-significant in the PTS group. Contrastingly, grain yield in the post-rainy season was highly correlated with DFL, CGDD and plant height in the rainy and post-rainy seasons (r = 0.302–0.413, p < 0.01–0.001) only in the PSTINS Subgroup 2 and non-significant in other groups except entire mini core and PSTINS entire group. In the latter two groups, the entire mini core and PSTINS group the magnitude of correlations was low at 0.187 and 0.190, respectively. Further, in the PTS group the highly significant correlations were observed only between 100-seed weight and grain yield in post-rainy, plant height between rainy and post-rainy, and DFL in the rainy and post-rainy seasons, all other correlations were non-significant (Table 6). This demonstrated that the strength of correlations depended upon the population used under study. The more homogenous the group, the better were the estimate of correlation. Further, the proportion of variance in one trait that can be attributed to its linear relationship with a second trait is indicated by the square of the correlation coefficient (Snedecor and Cochran, 1980). Estimates of this value greater than 0.71 or lower than −0.71 have been suggested as meaningful correlations (Skinner et al., 1999). In our study, we found such high correlation coefficients between plant height in the rainy and post-rainy seasons in all six groups (Table 6).


TABLE 6. Correlations among different traits in the entire mini core collection and sensitivity response groups.
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DISCUSSION

The response of crops to the prevailing photoperiod and temperature conditions determines their adaptation to the wide range of different environments in which it is cultivated worldwide. Sorghum is a short-day species in which flowering initiation occurs only during the short-day condition (Oliveira et al., 2019). The majority of accessions conserved at the ICRISAT genebank do not flower or take much more time when they are being grown in the long-day rainy season (June–October) in India, while most accessions flower in the short-day post-rainy (October–February) season. In this study, the sorghum mini core accessions were characterized for traits related to photoperiod and temperature sensitivity, revealed a significant genotypic variation for DFL, CGDD, plant height, grain yield and 100-seed weight, and the interactions between genotype and season (year) were significant. This indicated that the sorghum mini core collection had adequate genotypic variation and the performance of genotypes differed in the two seasons.

Considering the DFL and CGDD, the mini core accessions were categorized into photoperiod and temperature insensitive (PTINS) (18 accessions), photoperiod sensitive and temperature insensitive (PSTINS) (205 accessions), and photoperiod and temperature-sensitive (PTS) (19 accessions) and identified best performing accessions in each of the group for their utilization in crop improvement. The 19 PTS sources identified in this study flowered 14–28 days earlier in the long-day rainy season than in the short-day post-rainy season, but with similar CGDD requirement in the two seasons. Among PSTINS accessions, 80 accessions were in Subgroup 2 that flowered 5–22 days earlier in the rainy season than in the post-rainy season, but with significantly higher CGDD requirement during the rainy season. These two groups (PTS and PSTINS subgroup 2) may have different mechanisms to trigger flowering than the 18 PTINS sources and the 125 PSTINS Subgroup 3 sources. The important question then is “Are there landraces in the global collections which are adapted to long-days such as PTS and PSTINS Subgroup 2 sources in the present study?” A critical analysis of flowering under controlled temperature and photoperiod conditions may provide the answer to whether flowering in some sorghum accessions is triggered by long-day or a combination of long-day × temperature interaction. In most photoperiod and temperature studies under controlled conditions, only a few cultivars have been used to model the flowering, which agrees with the known hypothesis that sorghum is a short-day plant, which may not be true when diverse landraces representing the diversity of global collection are used as shown in the present study with mini core collection.

In the entire collection of sorghum (Upadhyaya et al., 2018), and also in the mini core collection in this study, the mean and range of DGL and CGDD requirements for flowering decreased with the increase in latitude in both the hemisphere. The magnitude of the relationship between DFL and latitude differed between groups (PTINS, PSTINS, and PTS groups and two subgroups of the PSTINS separately) indicating that it varied with the constitution of the group. The differences in the relationship between northern and southern hemispheres in the mini core could be attributed to the differences in hemispheres in terms of the proportion of land and water and associated climatic parameters (Upadhyaya et al., 2018). The northern hemisphere has four times land portion (80%) than the ocean (20%), and land surfaces conduct the heat poorly, therefore, most of the absorbed radiation heats the land surface and associated vegetation in the northern hemisphere. In addition high levels of man-made pollution also contribute to the higher temperature in the northern hemisphere. The southern hemisphere has one-and-half times ocean portion (60%) than land (40%), and water is a good conductor of heat, and most of the radiation absorbed is stored in the deeper waters in the southern hemisphere.

Plant breeders in their quest to develop high-yielding cultivars with a broad adaptation need to work on several traits simultaneously. It is therefore important to have sources that facilitate developing such cultivars. In our efforts toward identifying such sources, this study was undertaken to identify photoperiod and temperature insensitive sources in the sorghum mini core collection. In earlier studies, sorghum mini core accessions have been evaluated for biotic (Sharma et al., 2010; Radwan et al., 2011; Seifers et al., 2012; Borphukan, 2014) and abiotic (Kapanigowda et al., 2013; Upadhyaya et al., 2016c, 2017) stresses, and for grain nutritional (Upadhyaya et al., 2016a) and bioenergy traits (Wang et al., 2011; Upadhyaya et al., 2014a). Several photoperiod- and/or temperature-insensitive sources identified in this study has also been reported as sources of other important traits for the breeding program. Of the 18 PTINS sources, 15 have been reported as sources for one or more traits. IS 5094 has been reported tolerant to drought based on the drought tolerance index (Upadhyaya et al., 2017), resistant to downy mildew (Sharma et al., 2010), charcoal rot, stem borer and shoofly. Similarly, IS 473, another PTINS was found resistant to grain mold, Anthracnose, leaf blight and rust (Sharma et al., 2010, 2012). These and other PTINS sources with resistance could be good sources to breed sorghum cultivars with stress resistance and insensitivity to photoperiod and temperature to impart wide adaptation. A large number of PSTINS sources, 65 out of 80 in the Subgroup 2 and 89 out of 125 in Subgroup 3 had shown desirability to one or more traits. Four Subgroup 2 accessions, IS 602 (Zinc, germination at low temperature, grain mold, and charcoal rot), IS 1233 (Iron, Zinc, germination at low temperature, and grain mold), IS 4515 (drought, stem borer, shoot fly, and aphids), and IS 4698 (dual purpose, stem borer, shoot fly, and aphids) had desirability for four traits each. Similarly, three accessions, IS 22294 and IS 30092 for downy mildew, grain mold and charcoal rot and IS 12945 for grain mold, leaf blight and charcoal rot. These sources could be useful in developing resistant sorghum cultivars suitable for rainy season. The 89 Subgroup 3 sources had shown desirability for large number of traits. One line, IS 23684 for six traits (protein, Brix, anthracnose, leaf blight, rust, and Aphids), five accessions for four traits: IS 7305 for Saccharification yield, seedling vigor at low temperature, germination at low temperature, downy mildew; IS 23521 for Anthracnose, leaf blight, rust and Aphids; IS 23992 for iron, downy mildew, grain mold, and stem borer; IS 24939 for Brix, Anthracnose, leaf blight, and Aphids and IS 31557 for downy mildew, leaf blight, charcoal rot, and Aphids. These and other sources in this group would be a valuable resource for breeders to develop multipurpose sorghum cultivars with adaptation to the post-rainy season. Among the 19 PTS sources, 15 have been identified as desirable for 1–5 traits. Two accessions for five traits, IS 1212 for Iron, Zinc, seedling vigor at low temperature, downy mildew and grain mold and IS 24503 for Iron, Zinc, leaf blight, rust, and charcoal rot. IS 29314 (germination at low temperature, downy mildew, and aphids), IS 30466 (Zinc, downy mildew, and charcoal rot) and IS 30507 (Iron, Zinc, and charcoal rot) were good for three traits. These and other sources in this group could be useful sources to the breeders to develop cultivars suitable for the areas where both photoperiod and temperatures are important in sorghum cultivation and can be exploited to enhance production.

The use of novel variability is the key to continued progress in crop improvement and for widening the genetic base of the newly bred cultivars (Upadhyaya et al., 2009). The information on the differential response of sorghum accessions in response to photoperiod and temperature sensitivity could be useful in the sorghum improvement program. The PTINS, PTS and PSTINS sources identified in this study could help breeders to use appropriate sources in their program. The photoperiod and temperature insensitive accessions can be utilized to developed cultivars with broader adaptation, while the highly photoperiod sensitive tall accessions can be utilized for biomass and forage improvement. Further, the information on the desirability of the identified accessions for other important traits will be useful to determine the accessions based on needs for extensive multilocation evaluation in the targeted environments to identify stable sources for breeding programs. The source accessions identified in the present study could be utilized in genetic and genomic investigations to understand the mechanism underlying photoperiod and temperature response and mapping the genes. Sorghum researchers can obtain seed samples of these accessions from the ICRISAT genebank for research purposes through a Standard Material Transfer Agreement (SMTA).
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Intermittent drought and an incidence of grain mold disease are the two major constraints affecting sorghum production and productivity. The study aimed at developing drought-tolerant sorghum varieties possessing a high protein content and tolerance to grain mold with stable performance using additive main effects and multiplicative interaction (AMMI) and genotype and genotype × environment interaction (GGE) biplot methods. Systematic hybridization among the 11 superior landraces resulted in subsequent pedigree-based breeding and selection from 2010 to 2015 evolved 19 promising varieties of grains such as white, yellow, and brown pericarp grains. These grain varieties were evaluated for their adaptability and stability for yield in 13 rainfed environments and for possessing tolerance to grain mold in three hot spot environments. A variety of yellow pericarp sorghum PYPS 2 (3,698 kg/ha; 14.52% protein; 10.70 mg/100 g Fe) possessing tolerance to grain mold was identified as a stable variety by using both AMMI and GGE analyses. Four mega-environments were identified for grain yield and fodder yield. Sorghum varieties PYPS 2, PYPS 4, PYPS 8, and PYPS 11 were highly stable in E2 with a low grain mold incidence. Besides meeting the nutritional demand of smallholder farmers under dryland conditions, these varieties are suitable for enhancing sorghum productivity under the present climate change scenario.

Keywords: sorghum, landraces, drought tolerance, grain mold, G × E interaction, AMMI, GGE biplot


INTRODUCTION

Sorghum [Sorghum bicolor (L.) Moench] is a widely adaptable cereal crop cultivated in tropical, subtropical, and temperate regions of the world. It is the fifth most important cereal crop next to wheat, rice, maize, and barley, and it is a staple food for millions of people in the semiarid regions of Asia and Africa (Mundia et al., 2019). Sorghum grew globally in over 40.07 Mha with a production of 57.89 million tons and productivity of 1,444 kg/ha (FAOSTAT, 2019). In India, it is the third most important food grain next to rice and wheat cultivated in an area of 4.09 Mha (FAOSTAT, 2019) in the rainy (Kharif) season as a rainfed crop and in the post-rainy (Rabi) season under residual soil moisture. More than 90% of the sorghum area and 85% of the production are concentrated in the warm semiarid tracts of central and south India (Davis et al., 2019). The productivity of sorghum in India is still considered to be low at 849 kg/ha compared to the average global productivity of 1,444 kg/ha (FAOSTAT, 2019). This can be attributed to poor soils (marginal lands), unreliable rainfall, incidence of insect pests and diseases, and poor crop input management. The water deficit is significantly increased due to irregularities in rainfall distribution exacerbated by climate change (Eggen et al., 2019; Ocheing et al., 2020). While the rainy season is predominated by the sorghum hybrids, the post-rainy season is dominated by open-pollinated varieties that contribute to low sorghum productivity (Patil et al., 2014). This indicates that a greater emphasis is required for separating and strengthening the focus of rainy and post-rainy breeding on the cultivars' genetic enhancement and their adaptability.

Sorghum has an inherent ability to adapt to a harsh climate. The crop can grow well in dry conditions and can also tolerate water logging, thus making it ideal for cultivation in the arid and semiarid regions of the world (Hadebe et al., 2017). These factors change in relation to climate change, which is predicted to make sorghum production riskier, especially under rainfed agriculture and more so for smallholder farmers (McCarthy and Vlek, 2012). A feasible approach of modifying management practices through a deliberate choice between an improved sorghum variety and local landraces accompanied by an appropriate time of sowing will enhance the adaptive capacity of many resource-poor sorghum farmers and ultimately increase sorghum production ensuring food and livelihood security (Akinseye et al., 2020).

Grain mold is one of the most important diseases in sorghum, which is caused by a complex of fungal species. The genera Fusarium, Curvularia, and Alternaria are mainly responsible for 80–90% of the infection in India (Das et al., 2020). Species of Bipolaris, Phoma, Drechslera, Exserohilum, Aspergillus, Cladosporium, Penicillium, Olpitrichum, Gonatobotrytis, and Aspergillus are also detected sporadically in low frequency (Das et al., 2020). The disease can cause yield losses ranging from 30 to 100% depending on the cultivars and weather conditions (Kalaria et al., 2020). Losses in seed weight, grain density, germination, and seed viability due to grain mold lead to a significant decline in seed quality parameters in the rainy season (Nida et al., 2019). Toxins and secondary metabolites produced by the fungi on infected grains render sorghum unfit for human consumption and for cattle and poultry feed (Das et al., 2020). Host-plant resistance is the most cost-effective, efficient, and eco-friendly management practice (Mofokeng et al., 2017). In sorghum, properties such as panicle compactness, glume cover, glume pigmentation, grain hardness, polyphenols (tannins), flavonoids (flavan-4-ols), and antifungal proteins (chitinases, glucanases, sormatin, PR-10, and RIPs) confer a resistance to grain mold disease. There is a need to avoid dependency on a few sources of grain mold-resistant genes and alleles that are currently available, and in this context, crop wild relatives and landraces offer a tremendous scope acting as reservoirs of useful genes for sorghum improvement (Brar and Khush, 2018; Kyratzis et al., 2019). With an increase in the effect of climate change, there is a need to collect, screen, and identify novel sorghum germplasm harboring the grain mold-resistant trait that can be harnessed for adaptation to rainfed agroecologies of India.

Sorghum is a significant source of dietary energy, protein, and micronutrients for the vast majority of the population in sub-Saharan Africa and India (Awika, 2017). It is a good source of phytochemicals including phenolic acid, flavonoids, anthocyanins, phytosterols, plicosanols, tannins, and carotenoids, which make the grain suitable for developing the functional food and nutraceuticals (Balcerek et al., 2020). Additionally, high antioxidant levels in pigmented and tannin sorghum varieties offer many health benefits including slow digestability, cholesterol-lowering, antioxidant, anti-inflammatory, and anticarcinogenic properties (Abdelhalim et al., 2021). The presence of tannins in the testa, which is a layer beneath the pericarp, improves a resistance to grain mold in sorghum (Cuevas et al., 2018). However, red-pigmented testa and high tannin content are less desired in India where red grain sorghum varieties are rarely used for human consumption. Yellow pericarp sorghum is rich in flavanones and has slightly higher total phenolic contents than white sorghum (Dykes et al., 2011). There is a great demand for sorghum with a yellow pericarp owing to high nutritional and good flatbread making and keeping qualities (Jaisimha, 2019). Biofortification of sorghum through genetic approaches and an increased intake of nutrition-rich sorghum grains can help in improving the nutritional security in the developing world (Kumar et al., 2015).

Keeping in view of a narrow genetic diversity for grain minerals in modern sorghum cultivars, the identification and utilization of valuable alleles in wild ancestors of crop plants are considered as a sustainable approach for enhancing sorghum nutrition (Mofokeng et al., 2018; Abdelhalim et al., 2019). India is considered as the secondary center of sorghum diversity next to East Africa (Ananda et al., 2020). High levels of within- and between-population variability among the sorghum landrace collections indicate a high germplasm diversity and a traits-based genetic novelty, which contribute to sorghum yield and adaptation improvement (Ghebru et al., 2002). However, adaptability and stability in yield are often challenged by the presence of a genotype × environment (G × E) interaction, which is a number one factor responsible for changing the genotype performance in different environments. Hence, it is important that multi-environment trials are conducted periodically to investigate the G × E interaction for selecting stable genotypes for yield and other important traits. The additive main effects and multiplicative interaction (AMMI) analysis proposed by Gauch (2013) and the genotype and G × E interaction (GGE) biplot model developed by Yan et al. (2000) are powerful tools used by plant breeders, geneticists, and agronomists for the identification of genotypes with high yield and wide adaptability.

These methods were also used to identify the landraces with yield stability and adaptability in sorghum (Admas and Tesfaye, 2017), chickpea (Pouresmael et al., 2018), wheat (Bavandpori et al., 2018), common bean (Philipo et al., 2020), etc. for further use in breeding programs for the development of new varieties. In sorghum, the high genetic and phenotypic diversity were reported from the landraces collected from India (Elangovan et al., 2009, 2012; Vara Prasad and Sridhar, 2019), Ethiopia (Adugna, 2014; Amelework et al., 2015; Derese et al., 2018; Wondimu et al., 2020), Eritrea (Tesfamichael et al., 2014), and Sudan (Abdelhalim et al., 2021). These landraces are the indispensable sources of genetic variation that can be utilized by plant breeders in the development of improved varieties with higher productivity, nutrients, grain mold tolerance, and climate resilience (Dwivedi et al., 2016; Godwin et al., 2019).

An attempt was made in this study to utilize the sources of variation for grain mold tolerance and a protein content present in sorghum landraces, which were evolved under vulnerable conditions with low inputs after the continuous selection by the farmers. To our knowledge, this is the first study to identify stable, high-yielding, drought- and grain mold-tolerant, and nutritionally rich sorghum varieties that were developed from the landraces in the Indian subcontinent. The objectives of the study were to (1) collect the landraces from the southern and central parts of India and identify agronomically superior landraces with a resistance to grain mold disease; (2) develop potential sorghum varieties from the superior landraces; (3) identify high-yielding, grain mold-tolerant genotypes with a stable performance using AMMI and GGE analyses; and (4) determine the nutrient composition [starch, sugar, protein, iron (Fe), and zinc (Zn)] of the developed sorghum varieties.



MATERIALS AND METHODS


Collection and Maintenance of Landraces

A total of 108 landraces were collected from various locations in the southern and central parts of India in 2008. These landraces represented a diversity for grain maturity, grain color, panicle shape, grain yield, fodder yield, porridge making quality, fodder quality, and tolerance to grain mold disease under field conditions (Supplementary Table 1). In the field evaluation of these landraces from 2008 to 2010, a single-plant selection was followed by self-pollinating main panicles of individual landrace collections for three generations to bring a genetic uniformity within the landraces at the Regional Agricultural Research Station (RARS), Palem, Telangana (Former Andhra Pradesh), India. Based on the construction of passport data and dendrogram (Supplementary Figures 1, 2) using the distances matrix obtained by an unweighted pair group method with arithmetic mean (UPGMA), 36 diverse landraces (PSLRC 1–PSLRC 36) distinct for various characters, viz., maturity, grain type, tolerances to grain mold disease, and terminal moisture stress, were maintained for future breeding (Table 1).


Table 1. Description of the superior sorghum landraces used in this study.
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Development of Sorghum Varieties

From 2010 to 2015, hybridization followed by a selection was carried out in rainy and post-rainy seasons by utilizing 11 agronomically superior and grain mold-resistant landraces. A minimum population of 250 plants was maintained in each F2 and subsequent generation. They were advanced to F6 generation by using the pedigree method of selection. The F6 progeny of individual cross combination was considered as a single-sorghum advanced genotype having a diverse genetic background for agronomic and grain characters and grain mold resistance (Figure 1). About 19 superior advanced sorghum cultivars were identified after the evaluation for two consecutive seasons (rainy and post-rainy seasons, 2014) in an advanced variety trial at RARS, Palem, Telangana, India, among which seven genotypes were characterized with a yellow pericarp and six genotypes were with a brown pericarp. The remaining six genotypes had a white grain and a white grain with black glume (Table 2, Supplementary Figures 3, 4).


[image: Figure 1]
FIGURE 1. A flow diagram showing the development of sorghum varieties utilizing landraces through a pedigree selection (2010–2015) followed by multi-environment trials (2016–2018).



Table 2. Sorghum genotypes evolved through hybridization followed by a selection from the superior landraces.
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Nutritional Composition Analysis

The nutritional composition analysis of 19 sorghum varieties evaluated at E1 (Palem) in 2018 was performed at MFPI-Quality Control Laboratory, Prof. Jayashankar Telangana State Agricultural University, Hyderabad, Telangana, India. Whole grains were collected from the fields where they were grown and analyzed for the protein, total starch, sugar, Fe, and Zn content. The protein level was quantified by using the generic combustion method of analysis with the LECO F-528 nitrogen analyzer (LECO, St. Joseph, MI, USA) calibrated with ethylenediaminetetraacetic acid (EDTA) according to the association of official analytical chemists method (AOAC, 2016). The grain samples were ground to a suitable fineness to pass No. 20 sieve and dried at 102 ± 2°C for 2 h. A moisture-free sample weighing 200 mg was analyzed to estimate protein content. Analyses for total starch, sugar, Fe, and Zn were performed according to Shegro et al. (2012). Starch content was determined by using a total starch assay procedure. The total sugar content in stalks at physiological maturity was estimated as the total soluble sugars by using a handheld refractometer. For the determination of Fe and Zn contents, sorghum grains were ground to a fine powder. About 2-g flour samples were oven-dried for 3 h after which the samples were triple acid digested by the addition of 1 ml of 55% (v/v) HNO3 after cooling. The acid was evaporated by using a sand bath and the samples were oven-dried again. The samples were moistened by using 10 ml of 55% HNO3 (1:2 v/v), and they were then placed in the sand bath for 5–10 min. The samples were allowed to dissolve overnight to extract the minerals accordingly.



Evaluation of Varieties for Yield Performance and Screening for Grain Mold Tolerance

About 19 advanced sorghum varieties along with a popular variety (CSV 31) were evaluated over the three rainy seasons (June–September) from 2016 to 2018 at 13 locations for yield and yield-related characters (Table 3). A single location tested for three consecutive seasons of 2016, 2017, and 2018 was considered as one environment. All 13 environments are drought-prone environments characterized by intermittent dry spells with E4, E6, E8, E9, and E11 receiving an annual rainfall of ≤ 600 mm (Table 3). Each sorghum genotype was planted on six rows of 5-m length plot by using between- and within-row spacing of 45 and 10 cm, respectively. Weeds, insect pests, and foliar disease control were carried out as recommended for the crop by using a combination of chemical and cultural practices. During harvest, the four central rows within each plot were sampled for grain yield and fodder yield. The 19 genotypes along with susceptible (SPV 462) and resistant (IS 8545) checks were also evaluated in the sorghum grain mold nursery over the three rainy seasons (June–September) in 2016 to 2018 at three locations viz., RARS, Palem, Agricultural Research Station, Tandur, Agricultural Research Station, Madhira, Telangana, India under natural epiphytotic conditions for a grain mold evaluation. Each genotype was sown in six rows of 5 m in length during the first fortnight of June so that the grain maturity stage coincided with the periods of frequent rainfall received in the ensuing August–September, thus predisposing the crop to grain mold disease. During rain-free days, high relative humidity (>90%) was maintained from the flowering to the physiological maturity stage by using sprinkler irrigation. About 10 uniformly flowering plants with the same flowering window were tagged in each row. The visual panicle grain mold rating (PGMR) was taken on each of the tagged plants at the prescribed physiological maturity by using a progressive 1–9 scale, where 1 = no mold infection, 2 = 1–5%, 3 = 6–10%, 4 = 11–20%, 5 = 21–30%, 6 = 31–40%, 7 = 41–50%, 8 = 51–75%, and 9 = 76–100% molded grains on a panicle (Singh and Bandyopadhyay, 2000; Thakur et al., 2007). All the trials at each location were conducted in a complete randomized block design with three replications.


Table 3. Details of the 13 environments tested for yield and stability of 19 sorghum genotypes in Telangana, India.
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Data Analysis

Combined ANOVA was performed for yield and disease reaction at 13 and 3, environments, respectively. Statistical computations and estimations were carried out by using GenStat 18.0 (Goedhart and Thissen, 2010) to partition the yield variation into environments, GGE. The grain yield, fodder yield, and disease resistance reaction data were subjected to the AMMI and GGE biplot analysis. The AMMI model combines both additive and multiplicative components of two-way data structures, which helps in the prediction of potential genotypes and an environmental effect on them (Gauch and Zobel, 1996; Gauch, 2013). The GGE biplots were constituted from the first two principal components (PC1 and PC2) derived by subjecting the environment-centered yield data (which contains GGE) to singular-value decomposition (SVD). The model for a GGE biplot (Yan et al., 2000) based on SVD of the first two principal components (PC) is:

[image: image]

where Yij is the mean of genotype i in environment j; μ is the grand mean; βj is the environment main effect; k is the number of PC required for appropriate depiction of GGE, n is the singular value; λk is the singular value of the kth PC (PCk). γik and δjk are the scores of ith genotype and jth environment, respectively, for PCk.

The GGE biplot software was used to generate graphs showing (1) a “which-won-where” pattern to identify mega-environments, (2) ranking of varieties based on yield and stability, and (3) a correlation of vectors between the environments as per the method described by Yan and Kang (2003).




RESULTS


AMMI Analysis

The combined ANOVA analysis showed highly significant (p ≤ 0.05) genotype differences over locations and seasons suggesting that both grain and fodder yields varied across the environments. Highly significant environments, genotypes, and G × E interaction explained 35.3, 23.6, and 29.8% of the total sum of squares for grain yield and 28.9, 23.4, and 25.0% for fodder yield, respectively (Table 4). The magnitude of the environments (E) and G × E interaction sum of squares were twice larger than that for genotypes sum of squares indicating ample of variations in the genotypic response across the environments for both grain yield (58.9%) and fodder yield (53.9%). Further partitioning of the G × E interaction sum of squares resulted in two significantly interaction PC axes (IPCA1 and IPCA2), which explained 35.9 and 20.7% of the variation, respectively, and together contributed to 56.6% of the total G × E interaction for grain yield. Similarly, for fodder yield, IPCA1 and IPCA2 explained 54.9 and 11.9% of the G × E interaction, respectively, and together contributed to 66.8% of the total variation. This explained the differential performance of genotypes for grain yield and fodder yield across the environments.


Table 4. Additive main effects and multiplicative interaction (AMMI) ANOVA for grain yield and fodder yield of 19 sorghum genotypes evolved from landraces over 13 locations in 3 years (2016–2018).
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AMMI Stability Value

The AMMI stability value (ASV) proposed by Purchase et al. (2000) is used to identify stable genotypes and environments. For environments and genotypes, a low ASV indicates that the environments and genotypes are highly stable and least interactive whereas a high ASV indicates that the environments and genotypes are highly interactive and unstable. Based on the ASV for grain yield, E5, E11, and E13 were the most stable and high yielding environments (Table 5). On the contrary, E4 followed by E10 was the most unstable and most interactive environment with high ASV scores for grain yield. For fodder yield, the environments E6 and E10 were mostly stable with low ASV scores, and the environments E5, E1, and E4 were mostly unstable with high ASV scores (Table 5).


Table 5. Mean performance for grain yield, fodder yield, IPCA1, IPCA2 scores, and ASV values of 13 environments.
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Sorghum varieties PYPS 2, PYPS 5, PYPS 8, PYPS 13, PYPS 14, and PYPS 17 were the most stable varieties for grain yield, and PYPS 11, PYPS 16, PYPS 7, PYPS 4, and PYPS 18 were the most unstable varieties (Table 6). For fodder yield, the varieties PYPS 16, PYPS 10, PYPS 13, PYPS 15, and PYPS 2 were the most stable, and PYPS 8, PYPS 5, and PYPS 9 were unstable (Table 6).


Table 6. Classification of stable sorghum varieties based on mean performance, ASV and stability index for grain yield, fodder yield, disease reaction, and protein.
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Genotype Stability Index

Genotype stability index (GSI) can be used to classify stable genotypes incorporating both yield and stability in a single non-parametric index (Singh et al., 2019). The GSI considered the ranks of the genotype yield across the environments and ASVs. GSI was calculated as the sum of Rank of ASV [RASV (ASV)] and RY (Rank of mean genotype yield of all environments). Considering high grain and fodder yields, a high protein content and moderate resistance to grain mold, low ASV values and high GSI, sorghum varieties PYPS 1 and PYPS 13 were identified as the best stable genotypes. Sorghum varieties PYPS 2, PYPS 8, PYPS 12, PYPS 15, and PYPS 16 having high grain and fodder yields with either a low ASV or a high GSI were also known as the best stable varieties across the environments (Table 6).



AMMI Biplot Analysis

In the AMMI1 and AMMI2 biplots (Figure 2), the environments were designated by the letter “E” followed by numbers 1–13 as suffix while the genotypes were represented by the letter “G” followed by numbers 1–19. In the AMMI1 biplot, the main effects (genotype mean and environment mean) on abscissa were plotted against the respective IPCA1 scores on the ordinate (Yan et al., 2007). The quadrants (Q) in the AMMI1 graph represent: higher mean (QI and QII), lower mean (QIII and QIV), +ve IPCA1 score (QI and QIV), and –ve IPCA1 score (QII and QIII). When a genotype and an environment have the same sign on the IPCA1 axis, their interaction is positive and, if opposite, their interaction is negative. Thus, if a variety has a IPCA1 score nearer to zero, it has a small interaction effect and was considered as stable over wide environments. On the other hand, genotypes with high mean yield and large IPCA1 scores were considered as explicitly adapted to specific environments (Abdi and Williams, 2010).


[image: Figure 2]
FIGURE 2. Additive main effects and multiplicative interaction (AMMI1) biplot depicting additive effects vs. interaction principal component axes (IPCA1) for grain yield (A) and fodder yield (B) of 19 sorghum varieties tested across 13 environments.


Accordingly, in the present study, sorghum varieties PYPS 2, PYPS 8, and PYPS 15 were specifically adapted to the high-yielding environments E1 and E10 and the varieties PYPS 13 and PYPS 16 were adapted to the environments E5 and E9 with grain yield more than the grand average yield (Figure 2A). Furthermore, the varieties PYPS 2, PYPS 8, and PYPS 13 were also more stable in comparison to PYPS 4, PYPS 7, PYPS 11, and PYPS 16. Similarly, the varieties PYPS 1, PYPS 5, PYPS 6, PYPS 10, and PYPS 14 were nearer to zero indicating that they are highly stable for grain yield than other varieties. For fodder yield, the varieties PYPS 2, PYPS 13, and PYPS 8 were specifically adapted to high-yielding environments E1, E5, E9, and E10 (Figure 2B). The varieties PYPS 10, PYPS 12, PYPS 15, and PYPS 16 were more stable in comparison to PYPS 4, PYPS 5, PYPS 9, PYPS 17, and PYPS 8 as these genotypes were far from the origin. The varieties PYPS 11, PYPS 15, and PYPS 16 were nearer to zero indicating a higher stability for fodder yield than the other genotypes.

The AMMI2 biplot is a graphical representation of the interaction effect wherein the relationship between the genotypes and environments is depicted in a vector view (Guerra et al., 2009). The biplot detects the environments and genotypes that contributed least to the interaction (most stable) as well as the desirable combinations of genotypes and environments in terms of specific adaptability. The statistically stable genotypes and environments are represented by the points nearer to the origin in the AMMI2 biplot, with the values being nearer to zero for the two axes of interaction (IPCA1 and IPCA2). The discrimination power of a test environment is proportional to the length of the environment vector, which is the line connecting the origin and test environment and those genotypes falling apart from the origin with long spokes were termed as highly interacting genotypes (Yan and Holland, 2010).

In this study, for grain yield, the environments E4, E3, E10, and E9 were farthest from the origin and were the most discriminating but non-representative (unstable) while E5, E11, E2, E6, and E13 lied closest to the origin and contributed least to the G × E interaction (Figure 3A). They were the most representative (stable) environments but with poor discriminating ability. Sorghum varieties PYPS 11, PYPS 15, PYPS 10, and PYPS 7 were more responsive since they were away from the origin, whereas PYPS 5, PYPS 2, PYPS 17, and PYPS 14 were closer to the origin, and hence they were less sensitive to environmental changes for grain yield (Figure 3A). For fodder yield, the environments E13, E9, E4, E5, and E1 were the most discriminating but non-representative (unstable) and E10, E8, and E6 were the most stable environments (Figure 3B). Sorghum varieties PYPS 13, PYPS 11, PYPS 8, and PYPS 2 were more responsive and the varieties PYPS 19, PYPS 16, PYPS 1, PYPS 14, and PYPS 3 were less sensitive to changes in the environment (Figure 3B).
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FIGURE 3. AMMI2 biplot showing two main axes of interaction (IPCA2 vs. IPCA1) for grain yield (A) and fodder yield (B) of 19 sorghum varieties tested across 13 environments.




GGE Biplot Analysis

The GGE biplot developed by Yan et al. (2000) displays the genotype main effect (G) plus G × E interaction, which are the two sources of variation that are relevant to a cultivar evaluation. The which-won-where pattern first described by Yan et al. (2000) identifies the best performer for a site(s) and defines mega-environments (subregions) by selecting the superior genotypes for each mega-environment, thus effectively exploiting both genotypes and G × E interaction.

(a) The which-won-where pattern

The polygon view of the GGE biplot displays the “which-won-where” pattern by connecting the markers of the genotypes that are further away from the biplot origin such that all the other genotypes are contained in the polygon (Yan et al., 2000). Genotypes having the specific adaptive ability for a specific environment or group of environments were identified by using this pattern. The biplot is further divided into sectors delimited by the lines perpendicular to each side of the polygon. The genotypes in a sector are similar in performance compared to the genotypes in other sectors.

In the present study, the biplot is divided into five sectors for grain yield (Figure 4A) and four sectors for fodder yield (Figure 4B). The varieties PYPS 2, PYPS 4, PYPS 5, PYPS 7, PYPS 11, and PYPS 16 were situated at the apex of the polygon, representing the highest grain yield and indicated superior genotypes (Figure 4A). Sorghum varieties PYPS 1, PYPS 9, PYPS 14, and PYPS 17 were closest to the center of origin indicated a low variation in the G × E interaction for grain yield (Figure 4A). The variety PYPS 16 was suitable for the three environments E4, E8, and E12. The varieties PYPS 2, PYPS 8, PYPS 13, and PYPS 15 were suitable for the remaining 10 environments E1, E2, E3, E5, E6, E7, E9, E10, E11, and E13 for grain yield (Figure 4A). The varieties PYPS 2, PYPS 5, PYPS 6, PYPS 10, PYPS 13, and PYPS 14 were situated at the apex of the polygon, representing the highest fodder yield and indicated superior genotypes (Figure 4B). Sorghum variety PYPS 2, PYPS 15, and PYPS 1 were suitable for E2, E3, E4, E6, E7, E8, E10, E12, and E13 for fodder yield. The varieties PYPS 8, PYPS 13, and PYPS 11 were suitable for environments E1, E2, E5, E9, and E11 (Figure 4B). The varieties PYPS 1, PYPS 3, PYPS 7, and PYPS 11 were closest to the center of the origin indicated a low variation in the G × E interaction for fodder yield (Figure 4B).
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FIGURE 4. Polygon views of the genotype × environment interaction- (GGE-) biplot based on symmetrical scaling depicting “which-won-where” and mega-environment delineation for grain yield (A) and fodder yield (B) of 19 sorghum varieties tested across 13 environments.


(b) Mega-environments

In the GGE biplot for grain yield, the five lines (rays) divided the biplot into five sectors. Environments were present in four sectors and these were considered as four mega-environments (Figure 4A) and the superior genotypes for each mega-environment were positioned at the vertex. The GGE biplot for grain yield resulted in four mega-environments viz., first, a mega-environment comprising E8 and E12 with PYPS 16 as the best performing variety; second, a mega-environment comprising E9, E13, E3, E7, E5, E11, and E2 with PYPS 2 performing the best; third, a mega-environment comprising of E1, E6, and E10, where once again, PYPS 2 was the best performing variety; and fourth, a mega-environment with only one environment E4. Sorghum varieties PYPS 4, PYPS 5, PYPS 7, and PYPS 11 were located at the vertices in the sectors that did not show any environment, indicating that these genotypes were not superior in any of the mega-environments (Figure 4A).

Similarly, in the GGE biplot for fodder yield, four mega-environments were identified viz., the first mega-environment comprising E4, E6, E7, E8, E10, E12, and E13 with PYPS 2 as the best performing variety; the second mega-environment comprising E1, E2, E9, and E11 with PYPS 8 and PYPS 13 as the best performing varieties (Figure 4B). The third and fourth mega-environment consisted of the single environment of E3 and E5, respectively, suitable for PYPS 2 and PYPS 13. Sorghum varieties PYPS 5, PYPS 6, PYPS 10, and PYPS 14 were located at the vertices in the sectors that did not show any environment, and hence they were not suitable for any mega-environment (Figure 4B).

In addition, the GGE biplot was used to graphically estimate the pattern of environments and discriminate the genotypes (Yan et al., 2000) based on the environment-focused scaling and genotype-focused scaling.



GGE Biplot of Environment View for Yield

The environmentally centered GGE biplot was used to estimate the pattern of environments for grain yield (Figure 5A) and fodder yield (Figure 5B). To compare the relationship between the environments, lines were drawn to connect the test environments to the biplot origin as environment vectors. The angle cosine between the two environments was used to determine the correlation between them (Dehghani et al., 2010). For grain yield, the angles between the vectors of the majority of the environments were acute, with few overlapping with one another, indicating a positive correlation (Figure 5A). For example, there was an overlapping between the vectors for the environments E3, E9, and E13, and also between E5 and E7. The presence of a wide angle between E4 and E10 indicated that they were negatively correlated and were not similar (Figure 5A). Similarly, for fodder yield, the presence of small angles between the vectors for an environment indicated that the tested environments were similar (Figure 5B). The widest angle between the vector of E3 and E5 suggested a dissimilarity between these two environments.
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FIGURE 5. GGE biplot of the correlation among 13 tested environments for grain yield (A) and fodder yield (B) of 19 sorghum varieties.




GGE Biplot of Genotype View for Grain Yield

The vector view of GGE biplot in the genotype-focused scaling measured their dissimilarity in discriminating the genotypes (Kumar et al., 2021). For grain yield, sorghum varieties PYPS1, PYPS 6, PYPS 7, PYPS 9, PYPS 10, PYPS 17, PYPS 18, and PYPS 19 showed the same group position. The varieties PYPS 3, PYPS 4, PYPS 5, PYPS 8, PYPS 11, and PYPS 12 fell in the same group. Likewise, the varieties PYPS 2, PYPS 13, PYPS 14, and PYPS 15 were in the same group. One sorghum variety PYPS 16 with a distinct group was discriminating suggesting dissimilarity with other groups (Figure 6A). For fodder yield, PYPS 1, PYPS 2, and PYPS 15 showed the same group position (Figure 6B). The varieties PYPS 8, PYPS 11, and PYPS 13 showed the same group position with the remaining varieties in two different group positions.


[image: Figure 6]
FIGURE 6. GGE biplot of genotype-focused scaling for discriminating 19 sorghum varieties tested across 13 environments for grain yield (A) and fodder yield (B).




GGE Biplot on Environment for Comparing Environments With an Ideal Environment

Discriminating ability and representativeness of the testing environments are important measures of the GGE biplot. The concentric circles in Figure 7 help us in visualizing the length of the environment vectors, which are a measure of the discriminating ability of the environments and the SD within the respective environments (Yan and Tinker, 2006). The average environment that is drawn as a small circle at the end of the arrow (Figures 7A,B) has the average coordinates of all test environments, and the average environment axis (AEA) is the line passing through the average environment and the biplot origin. A test environment showing a smaller angle with the AEA is more representative than the other test environments (Yan and Rajcan, 2002).


[image: Figure 7]
FIGURE 7. GGE biplot of environment-focused scaling for comparing 13 test environments with an ideal environment for 19 sorghum varieties for grain yield (A) and fodder yield (B).


For grain yield, the environments E4, E9, and E13 were the most discriminating genotypes, very closely followed by E1, E2, E6, and E10. The environments E3 and E7, with the shortest vectors from the origin, provided little or no information about the genotype difference and were considered as non-discriminative environments (Figure 7A). Based on the angle of the environment with AEA, the environments E5 and E11 were the most representative whereas E4 and E10 were the least representatives for grain yield. For fodder yield, the environments E1 and E5 were the most discriminating genotype while E2, E9, E10, and E11 were moderately discriminating. The environment E4 followed by E3 and E7 were considered as non-discriminative environments. Further, the environments E10 and E6 were the most representative whereas E3 and E5 were the least representatives for fodder yield (Figure 7B). The environments E5, E9, and E13 (Figure 7A) and the environments E11 and E12 (Figure 7B) located in the first concentric circles were identified as the most ideal environments for obtaining high grain and fodder yields, respectively. The evaluation in these environments maximized the observed genotypic variation among the 19 tested sorghum varieties.



GGE Biplot of Stability and Mean Performance of Genotypes Across Average Environments

The line passing through the biplot origin and the average environment with a single arrow is the AEA. Projections of genotype markers to the AEA depict the mean yield of genotypes (Figure 8). For grain yield, PYPS 2 was the high-yielding variety and PYPS 5 was the lowest yielding variety (Figure 8A). For fodder yield, PYPS 2 was once again the high-yielding variety and PYPS 10 was the lowest yielding variety (Figure 8B). A double arrowed line passing through the biplot origin and perpendicular to the AEA abscissa is the AEA ordinate (Figure 8). A greater projection onto AEA ordinate regardless of the direction means a greater stability. Accordingly, sorghum varieties PYPS 2, PYPS 5, PYPS 8, PYPS 13, PYPS 14, and PYPS 17 with shorter projections over the environments were stable, and the varieties PYPS 11 and PYPS 16 were unstable for grain yield (Figure 8A). For fodder yield, PYPS 2, PYPS 10, PYPS 15, and PYPS 16 were mostly stable over the environments, and the varieties PYPS 5, PYPS 8, and PYPS 13 were unstable (Figure 8B).


[image: Figure 8]
FIGURE 8. GGE biplot of stability and mean performance of 19 sorghum varieties across average environments of 13 test environments for grain yield (A) and fodder yield (B).



AMMI and GGE Analyses for Grain Mold Tolerance

Sorghum varieties PYPS 8 and PYPS 13 recorded low disease scores of 3.71 and 3.97, respectively, for grain mold incidence. Further, these varieties showed low IPCA1 values (0.01 and 0, respectively) and ASVs (0.04 and 0.09, respectively), and hence they were considered as the most stable varieties against grain mold disease (Table 7, Supplementary Table 2). Sorghum variety PYPS 2 showed less incidence of grain mold with a score of 3.92. However, the ASV was relatively high at 0.60, and hence it was moderately stable.


Table 7. Disease reaction scores against grain mold, IPCA scores, and ASV values of 19 sorghum genotypes over three environments from 2016 to 2018.

[image: Table 7]

The AMMI biplot revealed that the varieties PYPS 2, PYPS 11, and PYPS 19 had a low grain mold incidence and were moderately stable (Figure 5A). The varieties PYPS 4 and PYPS 7 had low grain mold disease but were unstable. The variety PYPS 14 and the susceptible check SPV 462 were stable with a high grain mold incidence. The GGE biplot graphic analyses of 19 sorghum varieties tested at three environments revealed the magnitude of the interaction of each genotype and environment for grain mold incidence (Figure 5B). PYPS 2, PYPS 4, PYPS 8, and PYPS 11 were the most stable varieties for E2 with a low grain mold incidence followed by the varieties PYPS 7 and PYPS 13. The susceptible check SPV 462, though suitable for environment E2, recorded a high incidence of grain mold.




Nutrient Composition of Sorghum Varieties

The starch, sugar, protein, Fe, and Zn contents varied among the 19 tested sorghum varieties (Table 8). The starch content ranges from 32.11% (PYPS 16) to 57.09% (PYPS 13). The total sugar content among the tested varieties varied from 5.25% (PYPS 9) to 14.93% (PYPS 15). The highest percentage of total protein content was encountered in the grains of PYPS 2 (14.52%) and PYPS 8 (14.13%) whereas the lowest one was demonstrated in PYPS 15 (8.78%). There were significant (p < 0.05) differences in the total Fe content among the tested sorghum varieties, with the highest total Fe content in PYPS 4 (12.75 mg) followed by PYPS 2 (10.75 mg) and the lowest in PYPS 15 (4.31 mg) and PYPS 18 (4.40 mg). Significant differences were also found among the sorghum varieties for the total Zn content. The varieties PYPS 1 (3.40 mg), PYPS 8 (3.40 mg), and PYPS 9 (3.30 mg) had the highest Zn content while the varieties PYPS 15 (1.80 mg), PYPS 5 (1.90 mg), PYPS 7 (1.90 mg) recorded the lowest Zn content.


Table 8. Nutrient composition of sorghum genotypes collected from E1 (Palem, Telangana, India) in 2018.
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DISCUSSION

In this study, a total of 108 landraces were collected, and 36 superior landraces of 108 landraces were identified. About 11 of these landraces were used to develop 19 sorghum varieties. Previous reports (Tesso et al., 2008; Adugna, 2014; Abraha et al., 2015; Amelework et al., 2016; Wondimu et al., 2020) have identified sorghum landraces with a wide range of variations that could provide new sources of tolerance and highly contrasting lines for use in future breeding programs. The landraces used in the present study were collected from the interior parts of central and southern India where they might have evolved in response to diverse agroecological zones and farming systems practiced in those regions and were better adapted to the low input and marginal cultivation conditions of these areas coupled with a frequent occurrence of grain mold disease. The 13 rainfed locations tested in this study represented the rainfed dryland conditions and were characterized by a complex climate that is largely semiarid and dry subhumid, with a short wet season followed by a long dry season. Sorghum cultivated in these regions is prone to highly erratic rainfall (spatially and temporally), with a strong risk of dry spells at critical growth stages and heavy rains at the grain maturity stage. The present study identified 36 superior performing landraces, cultivated in water-stress conditions and had a tolerance to grain mold due to an indirect selection for associated traits such as panicle shape, grain color, seed compactness, etc. over the years, which could be utilized to develop elite lines in sorghum breeding programs.

In the present study, the evaluation of 19 sorghum varieties derived from the superior landraces using AMMI and GGE biplots has demonstrated a higher contribution by the G × E interaction to the total variation than the genotypes suggesting that the environment had a high impact on the performance of the sorghum varieties for both grain yield and fodder yield. Even though the proportion of the environment is the largest for both grain and fodder yields, the genotypes and G × E interaction have a paramount importance for the genotype evaluation (Yan and Kang, 2003). These findings are in agreement with Reddy et al. (2014) and Al-Naggar et al. (2018) who reported the predominance of the environment's main effect as the source of variation in the multi-environment trials in sweet sorghum and grain sorghum, respectively. Abiotic factors such as soil moisture, pH, mineral availability along with the weather and biotic factors including natural pest and disease occurrence might have contributed to large variations in the yield performance of the genotypes. The potential of the genotypes could be more exploited if the best performing genotypes were identified for the specific environments.

The total variations (56.6, 66.8%) contributed by IPCA1 and IPCA2 explained the differential performance of genotypes for grain yield and fodder yield across the 13 environments. Because of their maximum contribution, IPCA1 and IPCA2 were used to plot a two-dimensional GGE biplot. Gauch (2013) suggested that the most accurate model for AMMI can be predicted by using the first two IPCAs. Several researchers used the first two IPCAs for the GGE biplot analysis because they explained a greater percentage of the G × E interaction for sorghum (Al-Naggar et al., 2018), barley (Vaezi et al., 2017), pigeonpea (Rao et al., 2020; Kumar et al., 2021), wheat (Verma et al., 2015), and maize (Solomon et al., 2008).

AMMI stability value, which is the quantitative stability value developed through the AMMI model by Purchase et al. (2000), has been considered as the most appropriate single method of describing the stability of genotypes (Naroui et al., 2020). Several studies have identified the genotypes with smaller ASV and better stability and those with high ASV but higher yields for specific adaptability in crops including bread wheat (Farshadfar, 2008), grain sorghum (Adugna, 2014), and finger millet (Lule et al., 2014). In the present study, the high yields and stability (low ASV) of varieties such as PYPS 2, PYPS 5, PYPS 8, and PYPS 13 might be attributed to the 11 parental landraces, which could offer potential new sources of genes for higher grain and fodder yields and stability. These genotypes merit further genetic studies for adaptation and physiological traits for dissecting the traits contributing to stability.

In this study, several stable sorghum varieties were identified for grain yield and fodder yield. For example, PYPS 8 was stable and high in yield for grain yield. However, most of the stable genotypes need not necessarily have the best yield performance (Mohammadi and Amri, 2007). Hence, GSI was used as a single criterion to classify stable genotypes. To our knowledge, this is the first study incorporating grain and fodder yields' mean, protein content, grain mold reaction, and stability index to identify high-yielding, high protein, grain mold tolerant, and stable sorghum varieties such as PYPS 1, PYPS 2, PYPS 8, PYPS 13, etc. In wheat, Singh et al. (2019) have used GSI to identify stable high-yielding genotypes in India.

Genotypic stability is crucial to grain yield and the best genotype needs to combine good yield and stable performance across a range of production environments. Based on the AMMI1 biplot, the current study identified the sorghum varieties with wide and specific adaptability for both grain yield and fodder yield. For example, sorghum variety PYPS 8 with a low absolute IPCA1 score and the above-average grain yield was stable, showing less-variable yield across the environments, thus making it a promising multilocation testing and validation. On the contrary, the varieties PYPS 1 and PYPS 10 performed consistently across locations but with below-average grain yields. The variety PYPS 2 showed specific adaptability to E1 and E10 for grain yield. Similarly, Al-Naggar et al. (2018) identified two grain sorghum B-lines with site-specific adaptability in Egypt.

Interestingly, the varieties differed in their grain yield and fodder yield performances across locations. For example, the variety PYPS 15 showed specific adaptation to environments E1 and E10 for high grain yield (3,432 kg/ha) but was the most widely adaptable variety for fodder yield (16,955 kg/ha). Sorghum varieties PYPS 2, PYPS 8, PYPS 13, and PYPS 15 were considered as the best dual purpose cultivars (Figure 9) due to their higher grain and fodder yields (3,698, 2,0586 kg/ha; 3,584, 18,632 kg/ha; 3,514, 18,122 kg/ha; 3,432, 16,955 kg/ha) whereas PYPS 16 and PYPS 11 were the best varieties exclusively for grain (3,268 kg/ha) and fodder (13,895 kg/ha).


[image: Figure 9]
FIGURE 9. High-yielding, grain mold-tolerant, and protein-rich sorghum varieties developed from the superior landraces. (A) PYPS 2 (grain yield: 3,698 kg/ha and protein: 14.51%), (B) PYPS 8 (grain yield: 3,584 kg/ha and protein: 14.13%), and (C) PYPS 15 (grain yield: 3,432 kg/ha and protein: 8.78%).


The relationship between the testing environments was graphically evaluated by using the angles between the vectors. The presence of wide obtuse angles between E5 and E12 with E2 suggested a negative correlation or strong crossover G × E interaction for grain yield (Yan and Tinker, 2006). This indicated that the genotypes performing better in one environment would perform poorly in another environment. Closer relationships among the locations depicted by small cosine angles (<90°) indicated the non-existence of a crossover G × E interaction suggesting that the ranking of genotypes does not change from environment to environment. The environments E5 and E12 and the environments E3 and E7 fall under the latter. The present study indicated a mixture of crossover and non-crossover types of G × E interaction, which has been reported in various studies (Rakshit et al., 2012; Naroui et al., 2013; Aruna et al., 2015). Furthermore, eliminating similar environments from multilocation trials of sorghum will help in the optimal utilization of resources.

In the polygon view of the GGE biplot derived from the first two main PC, PC1 refers to the yield ratio, associated with genotypic characteristics and PC2 refers to the yield related to the G × E interaction (Yan et al., 2007; Yan and Holland, 2010). In the present study, the contribution of the first two PCs toward 99.9 and 95.9% of the variability for grain yield and fodder yield, respectively, justified the use of the GGE biplot to effectively interpret the variability in the multi-environment data. The 13 tested environments in this study contributed to 35.5% of the total variation in grain yield and 28.9% in fodder yield. Mushayi et al. (2020) reported as much as 63% of the variation being explained by location in grain yield for maize. In this study, the highest grain yielding variety PYPS 2 performed best at E2, E1, E11, E6, and E10. These environments are in complete contrast to the best yielding environments E3, E8, E12, and E13 for high fodder yield. Several authors identified high-yielding genotypes for grain sorghum (Rakshit et al., 2012; Al-Naggar et al., 2018), forage sorghum (Aruna et al., 2015), and sweet sorghum (Rono et al., 2016).

In the GGE biplot analysis, partitioning of the test locations into meaningful mega-environments is the best approach to exploit the positive G × E interaction (Yan and Tinker, 2006). In the present study, the test locations were divided into a total of four mega-environments for grain yield and four for fodder yield. The varieties performed differently across the mega-environments for grain yield and fodder yield. For example, the variety PYPS 2 was the best for the two mega-environments for high grain yield and fodder yield and PYPS 5 was not suitable for any mega-environment suggesting that different genotypes should be deployed for each mega-environment to achieve optimal adaptation.

Based on the AMMI analysis, PYPS 8 and PYPS 13 were identified as the most stable sorghum varieties with a low grain mold incidence. The AMMI and GGE biplot methods were used to identify resistance sources to different diseases in multiple locations and also high-yielding stable genotypes in wheat, groundnut, mungbean, melon, etc. (Akcura et al., 2017; Chaudhari et al., 2019; Naroui et al., 2020; Tollo et al., 2020). In a previous study, Diatta et al. (2019) evaluated five sorghum hybrids along with their parental lines and reported a significant G × E interaction for grain yield. However, the G × E interaction was not significant for panicle mold infestation. Grain mold is a complex disease whose incidence is governed by a host resistance and an environment. Grain mold resistance was correlated with open panicles, long glumes, a greater glume coverage length, and area (Sharma et al., 2010). Loose panicle sorghum is more likely to be resistant to grain mold because the compact heads hold more moisture that favors disease development. Weather factors, particularly relative humidity play a dominant and determining role in grain mold severity. The wet weather condition following flowering is necessary for the grain mold development. The longer the duration of wetness on grain surface, the greater is the incidence of grain mold (Das et al., 2020). Photoperiod-sensitive cultivars that mature after the rains often escape grain mold infection (Patted et al., 2011). Sorghum cultivars with a white grain are more vulnerable to grain mold than those with a brown and red grain pericarp. In the present study, the varieties PYPS 8 and PYPS 13, which showed a low grain mold incidence, had a brown and yellow pericarp, respectively. Their parental lines viz., PSLRC 8, PSLCRC 9, PSLRC 2, and PSLRC 21 were characterized by a brown and yellow pericarp with high tannin levels, which might have contributed to grain mold tolerance. Furthermore, their panicles were semi-compact to loose a trait important for grain mold tolerance due to non-retention of moisture and better air circulation (Glueck et al., 1977; Rao et al., 1999; Patted et al., 2011). Glume length and area of coverage over the grain is related to the grain mold escape as the grains are protected from the exposure to rain. Patted et al. (2011) reported that sorghum progenies with a very long-to-long glume coverage escaped grain mold tolerance. They also reported that black- and red-colored glumes were moderately resistant to grain mold due to the presence of tannins, which inhibit the growth of saprophytic fungi, and thus reducing a grain mold incidence.

An analysis of nutrient composition revealed a mean starch content of 46.04% that is lower than the average content varying from 56 to 73% (Ratnavathi and Patil, 2013). The protein content ranging from 10.4 to 10.62% was reported in sorghum germplasm collections (Weckwerth et al., 2020). Other studies in sorghum have reported the protein content of 9–11% (Elbashir et al., 2008; Ahmed et al., 2014). Abdelhalim et al. (2021) reported the protein content ranging from 6.3 to 12.5% among the five landraces evaluated for their potential in biofortification. The protein content of the three varieties viz., PYPS 2 (14.52%), PYPS 9 (14.13), and PYPS 8 (13.26%) tested in this study is higher than that of sorghum landraces reported by Abdelhalim et al. (2021). The high protein content of the genotypes in this study suggested the possibility of a similar feature in the parent landraces PSLRC 2, PSLRC 3, PSLRC 4, PSLRC 8, PSLRC 9, and PSLRC 10. These landraces, in addition to the genotypes PYPS 2, PYPS 8, and PYPS 9, offer a significant source of new genetic materials, as well as fortified ingredients for enhancing the nutritional value of sorghum grains. One nutritional constraint to the use of sorghum as food is the poor digestibility of sorghum proteins in cooking (Tesso et al., 2008). Duressa et al. (2020) have reported sorghum accessions with a protein content as high as 15% but with different digestibility percentages (a measure of the susceptibility of protein to proteolysis). For example, the sorghum accession SC663 with a protein content of 15.5% had a high protein digestibility of 70.77%. On the contrary, the sorghum accession SC25 with a protein content of 14.8% had a protein digestibility of 49.73%. Hence, it is important that the sorghum varieties with a high protein content are evaluated for protein digestibility to identify the genotypes with high protein availability.

In the present study, the varieties varied in their grain Fe and Zn concentrations. Phuke et al. (2017) reported a highly significant G × E interaction for Fe and Zn levels in sorghum recombinant inbred lines. They found a significant variation in Fe and Zn across the environments and a significant positive correlation between the Fe and Zn concentrations. While the varied concentrations of Fe and Zn in the present study might be genetically controlled, the effect of the environment and the possible G × E interaction need to be investigated by multi-environment testing of the sorghum genotypes. Shegro et al. (2012) also reported a diversity in nutritional composition among the sorghum landraces and identified the accessions with high concentrations of proteins and minerals (Fe, Fe, Ca, K, Mn, P, and Mg). The variations in mineral contents of the 19 sorghum genotypes in this study may be due to genotype, mineral concentrations in the soil as well as translocation rates of the elements from the soil, as well as environmental factors such as temperature and rainfall or an inherent ability of the genotypes to absorb the nutrients from the soil (Shegro et al., 2012). The assessment of a phenotypic correlation among the protein, starch, sugar, and mineral compositions of the genotypes in this study might have implications for the sorghum crop improvement in relation to human nutrition and livestock feed. Weckwerth et al. (2020) have suggested the use of genomic selection (GS) using genome-wide DNA markers in crop breeding programs to target multiple and complex traits. This can be deployed in a sorghum breeding program to simultaneously target yield, drought tolerance, and nutritional composition including protein, starch, Fe, and Zn. Not just for sorghum, but such an approach integrating GS with an environment-dependent PANOMICS analysis can improve the productivity, biotic and abiotic stress tolerance, and nutritional value of several crops including pigeonpea, groundnut, chickpea, etc. (Weckwerth et al., 2020).

In cereals, the nutritional quality and end use properties are linked to arabinoxylans (AX) that are the major polymers present in the cell walls of grains (Saulnier et al., 2007). Though wheat AX has been extensively reviewed (Saulnier et al., 2007), limited information is available on sorghum AX concerning the amount, composition, and expression. Nandini and Salimath (2001) reported that the structural features of AX are linked with a good flatbread-making quality in sorghum. PYPS-2, the high yielding, protein-rich, and grain mold-tolerant genotype has a high consumer preference owing to good flatbread-making quality (Jaisimha, 2019), which might be linked to the structure and/or amount of AX. Though the expression is mainly genetically controlled, a positive relationship with the amount of AX and drought has been reported in wheat (Coles et al., 1997). As demonstrated in this study, the 36 landraces and the 19 genotypes were evaluated under rainfed situations where prolonged drought stress is a common occurrence, which may have influenced the AX expression vis-à-vis flat bread-making quality. The evaluation of sorghum genotypes for their AX amount and expression in different environments might help in identifying stable and adaptable cultivars with enhanced nutritional quality. To achieve this, research may first be reoriented toward the understanding of the AX biosynthesis, the identification of the candidate genes, and exploitation of the variation toward the development of new cultivars with improved nutritional quality and processing properties.



CONCLUSION

The present study reports the development of an elite sorghum breeding material using locally adapted landraces through pedigree breeding for the grain and fodder yield. The study has identified stable environments for grain yield (E5) and fodder yield (E11), which suggest that testing of initial hybrids and varietal trials in these two environments is more discriminating and rewarding to save resources in Telangana, India. The study showed the potential of the collected landraces for the development of high-yielding sorghum varieties suitable for rainfed cultivation in India and spill-over to African subcontinents. The study demonstrated a scope for the utilization of these diverse, locally adapted landraces that have been evolved through a continuous selection by the farmers in varied-agro-climatic zones under low input conditions to develop climate-resilient sorghum cultivars and ultimately contribute to healthy, global food, and feed security.
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Striga hermonthica is the most important parasitic weed in sub-Saharan Africa and remains one of the most devastating biotic factors affecting sorghum production in the western regions of Kenya. Farmers have traditionally managed Striga using cultural methods, but the most effective and practical solution to poor smallholder farmers is to develop Striga-resistant varieties. This study was undertaken with the aim of identifying new sources of resistance to Striga in comparison with the conventional sources as standard checks. We evaluated 64 sorghum genotypes consisting of wild relatives, landraces, improved varieties, and fourth filial generation (F4) progenies in both a field trial and a pot trial. Data were collected for days to 50% flowering (DTF), dry panicle weight (DPW, g), plant height (PH, cm), yield (YLD, t ha−1), 100-grain weight (HGW, g), overall disease score (ODS), overall pest score (OPS), area under Striga number progress curve (ASNPC), maximum above-ground Striga (NSmax), and number of Striga-forming capsules (NSFC) at relevant stages. Genetic diversity and hybridity confirmation was determined using Diversity Arrays Technology sequencing (DArT-seq). Residual heterosis for HGW and NSmax was calculated as the percent increase or decrease in performance of F4 crossover midparent (MP). The top 10 best yielding genotypes were predominantly F4 crosses in both experiments, all of which yielded better than resistant checks, except FRAMIDA in the field trial and HAKIKA in the pot trial. Five F4 progenies (ICSVIII IN × E36-1, LANDIWHITE × B35, B35 × E36-1, F6YQ212 × B35, and ICSVIII IN × LODOKA) recorded some of the highest HGW in both trials revealing their stability in good performance. Three genotypes (F6YQ212, GBK045827, and F6YQ212xB35) and one check (SRN39) were among the most resistant to Striga in both trials. SNPs generated from DArT-seq grouped the genotypes into three major clusters, with all resistant checks grouping in the same cluster except N13. We identified more resistant and high-yielding genotypes than the conventional checks, especially among the F4 crosses, which should be promoted for adoption by farmers. Future studies will need to look for more diverse sources of Striga resistance and pyramid different mechanisms of resistance into farmer-preferred varieties to enhance the durability of Striga resistance in the fields of farmers.

Keywords: witchweed, residual heterosis, DArT-seq, CWR, pre-breeding, Striga hermonthica


INTRODUCTION

Sorghum [Sorghum bicolor (L.) Moench] is a diploid (2n = 2x = 20) cereal grass of the Gramineae family native to Africa (Doggett, 1988). It is the fifth most important cereal globally (Kiprotich et al., 2015) and a major staple food for more than 300 million inhabitants of Africa (Kidanemaryam et al., 2018). In Kenya, sorghum is ranked second after maize (Zea mays L.) in tonnage and production area, which is approximately 117,000 ha (FAOSTAT, 2016). Drought stress and poor soil fertility are the major abiotic factors affecting sorghum production in semi-arid areas (Ejeta and Knoll, 2007). Biotic stresses include diseases such as anthracnose (Colletotrichum graminicola) (Marley et al., 2005), leaf blight (Exserohilum turcicum) (Beshir et al., 2015), and the parasitic weed (Striga hermonthica).

The genus Striga comprises over 30 species, of which S. hermonthica, also known as the purple witchweed, is the most important in sub-Saharan Africa. S. hermonthica parasitizes several major cereal crops including maize, sorghum, rice (Oryza sativa L.), finger millet [Eleusine coracana (L.) Gaertn.], and pearl millet [Pennisetum glaucum (L.) R. Br.]. It remains one of the most devastating biotic factors affecting sorghum production in the western regions of Kenya (Khan et al., 2006) often characterized by low fertility and high moisture stress. The weed germinates on stimulation by a strigolactone (Bouwmeester et al., 2019; Aliche et al., 2020) induced by the host, or in some cases, non-host plants. The germinated Striga then attaches to the roots of the host plants, using a special invasive organ, the haustorium (Yoshida and Shirasu, 2009). The haustorium enables uptake of water and nutrients from the host plants for the growth and development of Striga, as well as the introduction of phytotoxins to the host (Van Hast et al., 2000). Consequently, the growth and development of the host plants become severely affected resulting in yield losses of up to 100% (Kim et al., 2002; Ejeta, 2007).

An adult Striga plant can produce up to 100,000 tiny seeds that can survive in the soil for 20 years or more (Pieterse and Pesch, 1983; Gurney et al., 2005), making it extremely difficult to control. Previous studies have reported Striga seed and plant densities in western Kenya at about 1,188 seeds per mature Striga seed capsule (Van Delft et al., 1997) and about 14 plants per m2 (MacOpiyo et al., 2010), respectively. In Kenya, the three crops most devastated by S. hermonthica are maize, finger millet, and sorghum. Traditionally, farmers have managed Striga in sorghum fields using cultural and mechanical methods including hand weeding (Frost, 1994), intercropping (Aasha et al., 2017), and crop rotations (Oswald and Ransom, 2001) with edible legumes such as common bean (Phaseolus vulgaris L.), pigeon pea [Cajanus cajan (L.) Millsp.], and mung bean [Vigna radiata (L.) R. Wilczek].

Pathogenic isolates of Fusarium oxysporum f. sp. Strigae have been reported to be effective as bioherbicides, especially when integrated with other control practices (Rebeka et al., 2013). The push–pull technology that involves the intercropping of cereals with a trap crop (pull), usually Napier grass (Pennisetum purpureum), and a forage legume, usually desmodium (Desmodium spp.), as a push crop (Khan et al., 2011) has resulted in low adoption due to the lack of use for desmodium by farmers. “Suicidal death” of Striga, which is achieved by inducing the germination of Striga by non-host legumes, has been employed in the reduction of Striga seed banks (Rubiales and Fernández-Aparicio, 2012). Chemical control has been tested in maize (Menkir et al., 2010) and sorghum (Bouréma et al., 2005; Dembélé et al., 2005; Tuinstra et al., 2009), but it is not environmentally friendly besides being unaffordable for the average sorghum farmer in Kenya. The most effective and practical solution for the smallholder sorghum farmers is to develop Striga-resistant sorghum varieties.

Sorghum germplasm screening against Striga is the first step toward the identification of Striga-resistant genotypes. Resistance has been reported among cultivated sorghum varieties including N13 (Haussmann et al., 2004), SRN39, FRAMIDA, and IS9830 (Ezeaku, 2005; Rodenburg et al., 2005). The resistance mechanism in N13 is a hypersensitive reaction characterized by thickening of the cell wall and silica deposition that limits xylem–xylem connection with the host plants (Maiti et al., 1984). SRN39, on the other hand, is known to harbor pre-attachment resistance that results in the production of a low germination stimulant, orobanchol (Satish et al., 2012; Mohemed et al., 2016). N13 and SRN39 have been used extensively as sources of resistance (Hess and Ejeta, 1992; Ngugi et al., 2015; Yohannes et al., 2015; Ali et al., 2016), and the quantitative trait loci (QTLs) responsible for resistance have been mapped (Haussmann et al., 2004; Satish et al., 2012). The outcrossing nature of Striga that results in different ecotypes with mixed responses to different genotypes (Fantaye, 2018) would require the pyramiding of multiple alleles from diverse sources into farmer-preferred varieties if the resistance were to be durable. Crop wild relatives (CWRs) and landraces of sorghum have been reported with significantly higher resistance to Striga than N13 and SRN39 (Mbuvi et al., 2017; Mallu et al., 2021). Such reports provide strong justification for more screening of CWRs and landraces toward the identification of additional sources of resistance to Striga.

Recommended methodologies for effective field screening include inoculation with Striga seeds, appropriate experimental designs with sufficient replications, quantitative data scoring, and inclusion of susceptible and resistant checks at regular intervals (Haussmann et al., 2000b; Rodenburg et al., 2005). A quantitative measure such as “area under Striga number progress curve” (ASNPC) alongside Striga count, Striga vigor, and grain yield has been used in past studies (Haussmann et al., 2012; Abate et al., 2017) with great success. The aim of this study was to screen for novel sources of resistance to Striga using both wild and landrace sorghum accessions, improved sorghum varieties, selected F4 progenies, and known Striga-resistant sources, such as N13, FRAMIDA, HAKIKA, IS9830, and SRN39, as checks.



MATERIALS AND METHODS


Plant Material and Experimental Design

Sixty-four sorghum genotypes (Table 1) consisting of 17 wild relatives, 8 landraces, 13 improved varieties (high yielding), and 26 F4 progenies of selected parents were used in this study. The parental lines of the crosses included five improved varieties (B35, E36-1, MACIA, ICSVIII IN, and F6YQ212) and five landraces (LODOKA, OKABIR, IBUSAR, AKUOR-ACHOT, and LANDIWHITE). Successful crosses were selected morphologically at F1 and advanced to F4 using the bulk-population method.


Table 1. Sorghum genotypes used, their sources, and classification.
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The field and pot trials were set up during the long rainy season of 2019 at a S. hermonthica hotspot in Alupe, Busia County, Western Kenya. Alupe is located on 34° 07′ 28.6″ E and 00°30′ 10.1″ N with an annual rainfall range of 1,100–1,450 mm and daily mean temperatures of 24°C. The area has a bimodal rainfall pattern of long and short rains. Both experiments were laid out in a square lattice design with three replications, each block consisting of eight plots. The field experiment was planted in a Striga-infested field with a spacing of 75 cm between rows and 20 cm between plants in the row. Each row contained 21 plants. Striga inoculum was prepared by mixing 5 kg of sand with 15 g of Striga seeds that had been harvested from the same location in the previous season. A supplemental Striga inoculum of 15 g was spread along each row during planting to improve the consistency of Striga seed load across the plot. Phosphorus (P) was applied at the rate of 90 Kg ha−1 after thinning, while nitrogen (N) was applied at the rate of 92 kg ha−1 when the plants were 45–50 cm tall, which was around 30 days after germination. Insect pests, especially fall armyworm (Spodoptera frugiperda) and cutworms (Agrotis spp., Spodoptera spp., and Schizonycha spp.), were controlled using Voliam Targo® SC (Syngenta Crop Protection AG, Switzerland) containing active ingredients such as chlorantraniliprole and abamectin. The field experiment was purely rainfed.

For the pot experiment, pots of 30 cm diameter were filled with 20 kg of Striga-free soil obtained from Striga-free field. Each pot contained four plants and was used to represent a plot. The pot experiment was set up in the field alongside the field experiment and was not under any shelter. The pot experiment was rainfed as much as possible but due to the restricted pot size and high levels of evaporation from the pots, watering was done only when the plants were close to the permanent wilting point. Striga inoculation was done by adding 5 g of Striga inoculum to each pot. The application of fertilizer and insect pest control was carried out as already described.



Agronomic and Striga Data Collection

The data on agronomic traits were collected from six randomly selected plants from each plot, while the data on Striga response traits were collected per plot. The agronomic data were collected for days to 50% flowering (DTF), dry panicle weight (DPW, g), plant height (PH, cm), yield (YLD, t ha−1), and 100-grain weight (HGW, g), at relevant stages as per the recommendations of the International Board for Plant Genetic Resources (IBPGR) and the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) (1993). The date of first Striga emergence was recorded followed by Striga count at 2-week intervals until maturity. The number of Striga plants forming capsules (NSFC) per plot was recorded at 105 days after sowing. We used the overall disease score (ODS) and the overall pest score (OPS) on a scale of 1–9 to account for any diseases and pests observed, ranging from leaf blight (Helminthosporium turcicum), ladder leaf spot (Cercospora fuscimaculans), zonate leaf spot (Gloeocercospora sorghi), anthracnose (C. graminicola), spider mites (Oligonychus pratensis and Tetranychus urticae), sorghum midge (Contarinia sorghicola), and sorghum shoot fly (Atherigona soccata).



ANOVA and Striga Data Analysis

The maximum above-ground Striga (NSmax) was calculated as suggested by Rodenburg et al. (2006). The ASNPC was calculated according to the formula suggested by Haussman et al. (2000) as follows:
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where n is the number of Striga assessment dates, Yi is the Striga count at the ith assessment date, and ti is the number of days after sowing at the ith assessment date.

ANOVA and means for quantitative traits were generated in the alpha lattice design using Genstat software version 19.1 (VSN International, 2017). Treatment means were compared using Fisher's protected least significant differences at P ≤ 0.05. The estimates of phenotypic and genotypic variance and the genotypic and phenotypic coefficients of variation were performed based on the formula proposed by Syukur et al. (2012).

Genotypic variance:
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Phenotypic variance:
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where [image: image] = genotypic variance, [image: image] = phenotypic variance, [image: image] = environmental variance (i.e., error mean square from the ANOVA), MSg = mean square of genotypes, MSe = error mean square, and r = number of replications.

Genotypic coefficient of variation:
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Phenotypic coefficient of variation:
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where [image: image] = genotypic variance, [image: image] = phenotypic variance, and x is grand mean of a character.

Simple linear correlation coefficients were calculated to understand the relationship among the studied agronomic traits for each trial according to the formula given below:

[image: image]

where cov is the covariance, σx is the SD of x, and σy is the SD of Y.

Phenotypic correlations across the field and pot trials were estimated, and correlation plots were drawn by using R Version 4.0.4 according to the formula described by (Hallauer et al., 2010):
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where rx,y is the correlation coefficient of each trait between the two sites, x (field trial), and y (pot trial); [image: image]and ȳ are the means of the values of each of the traits in the field and pot trials, respectively. The significance of linear relationships in phenotypic correlation coefficients across the two trials was compared with r-coefficient values and the associated degrees of freedom (n = 2), at the probability levels of P = 0.05, 0.01, and 0.001.



Heritability Estimates

Estimations of broad-sense heritability (H2) for all traits were calculated based on parental and family means, respectively, according to the formula described by Allard (1960):
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H2bs = heritability in broad sense, [image: image] = genotypic variance, and [image: image] = phenotypic variance. H2 scores were classified according to Robinson et al. (1949) as follows: 0–30% = low, 30–60% = moderate, and >60% = high.



Genotyping, Genetic Relatedness, and Confirmation of True Crosses

Molecular data of all the 37 parental genotypes in Table 1, which consisted of 17 wild accessions, 8 landraces, and 12 improved varieties, were generated for the genetic diversity analysis. DNA extraction, genotyping, and filtering of raw SNPs were performed as described by Ochieng et al. (2020). A neighbor-joining (NJ) dendrogram was generated using the Trait Analysis by aSSociation, Evolution, and Linkage (TASSEL) software version 5.2.67 (Bradbury et al., 2007). To undertake the hybridity confirmation, DNA was extracted from additional 115 F4 progenies that were representative of all the crosses, bringing the total number of individuals genotyped to 153. The filtered SNP variant call file for each of the genotyped F4 progenies was parsed through the GenosToABHPlugin in TASSEL 5.2.67 alongside the corresponding parents to obtain informative biallelic SNPs in the ABH format (i.e., female parent alleles as “A,” male parent allele as “B,” and heterozygotes as “H”).



Comparing the Agronomic Performance of Parents and Progenies Under Striga Field Trial Conditions

Crosses involving parents that failed to germinate were excluded from the analysis. The percentage increase or decrease in the performance of F4 crossover midparent (MP) was calculated to observe the residual heterotic effects for HGW and NSmax. The average F4-values per cross were used for the estimation of residual heterosis expressed in percentage over MP as described by Turner (1953).

where,

MP-value = (P1 + P2)/2

Residual heterosis = [(F4 – MP)/MP] × 100




RESULTS


Field Trial and Pot-Screening Trial

All the trait means from the field and pot trials are provided in Supplementary Table 1. The two environments had an effect on all traits except PH (Table 2) and OPS (Table 3). Significant differences (P ≤ 0.001) were observed in the agronomic performance of genotypes for all traits across the field and pot trials (Table 2). There were also significant differences (P ≤ 0.001) in the performance of the parental lines when compared with the progenies, except for DTF in the field trial and PH in the pot trial (Table 2). We observed more consistency across replications in the pot trial for all agronomic traits than in the field trial, where differences across replications were observed for HGW and PH (Table 2).


Table 2. Mean squares of agronomic traits measured under field trial and pot trial.
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Table 3. Mean squares of Striga-, disease-, and pest-related traits measured under field trial and pot trial.
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Significant differences (P < 0.001) were observed between genotypes for all Striga-related traits, as well as for ODS and OPS (Table 3). The performance of parents against their progenies also revealed significant differences (P < 0.001) for ASNPC, ODS, and OPS. More consistency across replications was observed in the field trial for ASNPC and ODS and in the pot trial for NSFC and ODS (Table 3). Yield-related traits (i.e., YLD and HGW) were consistently higher in the pot trial than in the field trial, while Striga-related traits (i.e., ASNPC and NSmax) were lower in the pot trial in comparison with the field trial (Figure 1).


[image: Figure 1]
FIGURE 1. Box plots comparing the overall means of area under Striga number progress curve (ASNPC) (A) and maximum above-ground Striga (NSmax) (B) of genotypes in the field and pot trials.




Trait Correlations and Heritability

We observed positive and significant correlations between the yield-related data collected from the field and pot trials for all traits (i.e., PH, DPW, YLD, and HGW) except DTF (Figure 2). There was a weak non-significant correlation between the two trials for all the biotic stress-related traits (i.e., NSFC, ASNPC, NSmax, and ODS) except OPS (Figure 2).


[image: Figure 2]
FIGURE 2. (A-J) Correlation of traits between field and pot trials. Significant correlations were observed for plant height (PH), dry panicle weight (DPW), overall pest score (OPS), yield (YLD), and 100-grain weight (HGW) at P < 0.05.


We also looked at trait correlations within each trial and recorded more significant trait correlations (P < 0.05) in the pot trial (21) than in the field trial (13) (Supplementary Table 1). Yield-related traits (i.e., HGW, YLD, DTF, and PH) were negatively correlated with ASNPC, NSmax, NSFC, ODS, and OPS, in both field and pot trials, although the correlation was largely non-significant (Supplementary Table 1). The highest positive significant correlations in the field trial were recorded between ASNPC and NSmax (r = 0.83; P < 0.001), ASNPC and NSFC (r = 0.77; P < 0.001), and NSmax and NSFC (r = 0.80; P < 0.001). The same traits were also highly positively correlated in the pot trial with comparable correlation values of r = 0.84 (i.e., ASNPC and NSmax) and r = 0.73 (i.e., NSFC and ASNPC), except for the correlation between NSFC and NSmax (r = 0.55).

Parents recorded high heritability values for all traits except DTF under the pot trial (Figure 3, Supplementary Table 1). Progenies displayed relatively lower heritability values for most traits in comparison with the parents, except for DTF in both environments (Figure 3).


[image: Figure 3]
FIGURE 3. Broad-sense heritability estimates for select traits among parents and progenies evaluated under the field trial (A) and pot trial (B).




Agronomic Performance of the Germplasm Under Field and Pot Trials

We used HGW rather than YLD to compare the yield performance of genotypes between the two trials, given the differences in the trial conditions that would bias the total yield comparisons. Of note, 9 and 6 out of the 10 genotypes with the highest HGW in the field and pot trials, respectively, were F4 progenies (Figures 4A,B). Five (ICSVIII IN × E36-1, LANDIWHITE × B35, B35 × E36-1, F6YQ212 × B35, and ICSVIII IN × LODOKA) of the F4 progenies with the highest HGW were common in both trials (Figures 4A,B), revealing their potential stability for the trait. FRAMIDA and HAKIKA, which are both Striga-resistant and improved varieties, were the only resistant checks among the top 10 genotypes recording the highest HGW in the field and pot trials, respectively (Figures 4A,B). A landrace, AKUOR-ACHOT, and a wild accession, GBK044448, were also among the top 10 genotypes with high HGW of 4.5 and 4.7 g, respectively, in the pot trial (Figure 4B) but not in the field trial (Supplementary Table 1). Most of the genotypes with the lowest HGW were wild accessions or landraces in both trials, although some improved varieties (i.e., E36-1 in pot trial) and F4 progenies also fell into this category (Figures 4A,B).


[image: Figure 4]
FIGURE 4. The top 10 best and worst performers for HGW and Striga (NSmax) in the field (A,C) and pot trial (B,D), respectively. Genotypes with consistent performance across the two environments are highlighted in red.




Response of Genotypes to Striga Under Field and Pot Trials

Despite the poor correlation of Striga-related traits between pot and field trials, we observed stability in the performance of four (F6YQ212, SRN39, F6YQ212xB35, and GBK045827) out of the 10 top Striga-resistant genotypes in both field and pot trials (Figures 4C,D) according to their NSmax ranking (Figures 4C,D). SRN39, a stable source of resistance to Striga, was the only resistant check among the topmost resistant genotypes in both trials (Figures 4C,D). Although the F4 progenies were the dominant best performers for HGW, they were the minority genotypes among the top 10 most Striga-resistant genotypes in both field and pot trials. F6YQ212, which showed resistance to Striga in both trials, was the common parent in two out of the three F4 progenies with resistance to Striga, suggesting it would be a good source of stable Striga resistance for future crosses. B35, a drought-tolerant variety, which was among the top 10 most Striga-susceptible genotypes in the field trial, was the common parent in two out of the three top Striga-resistant progenies in both trials (Figures 4C,D). The only genotype that was recorded among the top performers in both trials for HGW and Striga resistance (NSmax) was a cross between the Striga-resistant variety, F6YQ212, and the drought-tolerant variety, B35 (Figure 4).

Three genotypes that included two wild (GBK048156 and GBK048917) and a landrace (GBK044065) recorded no Striga germination in the field trial but supported the germination of significant amounts of Striga in the pot trial (Supplementary Table 1). A wild accession, GBK044058, was the most susceptible genotype to Striga in both trials. All genotypes tested for the Striga germination in the pot trial supported the germination of at least three Striga plants in at least one replicate (Supplementary Table 1). However, genotype GBK016109, which showed comparable resistance to Striga as SRN39 in the pot trial, was completely devastated in the field trial recording one of the worst performers (Figures 4C,D).



Genotype Relatedness and Confirmed Hybridity

A total of 26,291 raw SNPs were generated from DArT-seq of 64 genotypes (i.e., 17 wild, 8 landraces, 12 improved varieties, and 27 F4 progenies), of which 7,038 SNPs were retained after filtering. The NJ dendrogram resulted in three major clusters (Figure 5). The first cluster (A) (Figure 5) comprised of Striga-resistant genotypes including four resistant checks, namely, IS9830, SRN39, FRAMIDA, and HAKIKA. Other genotypes in cluster A were recorded as resistant to Striga in this study such as GBK048156 (field trial), GBK048152 (pot trial), F6YQ212 (field trial and pot trial), and GBK045827 (field trial and pot trial). The only susceptible genotype in this cluster was the improved variety KAT/ELM/2016PL1SD15. Cluster B comprised mostly of wild accessions and landraces. Two improved varieties, namely, B35 and MACIA, were also in cluster B, but different subclusters. The only Striga-resistant check in this cluster was N13, which was grouped in the same subcluster with the staygreen genotype, B35. Both B35 and N13 are known to have wild pedigrees.


[image: Figure 5]
FIGURE 5. A neighbor-joining dendrogram showing genetic relatedness of 37 accessions that comprised of 17 wild accessions, 8 landraces, and 12 improved varieties. The main clusters generated are highlighted in gray (A), light blue (B), and pink (C).


Two wild genotypes (GBK016109 and GBK016085), which were among the top most Striga-resistant lines in the pot trial, and one landrace (GBK044065), which was among the most resistant lines in the field trial, were also grouped in cluster B (Figure 5). Cluster C was composed of four improved varieties, two landraces, and four wild accessions. Two genotypes (GBK048917 and ICSV III IN), which were also among the most resistant to Striga in the field trial, were also grouped under cluster C. Genotype E36-1, a well-known drought-tolerant (staygreen) material, was also grouped in cluster C alongside a landrace, GBK044054, which recorded one of the highest NSmax in the field trial (Figure 4C).

Crosses involving parental lines IBUSAR and LANDIWHITE were not included in the hybridity analysis as both parents failed to germinate in both trials. Hybridity of 16 F4 progenies was confirmed using biallelic SNP markers ranging from 1,204 to 2,868 that had been called from DArT-seq (Table 4). The highest proportion (22–46%) of heterozygous alleles were recorded in the progenies of the cross B35 × E36-1, while the lowest (<1%) were recorded in the crosses OKABIR × AKUOR-ACHOT and LODOKA × OKABIR. B35 and E36-1 are the improved varieties derived from wild backgrounds, while LODOKA and AKUOR-ACHOT are landraces.


Table 4. Confirmation of hybridity among the fourth filial generation (F4) progenies using Striga number progress (SNP) markers.
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Residual Heterosis for Yield and Resistance to Striga in the F4 Progenies

A complete record of the MP and residual heterosis values in the field and pot trials for HGW and NSmax is shown in Supplementary Table 2. Table 5 shows the residual heterosis values for HGW in each of the crosses in the field and pot trials ranked from the top to the lowest. Both the highest residual heterosis and the inbreeding depression for HGW were recorded in the field at 89.78% and −59.48%, respectively. LODOKA, a drought-tolerant landrace, was the common parent in the crosses with the highest residual heterosis in both trials (Table 5). Four (i.e., AKUOR-ACHOT × ICSVIII IN, B35 × AKUOR-ACHOT, ICSVIII IN × MACIA, LODOKA × ICSVIII IN) out of six crosses that recorded the inbreeding depression for HGW were consistent in both the field and pot trials (Table 5), suggesting they would be poor candidates for yield-related traits. Crosses involving ICSVIII IN, an improved variety, revealed some of the highest inbreeding depression for HGW in both field and pot trials (Table 5). In some cases, the highest residual heterosis recorded for HGW (86.19% for F6YQ212 × B35 and 52.94% for B35 × LODOKA) also corresponded to a low Striga count of −65.13 and −79.20% (Tables 5, 6), making these crosses good candidates for the future development of Striga-tolerant, high-yielding varieties.


Table 5. Proportion of residual heterosis at F4 for 100-grain weight (HGW) for the pot and field trials.
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Table 6. Proportion of residual heterosis at F4 for maximum above-ground Striga (NSmax) for the pot and field trials.
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Table 6 shows the residual heterosis values for NSmax in each of the crosses in the field and pot trials. Crosses involving B35, a drought-tolerant improved variety, had some of the highest inbreeding depression values for NSmax, which is desirable as it resulted in more resistance to Striga (Table 6). Like in HGW, crosses involving ICSVIII IN performed worse than the MP for their resistance to Striga, indicating that this parent may not be a good choice for improving either yield or Striga resistance (Table 6).




DISCUSSION


Identification of Diverse High-Yielding Striga-Resistant Genotypes

The aim of this study was to identify new sources of Striga resistance in comparison with the conventional sources. The data collected found credible evidence that genotypes that were resistant to Striga had significantly lower ASNPC and NSmax-values in both trials. These parameters were considered alongside grain yield for the effective selection of superior Striga-resistant, as well as Striga-tolerant genotypes as recommended by Rodenburg et al. (2005). We identified three genotypes (F6YQ212, GBK045827, and F6YQ212 × B35) together with one check (SRN39) that were consistent in their response to Striga across both trials. SRN39 is known to harbor pre-attachment resistance that results in the production of a low germination stimulant, orobanchol (Satish et al., 2012; Mohemed et al., 2016). However, SRN39 is not high yielding and, therefore, not preferred by farmers and has been used mainly as a donor of Striga resistance to other improved varieties. Of specific interest is the cross between improved varieties, F6YQ212 × B35, which recorded consistency in resistance to Striga and was also high yielding. This particular cross is likely to perform well in the fields of farmers and would be a good genotype to advance for field trials.

The wild accession, GBK045827, which also showed consistency in Striga resistance across the two trials, did not only group together with F6YQ212 but also recorded comparable performance with F6YQ212 in both experiments. This observation strongly suggests that the resistance observed in F6YQ212 may have been introgressed from GBK045827. We know that Striga resistance is more abundant among wild relatives (Rich et al., 2004; Mbuvi et al., 2017), which tend to cross-pollinate with cultivated genotypes in open fields (Ohadi et al., 2017). Both F6YQ212 and GBK045827 clustered in group A with four resistant checks (FRAMIDA, HAKIKA, IS9830, and SRN39) but in a different subclade. This pattern of clustering suggests a narrow genetic base for Striga-resistant sources that are currently being used in breeding programs in Eastern Africa (Mohamed et al., 2010), except for N13. Genotype F6YQ212, therefore, provides a good alternative source of resistance as it was grouped in a different subclade. F6YQ212 has been previously screened for response to grain storage pests (Mwenda, 2019) but not for its resistance to Striga. Future studies will therefore need to determine the mode of resistance in F6YQ212, as well as in GBK045827. The mechanism of resistance in FRAMIDA, IS9830, and SRN39 is reported to be low germination stimulation (Haussmann et al., 2000b; Mohamed et al., 2010; Gobena et al., 2017), which is the most widely studied mechanism of resistance to Striga in sorghum. The only other resistant check that clustered differently was N13, a durra sorghum from India, which is known to stimulate Striga germination but forms a mechanical barrier to Striga penetration (Maiti et al., 1984; Mohemed et al., 2016; Mbuvi et al., 2017). Genotype N13 grouped together with B35, a drought-tolerant variety, which has its origins in Ethiopia (Ochieng et al., 2020).



Screening for Striga Resistance in Pot and Field Trial Conditions

The trials made use of an existing Striga-infested field that was supplemented with artificial Striga inoculation, as well as a pot trial with artificial Striga inoculation to represent a second environment. One of the major challenges of undertaking reliable field trials using Striga-infested fields is the lack of homogeneity of Striga infections across different points of the field. This is especially due to the outcrossing nature of Striga and the tendency of its seeds to remain dormant in the soil for up to 20 years (Teka, 2014). In our investigation, both field trials and inoculated pots were used to take care of natural infection conditions, as well as enhance uniformity of infection. There are a number of successful Striga studies that used both field and pot experiments together with supplemented artificial inoculation in the same way (Kountche et al., 2013; Rodenburg et al., 2015; Midega et al., 2016; Abate et al., 2017). Other studies also made use of pot experiments as Striga-free control (Samejima et al., 2016), or to enable the isolation of root exudates (Jamil et al., 2011; Hooper et al., 2015). The low correlation reported here between field and pot experiments for Striga-related traits has also been observed in other experiments (Haussmann et al., 2000a), suggesting that the use of pots for Striga screening should be completely discouraged.

Several factors could explain the observed differences in the pot and field experiments. First, the Striga infestation levels were significantly higher in the field trial than in the pot experiments, in which Striga-free soil was used before the addition of a standard amount of Striga in each pot. Second, it is likely that the field trial had a mixture of biotypes that had been accumulated over the years before the supplemented inoculation. Third, the Striga in the field trial was established exclusively under rainfed conditions, whereas the pot experiment was regularly watered to ensure sufficient moisture was maintained throughout the experiment. Furthermore, there could be rhizosphere differences that would affect the stimulation of Striga germination (Miché et al., 2000). Variable response to Striga under different test conditions has been observed in previous studies (Rao, 1984; Haussmann et al., 2000a).

Haussmann et al. (2004) hypothesized that abiotic stress, followed by ethylene production by microorganisms in the soil, could be responsible for the observed differences. In this study, drought stress could have been a factor in the field trial experiment, which was purely dependent on rain. Drought has been shown to induce strigolactone production in the roots (Haider et al., 2018), which in turn induces the germination of Striga (Cardoso et al., 1994). A significant decrease in rainfall in Kenya has been reported over the last four decades (Ayugi et al., 2016), suggesting that rainfed crops are highly likely to be exposed to drought during their growth periods. Rainfall data (not shown) from Alupe station during the growing season further confirmed the variability of rainfall that could have led to the exposure of the crops to drought. Nonetheless, we observed a number of genotypes showing consistency in their performance between the two trials for Striga-related traits.



Mechanism of Resistance to Striga in N13

Host plant resistance to Striga has been defined as the ability of the plant to reduce or prevent infection (Shew and Shew, 1994) through pre- and post-attachment mechanisms (Yoder and Scholes, 2010; Rodenburg et al., 2016). Tolerance refers to the extent to which effects of infection on the host plant are mitigated (Caldwell et al., 1958; Rodenburg et al., 2016). In this evaluation, N13 was not among the most resistant genotypes in both experiments. A study by Rodenburg et al. (2005) that incorporated N13, SRN39, IS9830, and FRAMIDA among other genotypes reported N13 as the most resistant genotype in the trial with ASNPC and NSmax-values significantly lower than all the other genotypes in the trial. Our results may suggest a possible breakdown of mechanical resistance that was initially recorded in N13, or potential contamination of seed source that may have led to the reduction in the resistance originally observed. However, these theories will need to be further investigated.

Although the genetic architecture of mechanical resistance to Striga in sorghum is yet to be understood, previous studies suggest that it is complex. QTL mapping studies in recombinant inbred populations using N13 as the resistant parent reported 11 and 9 QTLs in two different environments (Haussmann et al., 2004). The durability of mechanical resistance will therefore depend on the factors at play, which may range from cell wall thickening, lignification, and silica deposition (Maiti et al., 1984). A recent study of Striga resistance in rice reported that enhanced lignin deposition and maintenance of the structural integrity of lignin polymers deposited at the infection site are crucial for post-attachment resistance against S. hermonthica (Mutuku et al., 2019). Similar studies will be necessary in sorghum to enhance our understanding of both pre- and post-attachment resistance to Striga. Such an outcome will enable the pyramiding of genes responsible for both pre- and post-attachment resistance in order to enhance the durability of resistance in the fields of farmers.



Drought Tolerance and Yield Stability Under Striga Infestation

A majority of the best yielding (most tolerant) genotypes were derived from crosses. However, the most consistent performance among these top-performing crosses was observed when crosses were made with any of the drought-tolerant genotypes, such as LODOKA, B35, and E36-1. B35 and E36-1 are drought-tolerant improved varieties that have been used for decades in the region and globally, while LODOKA is a drought-tolerant landrace. The superior and consistent agronomic performance of crosses involving drought-tolerant genotypes under Striga conditions was not surprising. Both drought stress and S. hermonthica infestation result in the production of abscisic acid (ABA) (Frost et al., 1997; Sah et al., 2016), which triggers stomatal closure (Kim et al., 2010). However, drought-tolerant sorghum genotypes have been shown to adapt to drought stress by preventing excessive ABA responses (Varoquaux et al., 2019). Such an adaptation response of drought-tolerant sorghum would also benefit their response to S. hermonthica and enhance the production of photosynthates to sustain plant growth and development in the presence of both stresses. A recent study in maize reported up to 19% increase in yield under stress in hybrids simultaneously expressing drought tolerance and S. hermonthica resistance as compared with those expressing only one of the traits (Menkir et al., 2020). Similar studies will need to be undertaken in sorghum to fully establish the interaction of drought and S. hermonthica stresses.

The older sources of drought tolerance will, however, need to be replaced with new superior performing genotypes such as F6YQ212 × B35 and ICSVIII IN × LODOKA identified in the current study. OKABIR, AKUOR-ACHOT, and LODOKA are landraces, which have also been recently reported to perform better than B35 and E36-1 under drought conditions (Ochieng et al., 2020). While LODOKA clustered with MACIA, both OKABIR and AKUOR-ACHOT appeared to be distantly related to MACIA, B35, and E36-1 and will therefore be good alternative sources of both drought and Striga tolerance. Better still, more focused introgression of Striga resistance and drought tolerance into farmer-preferred varieties should be planned to ensure better replacement of some of these old varieties.



Molecular Breeding for Striga Resistance and Tolerance

The demonstrated residual heterosis in HGW and NSmax at F4 is great news for breeding programs as it shows the huge potential of enhancing the performance of varieties in response to Striga through improved genetics. Given the high variation in the ecotypes of Striga across different environments, the best breeding strategy would be genomic selection (GS) (Goddard, 2009). Our results provide a good basis for designing a GS strategy for developing Striga- and drought-tolerant sorghum varieties that will be suitable for the harsh environments typical of Striga-endemic ecologies. The available genomic resources in sorghum public databases will only enhance the ease with which GS is implemented in sorghum.

The DArT-seq technology (Sansaloni et al., 2011) that was used to characterize the germplasm proved to be a reliable and cost-effective technology for diversity analysis and confirming hybridity. While there are several studies reporting the use of DArT-seq for diversity analysis in sorghum (Kotla et al., 2019; Allan et al., 2020; Mengistu et al., 2020), this study is the first to use DArT-seq for hybridity testing. The unique SNP markers from this study will be useful for GS and for incorporation into marker panels that aim at the identification of successful hybrids from new crosses involving any of the parents. Future studies will also need to establish the specific molecular markers associated with new sources of resistance to Striga through genome-wide association studies (GWAS) or the characterization of biparental populations.
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The survival, biomass, and grain yield of most of the crops are negatively influenced by several environmental stresses. The present study was carried out by using transcript expression profiling for functionally clarifying the role of genes belonging to a small heat shock protein (sHSP) family in pearl millet under high-temperature stress. Transcript expression profiling of two high-temperature-responsive marker genes, Pgcp70 and PgHSF, along with physio-biochemical traits was considered to screen out the best contrasting genotypes among the eight different pearl millet inbred lines in the seedling stage. Transcript expression pattern suggested the existence of differential response among different genotypes upon heat stress in the form of accumulation of heat shock-responsive gene transcripts. Genotypes, such as WGI 126, TT-1, TT-6, and MS 841B, responded positively toward high-temperature stress for the transcript accumulation of both Pgcp70 and PgHSF and also indicated a better growth under heat stress. PPMI-69 showed the least responsiveness to transcript induction; moreover, it supports the membrane stability index (MSI) data for scoring thermotolerance, thereby suggesting the efficacy of transcript expression profiling as a molecular-based screening technique for the identification of thermotolerant genes and genotypes at particular crop growth stages. The contrasting genotypes, such as PPMI-69 (thermosusceptible) and WGI-126 and TT-1 (thermotolerant), are further utilized for the characterization of thermotolerance behavior of sHSP by cloning a PgHSP16.97 from the thermotolerant cv. WGI-126. In addition, the investigation was extended for the identification and characterization of 28 different HSP20 genes through a genome-wide search in the pearl millet genome and an understanding of their expression pattern using the RNA-sequencing (RNA-Seq) data set. The outcome of the present study indicated that transcript profiling can be a very useful technique for high-throughput screening of heat-tolerant genotypes in the seedling stage. Also, the identified PgHSP20s genes can provide further insights into the molecular regulation of pearl millet stress tolerance, thereby bridging them together to fight against the unpredicted nature of abiotic stress.
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INTRODUCTION

Pearl millet [Pennisetum glaucum (L.) R. Br.] is an annual warm season, C4 cereal crop that is cultivated extensively in the Indian subcontinent and African semiarid regions. It covers an area of 29 million ha and forms the staple food and fodder for 90 million resource-poor inhabitants (Sharma et al., 2021). With a total area of 7.41 million ha, India is the largest producer of pearl millet in the world, having an annual production of 10.3 million tons in 2020–2021 (Indiastat, 2020). Pearl millet is mostly grown as a Kharif crop with the least input during the hottest periods by the onset of monsoon. A high temperature of more than 42°C accompanied by moisture stress during the seedling stage of the crop, particularly at germination and seedling establishment, affects the plant status and thereby its productivity. A rise in air and soil temperature of the semiarid regions of India and sub-Saharan Africa due to global climate change continues to be a severe constraint in the growth and development of the crop; thereby causing a huge loss in terms of quantity and quality (Ullah et al., 2018). Such a situation demands critical attention not only for the development of stress-tolerant genotypes but also for the identification and characterization of genes responsible for thermotolerance.

Plants being sessile can dramatically alter their gene expressions in response to various stress signals through a set of morphological, physiological, and molecular changes that can harm the stability of plant growth and productivity (Castelán-Muñoz et al., 2019). The activation and regulation of stress-related genes play a significant role in the acquisition of thermotolerance among plants. In response to heat stress, pearl millet produces an array of proteins that help in alleviating the effects of stress. One such major protein family is heat shock proteins (HSPs). Both stress signal transduction and gene activation are aided by HSPs/chaperones (Nievola et al., 2017). Heat stress-responsive signal transduction pathways and defense mechanisms involve heat shock factors (HSFs) and HSPs in sensing reactive oxygen species (ROS) produced under heat stress and in preventing protein misfolding (Sajid et al., 2018). For the first time, Howarth. C. J. (1991) reported that specific HSP transcripts aid in the diagnosis of plant stress and play a role in the acquisition of thermotolerance in pearl millet. Based on their approximate molecular weights, five major families of HSPs, namely HSP100, HSP90, HSP70, HSP60, and the HSP20 or small HSP (sHSP), are recognized (Waters and Vierling, 2020). HSP20s are the diverse groups of proteins that are preserved in both eukaryotes and prokaryotes with molecular weights in the range of 11–35 kDa, the expression of which is limited in the absence of environmental stress but upregulated to over 200-fold upon the induction of heat stress (Wahid et al., 2007). By protecting the native proteins from irreversible aggregation and oxidative inactivation, it plays a decisive role in the defense of an organism during physiological stress (Ma et al., 2021). One of the research findings further showed that sHSPs, along with HSP70, play a key role in quality control, possibly contributing to the maintenance of cell membrane integrity, especially under stress (Savic et al., 2012). Hence, the maintenance of cell membrane fluidity under high-temperature stress is due to a higher expression of these two major genes, its expression pattern across genotypes can be used for screening seedling thermotolerance.

HSP20 gene families have been reported in Arabidopsis, rice, tomato, potato, watermelon, apple, grapes, and some other plant species (Scharf et al., 2001; Ouyang et al., 2009; Sarkar et al., 2009; Yu et al., 2016; Zhao et al., 2018; He et al., 2019; Ji et al., 2019; Yao et al., 2020). Furthermore, HSP20 genes are organized into multigenic families, with defined classification and biological functions (Waters et al., 1996; Scharf et al., 2001; Siddique et al., 2008; Sarkar et al., 2009; Zhang et al., 2016). Although the available pearl millet whole-genome sequence is a vital asset for an in-depth understanding of various gene families distributed among the genomes (Varshney et al., 2017), little knowledge on the integrated HSP20 family at the whole genomic level in pearl millet exists. The research findings will assist the researcher to truly assess the functional role of the pearl millet HSP20 gene family and its role in stress adaptation. These genes can pose a great opportunity in the development of a thermotolerant cultivar in pearl millet and other cereals.

In conventional breeding for heat tolerance, the identification of reliable and effective screening methods to facilitate the identification of heat-tolerant plants and the genes responsible for thermotolerance represents a major challenge. The transcript expression method based on semi-quantitative reverse transcription- (RT-) PCR offers a rapid and cost-effective way to screen out large germplasm lines or advance breeding lines that were inferior under specific thermal regimes to more accurate methods such as quantitative real-time PCR (qRT-PCR) or RNA-sequencing (RNA-Seq). Recently, various researchers employed semi-quantitative RT-PCR for the successful screening of germplasm and for fishing out the candidate genes related to drought and heat stresses (Bharadwaj et al., 2019; Choi et al., 2019; Galvez et al., 2020).

In this context, the current study aimed (1) to screen the most contrasting genotypes against heat stress using the physiological and biochemical parameters, (2) to confirm the results of the abovementioned screening techniques with the semi-quantitative RT-PCR expression profile of key heat-responsive marker genes, such as Pgcp70 and PgHSF, (3) to identify, clone, and characterize a PgHSP20 gene from the most thermotolerant genotype, and (4) to distinguish various members of the pearl millet HSP20 gene family using a bioinformatics method and to characterize the integration of sequence features, chromosome location, phylogenetic relationship, and expression patterns. This study unravels the effectiveness of reverse transcription PCR- (RT-PCR) based screening methods for the identification and utilization of the thermotolerant genes from the superior heat-tolerant genotypes to bridge the supra-optimal temperature tolerance with high productivity in pearl millet.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

A total of eight elite pearl millet inbred lines (six thermotolerant and two thermosusceptible), based on our earlier studies (Mukesh Sankar et al., 2014; James et al., 2015), were collected from the pearl millet breeding unit of the Indian Agricultural Research Institute (IARI), New Delhi, India. The pedigree, salient characteristics, and breeding station from where it has been developed are presented in Table 1. The experiments were done in a completely randomized block design with three replications. Seeds were surface sterilized and grown in a pot containing autoclaved Soilrite™ and were kept with a 16-h photoperiod at 25°C in a culture room as control until subjecting them to heat stress treatment in a growth chamber (Supplementary Figure 1).


Table 1. Details of genotypes used for transcript expression studies for heat tolerance in pearl millet.
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Screening of Genotypes Using Physiological and Biochemical Parameters

Preliminary analysis of the already known physiological and biochemical marker traits for seedling thermotolerance was undertaken to determine the most thermotolerant and thermosusceptible ones among the eight genotypes. Hence, 10-day-old seedlings were subjected to heat stress at 42°C for 6 h.

The membrane stability index (MSI) of both control and stressed seedlings was assessed by using the modified method given by Sairam and Tyagi (2004) with the formula:
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Relative water content (RWC) of both control and stressed seedlings was estimated by applying the formula:
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as described by Yang et al. (2011).

Leaf absorbance was measured with a chlorophyll meter (SPAD-502, Minolta, Tokyo, Japan) as a non-destructive tool for estimating leaf chlorophyll. The lipid peroxidation level for all the samples was estimated through the thiobarbituric acid-reactive substance (TBARS) assay proposed by Heath and Packer (1968).



Heat Stress Treatment, RNA Isolation, and Transcript Expression Profiling

Heat stress was imposed on 7- and 10-day-old seedlings in a controlled growth chamber at 42°C for 2 and 6 h, respectively. The aerial portion of seedlings was harvested after heat treatment given in a growth chamber. Simultaneously, another set of plant samples kept as control were also collected under controlled conditions. To preserve the stage-specific transcript, all collected tissue samples were wrapped in an aluminum foil, labeled, and flash-frozen by using liquid nitrogen before being stored at −80°C for RNA isolation. Total RNA was isolated from the tissues using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The isolated RNAs were checked in 1.2% agarose gel. About 1 μg of the samples were then treated with DNAse (Promega Corporation, Madison, WI, USA) and subjected to NanoDrop spectrophotometer quantification (ND-1000, Thermo Fisher Scientific, Waltham, MA, USA). DNAse-treated RNA was reverse transcribed by using the Thermo, VersoTMcDNA-kit (Thermo Fisher Scientific Inc., Waltham, MA, USA). For each reaction, 50 ng of complementary DNA (cDNA) was used as a template, accompanied by the amplification with gene-specific primers.

The transcript expression patterns of two well-known pearl millet genes, namely HSP70 and HSF, were compared to identify the best thermotolerant and thermosusceptible ones among the selected pearl millet genotypes in response to heat stress. The Pearson correlation coefficient was also estimated to conclude the relationship among the studied physiological and biochemical traits with the gene expression level of the candidate genes. Coding sequences of these two representative pearl millet genes, i.e., Pgcp70 (Acc. no. EF495353.1) and Pghsf (Acc. no. EU492460.1), were downloaded from NCBI (http://www.ncbi.nlm.nih.gov). Specific primers were designed to amplify the selected messenger RNA (mRNA) sequence of the abovementioned genes for the semiquantitative RT-PCR expression analysis while maintaining stringency and specificity. The details of the primers along with their melting temperatures (Tm) are presented in Table 2. RT-PCR reactions were then performed by using the PCR master mix (Promega Corporation, Madison, WI, USA) as per the instruction of the manufacturer in a volume of 50-μl reaction mixture. A total of 30 cycles of PCR with 4 min of an initial denaturation at 94°C, 94°C for 45 s, 48–60°C (Tm optimized for the individual gene) for 45 s, 72°C for 1-min amplification with a final extension at 72°C for 10 min were performed. The RT-PCR products were loaded on 1.2% agarose gel, and the stained DNA products were photographed by using Alfa Imager gel documentation system HP (Protein Simple, San Jose, CA, USA). In all expression studies, the housekeeping gene actin was used as a reference gene (internal constitutive control) to show equal loading of cDNA and to ensure its integrity under various degrees of heat stress. The transcript levels of each target gene were averaged over three reactions. The gene expression data were normalized by deducting the mean expression level from the reference gene. The relative fold change in the expression of treatments (T) was compared with those from the regular growth stage (C) and done by the expression value of the susceptible genotype control as a calibrator for the respective genotype using Alfa Imager Software tools by keeping the density of bands in the control as unity.


Table 2. Details of primers used for transcript expression profiling and full-length cloning by reverse transcription PCR (RT-PCR).
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Isolation and Cloning of a Full-Length PgHSP16.97

The full-length ORF of PgHSP16.97 was amplified from the pearl millet inbred genotype, WGI 126, by using the primers designed based on the sequence homology with other grasses sequences available in the public domain (Table 2). The sequence was cloned in a pGMT vector, confirmed by colony PCR and restriction digestion followed by Sanger sequencing (Xcelris Labs Ltd., Ahmedabad, India). The sequence homology was carried out by using NCBI (www.ncbi.nlm.nih.gov) tools and verified and deposited in GenBank. The conceptual translation of nucleotide sequence was undertaken by using the Expasy translate tool (http://web.expasy.org/translate/). Multiple sequence alignment were carried out by using the CLUSTALW software package (Thompson et al., 1994) with full-length HSP 17.0 protein sequences publicly available for P. glaucum, Zea mays, Oryza sativa, Triticum aestivum, Sorghum bicolor, and Hordeum spp.



Expression Analysis of PgHSP16.97 in Different Tissues at Different Developmental Stages

To investigate the expression pattern of HSP 16.97, the tissue samples from the whole seedling at 10 days after sowing (DAS), leaves, stems, and roots at 30 DAS, and flag leaf and developing panicle at 55 DAS were also collected from both control and heat-stressed plant at 42°C for 6 h. Semi-quantitative RT-PCR was carried out by using the same gene-specific primers for the cloning of the gene for an initial analysis. The GenScript Real-time PCR Primer design tool (https://www.genscript.com/ssl-bin/app/primer) was used to design the qRT-PCR primers (Table 3). The SYBR Green Master Mix (2X) was utilized according to the instruction of the manufacturer to study the gene expression (Thermo Fisher Scientific, Waltham, MA, USA). qRT-PCR analysis was performed in three technical replicates (obtained by pooling the tissues from the three biological samples of each treatment) and with the following thermal cycles: 1 cycle at 95°C for 30 s, followed by 40 cycles alternatively at 95°C for 5 s, and 58°C for 1 min in the StepOne Real-Time PCR system (Applied Biosystems, Waltham, MA, USA). Based on the comparative Ct method using the 2−ΔΔCT method, the relative expression levels of the PgHSP16.97 gene were estimated (Livak and Schmittgen, 2001). A constitutive PgAct gene-based primer was used as an endogenous control to normalize the number of transcripts accumulated for the PgHSP16.97 gene. The least expression value obtained from the control of the whole seedling in the sensitive line was considered as unity for relative quantification, and the relative fold changes in expression for the remaining lines and plant tissues were estimated.


Table 3. Details of gene-specific primers for qRT-PCR gene expression analysis.
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Homology Modeling and Structure Analysis

A three-dimensional (3D) structure of PgHSP16.97 deduced by Modeller v9.11 (Sali and Blundell, 1993) was subjected to the backbone conformation evaluation by Ramachandran plot using Procheck (Laskowski et al., 1993). The final model and the template were subjected to superimposition for a structural comparison using the STRAP interface (http://www.bioinformatics.org/strap/).



Genome-Wide in silico Database Mining for the Identification of HSP20 Proteins

To identify various other HSP20 genes present in P. glaucum, a total of 38,579 proteome sequences of P. glaucum were retrieved from the GIGA database (http://gigadb.org/dataset/100192). A Hidden Markow Model (HMM) profile of HSP20 (PF00011) downloaded from the Pfam v33.1 database (https://pfam.xfam.org/family/PF00011) was queried against the phytozome v.12.1 database of (https://phytozome.jgi.doe.gov/pz/portal.html) Arabidopsis, rice, maize, sorghum, and foxtail millet. All the resulted sequences which have a hit with expectation (E) <1.0 were retrieved in the construction of reference sequences (Supplementary Table 1). The reference sequences were aligned with default parameters by using the MUSCLE, and an HMM profile was built based on the obtained consensus of the aligned sequences using HMMER tool v3.2. By using the newly generated HMM profile, the proteome database of P. glaucum was scanned for probable homologous sequences in P. glaucum by using the HMMER search. Pfam and SMART (http://smart.embl-heidelberg.de/) were used to further confirm the conserved HSP20 domain. Finally, 28 HSP20s were identified after removing the redundant sequence without the conserved alpha-crystalline domain (ACD) domain of HSP20 and with the molecular weight being outside the range of 11–35 kDa. With the help of the Protparam online tools (https://web.expasy.org/protparam/), the physiochemical properties of HSP20 proteins were predicted.



Chromosomal Location and Phylogenetic Analysis of HSP20

Based on the ascending order of chromosomal position from one end of the chromosome to the other end, PgHSP20 was annotated as PgHSP01 to PgHSP28 and the physical position was constructed by using MapInspect v1.0 (https://mapinspect.software.informer.com/1.0/). The representative HSP20 protein sequences from Arabidopsis, rice, tomato, and apple together with the PgHSP20 genes predicted from pearl millet were selected for the construction of a phylogenetic tree. A multiple sequence alignment of HSP20 proteins was conducted by using MUSCLE. The protein sequences were imported to MEGA X to construct a phylogenetic tree by using a maximum likelihood (MLE) method. The parameters utilized are bootstrapped for 1,000-bootstrap replications; substitution model: Jones–Taylor–Thornton (JTT) model with rates among the sites-gamma distributed (G) and partial deletion for gap/missing data treatment.



Digital Expression Analysis of the Identified HSP 20 Genes

To understand the expression pattern of the identified PgHSP20 genes, the digital expression profiling of 28 identified genes was performed by using the Illumina-based whole transcriptome pearl millet RNA-Seq data set available in the NCBI database as the Sequence Read Archive (SRA) database under the accession number SRP151237. The Custom R script based on “annHeatmap” function in R package-Heatplus was utilized to decipher the expression profile of genes under heat stress with the thermotolerant genotype MS 841B and thermo-susceptible genotype PPMI 69 exposed to heat stress for 30 min and 6 h, respectively, at 42°C (Maibam et al., 2020).



Statistical Analysis

The data from the physiological and biochemical parameters were initially analyzed to understand the extent of variability of the traits among the genotypes and the treatments using the ANOVA. The Duncan multiple range test (DMRT) was used for the separation of means within treatments and genotypes at a level of significance, p ≤ 0.05. One-way ANOVA was carried out to analyze the relative expression levels for various treatments in each genotype. The differences within treatments and genotypes were estimated by using DMRT (p ≤ 0.05). To compare the relative expression levels of PgHSP16.97 in the lines within/between the treatments for different plant parts, a t-test was used. All statistical analyses and assessment of the level of significance were carried out using the R software (v.3.6.2).




RESULTS


Effects of Heat Stress on Various Physiological and Biochemical Traits of Pearl Millet Genotypes

The ANOVA indicated a high and significant level of genetic variation (p < 0.001) among the genotypes for all physiological and biochemical traits under control and heat stress conditions (Table 4). The genotype PPMI-69 (G4) was found to be inferior in all heat stress-related parameters whereas WGI-126 (G8) and MS 841B (G2) showed more endurance to heat stress. Moreover, when heat stress was induced, traits such as MSI, RWC, SPAD values and TBARS levels varied widely. Under heat stress, MSI, RWC, and SPAD readings decreased on average for all genotypes, whereas the TBARS level increased. Furthermore, the treatment–genotype interaction was found to be highly significant (p < 0.001), indicating that the genotypes responded to heat stress differently. In pearl millet seedlings, heat stress caused statistically significant (p < 0.05) changes in the physiological and biochemical parameters (Figures 1A–D). Although there was a slight variation in the studied traits among the pearl millet genotypes under control conditions, they behaved very differently when heat stress was imposed. Upon the imposition of heat stress, MSI reduced significantly among all genotypes. However, the genotype G4 (PPMI-69) experienced a major fold reduction in MSI (42%) in comparison with the corresponding control, followed by G1 (MS 411B) and G3 (D-23). On the other hand, G8 (WGI-126) had the least reduction in MSI (17%), followed by MS 841B, upon heat stress.


Table 4. The mean square values of the treatments (T), genotypes (G), and the treatment–genotype interaction (T × G) along with their errors and significance indicated by the value of p.
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FIGURE 1. Effect of heat stress on (A) membrane stability index (MSI), (B) relative water content (RWC), (C) chlorophyll meter value (SPAD), (D) thiobarbaturtic acid-reactive substance level on eight pearl millet genotypes [MS 411B (G1), MS 841B (G2), D-23 (G3), PPMI-69 (G4), PPMI-301 (G5), TT-1 (G6), TT-6 (G7), and WGI-126 (G8)]. Mean value followed by the different alphabets for a parameter in different genotypes and treatments indicates a significant difference at p ≤ 0.05. Vertical bars show mean ± SE (https://figshare.com/s/dea2659a099b4158896c).


A similar trend was observed with a significant decrease in RWC in all eight genotypes after imposing heat stress. Genotype G8 (WGI-126) had the least significant reduction in RWC followed by G6 (TT-1) and G2 (MS 841B). Heat stress on seedlings resulted in a significant reduction in chlorophyll content among the genotypes, as indicated by SPAD measurements. Differences were found to be significant (p ≤ 0.05) in genotypes G4 (PPMI-69) and G1 (MS 411B), under heat stress, with a reduction of 66 and 65%, respectively. On the other hand, G8 (WGI-126) and G6 (TT-1) had the least influence on SPAD reading under stress. A similar trend was followed by the production of TBARS upon oxidative stress due to heat stress in which G4 had the maximum oxidative damage and G8 with the least.



Expression Pattern of Heat-Responsive Marker Genes Among Genotypes Under Different Regimes of Heat Stress

The transcript expression patterns of the two well-studied pearl millet genes, HSP70 and HSF, in response to heat stress were compared to identify the best thermotolerant and thermosusceptible lines among the selected pearl millet genotypes in the transcript expression level. Responsiveness of genotype to stress in the seedling stage was also established. Hence, young seedlings of 7 days old and 10 days old were chosen, and heat stress of 42°C was imposed for 2 and 6 h, respectively. Comparisons were made within and between the genotypes with and without stress treatment. It was found that both gene transcripts were found to be differentially expressed, in all genotypes irrespective of the treatments and even under controlled conditions (Figures 2A–F). Pgcp70 got expressed under regular growth, the expression level of Pgcp70 was increased very significantly (p < 0.05) upon heat stress. The genotypes showed significant variability for transcript accumulation upon heat stress in which the level was upregulated by 68.9, 66.5, 57.6, 53.9, and 50.2%, respectively, in thermotolerant lines, such as WGI-126 (G8), MS 841B (G2), TT-6 (G7), TT-1 (G6), and D-23 (G3), whereas, in susceptible genotype PPMI-69 (G4), the gene was downregulated by 7.5% to susceptible control (Table 5). In MS 411B and PPMI-301, the percent change in expression was comparatively low. The genotype-wise high-temperature tolerance expression pattern of the stress-inducible gene Pgcp70 can be categorized as WGI-126 ≥ MS 841B > TT-1 ≥ TT-6 > D-23 > MS 411B > PPMI-301 > PPMI-69 based on the average relative expression level of transcript across the treatments. The expression profiling of Pgcp70 suggested that HSP 70 was highly induced at an early stage of heat exposure (for 2 h), the transcript level of which was slightly increased as heat stress progressed for a long duration of 6 h on 7-day-old seedlings. Even though we observed a constant induction of HSP 70 during heat stress on 10-day-old seedling, the result suggested that heat stress in the early phase (for 2 h) led to the upregulation of Pgcp70 transcript in all genotypes though its level is reduced with continuous exposure to heat stress (6 h) over a period. In addition, the transcript accumulation showed a slight increase from 7- to 10-day-old seedlings, indicating that the plant tends to increase its tolerance to high temperature with growth, development, and continued exposure.
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FIGURE 2. Heat-stress induced gene expression profile of eight pearl millet genotypes for two heat-responsive marker genes. (A,B) Reverse transcription PCR (RT-PCR) gel profiles of Pgcp70 and PgHSF genes under regular plant growth (C) and those exposed to heat stress at 42°C (T) during different time periods of treatment indicated above in the seedling stage. The presented results are the representative of at least three independent biological replicates. (C,D) Comparative transcript expression profiling of Pgcp70 and PgHSF for heat tolerance (mean ± SE) among eight pearl millet genotypes (considering absolute values) after normalization with that of actin gene (internal control). (E,F) The relative expression level of Pgcp70 and PgHSF genes (mean ± SE) among eight genotypes under heat stress. For relative quantification, the least expression value from the whole seedling control in the sensitive genotype (PPMI-69) was considered as unity and the relative fold changes in expression were calculated for the remaining genotype and the treatments. (G) Association of marker gene expression values averaged for different heat treatments with physiological and biochemical parameters among different genotypes. Scale on the side of the figure indicates the magnitude and direction of correlations. Shades of green from darker to lighter indicate the strength of a positive correlation between pairs of traits. Shades of red from darker to lighter indicate the strength of a negative correlation between pairs of traits. Darker to black color indicates a very weak or no correlation between a pair of traits. Pearson's correlation coefficients (lower diagonal) and significance (upper diagonal) among different traits were measured in this study. ‘***' is p ≤ 0.001, ‘**' is p ≤ 0.01, ‘*' is p ≤ 0.05, and ‘NS' indicates non-significance associationship. Mean sharing the same alphabets for a parameter in different genotypes indicates that there is no significant difference at a significance level of p ≤ 0.05 (https://figshare.com/s/0c22f1e7599392059207).



Table 5. Comparison of the relative gene expression level of marker genes at seedling between different pearl millet genotypes under heat stress treatment (with level significance at p ≤ 0.05).
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In contrast to Pgcp70, only thermotolerant genotypes, such as G8 (WGI-126) and G6 (TT-1), and thermosusceptible genotypes, such as G4, were found to have a significant change in the PgHSF transcript expression, as indicated by the significance level (p < 0.05). The susceptible genotype, on the other hand, only showed a 1.3% increase in gene expression (Table 5). The transcript expression was found to increase upon extending the heat stress in most of the genotypes except PPMI-69. Genotypes can be categorized based on the PgHSF transcript abundance during the expression profiling as WGI-126 ≥ TT-1 > TT-6 ≥ PPMI-301 ≥ MS 841B ≥ MS 411B ≥ D-23 > PPMI-69. Based on the cumulative ranks, WGI-126 and TT-1 were considered as the best thermo-tolerant lines and PPMI-69 was considered as the most thermosusceptible line.

Moreover, the association of various physiological and biochemical parameters with the expression of heat stress marker genes holds a low-to-moderate significant relation (r > 0.3, p < 0.05) with MSI. TBARS had shown a significant low-to-moderate correlation with the gene expression Pgcp70. The physiological parameters, such as MSI, RWC, and SPAD values, have a high positive correlation with each other and show a strong negative correlation with the TBARS level upon heat stress. The expression of two markers upon heat stress was related by r = 0.56 (Figure 2G).

In general, considering the physiological and biochemical traits and gene expression of the heat-responsive marker gene, PPMI-69 (G4) was identified as the most thermosusceptible and WGI-126 (G8) as the most thermotolerant genotype among the eight genotypes undertaken in this study.



Isolation and Cloning of Full-Length cDNA of PgHSP 17.0 From Pearl Millet

Full-length HSP20 ORF of 560 base pairs (bp) and 152 amino acids with an apparent molecular weight of 16.97 kDa and an estimated isoelectric point of 5.79 was isolated and cloned from the pearl millet heat-tolerant genotype WGI-126, named as PgHSP16.97, and deposited with the accession number JQ627835.1 to the NCBI nucleotide database. The homology search that was done by using the deduced amino acid sequence of PgHSP16.97 against the translated non-redundant nucleotide database suggested that the PgHSP16.97 was related to the other eukaryotic sHSPs and showed an overall 100–88% sequence identity with sHSPs of Cenchrus americanus (Acc no. CAA63901.1), Z. mays (Acc no. NP_001150783.1), Setaria italica (Acc no. XP_004968025.1), Saccharum hybrid cv. ROC22 (Acc no. AFK73383.1). The presence of ACD found in alpha-crystalline-type sHSPs and a similar domain found in p23 (a co-chaperone for HSP90) and in other p23-like proteins confirmed that the isolated sequence belongs to the sHSP gene family (Figure 3).
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FIGURE 3. Cloning, validation, and structural analysis of PgHSP16.97. (A) Blue-white screening of positive cloning of insert. The PgHSP16.97 gene was eluted from agarose gel and cloned onto pGEM®-T easy cloning vector. The transformed cell culture was plated onto LB agar plates containing ampicillin, IPTG, and X-Gal and incubated overnight at 37°C. White colonies represent positive cloning. (B) Restriction enzyme digestion of the recombinant pGEM®-T easy plasmid with PgHSP16.97 gene M = 1 kb ladder; lane 1 (NR) = non-restricted plasmid; lane 2 (R) = EcoR-I restricted plasmid confirming the presence of insert fragment of size 560 bp. (C) The complementary DNA (cDNA) nucleotide sequences, wherein the coding region (letters in red bold font), 5′, 3′ untranslated region (UTR) regions (letters in black regular fonts). Translation start site and termination codon are underlined, polyadenylation signals (repeated “AT”-rich DNA nucleotide sequences. Various functional domains in the sequence have been significantly marked, such as variable N-terminal domain (light blue font) with hydrophobic groups represented by dark blue font, alpha crystalline domain (ACD; yellow font), and c terminal extension (green font) in which glutamic acid residues and “I X I” residues are represented (in bold green font). (D) Schematic representation of PgHSP16.97 protein structure, including three motifs: the N-Terminal (Blue box), ACD (orange box), and the c-terminal extension (green box), with SXXFD motifs, Conserved regions (CR-I and CR-II) and IXI motifs. (E) Alignment of class-I cereal HSP17 amino acid sequences-PgHsp16.97 (this study), PgHSP17 (X94191.1), OsHSP 16.9 (AAB39856.1), TaHSP16.9 (P12810.1), ZmHsp16.9 (ACG24656.1), SbHSP16.9 (XP_002457411.1), and HvHSP16.9 (ADW78607.1) in which SC= start of carboxyl-terminal domain in each alignment, which is the most conserved region of the alpha-crystallin/small heat shock protein (HSP) family; * = conserved residue, : = conserved residue with strongly similar property, = conserved residue of weakly similar property (ClustalW; www.ebi.ac.uk). (F) Phylogenetic tree constructed using the ClustalW software showing PgHSP16.97 and its inferred evolutionary relationships with HSP 17 genes identified from different crops/cereals (https://figshare.com/s/ef60263530940ec529f4).


The ProtComp (http://linux1.softberry.com/cgi-bin/programs/proloc/protcomppl.pl) analysis produced an integral subcellular localization prediction score of 9.9 for cytoplasmic location, which indicated that PgHSP16.97 belongs to class I sHSP. It also carried a nuclear localization sequence. The PgHSP 16.97 (Figure 3D) monomer contains a variable N-terminal domain (aa, 1–46), the conserved HSP20 or ACD (aa, 47–134), and a less variable C-terminal extension (aa, 135–152). The organelle-localized sHSPs have the necessary transit, targeting, or signal located on N-terminal of protein, which was absent in the sequence-indicating cytoplasmic localization. There is considerable diversity in HSP 17.0 evolution in cereals, with a few conserved motifs and regions, such as IXI motifs, consensus region I (CR-I) (P-X14-GVL), CR-II (P-X15-V-L), R residue at position 114 in C-terminal, and SXXFD motif at N-terminal, which were the signature regions of cytosolic sHSP. Only a few highly conserved domains at N-terminus (21/46) were observed during sequence alignment among cereal class I sHSP. The PgHSP 16.97 shows close similarity to PgHSP 17.0 (X94191.1) and is evolutionarily very close to Zea HSP 16.9 proteins and is more divergent to that of sorghum.



Expression Pattern of PgHSP16.97

RNA from six different tissues of the contrasting genotypes, viz., PPMI-69 (thermosusceptible), TT-1, and WGI-126 (thermo-tolerant genotypes), were collected to analyze and understand the expression pattern of the cloned gene PgHSP16.97 under different developmental stages. Figure 4A shows the intensity of PCR products as measured by densitometry. Upon heat stress, the relative expression level of PgHSP16.97 increased significantly (p < 0.05) in different tissues of genotypes except in seedlings, flag leaf, and panicle of susceptible genotype PPMI-69. It had the least expression of PgHSP16.97 in different tissues at different stages during qRT-PCR analysis (Figures 4B,C). Among the thermotolerant genotypes, WGI-126 had the highest expression at the seedling stage and was 19 times higher than the expression in the corresponding control. In addition, WGI-126 showed a significant difference in the expression concerning another thermotolerant genotype TT-1, in the case of the transcript expression at leaf, root, and panicle under heat stress. In general, the transcript expression of the PgHSP16.97 was higher in seedlings (10.5 times), followed by roots (4.4 times), leaves (4.1 times), and least in flag leaves (0.6 times) (Table 6).
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FIGURE 4. (A) Semiquantitative RT-PCR profile of PgHSP16.97 transcripts after heat stress (HS) (42°C for 6 h) on different plant tissues of the plant in three contrasting genotypes. The presented results are representative of at least three independent biological replicates. [PPMI-69 (G4), TT-1 (G6), and WGI-126 (G8)]. Relative transcript expression profiling of PgHSP16.97 for heat tolerance (mean ± SE) among three contrasting genotypes obtained by quantitative real-time PCR (qRT-PCR). For relative quantification, the least expression value from a control in the sensitive cultivar was taken as unity and the relative fold changes in expression were calculated for the remaining genotypes and the treatments. The paired t-test was done to compare the genotypic means between the control and heat-stressed sample to determine the significance of upregulation/downregulation of gene (indicated in black font). Also, the difference in mean among the tolerant genotypes was done to determine a significant difference in the transcript accumulation among the thermotolerant genotypes (red fonts). Significance codes: ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05, ns, not significant. (C) Heat map of PgHSP16.97 has been generated based on the log2-transformed fold-change values in the heat-stressed sample (HS) when compared with its control sample (C). The column of the heat map represents the plant tissue from where the samples were taken, and rows represent a combination of genotypes and treatments. The relative values for each point are depicted by color intensity, with green indicating the downregulation and red indicating the upregulation of PgHSP16.97 gene. The color scale for log2-transformed fold-change values is shown in the right side (https://figshare.com/s/4fbc26be5c90b74f521d).



Table 6. Comparison of the relative gene expression level of PgHSP16.97 at different tissues among the contrasting pearl millet genotypes under heat stress treatment.
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Homology Modeling of PgHSP16.97

The functionality of a protein largely depends on the structural features such as a motif, domain, and their 3D confirmations. The deduction of its 3D structure from its primary structure has been considered as one of the major goals to understand the structural dynamics of the protein. Proteins are known to be dynamic entities in cellular solutions. Homology modeling is one of the approaches that are followed for the 3D structure prediction of proteins based on their match with the primary amino sequence of the experimentally solved homologous protein. In our studies, PgHSP16.97 shared 80% similarity in their primary amino acid sequence levels with the wheat HSP16.9 protein (PDB no: 1GME). Hence, the crystal structure of the wheat HSP16.9 protein (PDB no: 1GME) was chosen as a template for building a PgHSP16.97 model using the program Modeller 9v11 (Sali and Blundell, 1993). The secondary structure of the protein consists of four alpha-helices and nine beta-strands (Figure 5A). The Accelrys Discovery Studio 3.5 Client program was used to depict the PgHSP16.97 molecular model (Figure 5B). Five models of 3D structures of PgHsp16.97 were generated at various refinement levels and validated by using the program Procheck. The best model with a Procheck score of −0.09 was selected (Figure 5C). Superimposition of the model with the template and root mean square deviation (RMSD) calculation was carried out using the program (http://www.bioinformatics.org/strap/). The RMSD value of the selected PgHSP 16.97 model structure is 1.60 A° regarding the template 1GME. The structural superimposition was done with the STRAP interface and was observed to have a better level of the superimposition of the model onto the template, as shown in Figure 5D.
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FIGURE 5. Geometrical and three-dimensional (3D) structural analysis of PgHSP16.97 protein (A). Secondary structure analysis of PgHSP16.97 has been shown by using the Phyre2. (B) Predicted 3D structure of PgHSP16.97 given by the modeler 9v11 showing the arrangements of alpha and beta chains. (C) Ramachandran plot of PgHSP16.97 generated by Rampage showing dihedral (phi and psi) angles in which favored region marked as dark blue and orange and allowed regions marked as light blue and orange shades whereas the residue on white spaces are the outliers. (D) Structural superimposition between model and template protein (1GME) given by STRAP (Blue: Template and Violet: model) (https://figshare.com/s/13b4394e6e6137f826ce).




Chromosomal Distribution and Structural Analysis of PgHSP20 Genes

The present investigation revealed that PgHSP 16.97 is located on chromosome 6 and their ortholog in the pearl millet genome revealed that 28 genes were evenly distributed across the genome (Supplementary Table 2). A variation in gene length of HSP20 varies from 338 bp (PgHSP03) to 17.6 kbp (PgHSP27). The chromosomal location with its coordinates is shown in Figure 6. Chromosomes 2 and 6 have most of the HSP20 genes (7), most of which are located on the telomeric regions, whereas chromosome 7 has the least one. The structural features of the identified genes were elucidated by using the Gene Structure Display Server (GSDS). Figure 7 shows a varying pattern of total exonic and intronic regions among the 28 PgHSP20 genes. Among 28 genes, 11 genes (39.28%) possess only a single exon, 10 genes (35.71%) have two exons and a single intron, 14.28% of the genes have three exons and two introns, and the remaining one gene, and PgHSP02 has multiple exons of five.


[image: Figure 6]
FIGURE 6. The chromosomal distribution and positioning of PgHSP20s across all seven chromosomes of pearl millet. Seven chromosomes with varying lengths are shown in the million base pair (Mbp) scale in the left, where the chromosome (represented in bars) is marked by the respective genes with its genomic position (https://figshare.com/s/d113cd59ea02544c8825).
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FIGURE 7. Structural elucidation of the identified 28 PgHSP20 genes. The diagram represents the exon and intron present in genomic DNA, in which exons were represented by violet boxes (https://figshare.com/s/504eb0133d9e684232e7).




Phylogenetic Analysis of PgHSP20 Gene Family

A phylogenetic tree was constructed based on the amino acid sequences of HSP20 genes (Figure 8), 28 from pearl millet (P. glaucum), 22 from rice (O. sativa), 19 from Arabidopsis thaliana, 37 from tomato (Solanum lycopersicon), and 41 from apple (Supplementary Table 3). A total of 147 HSP20s were divided into 16 subfamilies, 35 cytosol Is (C-Is), 19 C-IIs, 5 C-IIIs, 3 C-IVs, 6 C-Vs, 8 C-VI, 4 C-VII, 10 mitochondria Is (M-Is), 4 M-IIs, 5 peroxisomes (Po), 15 from the endoplasmic reticulum (ER), and 9 from plastids (P) based on the phylogeny and the subcellular localization. The new classes were also divided as follows: 2 proteins in C-IX, 1 in C-XI, and 20 in C-XII. However, the PgHSP20 proteins were distributed into 12 out of 16 subfamilies, in which nine proteins were in C-XII, six in C-I, three in C-II, two each in M-I and ER, one each in C-III, C-IV, C-V, C-VI, M-II, and P based on the phylogeny and the subcellular localization. Out of 28 HSP20s, 22 belonged to the cytosol, which suggested that the cytosol might be the functional site of the plant HSP20s.
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FIGURE 8. Phylogenetic analysis of representative HSP20 proteins from Arabidopsis, rice, tomato, and apple along with the 28 predicted HSP20 genes from the pearl millet genome. The phylogenies were constructed by using MEGA.X by the maximum likelihood (MLE) method with a 1,000-bootstrap replication. The 16 subfamilies were distinguished with different colored arcs (https://figshare.com/s/17c47e8fe8fa000e992f).




Digital Expression Profile of PgHSP20s in Response to Heat Stress

To further explore the expression profiles of PgHSP20 genes in response to heat stress, whole-genome RNA-Seq libraries, including three independent biological replicates of two contrasting genotypes with the control and heat-treated set, were downloaded from NCBI (SRP151237) and analyzed. The Fragments Per Kilobase of transcript per Million mapped reads (FPKM) values from the RNA-Seq data were used to estimate the expression levels of 28 pearl millet HSP20 genes and were further employed in the creation of expression heat map (Figure 9). The expression analysis of the contrasting genotypes of pearl millet under the various degrees of heat stresses has shown a highly uneven expression pattern by most of the PgHSP20 genes. The heat map also showed that the 28 HSP20 genes clustered in three groups. Cluster A contains five members (HSP20-16, 18, 24, 25, and 28), which were highly expressed upon heat stress compared with the control in both tolerant and susceptible genotypes. All 19 members from cluster B were mainly upregulated after 6 h of heat stress in stress-tolerant genotypes alone. The remaining four members (8, 13, 14, and 21) grouped in cluster C were barely upregulated upon heat stress as compared to the control in both contrasting genotypes.
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FIGURE 9. The expression heat map of 28 pearl millet HSP20 genes under heat stresses based on the RNA-sequencing (RNA-Seq) data. The heat map with clustering was created by using a log2-based Fragments Per Kilobase of transcript per Million mapped reads (FPKM) value. On the right side of the heat map with a color scale representing relative expression values. C, control plants were maintained at 25°C; HS, heat stress of 42°C for 0.5 and 6 h, respectively, was imposed on plants maintained in the growth chamber (https://figshare.com/s/7132de92e289274bc8e1).





DISCUSSION

Heat shock proteins are a collection of molecular chaperones that have been shown to have a critical role in plant stress reaction as well as growth and development of plants. Small HSPs are the largest and diverse group of HSPs among the plants that possess definite roles in various abiotic stress responses (Scharf et al., 2001; Ouyang et al., 2009; Sarkar et al., 2009; Yu et al., 2016; Zhao et al., 2018; He et al., 2019; Ji et al., 2019; Yao et al., 2020), but they are poorly studied in case of pearl millet.


Response of Pearl Millet Genotypes to Heat Stress

The study was initiated with an analysis of some selected physio-biochemical parameters among the eight pearl millet genotypes. Significant differences were observed among the genotypes, treatments, and their interaction for all the studied physio-biochemical parameters. Upon heat stress, the value of MSI, RWC, and SPAD was diminished among the genotypes and prominent in thermosusceptible genotypes, such as PPMI-69, whereas the level of lipid peroxidation increased among the genotypes upon heat stress due to the formation of free radicals and ROS. Thermo-tolerant genotypes, such as WGI-126 and TT-1, showed limited changes to the abovementioned parameters in response to heat stress and maintaining cellular homeostasis. High genetic variability among the pearl millet genotypes using physiological parameters, such as MSI, RWC, and TBARS, for seedling thermotolerance was observed in earlier reports by Mukesh Sankar et al. (2014); James et al. (2015), and Maibam et al. (2020).

Heat stress leads to the induction of various thermotolerant genes, such as HSFs and HSPs, in pearl millet genotypes. Earlier research experience on the responses of HSP70 and HSF in pearl millet seedlings to heat stress in the gene expression level (Maheswar Rao et al., 2010; Reddy et al., 2010; Divya et al., 2019; Sun et al., 2020) suggested that heat stress response could be used as a molecular marker to identify heat-responsive genotypes. In the current experiment, the expression pattern suggested the upregulation of the transcript level of heat-responsive genes, such as Pgcp70 and PgHSF, under high-temperature stress, supporting the earlier findings of the heat-induced HSPs (Howarth. C. J., 1991; Mishra et al., 2007; Sun et al., 2020). It was also noticed that, under a normal growth condition (25°C), there was a slight accumulation of these transcripts as HSP 70 and its master regulator, HSFs, have a critical role in seed germination and development and also could be attributed to the inherent thermotolerance in pearl millet cultivars as shown by the result of the MSI (Maibam et al., 2020). The Pgcp70 was expressed in small quantity under normal conditions but was enhanced with heat treatment. A large quantity of HSP 70 in the early stage of heat exposure (2 h) indicates a major role in heat stress during the early phases of heat stress. Later on, the transcript level decreases as stress is continued (6 h), which indicates that an immediate shock in the genotype leads to a higher and rapid induction of Pgcp70, the level of which diminishes with continuous exposure to heat stress, suggesting constant involvement of HSP in heat shock for a longer duration (Waters et al., 1996). It was also noticed that the Pgcp70 transcript accumulation showed a slight increase from 7- to 10-day-old seedlings, which indicated that plants tend to increase the temperature tolerance with their development. The expression of the PgHSF was at much lower levels when compared to the transcript level of Pgcp70. Even such a low-level HSF transcript could trigger the transcription of Pgcp70 under heat stress. The transcript expression of the HSF gene in pearl millet showed an utmost rise in the transcript level within 30 min of exposure and gradually came down with time upon heat stress. This indicated its stress regulatory or initiator role. This result was in agreement with the study of Reddy et al. (2010). The expression profile of PgHSF was nearly constant for a long period of heat exposure for 2 h and 6 h in comparison with the expression profile of Pgcp70. PgHSF transcript abundance under high-temperature treatment in the seedling stage was less than Pgcp70 with the same condition, which suggests an initiator role towards rapid stress response in germinating seedling.

The expression of Pgcp70 and PgHSF was found to be associated with the changes in MSI and TBARS under heat stress. Both parameters had shown a low-to-moderate significant correlation with the gene expression of both marker genes. Some studies suggested that the HSP co-inducer hydroximic acid derivatives intercalate into the membrane and stabilize their lipid rafts by regulating membrane structure and composition (Balogi et al., 2019). Similarly, Usman et al. (2018) reported the role of HSP70 in membrane stability in chili pepper. Also, the accumulation of ROS upon heat stress leads to the accumulation of thiobarbituric acid derivatives leading to membrane lipid damages, and subsequently the electrolyte leakage (Killi et al., 2020). The extent of differences observed in HSP70 expression, membrane stability, and lipid peroxidation can be used to improve the thermotolerance capacity of the genotypes. The differential expression pattern was observed for these two heat-responsive genes among different genotypes. WGI-126 showed a positive response to heat stress by accumulating more transcripts whereas PPMI-69 exhibited a very low accumulation of transcripts, as indicated by the physio-biochemical parameters. These results suggested that transcript expression profiling can be used for screening thermo-tolerant and susceptible lines in a large pool of genotypes along with the identification of the potential genes responsible for thermotolerance at various stages of crop growth.



Isolation and Characterization of PgHSP16.97 Under Heat Stress

Among the molecular chaperones, the sHSPs were diverse and were found in both prokaryotes and eukaryotes, which were usually untraceable under a normal physiological situation in plant cells, but they were induced upon stress, leading to plant tolerance to stress, such as drought, poor plant nutrient availability, salinity, and extreme temperatures (Singh et al., 2016). Hence, the diversification and abundance of sHSPs in a plant are thought to reflect the adaptation of a plant to heat stress (Pareek et al., 2021). Among the HSPs, HSP20 forms the first line of defense against stress in the cell during heat stress. They have the ability to bind to the denatured or partially folded proteins to avoid irreversible unfolding or erroneous protein aggregation or to bind to unfolded proteins in an energy-free manner until suitable conditions for renewed cell activity arise, allowing further refolding by HSP70/HSP100 complexes, earning the nickname “paramedics of the cell” (Hilton et al., 2013). Hence, we have isolated and cloned full-length cDNA encoding for HSP 17.0 from P. glaucum to understand the structural signature present in this protein for its role in heat tolerance among genotypes. The analysis of nucleotide and deduced amino acid sequence of the cDNA clone revealed the presence of alpha-crystalline-type sHSPs. A similar domain found in p23 (a co-chaperone for Hsp90) and other p23-like proteins confirmed that the isolated sequence belongs to the sHSP gene family. Alpha-crystalline occurs as large aggregates, comprising two types of related subunits (A and B) that are highly similar to the small HSPs (11–35 kDa), particularly in their C-terminal halves. Alpha-crystalline has chaperone-like properties, such as the ability to protect proteins from precipitation, thereby improving the cellular tolerance to stress. The model structure revealed that the N-terminal arm of the PgHSP16.97 represents an extensive, intrinsically unstructured domain rich in hydrophobic residues (53%), which will play key roles in protein–protein interactions with denatured proteins and thus critical to substrate interactions (Jaya et al., 2009). Due to its ability to present multiple binding site conformations, PgHSP16.97 is highly effective at interacting efficiently to protect a wide range of critical cellular proteins. In addition, N-terminal regions are important for stabilizing an oligomer through interlocking subunits by forming two disks intertwined to form pairs of knot-like structures, and the hydrophobic contacts in these knots are buried inside an oligomer (van Montfort et al., 2001). The C-terminal extension is variable in length, and its function in those cellular compartments is enigmatic. As per the sequence information, the C-terminal extension was rich in glutamic acid residues (E-), which were critical for its chaperone activity (Morris et al., 2008). Moreover, there was an Ile-X-Ile residue at the C-terminal extension (β10 strand), which has a role in the oligomerization of HSPs (Studer et al., 2002) by interacting with the hydrophobic pockets formed at β4 and β8 of ACD strands. Two CRs within C-terminal separated by a region with hydrophilic residues form a signature sequence for the identification of cytosolic plant sHSP. The CR-I consists of residues (P-X14-GVL) that are involved in the multimerization of PgHSP17 subunits, and the CR-II consists of residues (P-X15-V-L) involved in the solubility of the protein complex. Arginine (R) conserved across the cereal sHSP gene at position 114 is responsible for the stabilization of dimer by the formation of an intermolecular salt bridge with glutamic acid at position 100 (van Montfort et al., 2001).

Moreover, the gene expression pattern in pearl millet suggested its constant involvement in response to heat stress at different developmental stages. Under controlled conditions, the expression level of PgHSP16.97 was very low, still showing a higher expression in flag leaf, stem, and developing panicles, which indicated the involvement of HSP20 genes in plant reproductive tissue development. Cytosolic class I HSP20s will begin to accumulate on flag leaf and develop seed from mid-maturation throughout the late maturation under normal conditions. A similar observation concerning the HSP20 genes was reported by Poidevin et al. (in press) while conducting riboprofiling studies on developing pollens and in developing wheat panicles (Wang et al., 2020). Upon heat stress, the expression of the gene was upregulated by up to 19 times in almost all tissues of tolerant genotypes. However, the expression was found to be higher in the seedling stage as compared to other tissues. Young seedlings are prone to dehydration by heat stress than other tissues due to the presence of more meristematic tissues. Several studies have speculated that cytosolic class I HSP20s may function to protect cellular components during seedling desiccation (Kalemba et al., 2019).



Genome-Wide Scan and Expression Profiling of Pearl Millet HSP20 Gene Family in Response to Heat Stress

In the current investigation, we used the pearl millet genome database to identify 28 HSP20 genes and investigated their sequence characteristics. The number of HSP20 genes in pearl millet was higher than that in Arabidopsis (19) (Scharf et al., 2001), but slightly lower than that in tomato (37) (Yu et al., 2016), foxtail millet (37) (Singh et al., 2016), and rice (39) (Ouyang et al., 2009), and much lower than that in sorghum (47) (Nagaraju et al., 2020) and bread wheat (163) (Muthusamy et al., 2017). The gene duplications and rearrangements that occurred during evolution are quicker to attribute for this difference (Devos et al., 2000; Varshney et al., 2017). The expansion of the number of gene families in plants is thought to be aided by gene duplication and the same with the evolution of sHSPs (Waters and Vierling, 2020). The pearl millet HSP20 family could be divided into 12 subfamilies according to the phylogenetic analysis, which is consistent with the previous evolutionary classification of HSP20 genes in sorghum and foxtail millet (Singh et al., 2016; Nagaraju et al., 2020). A total of 22 out of 28 members belong to nucleo-cytoplasmic subfamilies, and among these subfamilies, CXII was the largest subfamily with 20 members. As a result, we hypothesized that the cytoplasm, as a site primarily for protein synthesis, could be the primary location for HSP20 interacting with the denatured proteins to prevent them from aggregating and degrading inappropriately (Waters and Vierling, 2020). The gene structure analysis indicated that most pearl millet HSP20 genes (74.99%) have no introns or a single intron, suggesting relatively simple gene structures. The gene structure analysis indicated that nearly 75% of the pearl millet HSP20 genes were either intronless or with a single intron, implying relatively simple gene structures. This is concurrent with the results of the previous finding of the researchers, which showed that the plants were prone to retain more genes with no intron or a short single intron (Ji et al., 2019). According to the RNA-Seq atlas, temporal regulation of the PgHSP20 gene family was observed under heat stress among the contrasting genotypes. The heat map showed that the PgHSP20 genes clustered in three groups, in which cluster A contains five members (HSP20-16, 18, 24, 25, and 28), which were highly expressed upon heat stress compared with the control in both tolerable and susceptible genotypes. These genes have no introns except for PgHSP-28. Furthermore, we also found that these PgHSP20 genes were more heat stress-inducible in susceptible genotypes compared to tolerable genotypes, as evidenced by their expression pattern after 30 min of heat stress induction. The rapid response of sHSPs upon heat stress in susceptible genotypes over tolerant genotypes for a short period of stress was also observed in crops (Chakraborty et al., 2018).




CONCLUSION

HSP20 genes are a large and diverse group of genes involved in plant stress responses, and as a result, they have been studied extensively in a variety of crop plants. However, to the best of our knowledge, there are a handful of reports available in otherwise naturally stress-tolerant model C4 crops such as pearl millet. An attempt was made in the current study to validate the powerfulness of the expression pattern study as a molecular screening technique in identifying the contrasting genotypes based on the expression of heat-responsive marker genes, such as HSP or HSF, in the seedling stage of pearl millet. Using the transcript expression-based screening, one gene (PgHSP16.97) belonging to the HSP20 family was identified, cloned, and characterized for the first time from pearl millet cv. WGI 126. Later, this sequence information was used in the identification of the genome-wide distribution of HSP20 genes. Isolating and identifying these functional genes will help researchers in gaining an in-depth understanding of the molecular genetic basis of pearl millet stress adaptation and genetic improvement. It can serve as powerful genomic resources for genetic engineering. Also, the in silico structure prediction can provide further insights into the molecular regulation of stress tolerance, thereby bridging them together to fight against the unpredicted nature of abiotic stress.
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The infection caused by grain mold in rainy season grown sorghum deteriorates the physical and chemical quality of the grain, which causes a reduction in grain size, blackening, and making them unfit for human consumption. Therefore, the breeding for grain mold resistance has become a necessity. Pedigree breeding has been widely used across the globe to tackle the problem of grain mold. In the present study, a population breeding approach was employed to develop genotypes resistant to grain mold. The complex genotype × environment interactions (GEIs) make the task of identifying stable grain mold-resistant lines with good grain yield (GY) challenging. In this study, the performance of the 33 population breeding derivatives selected from the four-location evaluation of 150 genotypes in 2017 was in turn evaluated over four locations during the rainy season of 2018. The Genotype plus genotype-by-environment interaction (GGE) biplot analysis was used to analyze a significant GEI observed for GY, grain mold resistance, and all other associated traits. For GY, the location explained a higher proportion of variation (51.7%) while genotype (G) × location (L) contributed to 21.9% and the genotype contributed to 11.2% of the total variation. For grain mold resistance, G × L contributed to a higher proportion of variation (30.7%). A graphical biplot approach helped in identifying promising genotypes for GY and grain mold resistance. Among the test locations, Dharwad was an ideal location for both GY and grain mold resistance. The test locations were partitioned into three clusters for GY and two clusters for grain mold resistance through a “which-won-where” study. Best genotypes in each of these clusters were selected. The breeding for a specific cluster is suggested. Genotype-by-trait biplots indicated that GY is influenced by flowering time, 100-grain weight (HGW), and plant height (PH), whereas grain mold resistance is influenced by glume coverage and PH. Because GY and grain mold score were independent of each other, there is a scope to improve both yield and resistance together.

Keywords: grain mold, population breeding, GGE biplot, G×E interactions, glume cover, grain hardness


INTRODUCTION

Sorghum is well-adapted to the harsh conditions of arid and semiarid agroecologies where other crops fail to thrive well. Sorghum grain has a wide range of uses such as food, feed, brewing, and grain-based ethanol production (Ashok Kumar et al., 2011; Gonzalez et al., 2011; Aruna et al., 2019). Though sorghum has an important role in different sectors, the availability of good quality grain in an adequate amount is greatly influenced by climate variability, which induces constraints in terms of biotic and abiotic stresses (Das et al., 2012; Tovignan et al., 2016). Changed climate scenario, cropping pattern, and the cultivation of high-yielding hybrids and varieties have brought a change in the disease scenario over time, and the diseases, which were considered minor at some point of time, have become predominant, thereby inducing losses in yield and quality. Grain mold of rainy season grown sorghum is one such disease, which has changed its significance over time (Das et al., 2020). Now, it has become a prominent disease of rainy season sorghum for its devastating effects on grain yield (GY) and quality. It is a common disease in the countries of Asia, Africa, North America, and South America (Frederiksen et al., 1982; Das and Padmaja, 2016). The severity of the disease has increased in Asia and Africa where white grain sorghum is grown for food use. In India, high-yielding white grain hybrids are widely grown during the rainy season, which are devastated due to grain mold. This is mainly due to the cultivation of short- and medium-duration sorghum cultivars that mature during the rainy days in humid, tropical, and subtropical climates. These cultivars become susceptible to the disease while late-maturing photoperiod-sensitive sorghums generally escape grain mold as they attain maturity during dry weather (Rao et al., 2013). The disease has adverse effects on GY, quality, market value, seed quality, and eventually on the end products developed from grain (Das, 2019). Mold attack has become one of the major constraints hindering sorghum cultivation, which resulted in a drastic decrease in the area of cultivation. GY reduction up to 30–100% was reported (Ashok Kumar et al., 2011) with the estimated annual loss of US$ 130 million across the globe (ICRISAT, 1992) and US$ 50–80 million in India (Das and Patil, 2013). Yield losses up to 100% are reported on grain mold-susceptible cultivars under conducive environmental conditions such as rains during grain maturity (Singh and Bandyopadhyay, 2000; Navi et al., 2005). The grain mold causes yield reductions by poor seed formation due to caryopsis abortion, reduced grain filling, and filling grains with less density. The grain quality and thereby the market value is affected due to surface discoloration, poor grain size, and density. In addition, grain mold poses health hazards to both human and animals due to the production of mycotoxins and secondary metabolites (Castor and Frederiksen, 1980; Little and Magill, 2009; Audilakshmi et al., 2011).

The prevailing weather conditions, particularly high relative humidity (RH) and temperature during the period between flowering and maturity, are the most important factors that influence grain mold development. Warm and humid weather is more conducive to the development of the disease. Humid weather during and after flowering is required for grain mold development and longer the duration of such conditions, more is the incidence of mold development. The severity of fungal sporulation and grain mold increases on most sorghum lines with an increase in the incubation temperature from 25 to 28°C with RH levels of 95–98% (Tonapi et al., 2007). RH, rainfall, the number of rainy days, and minimum temperatures for 4–6 weeks after flowering are significantly correlated with mold incidence (Ratnadassa et al., 2003; Tarekegn et al., 2006).

Grain mold resistance is complex as it involves many fungi (Williams and Rao, 1981) and is governed by many traits (Ambekar et al., 2011). Several management strategies, such as fungicide application, chemical and physical treatments, and the adaptation of tolerant varieties, were tried to control grain mold infection (Navi et al., 2002; Indira et al., 2006). Among all methods, the use of resistant varieties is cost-effective and ecofriendly to control grain mold (Mofokeng et al., 2017). It has been reported by many authors that the resistance to grain mold is conferred by several physical and chemical properties of plant and grains, which include loose panicle architecture, red pericarp, hard grain with increased glume coverage, glume color, pigmented testa, phenolic compounds, high levels of condensed tannin, phenolic acids, flavan-4-ols, and antifungal proteins (Glueck and Rooney, 1980; Esele et al., 1993; Rodriguez-Herrera et al., 1999; Waniska et al., 2001; Audilakshmi et al., 2005; Ulaganathan, 2011; Little et al., 2012; Thirumala Rao et al., 2012). The effects of different plant characters, such as phenological traits (height and duration), panicle structure (compactness), and floral traits [glume cover (GC) and length], on grain mold resistance have been extensively explored. Grain mold resistance is under the control of polygenes involving both major and minor genes having additive and epistatic effects and significant genotype × enviornment interactions (GEI; Klein et al., 2001; Audilakshmi et al., 2005). The involvement of a minimum of 4–10 genes was reported by Rodriguez-Herrera et al. (2000). Due to the complex nature of grain mold, its management has also been difficult.

A grain mold-resistant cultivar provides the best means for minimizing the yield losses due to the disease epidemic (Forbes et al., 1992; Prom and Erpelding, 2009; Prom et al., 2014). This approach is highly recommended in exploring host-plant resistance mechanism. However, most of the efforts in developing mold-resistant cultivars met with challenges to tackle with the complex nature of the fungal species involved, many mechanisms governing resistance, multiple genes involved in genetic resistance, and a significant impact of environment and thus could derive limited success in the development of mold-resistant genotypes (Prom et al., 2003; Audilakshmi et al., 2011; Mpofu and McLaren, 2014). Nevertheless, many efforts are being made to improve grain mold resistance in sorghum. Both conventional breeding approaches and molecular approaches have been followed to tackle the problem of grain mold. Mainly, pedigree breeding was followed by involving resistant sources in the crossing program and making selections in segregating populations. However, major breeding efforts in the last three to four decades to incorporate grain mold resistance in the high-yielding genetic background have not paid many dividends, the real challenge being the incorporation of different resistant mechanisms into a single cultivar to make it mold resistant. Low-to-moderate effect quantitative trait loci (QTLs) conferring the resistance to grain mold were identified in QTL mapping studies (Klein et al., 2001). However, these QTLs did not have a major effect on grain mold resistance directly and were associated with the traits that indirectly modulate resistance. Recently, genome-wide association mapping (GWAS) studies identified a major grain mold-resistant locus containing tightly linked and sequence-related MYB transcription factor genes (Nida et al., 2019; Prom et al., 2020).

A population breeding approach was initiated in Indian Institute of Millets Research (IIMR) as one of the approaches to tackle the problem of grain mold. Population improvement methods provide an opportunity for obtaining desirable gene recombinants by breaking undesirable linkages between desirable and undesirable traits especially for the incorporation of biotic stress- and abiotic stress-resistant genes from agronomically non-elite germplasm lines into the elite background (Reddy et al., 2006). Population improvement involves two important steps. In the first step, broad genetic-based gene pools are created. Later on, they are further improved through recurrent selection methods, which involve a cyclic scheme that includes the selection of desired plants, and a selected recombination, which allows random mating among the selected plants, and the generation of different types of families/progenies from the selected plants. The superior ones are intercrossed for an increased recombination to constitute new populations. The repeated selection and crossing of desirable plants through the recurrent selection methods result in the release of concealed genetic variation due to increased opportunities for recombination, because of which the frequencies of favorable genotypes steadily increase in a population. Population improvement programs have been made feasible in sorghum through the discovery of genetic male sterility. The reciprocal recurrent selection methods are further used to exploit additive (A) and A × A and other epistatic gene actions (Comstock and Robinson, 1952; Eberhart, 1972). Many breeders have adopted the population improvement methods in sorghum (Doggett, 1972; Maunder, 1972). Of several sources of genetic male sterility, the ms3 and ms7 alleles have been extensively used in population improvement programs worldwide due to their stability across environments (Bhola, 1982, Reddy and Stenhouse, 1994; Murty and Rao, 1997). Of late, Bernardino et al. (2021) reported that a multiparental random mating population in sorghum could be used to detect QTLs related to tropical soil adaptation, fine mapping of underlying genes, and genomic selection approaches. Keeping the advantages of the population breeding in bringing together the desirable alleles, we initiated a population breeding approach in 2000 and the two populations were developed, one for female parent (B line) development and another for male parent (R) development. After completing three cycles of random mating and three cycles of half-sib family selections, the lines were stabilized. In the present study, 150 derivatives from a random mating population were screened for their grain mold resistance across the four locations. From these, 33 derivatives were selected and were evaluated for their yield traits and grain mold resistance over the four locations.

The GEI poses a challenge to the plant breeders during testing and the selection of desirable genotypes, resulting in slowing down of the genetic progress (Romagosa and Fox, 1993). A significant GEI may be the resultant of (i) a noncrossover GEI wherein the genotype rank does not significantly change across environments and a significant interaction is mainly due to the magnitude of the response of genotypes with a location, or (ii) a crossover type of GEI, where the rank of the tested genotype changes from one environment to another, which means that a genotype that is best performing in one environment may be a poor performer in another environment. Selection becomes easy for a plant breeder if the GEI is of non-crossover type while the crossover interactions pose difficulties in plant breeding (Mohammadi and Amri, 2013). In such situations, multi-environment trials (METs) help to identify the superior genotypes with broad as well as specific adaptation. The performance of genotypes across environments can be used to derive the relation among the testing locations and also group the locations into different mega-environments (MEs; Yan et al., 2000). Each ME consists of a group of testing locations that show a similar or non-crossover genotypic response as well as depict consistent performance of genotypes across years (Gauch and Zobel, 1997; Yan and Rajcan, 2002; Yan and Tinker, 2005). For interpreting the MET data, the GGE biplot developed by Yan et al. (2000) is preferred by researchers across the world as it allows a visual examination of the GEI pattern. The advantage of this method is that the genotype variance is integrated with the GEI effects removing the only variance due to E. The “which-won-where” view of the GGE biplot identifies the best performing genotype in a particular ME (Yan et al., 2007). In addition, for the most ideal genotype, best suitable environments can be visualized apart from a comparison of any two cultivars across environments, the determination of the yield, and the stability of genotypes in “mean vs. stability view.” An ideal environment for initial testing can be identified by looking into discriminability and representativeness of the environments apart from grouping the locations into MEs (Malla et al., 2010).

The association among the traits across locations can be viewed from the genotype-trait (GT) biplot and an application of the GGE biplot technique where traits are considered as testers (Yan and Rajcan, 2002; Yan and Tinker, 2005; Dehghani et al., 2008). The GT biplots summarize the genotype-by-trait matrix graphically (Yan and Rajcan, 2002; Yan and Kang, 2003). And the graph can also identify the specific trait combinations to be employed for indirect selection (Yan and Tinker, 2005). In addition, the potential known genotypes that are good performers for specific traits give insights into a parental line with trait combinations for enhancing yield. The GGE biplot technique was used to understand the stability of genotypes and also to interpret the complexity of GEI in grain sorghum (Rakshit et al., 2012), forage sorghum (Aruna et al., 2016), and sweet sorghum (Rao et al., 2011).

The present study aims to evaluate the performance and stability of 33 derivatives from the population improvement program for grain mold resistance and GY across the four locations. The main objectives were (i) to interpret the complexity of GEI in GM using the GGE biplot analysis; (ii) to identify stable lines with the grain mold resistance that could be utilized in the resistance breeding programs; and (iii) to understand trait associations among grain mold traits using the GT biplot analysis.



MATERIALS AND METHODS


Plant Material

The plant material consists of the derivatives of the population breeding approach. In the early 2000s, population breeding has been initiated at ICAR-IIMR to facilitate the accumulation of genes from different resistance sources to tackle the grain mold problem using a half-sib mating system. Two separate populations were maintained, one for B line and another for R line improvement. Care was taken to involve a different set of lines in each of the populations to maintain genetic diversity. In the B population, elite B lines (296B, 27B, 422B, and 463B), some elite sources of grain mold resistance (SPGM 950267, SPGM 950283, and SPGM 950288), and grain mold-resistant sources from germplasm (B 58586 and IS 25017) were used. In the R population, elite R lines (C43, C85, NR 9, and NR 486), improved the grain mold-resistant source (SR 839) and the resistant source from germplasm (IS 14332), were involved. Three cycles of random mating were allowed in each of the populations in isolation. Later, three cycles of selections through half-sib mating were carried out. Each cycle of half-sib mating consists of one generation of selection for the target trait and one generation of random mating among the selected lines, thus increasing the frequency of desirable alleles. After three cycles of half-sib mating, the population mean of grain mold had come down to 5.6 score (on the scale of 1–9) from an initial score of 8.0 in case of the B line population, whereas it had come down to 5.4 from an initial score of 7.0 in case of the R line population. After three cycles of half-sib mating, the lines were made genetically stable by selfing over 3–4 generations. A total of 150 such stable lines were evaluated in the four locations during 2017. Out of these, 33 derivatives that performed well across the locations were selected and again tested in the locations during 2018.



Experimental Location and Design

The trials were conducted in the four testing locations during 2017 and 2018. The chosen locations were from sorghum growing states such as Maharashtra, Karnataka, and Telangana. These locations were distributed across the three states of India, with two locations (Akola and Parbhani) in Maharashtra, one each in Karnataka (Dharwad) and Telangana (Hyderabad). All these four locations were earlier identified as hot-spot locations for sorghum grain mold under All India Co-ordinated Research Project on Sorghum (AICRP-Sorghum). The climatic conditions of the selected locations for this study are presented in Figure 1.
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FIGURE 1. Meteorological data [rainfall, the number of rainy days, relative humidity (RH), and temperature] in the four locations of the study during 2017 and 2018.


In 2017, 150 random mating-derived lines were sown in an augmented design in the four locations. These lines were shown in three blocks each with 50 lines. In each block, five checks were included. The checks include two high-yielding but grain mold-susceptible B lines (296B and 27B), two moderately grain mold-resistant R lines (C43 and CB33), and one grain mold-resistant check (B 58586). In 2018, the experimental design was a randomized complete block (RCBD) with three replications. Two checks, one grain mold-resistant check, B 58586 and an elite grain mold-susceptible check, 296B were used for the experiment. Each genotype had a plot size of two rows of 4 m length each, with 0.6 m between rows and 0.15 m between hills in each row. In each location, the experiment was planted with the onset of rains during June. All the recommended crop production and protection practices were followed to raise a crop with good plant stand. Standard crop management practices were followed across all locations.



Field Monitoring and Data Collection

In 2017, observations on grain mold score, days to flower (DF), plant height (PH), GY per plant, and 100-grain weight (HGW) were recorded, whereas, in 2018, all the following observations were recorded in each location.


Phenological and Yield Traits
 
Days to Flower

Number of days to anthesis for ~50% of the plants to reach mid bloom was recorded for each plot.



Plant Height

PH was recorded at physiological maturity on 10 plants per plot, from the soil surface to the top of the panicle and was expressed in cm.



Panicle Length

The length of the panicle from the base to the tip was measured on 10 plants per plot at the time of harvest and was expressed in cm.



Grain Yield

The grain of 10 plants was harvested individually and weighted. The average weight of the 10 plants was taken as the yield per plant in grams. The first and last plants in each row were not harvested to eliminate the confounding results caused by a border effect.



Hundred-Grain Weight

The weight of 100 grains from each panicle was recorded and expressed in grams. The average of 10 plants is used for analysis.



Grain Hardness

Digital hardness tester (Pharmag Instruments Ltd., Kutkatpally, Hyderabad, India) was used to record grain hardness (GHR) for the grain samples from Hyderabad and Akola. It employed a force gauge to measure tension/compression force applied on an individual seed. The measurement on 10 randomly selected seeds per plant and on 5 plants per replication was taken. The individual seed hardness from each sample was tested, and the mean value was expressed in kilogram force (kgf).



Grain Mold Score

Threshing of grains were carried out plot-wise, and the grain mold reactions of each plot were measured as grain mold score (GMS) as per Audilakshmi et al. (2011). About 20 g of the grain sample was placed in a petri plate, and grain mold infection was scored visually using a 1–9 scale, where 1 = no mold and 9 = more than 75% of grains in the sample are with mold. The GMS data were subjected to square root transformation for further analysis.



Glume Cover

GC was assessed visually based on the portion of the grain covered with glume as 25, 50, 75, and 100%. This visual assessment was taken on 10 plants in each plot and the average was drawn. The data were transformed using an arcsine transformation.



Glume Color

GCL was recorded visually as white, red, and brown on 10 plants in each plot.



Panicle Compactness

Panicle compactness (PC) is recorded visually as loose, semi-compact, and compact based on the density of the ear head at the time of maturity.




Data Analysis

The 2017 data of all the four locations were subjected to the individual and pooled augmented analysis through the augmented complete block design (ACBD) in R program (Rodríguez et al., 2018). Out of 150 genotypes tested, 33 superior derivatives were selected for evaluation in 2018 based on their grain mold score across the locations in 2017. For the data of the four locations in 2018, ANOVA was carried out to test location (L), genotype (G), and their interaction effects (G × L). Trait variability and correlations were calculated using replicate means. The replication-wise data were analyzed for ANOVA using Genstat 12th edition (V. S. N., International, 2009). Heritability (h2b) is calculated for the target traits as the ratio of genetic variance to the phenotypic variance (which is the total of the genetic variance and environmental variance). The levels of the broad-sense heritability (h2bs) are categorized as low (<0.3), moderate (0.3–0.6), and high (>0.6) according to Robinson et al. (1949).

The GGE biplot analysis was employed to interpret the genotype by environment interactions for GY and grain mold tolerance. A GGE biplot methodology, which explains two concepts, the biplot concept (Gabriel, 1971) and the GGE concept (Yan et al., 2000), was used to analyze the data. The statistical theory of GGE methodology as given by Yan and Kang (2003) was considered. The data were analyzed as described by Rakshit et al. (2012) using the software GGE biplot ver. 8.2 (Yan, 2001). The MLT data were analyzed in the GGE biplot with the options (scaling = “scaling 4”) and tester-centered (centering = 2) GGE biplot, as suggested by Yan and Holland (2010). For obtaining genotypes with high yield and stability using the “mean vs. stability” option, genotype-focused singular value partitioning (SVP = 1) was used, and for evaluating locations, environment-focused SVP = 2 was employed (Yan, 2001) using the “relation among testers” option. The “which-won-where” option was used to pool the locations into MEs and to identify the promising genotype in a given ME.


Genotype-By-Trait Biplot

The GGE biplot software was used to generate genotype × trait biplots by the “genotype-by-trait biplots” option using the pooled data and “scaling = 1.” Traits were considered as testers. Phenotypic correlations among traits were determined using trait-focused SVP (Yan and Tinker, 2005).






RESULTS


ANOVA and Mean Performance

The mean values and ranges of trait expression of the studied 150 genotypes in 2017 are presented as location wise in Table 1. The grain mold incidence was high in Hyderabad and Dharwad as revealed by the location mean and range of grain mold score. Good amount of variation was observed for all other traits. A total of 33 derivatives were selected based on their better level of grain mold resistance across the four locations for further study during 2018. The results of ANOVA and the mean values for all the traits studied during 2018 are presented in Tables 2, 3. The ANOVA showed that the effects of G and L and G × L interaction effects were significant (p < 0.01) for all traits. The DF ranged from 66 to 80 days with G6, G7, G8, G5, G15, and G13 flowering in <70 days. It was longer in Akola, whereas it was shorter in Hyderabad. There was a significant effect of G, L, and the interaction G × L on flowering. The genotypes varied significantly for PH, which ranged from 123 to 223 cm. PH observed at Dharwad and Hyderabad was higher compared to that observed at Akola and Parbhani. For GY also, the differences among the genotypes were significant and there are a few genotypes, such as G28, G21, G10, G23, G27, and G1, that showed significantly higher performance for GY per plant over the elite check, 296B. In general, GY was less at Akola and Parbhani. The lines, G15, G28, and G7 exhibited significantly higher HGW over the elite check, 296B. The differences in grain weight among the locations was not much. Most genotypes recorded higher grain mold score in 2017 compared to 2018. For this trait, the genotypes G4, G33, G31, and G8 were statistically on par with the resistant check, B 58586 in both the years. However, all other test lines were significantly better than the elite check, 296B. Their GMS ranged from 2.78 to 5.54 in 2018, which indicates that the lines were all tolerant. The elite parent 296B had a GMS of 8.5 in 2017 and 7.75 in 2018 indicating that it is susceptible. The highest GMS among the locations was recorded at Hyderabad (6.8) followed by Dharwad (5.87) in both years. Though there were significant differences among locations, all the genotypes were categorized as tolerant based on the observed GMS values at these locations. GHR, which was measured at two locations, ranged from 6.33 to 12.33 kgf. The grain samples of Akola were harder compared to those of Hyderabad.


Table 1. Mean performance of all genotypes at different locations during the rainy season of 2017.
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Table 2. (A) ANOVA for different studied traits across four locations during the rainy season of 2018. (B) ANOVA for grain yield and grain mold score in individual locations during rainy season of 2018.
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Table 3. Per se performance of genotypes for all traits across locations during the rainy seasons of 2017 and 2018.
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Broad-Sense Heritability

The h2bs for the yield and grain mold-resistant traits for an individual location and across the locations is presented in Table 4. Although the observed h2b was generally high for most of the traits, it showed a variation for each trait in respective locations. H2b was high for days to flowering, PH, GC, and HGW in all locations and across locations. GY had high h2b at Akola (0.8), Dharwad (0.8), and Hyderabad (0.91), whereas it had low h2b at Parbhani (0.13). Across locations, it was found to have moderate h2b (0.35). Grain mold score had moderate h2b at Akola (0.53) and Dharwad (0.6), whereas it showed high h2b at Hyderabad (0.83). Parbhani recorded low h2b for grain mold score (0.19). GHR recorded moderate h2b in both the locations where it was recorded.


Table 4. Broad-sense heritability (h2bs) for the traits location wise and across locations during the rainy season of 2018.

[image: Table 4]



Contribution of the Factors to the Variation of GY and Grain Mold Score

The relative contribution of variation due to genotype, environment, and G × E to the total variance measured for GY and GMS are presented in Table 5. The location with 51.7% of the total variance was the major contributor toward a variation in GY followed by the G × L interaction (21.9%). The genotype accounted for 11.2% of total variability. Similarly, a variation in GMS was largely explained by G × L (30.7%) followed by the G (23.3%) and L (10%).


Table 5. Sum of squares and proportion of variation explained by year (Y), location (L), genotype (G), and their interactions on grain yield (GY) and grain mold score (GMS).
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GGE Biplot Analysis

For ease of interpretation of a graphical representation, grain mold score was rearranged with scaling 9 = resistant and 1 = susceptible for the GGE biplot analysis. Because the heritability was different in different environments, the GGE biplot analysis was done by applying h2b-adjusted GGE as suggested by Yan and Holland (2010).


Mean Performance and Stability Analysis of Genotypes Across Locations

The performance of genotypes for mean and stability is depicted by the average environment coordination (AEC) method and is presented in Figure 2 (Yan, 2001, 2002). The environment-centered (centering = 2) genotype-metric (SVP = 1) biplots for each of the traits are presented in Figures 2A–G. The first two PCs explained about 94.7% of a variation for GY. In Figure 2 the AEC abscissa, a line with a single arrow head, passes through the biplot origin and points toward the higher mean values. The perpendicular lines to the AEC abscissa are the AEC ordinates and their length indicates stability. The genotype, which is present away from the origin toward the arrow head, has the highest and in the opposite direction has the lowest mean GY. Accordingly, genotype G28 which is placed on the positive side at the far end from the origin, is the highest yielding, followed by G21. On the other hand, G33 had the lowest GY, followed by G7. The biplot results were compared with those of tabulated values for mean GYs of the genotypes (Table 3), thereby showing that the biplot can be used to visualize ranking of genotypes. The projection of the genotypes on the AEC ordinate approximated the stability with a greater projection indicating toward instability. The genotype G28 was less stable for GY with a higher projection from the AEC abscissa. On the contrary, G21 was relatively more stable as it was closer to the AEC abscissa. It also had the highest GY after G28.
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FIGURE 2. GGE biplots from the combined analysis of data from 35 genotypes (1–35) evaluated across four locations for the traits: (A) grain yield (GY), (B) grain mold score, (C) flowering time, (D) 100-grain weight (HGW), (E) plant height (PH), (F) panicle length (PL), and (G) glume coverage.


For grain mold score, the first two PCs explained 83.8% of the variation. Here, the resistant genotype (G34) had the best level of resistance, being projected farthest from the origin. The genotypes, G4 and G33 had good levels of grain mold resistance and were more stable as their projection on the AEC ordinate is less. Though G8 and G9 also had low grain mold scores, they are not very stable.

Grain yield and grain mold resistance can be simultaneously improved indirectly through other target traits. The mean and stability biplots for all these traits are presented in Figures 2C–G. The analysis depicts desirable genotypes for each of these traits. The first two PCs explained 76.2–96.1% of the total variation in the data for different traits, thereby these graphs can be used for the interpretation of MLT data. For days to flowering, PC1 and PC2 explained 79.7% of the total variation and G6 was the earliest genotype with 66 DF, followed by G7 and G5. For PH, the biplot explained 96.1% of the variation. The genotypes G12 and G26 are the tallest and G2 is the shortest. The biplot of panicle length (PL) explained 90.9% of the total variation and G3 and G14 had longer panicles. For HGW, the biplot explained 79.8% of the variation and the genotypes, G28 and G15 had a bold seed with the grain weight of around 2.7 g/100 grain. The biplot of glume coverage explained 76.2% of the total variation. The longest glumes were observed in the resistant genotype (G34). Among the test lines, G21, G3, and G14 had longer glumes (68–70%). The numerical values of these traits (Table 3) were correlated with the graphical results, except a few minor changes in genotype ranking.

Because GMS and GY are the economically important traits, these traits are considered for further analysis. An “ideal genotype” is defined as one, which has high mean yield and stability across locations. Ranking of the other genotypes in comparison to the “ideal genotype” for GY is presented in Figure 3 (Yan and Tinker, 2006). In the present study, genotypes G28, G21, G27, and G10 were closer to the ideal genotype (Figure 3A) and also had high numerical GY among the tested genotypes (Table 3). For grain mold resistance, G34, G4, and G33 were closer to an ideal one indicating they had a better level of grain mold tolerance. G28 was the highest yielder and was selected to understand the specific adaptation by ranking the test environment based on the relative GY of this genotype in the given environment (Figure 4A). Genotype 28 had the highest yields at Dharwad, above average performance at Hyderabad, near average at Akola, and below average at Parbhani. For grain mold resistance, G34 had a high level of resistance at Dharwad, followed by Hyderabad (Figure 4B). Its performance in all other locations was good and above average.
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FIGURE 3. Ranking of 35 genotypes relative to ideal genotype [the small circle on average environment coordinate, average environment coordination (AEC)] for GY (A) and GMS (B).



[image: Figure 4]
FIGURE 4. Ranking of four environments based on the performance of the highest yielding genotype, 28 for GY (A) and most resistant genotype, 34 for grain mold score (B).




Ideal Test Locations for GY and Grain Mold Resistance

The MLT data can also be used to derive the information about testing locations (Cooper et al., 1996; Yan et al., 2007). Graphical representation of the test environment can be viewed from the GGE biplot. An ideal environment is one, which can differentiate among the genotypes that can be measured by its vector length in the biplot, and it should represent all other locations which is, measured by its angle with the “average environment” (Yan, 2001). In the GGE biplot, the relationships among test environments can be derived by environment-metric (SVP = 2). The cosine of the angle between the two environments is related to the similarity between them. An acute angle indicates a closer relationship between the environments in ranking the genotypes, whereas an obtuse angle is indicative of a negative correlation and a right angle of no relation (Yan and Tinker, 2006). Combined analysis of the 35 genotypes for GY (Figure 5ai) showed that the locations Hyderabad, Dharwad, and Akola were positively correlated, whereas Parbhani with an obtuse angle with other locations had a negative association. For GMS, Dharwad, Parbhani, and Hyderabad were positively correlated with an acute angle, whereas Akola had no linear correlation with Dharwad and Parbhani but positively correlated with Hyderabad (Figure 5aii). The results of correlations among environments using the GGE biplot for GY and grain mold score were further confirmed by carrying out rank correlations among the environments (Table 6).
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FIGURE 5. GGE biplot showing relation among the four test locations with respect to GY (ai) and grain mold score (aii); ranking of locations based on the discriminating ability and representativeness for GY (bi) and grain mold score (bii); and Ranking of 35 sorghum genotypes based on their performance in the near ideal location, for GY (ci) and grain mold score (cii).



Table 6. Rank correlation between environments for GY and grain mold score.
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The discriminating ability and representativeness of the environments are visualized in Figure 5bi,ii for GY and grain mold resistance, respectively. The concentric circles on the biplot are proportional to the SD of the environments. It indicates the discriminating ability of the environments (Yan and Tinker, 2006). In addition, the length of the environment vector is directly related to the discriminating ability. Dharwad with the longest vector length was found to be the most discriminating location, followed by Hyderabad for both GY and grain mold resistance. Parbhani and Akola revealed no discriminating power as depicted by a shorter vector length, and the conclusions on the genotypic performance may not be meaningful. Representativeness of a location can be obtained by projecting the locations with respect to the AEC abscissa (Figure 5b). The “average environment” is represented by a small circle on the AEA in Figure 5b. Those environments, which make smaller angles with the AEA, are the most representative of all the test environments. Thus, Dharwad was closest to the average environment in case of GY, whereas both Hyderabad and Dharwad had almost the same angle in case of grain mold score. An “ideal” location is the one, which should be discriminating as well as represent the test locations (Yan, 2001). Thus, Dharwad emerged as an ideal location for the selection of genotypes with high yield and adaptability. For ranking the genotypes for GY in the near average environment, Dharwad (Figure 5ci) showed that at Dharwad, G28 yielded maximum followed by G21, G27, and G23, whereas G7 followed by G33 recorded the lowest yields. The genotypes, G16 and G22 showed near average GYs. For grain mold resistance at Hyderabad, G4, G33, and G34 showed high levels of resistance, whereas G35 and G30 recorded lower levels of resistance (Figure 5ci).



“Which-Won-Where” Analysis and Clustering of Environments

“Which-won-where” feature of the GGE biplot is exploited by researchers in many crops to derive the best performing genotypes in a subset of environments. In this view, the genotypes that are far away from the biplot origin are joined to form a polygon, and perpendicular lines are drawn from the origin to each side of the polygon. This splits the polygon into several sectors with a genotype at the vertex. The “Which-won-where” biplot for GY is presented in Figure 6A. The biplot indicated the existence of crossover GEIs and clusters of environments. The polygon had seven genotypes, viz., G28, G27, G14, G7, G33, G29, and G13 at the vertices. The perpendicular lines divided the biplot into seven sectors, of which three of them included all the four locations. Thus, the test locations were divided into three clusters, one with Dharwad and Akola with G28 as the best performing genotype for GY. The second cluster encompassed Hyderabad with G27 as the best genotype. The third cluster had Parbhani with G13 as the best genotype. For GMS, six genotypes, viz., G34, G28, G30, G35, G14, and G4 are placed at the vertices (Figure 6B) of the hexagon. Of the six sectors, two of them included four locations. Thus, the test locations were divided into two clusters. One with Dharwad and Parbhani with G34 as the best genotype. The second cluster had Hyderabad and Akola with G4 as the best genotype.
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FIGURE 6. GGE biplot indicating “which-won-where” analysis of the 35 sorghum genotypes for GY (A) and grain mold score (B).





Trait Associations Through Genotype-By-Trait Biplot

A visualization of the relationship among the studied seven traits is facilitated by the G × T plot, an extension of GGE biplot where the traits are considered as testers (Figure 7). The association between any two traits is represented by the cosine of the angle between their vectors, as explained for the environments. The shorter vector lengths indicate a minimal variation among genotypes for the trait. The G × T biplot explained 47.1% of the total variation. The vector lengths in Figure 7 suggest that all the traits taken in this study have contributed to a variation. Based on the relationships among these traits, appropriate planning can be done in the breeding for yield and grain mold resistance. The important associations revealed by these biplots were: (i) GY has a strong positive association with flowering time, HGW, and PH, as indicated by the acute angles. (ii) Similarly, GMS had a positive association with PH and glume coverage as indicated by the acute angles between their vectors. Thus, indicating that taller lines and lines with more GC are resistant to grain mold. The right angle between GY and GMS indicates an independent relationship among these traits. The correlation coefficients worked out with the pooled data over environments also indicated the similar results (Table 7), supporting the results from the GT biplot with a positive association of GY with flowering time, HGW, and PH. GMS had a significant positive correlation with PH and glume coverage, and the association of GMS was observed to be non-significant with GY.
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FIGURE 7. Genotype-trait (GT) biplot indicating interrelationships among the measured traits from 35 sorghum genotypes.



Table 7. Coefficient of correlation between the studied traits across environments during 2018.
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The “Which is best for what” analysis similar to which-won-where helped to identify the superior genotypes for particular trait(s) (Figure 8). The GT biplot shows that G34 was best for grain mold resistance, glume coverage, PH, and PL, whereas G28 was the best genotype for GY, flowering, and 100-seed weight. The genotypes that were found to have reasonably desirable grain mold score and more than average GYs were G8, G9, G31, G25, G26, and G12 from sector 1 and G10, G23, and G27 in sector 2.


[image: Figure 8]
FIGURE 8. Polygon view of GT biplot indicating which is best for what among the 35 sorghum genotypes.





DISCUSSION

Grain mold is the production constrain of rainy season sorghum resulting in the physical and chemical deterioration of the grain, which leads to the reduction in grain size and blackening of grain, and thus making them unfit for human consumption. The molded grains cannot be used for food due to reduced processing qualities. The quality of food grains affected with grain mold is drastically decreased, and thus improving the resistance to this disease, which is a major breeding concern. The use of host-plant resistance through the resistance cultivars is the most cost-effective and eco-friendly practice among the available recommended management strategies to control mold infestation (Mofokeng et al., 2017). Global research on sorghum grain mold emphasized on the identification of disease resistance-associated grain properties, such as GHR due to a more corneous percentage of endosperm, loose panicle, increased glume coverage, pigmented glume and testa, red pericarp, phenolic compounds, and flavan-4-ols (Esele et al., 1993, 1995; Bandyopadhyay et al., 2000; Aruna and Audilakshmi, 2004; Audilakshmi et al., 2005; Thakur et al., 2006; Sharma et al., 2010; Little et al., 2012; Thirumala Rao et al., 2012). Thus, the mechanisms governing grain mold resistance are quite numerous with each contributing meagerly and making the task of resistance breeding more difficult. Genotypic variations are available for each of these traits, but combining the desirable levels of these traits into one genotype is practically challenging. Successful resistance breeding program should be able to develop stable resistant lines with higher yields. Many breeding efforts were made to conquer the problem of grain mold by the pedigree breeding method using zerazera/caudatum line and many other grain mold-resistant sources (Ambekar et al., 2011; Prom et al., 2020). In the present study, 33 derivatives from the population breeding program are evaluated in the four testing locations. The differential ranking of genotypes across locations (hereafter referred to as environments) is caused due to a crossover GEI (Mohammadi and Amri, 2013), and a significant GEI for yield and grain mold in sorghum has been reported earlier (Rakshit et al., 2012; Aruna et al., 2016; Diatta et al., 2019).


Performance of Genotypes and Heritability

For GY, the location component explained 51.7% of the total variation, while for grain mold score, the G × L component contributed to a higher proportion of variation. The greater influence of environment on sorghum phenology and grain traits, including grain mold, was reported earlier (Kenga et al., 2006; Gasura et al., 2015; Diatta et al., 2019). The h2bs of all the traits was generally observed to be high (≥0.50) but there was a slight difference in the individual location. Moderate to high h2b for DF and PH (Kenga et al., 2006; Jimmy et al., 2017) and for grain traits in different studies were reported (Almeida Filho et al., 2014; Mohammed et al., 2015; Belay and Meresa, 2017; Phuke et al., 2017). For grain mold resistance, Rodríguez-Herrera et al. (2007) and Diatta et al. (2019) reported high h2b, whereas Audilakshmi et al. (2011) reported low h2b (0.24–0.26). The high h2b found for most of the traits in this study indicates the additive gene action controlling these traits, which can be improved through selection (Kamatar et al., 2015).



GGE Biplot Analysis for GY and Grain Mold Resistance

The GGE and GT biplots are useful for identifying ideal genotypes and test locations, deriving the relationships among traits, and detecting the best genotypes for different traits. In this study, the complexity of the GEI for GY and grain mold resistance was investigated using the GGE biplot analysis. Highly significant mean sum of squares (Table 2) indicated the significant variability among the genotypes, the prominence of variation due to locations, and a differential response of the genotypes to the environments for GY, grain mold resistance. More than 70% of the variability for most of the traits was explained by the first two PCs. The G + GL explained >10% of variability for GY and grain mold score indicates that the biplots can be used for further interpretation. For GY, the magnitude of genotype effects and GEI tested across four locations were smaller than that of environment main effect. It was observed that both crossover and non-crossover types of GEI were exhibited by the genotypes.

Information on genotype performance is also provided by the GGE biplot. Among the genotypes evaluated, G28 was the highest-yielding genotype followed by G21 (Figure 2). However, G28 was less stable when compared with other genotypes, whereas G21 expressed good stability across locations for GY. The performance of G28 perhaps suggest that a high-yielding genotype not necessarily a broad adaptation, hence it is suitable for specific adaptation. Otherwise, most stable ones are might not be high yielding (Rakshit et al., 2012; Bose et al., 2013; Aruna et al., 2016). For grain mold resistance, besides the resistant source B 58586 (G34), G4, and G33 were found to perform better and they also showed high stability for resistance.

The identification of an ideal genotype (one with high performance and greater stability) in the graphical presentation of GEI is an important application of the biplot (Yan and Tinker, 2006). From the graph, the genotype with the longest vector length and zero GEI, and located at the center of the concentric circles as in Figure 3 is taken as an ideal genotype. Genotypes located closer to the “ideal genotype” are more desirable than those placed far away. Thus, G28, G21, G27, and G10 were closer to an ideal genotype for GY, whereas G34, G4, G33 for grain mold resistance. It is difficult to visualize from the mean table. These genotypes can be used in the breeding program and further improved for the development of stable high GY lines with better pyramiding of grain mold resistance.

The highest-yielding genotype, G28 performed the best at Dharwad, above average performance at Hyderabad, and average performance at Akola and Parbhani. The best resistant line, G34 has given its best performance at Dharwad, and in all other places its performance was good and above average. The closer angles between the trait vectors represented a closer positive relationship. The study showed that Hyderabad, Dharwad, and Akola were positively correlated, whereas Parbhani had a negative association with the other three locations for GY indicating the existence of crossover GEI for GY. The ranking of genotypes has not changed much between Hyderabad, Dharwad, and Akola, but it changed in the Parbhani location. The genotypes showing a mixture of crossover and non-crossover types of GEI in MET data is commonly reported (Fan et al., 2007; Sabaghnia et al., 2008; Rao et al., 2011; Rakshit et al., 2012; Aruna et al., 2016) which is attributed to the genotypic response to varying environments such as cropping season, rainfall, temperature regime, RH, and light intensity apart from the geographical situation of locations (latitude, longitude, and altitude) (Saeed and Francis, 1984; Dehghani et al., 2006). For grain mold resistance, Dharwad, Parbhani, and Hyderabad were positively correlated, whereas Akola had no linear correlation with Dharwad and Parbhani. In both Dharwad and Hyderabad, the rainfall and humidity were higher during the harvest months of September and October in both the years 2017 and 2018 (Figure 1). Hence, the grain mold incidence was high at these two locations, which are the ideal locations for carrying out grain mold screening. This result implies that the resistant entry identified in Hyderabad may reflect similar per se performance in Dhaward and Parbhani and vice versa. These locations show a good discrimination among genotypes as well as represent other testing locations and serve as appropriate breeding and testing locations. The ideal locations are those that show a good discrimination among genotypes as well as represent other testing locations. These are the locations with good general adaptation and may reduce the cost of experimentation and also improves selection efficiency.

The “which-won-where” biplot graphically summarizes the crossover GE through creating different environmental clusters and identifying the genotypes with specific adaptation (Gauch and Zobel, 1997; Yan et al., 2000; Yan and Tinker, 2006; Putto et al., 2008; Rao et al., 2011; Rakshit et al., 2012; Aruna et al., 2016). A genotype suitable for one or more locations can be recommended for cultivation. Based on this analysis, the present testing locations were partitioned into three clusters for GY. Cluster 1 holds Dharwad and Akola with G28 as the best genotype. Cluster 2 is Hyderabad with G27 as the best genotype, and Cluster 3 is Parbhani with G13 as the best genotype. For grain mold score, the test locations were partitioned into two clusters. Cluster 1 had Dharwad and Parbhani with G34 as the best genotype and Cluster 2 had Hyderabad and Akola with G4 as the best genotype. Thus, partitioning the target environments into different clusters and placing different genotypes specific for different clusters is the best way to exploit the positive GEI (Yan and Tinker, 2005). Such studies are available in sorghum (Rao et al., 2011; Rakshit et al., 2012). The identification of such location clusters has an advantage in region-specific grain sorghum breeding selections and cultivation.

The information generated through the GT biplot can be used to aid genotype selection based on the specific traits and helps to decide on the trait index to be assigned to these traits in the selection process. A key indicative of the GT biplot is the interrelationships among different traits and a comparison of genotypes based on the multiple traits. The GT polygon also indicated that G34 is promising for grain mold resistance, glume coverage, PH, and PL, whereas G28 is promising for GY, flowering, and 100-seed weight. G8, G9, G31, G25, G26, G12, G23, and G27 were found to have a better grain mold tolerance and more than average GYs (Table 8). Most of the promising genotypes with low grain mold score were found to have colored glume, supporting the earlier studies (Nida et al., 2019). As the glume covers the grains, it may shield the grain from fungal invasion, which are later on supported by the chemical and physical properties of grain thus imparting resistance to grain mold (Stenhouse et al., 1997). GCL showed a strong association with mold resistance (Ghorade et al., 2014). Generally, darker glume provides better mold resistance. A negative correlation of grain mold incidence with GC (r = −0.56) was reported. It may be possible to enhance grain mold resistance in white-grained sorghum by incorporating a colored glume character. Panicle structure (loose, semi-compact, and compact) determines the microclimate around the seed during the postinfection of mold colonization. Loose panicle generally dries quicker after rain than a compact one and thus influence mold development. For instance, grain mold-resistant sources are usually having loose panicles. In this study, some genotypes were identified with resistance at par with the resistant sources besides the acceptable agronomic traits like semi-compact panicle, bold seed, and less GC, indicating that the population breeding approach helps in the accumulation of favorable alleles responsible for desirable traits into a designer genotype. This approach can also be used for essentially derived varieties for grain mold and GY traits.


Table 8. Some lines promising for both GY and grain mold.

[image: Table 8]

The G × T plot indicated that GY and GMS are genetically independent of each other suggesting that an improvement for both GY and grain mold resistance can be achieved together. This is also in conformity with the idea that current practices of cultural/chemical disease control measures can improve the yield by controlling grain mold. Based on the trait associations, GY improvement could be achieved through PH, flowering time, and HGW using a correlated response to selection. Plant and GY component traits such as grain weight and 1,000-grain weight contributed toward higher GY (Tovignan et al., 2016; da Silva et al., 2017). Though a few earlier studies reported a negative correlation between grain mold resistance and yield components (Reddy et al., 2008; Diatta et al., 2019), they could find some genotypes that could combine good GY and grain mold tolerance, suggesting the possibility to break the negative linkage by growing and exercising selection in large segregating populations (Ambekar et al., 2011; Diatta et al., 2019). A previous study reported that climatic factors like high RH (85–100%) and temperature (25–30°C) prevail during crop maturity (September) favors the natural mold infestation (Tonapi et al., 2007). In such conditions, if there are some genotypes having low infestation, this could be attributed to their level of tolerance to mold infestation in comparison to other genotypes. Hence, in addition to genetic parameters, weather parameters in testing season are mandatory in grain mold resistance breeding nurseries and trials.




CONCLUSIONS

The present study assessed the multilocation field performance of 33 derivatives of the population breeding approach, for their GY and grain mold resistance. The results showed a significant GEI on both GY and grain mold. The h2bs was generally high, indicating the possibility of improvement through a progeny selection for these traits. The GGE biplot analysis helped to identify G28 and G21 as the best candidates for GY, whereas G4, G33 were good for grain mold resistance in terms of their mean performance and stability compared to other lines. The study also identified the lines with high GY and moderately high grain mold resistance. The study further suggested that Dharwad is an ideal location for the evaluation of both GY and grain mold resistance. It is proved that population breeding, by involving diverse and elite parents, is effective in bringing together agronomically desirable characters thus help in improving grain quality in terms of grain mold resistance. Therefore, the demand for rainy season sorghum will increase for food, feed, and starch industries. Genetic material in this study also merits further genomic studies and marker development for mold tolerance. Hence, any improvement in grain quality cannot be separated from the improvement for grain mold resistance, which benefits the farmers with premium price in the markets.
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Finger millet [Eleusine coracana (L.) Gaertn.] is an important climate-resilient nutrient-dense crop grown as a staple food grain in Asia and Africa. Utilizing the full potential of the crop mainly depends on an in-depth exploration of the vast diversity in its germplasm. In this study, the global finger millet germplasm diversity panel of 314 accessions was genotyped, using the DArTseq approach to assess genetic diversity and population structure. We obtained 33,884 high-quality single nucleotide polymorphism (SNP) markers on 306 accessions after filtering. Finger millet germplasm showed considerable genetic diversity, and the mean polymorphic information content, gene diversity, and Shannon Index were 0.110, 0.114, and 0.194, respectively. The average genetic distance of the entire set was 0.301 (range 0.040 – 0.450). The accessions of the race elongata (0.326) showed the highest average genetic distance, and the least was in the race plana (0.275); and higher genetic divergence was observed between elongata and vulgaris (0.320), while the least was between compacta and plana (0.281). An average, landrace accessions had higher gene diversity (0.144) and genetic distance (0.299) than the breeding lines (0.117 and 0.267, respectively). A similar average gene diversity was observed in the accessions of Asia (0.132) and Africa (0.129), but Asia had slightly higher genetic distance (0.286) than African accessions (0.276), and the distance between these two regions was 0.327. This was also confirmed by a model-based STRUCTURE analysis, genetic distance-based clustering, and principal coordinate analysis, which revealed two major populations representing Asia and Africa. Analysis of molecular variance suggests that the significant population differentiation was mainly due to within individuals between regions or between populations while races had a negligible impact on population structure. Finger millet diversity is structured based on a geographical region of origin, while the racial structure made negligible contribution to population structure. The information generated from this study can provide greater insights into the population structure and genetic diversity within and among regions and races, and an understanding of genomic-assisted finger millet improvement.

Keywords: finger millet, germplasm, genetic diversity, population structure, DArTseq, Analysis of molecular variance (AMOVA)


INTRODUCTION

Finger millet [Eleusine coracana (L.)] is an important nutraceutical crop. It is highly adapted to the semiarid tropics and is grown as a staple food crop in Asia and Africa. Globally, it is the sixth most important crop among cereals in terms of production, and it contributes about 12% of the total millet area (Mundada et al., 2020). Its origin dates back to 5,000 years in western Uganda and the Ethiopian highlands. In India, its cultivation can be traced to 3,000 BC in the Western Ghats; thus, India is considered a secondary center of diversity for finger millet (Hilu and DeWet, 1976; Hilu et al., 1979). The crop is highly self-pollinated and allotetraploid (AABB) with chromosome number 2n = 4x = 36. Finger millet is gaining importance and drawing attention globally due to its grain nutrient composition, with high dietary fiber (11–20%), essential amino acids, vitamins, and micronutrients, particularly calcium (1.8–4.9 g/kg), iron (~22–65 mg/kg), zinc (~17–25 mg/kg), protein (6–11%), carbohydrates (65–75%), and other minerals; it is also gluten-free (Chethan and Malleshi, 2007; Upadhyaya et al., 2011; Shobana et al., 2013; Devi et al., 2014; Longvah et al., 2017). This enables it to deliver multiple benefits in terms of health compared with major cereals (Saleh et al., 2013). Finger millet has been identified as one of the “future smart food crops” by FAO (Li and Siddique, 2018) because of its nutrient-dense and climate-resilient features; moreover, it can produce a reasonable yield at a relatively low cost of cultivation (Gupta et al., 2017). Finger millet grains are highly resistant to pest attacks and can be stored for long (Iyengar et al., 1945; Mgonja et al., 2007) and provide nutritional support to countries in the developing world (Mgonja et al., 2007; Gupta et al., 2017).

Germplasm is the basic raw material to drive any crop improvement. Its genetic characterization can lead to exploring the variation in germplasm. The great diversity in finger millet comes from its gene pool, including different races and subraces of cultivated species and nine genus Eleusine species (Sood et al., 2016; Mirza and Marla, 2019; Vetriventhan et al., 2020). While a large number of finger millet germplasms have been collected and conserved in repositories worldwide, a small fraction has been exploited for economically important traits. The genebank at the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), Hyderabad, conserves over 7,500 finger millet germplasms (http://genebank.icrisat.org). To enhance the use of diversity in crop improvement, core and mini-core collections were established in finger millet (Upadhyaya et al., 2006, 2010). For this study, we formed a large germplasm diversity representative subset of 314 accessions, originating from 23 countries. The subset included all the mini-core accessions, trait-specific sources identified from the core collection, selections by breeders, and recently assembled germplasm and elite breeding lines. Assessing the diversity and structure of this subset is important for its effective utilization in genomic-assisted crop improvement.

Although nutritional potential and climate resilient features of finger millet are being documented at the global level, it continues to be an orphan crop, lacking genomic information that can be used in crop improvement (Sood et al., 2016). The recent publication of the genome of finger millet (Hittalmani et al., 2017; Hatakeyama et al., 2018) has opened up opportunities to expand genome-level knowledge. Characterization of finger millet germplasm has been assessed, using morphological, and several molecular markers, such as RAPD (Fakrudin et al., 2004; Babu et al., 2007; Das and Misra, 2010; Gupta et al., 2010; Kumari and Pande, 2010; Panwar et al., 2010b; Singh and Kumar, 2010; Ramakrishnan et al., 2016b), ISSR (Salimath et al., 1995; Gupta et al., 2010), SSR (Srinivasachary et al., 2007; Dida et al., 2008; Panwar et al., 2010a,b; Bharathi, 2011; Kumar et al., 2012; Arya et al., 2013; Babu et al., 2014a, 2017; Kalyana Babu et al., 2014; Gimode et al., 2016; Pandian et al., 2018), and EST-SSR (Arya et al., 2009; Naga et al., 2012; Babu et al., 2014b; Bwalya et al., 2020). A few SNP-based studies too were attempted (Gimode et al., 2016; Kumar et al., 2016) to conduct GWAS studies for major agronomic and nutritional traits (Sharma et al., 2018; Puranik et al., 2020; Tiwari et al., 2020). Recent developments in next-generation sequencing have enabled the rapid genotyping of a larger number of germplasms, with a high number of marker loci at low cost. Recently, DArTseq-based SNPs have been used in many crops, especially in orphan crops and tree species where only limited genomic resources are available (Evanno et al., 2005; Kilian et al., 2012; Edet et al., 2018; O'Connor et al., 2019). DArTseq combines DArT with genotyping-by-sequencing technology, with the advantages of better genome coverage, high reproducible markers, and low cost of high throughput genotyping (Allan et al., 2020). This study aims to (i) assess the genetic diversity and population structure of a finger millet global diversity panel, (ii) assess the relationship among races, regions, landraces, and breeding lines, and (iii) identify the most diverse accessions. The information generated from this study can support understanding of the population structure and genetic diversity of finger millet germplasm, utilize the novel diversity to broaden the genetic base, and also accelerate genomics-assisted finger millet improvement.



MATERIALS AND METHODS


Plant Materials

A diversity panel of 314 finger millet accessions originating from 23 different countries was constituted for this study (Figure 1; Supplementary Table 1). These accessions represent four geographical regions in the world: Africa (160), Asia (136), Europe (6), North America (3), and unidentified origin (9). The panel represents all the races and subraces of finger millet: vulgaris (202 accessions), plana (48 accessions), elongata (31 accessions), compacta (28 accessions), and some unclassified (5 accessions). Each race was further grouped into subraces, except compacta that have no subrace. The diversity panel consists of both landraces (264 accessions) and breeding material (50 accessions) (Supplementary Table 1).


[image: Figure 1]
FIGURE 1. The geographical distribution of 297 finger millet accessions with known geo-coordinates distributed in 23 countries around the world.




DNA Extraction and DArT Sequencing

A total of 314 samples (including 4 control varieties, GPU 26, MR 6, KMR 204, and VL 149) were used for genotyping. Eight seeds of each accession were randomly chosen to constitute a sample for DNA extraction and sequencing. The seed samples from the 2018 rainy season harvested material were cleaned properly to avoid contamination by dust particles. The seeds were then placed in each well of the PCR plate and tightly sealed to avoid contamination. DNA extraction and sequencing were done by DArT private limited (www.diversityarrays.com); details regarding DArT genotyping methods and procedures can be found at http://www.diversityarrays.com/dart-application and in Kilian et al. (2012). The finger millet germplasm used in this study was conserved in the genebank at ICRISAT, Hyderabad, and is available to researchers globally, following the standard material transfer agreement (SMTA).




DATA ANALYSIS


SNP Filtering

The SNP markers obtained from DArTseq were filtered with a maximum threshold of 95% reproducibility, <20% missing values for markers, and <50% missing values for each accession to obtain high-quality SNP markers, using dartR packages in R software (Gruber et al., 2018).



Genetic Diversity and Structure Analysis

Locus-based diversity estimates, such as minor allele frequency (MAF), polymorphism information content (Botstein et al., 1980), expected heterozygosity [also known as “gene diversity” (GD)] (Nei, 1973), and Shannon information index, were calculated. The genetic distance matrix was calculated, following the modified Roger's distance (MRD) method (Wright, 1978), and a dendrogram was constructed, using the ward. D2 agglomerative hierarchical clustering method (Murtagh and Legendre, 2014). Principal coordinates analysis (PCoA) was performed, using the distance matrix obtained from MRD. The analysis was performed by custom-scripted codes in R program v.3.6.0 using “Adegenet” (Jombart, 2008), “ade4” (Dray et al., 2007), and “cluster” (Maechler et al., 2019) packages. Population structure was assessed, using STRUCTURE v.2.3.4 software (Pritchard et al., 2000), using an admixture model, with a K-value ranging from 1 to 8, with three independent runs. Burn-in time and Markov Chain Monte Carlo (MCMC) were set up to 10,000/50,000 iterations for each run. The optimal number of genetic groups (K) was determined by STRUCTURE HARVESTER (Earl and VonHoldt, 2012), based on the rate of change in the log probability of data between successive K-values (Evanno et al., 2005).



Population Differentiation and Genetic Diversity Indices

AMOVA was computed to ascertain the level of genetic differentiation within and among structure-defined populations, regions, races as well as a biological status, using 999 permutations, using R v.3.6.0 package “poppr” (Kamvar et al., 2014). Besides, indices that explain the diversity in the population were calculated. Genetic indices, such as Shannon's Index (I) and gene diversity (He), were computed for regions, races, and biological status using R v.3.6.0 package “poppr” (Kamvar et al., 2014).




RESULTS


SNP Filtering

A total of 46,336 DArTseq-based SNP markers were generated, and 33,884 polymorphic SNP markers were retained after filtering. Of the 314 finger millet accessions (310 accessions in the diversity panel and four controls), eight accessions (IE 2030, IE 2799, IE 2825, IE 3157, IE 3475, IE 3788, IE 6314, and VL 149) were removed for having >50% missing data; so, all the downstream analyses were carried out only on 306 accessions. The call rate ranged from 80 to 100%, of which 30,869 markers displayed a >85% call rate. Reproducibility ranged from 95 to 100%, and 88.80% of SNP markers showed >97% reproducibility.



Genetic Diversity Analysis

The polymorphism information content value ranged from 0.003 to 0.500 (maximum value for the biallelic marker) with a mean value of 0.110. The gene diversity for all loci in the entire set of germplasms ranged from 0.001 to 0.50, with an average of 0.114 (Figure 2). The frequency distribution of polymorphism information content (PIC), minor allele frequency (MAF), and gene diversity (He), considering landraces and breeding lines were depicted in the Supplementary Figure 1. It clearly showed the difference in the dynamics of gene diversity and minor allele frequency between landraces and breeding lines. The density graph showed low frequency of rare alleles in breeding lines as compared with landraces for the polymorphic SNPs. Similarly, the gene diversity distribution slope was narrower in breeding lines than in landraces. It shows that landraces hold greater diversity than breeding lines. Mean gene diversity was similar but slightly higher in the Asian (0.132) accessions compared with the African accessions (0.129). Among the races, vulgaris and elongata had higher gene diversity (0.144), followed by compacta (0.142), and the lowest gene diversity was in race plana (0.129). Likewise, landraces (0.144) showed greater gene diversity compared with breeding lines (0.117) (Table 1). The African (0.243) and Asian (0.242) accessions had similar Shannon Index values. While among races, vulgaris had a higher value (0.268), and plana had a low value (0.233). Similarly, landraces (0.273) had a higher Shannon Index than breeding lines (0.204) (Table 1).
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FIGURE 2. Frequency distribution of quality marker parameters of (A) polymorphism information content (PIC), (B) gene diversity (He), and (C) minor allele frequency (MAF) for DArTseq markers in the finger millet diversity panel.



Table 1. Shannon diversity index and gene diversity for the entire set, regions, races, and biological status of finger millet germplasm.

[image: Table 1]

Genetic distance was assessed by the modified Roger's distance (MRD) method. The genetic distance among individuals ranged from 0.040 to 0.450 with a mean value of 0.301. Among regions, the highest mean genetic distance was found in the Asian accessions (0.286), followed by the African accessions (0.276). The genetic distance of accessions from Europe and North America was 0.247 and 0.217, respectively; however, the sample size in these two regions was low (<10) and was, therefore, ignored for further discussion. Among races, elongata had the highest genetic distance (0.326), followed by vulgaris (0.299) and compacta (0.280), and the lowest was in race plana (0.275). The average genetic diversity among landraces was 0.299, while breeding lines had a value of 0.267 (Table 4).

The genetic distance between the populations (region, race, and biological status) was measured by MRD and the pairwise estimates of Fst. Pairwise Fst estimates between Asia and Africa were significant (0.198), which indicates the presence of genetic differentiation between the geographical origin, and the genetic distance between the African and Asian was 0.327. Among races (Table 2), pairwise Fst estimate values were near zero, indicating no defined population among races. Between races, vulgaris and elongata had the greatest genetic distance (0.320), while compacta and plana had the lowest (0.281). The distance between vulgaris and compacta (0.294) and vulgaris and plana (0.302) was low compared with that between elongata and compacta (0.308) and elongata and plana (0.310). Significant genetic divergence and Fst were observed between landraces and breeding lines (0.313 and 0.136), respectively (Table 2).


Table 2. Pairwise estimates of modified Roger's distance (MRD) (diagonal and upper diagonal) and Fst (lower diagonal) among the regions, races, and biological status of finger millet germplasm.

[image: Table 2]



Most Diverse Accessions

Considering the relatedness of the accessions, the most diverse individual accessions and pairs of accessions were identified (Table 3). Accession IE 6095, originating in Asia (Nepal), had the highest genetic distance with IE 2606 (0.450), originating in Africa (Malawi). IE 6095 also showed higher genetic distance with four accessions originating in Africa—IE 3399 (0.449), IE 8599 (0.449), IE 2869 (0.442), and IE 5291 (0.440). The 10 most diverse accessions were identified, of which seven (IE 5903, IE 6095, IE 6221, IE 6074, IE 6165, IE 5957, and IE 6059) were from Asia and three (IE 2869, IE 2645, and IE 2780) were from Africa. Accession IE 5903, originating in Asia, was the most distant from other accessions with an average of 0.369. Among African accessions, IE 2869 was the most divergent, with a mean of 0.368.


Table 3. Genetically distant individuals and pairwise accessions identified using the modified Roger's distance method.
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Population Structure

The ward.D2 agglomerative hierarchical clustering method, representing the relationship based on MRD, showed that 306 finger millet accessions were split into two distinct clusters (cluster I – Asia, and cluster II – Africa) based on geographical origin (Table 4; Supplementary Table 2). Cluster I consisted of 144 individuals, the majority from Asia (125), and cluster II comprised 162 individuals, of which 142 accessions were from Africa. Accessions originating in Europe and North America were present in both clusters. Accessions with an unidentified origin were mostly grouped in cluster II (seven accessions) than in cluster I (two accessions) (Figure 3). Principal coordinates analysis (PCoA) revealed the two distinct clusters that were based on geographical origin, suggesting that distinct genetic structure exist between African and Asian finger millet accessions. The results shown in Figure 4 were in concordance with the clustering pattern of the dendrogram, and the first two principal coordinates account for 32.6% (22.3 and 10.3%) of the total observed variation.


Table 4. Dendrogram results and mean genetic distance of geographical regions, races, and biological status of the finger millet diversity panel.
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[image: Figure 3]
FIGURE 3. The ward.D2 agglomerative hierarchical clustering analysis of finger millet diversity panel, using DArTseq-based modified Roger's distance. Note: colored branches: cluster I – Asia (green); cluster II – Africa (yellow); colored accessions-subclustering based on STRUCTURE results.



[image: Figure 4]
FIGURE 4. Principal coordinates analysis (PCoA) based on the modified Roger's distance of finger millet diversity panel.


The population structure among the 306 finger millet accessions was assessed with STRUCTURE v.2.3.4, and the results revealed the existence of two major populations (pop1 and pop2) according to a geographical region of origin (K = 2) (Figures 5A,B). The accessions in pop1 were mostly from Africa (87%) and those in pop2 mostly from Asia (88%). The accessions in pop1 were 142 from Africa, 8 from Asia, 3 from Europe, 2 from North America, and 7 of unidentified origin. Pop2 accessions consisted of 13 from Africa, 123 from Asia, 2 from Europe, and 1 of unidentified origin. A total of five accessions (Asia-2; Europe-2; North America-1; and Unidentified origin-1) not grouped in any of the two populations were considered admixture lines. Apart from that, the admixture of alleles between two subpopulations does exist, and pop2 had more admixture than pop1. The fixation index (Fst) estimated from STRUCTURE results for each of the two subpopulations was 0.548 and 0.622, and the ancestry-inferred cluster proportion of the membership of the samples was 0.644 and 0.356. The gene diversity of the two subpopulations was 0.087 and 0.093 (Table 5).


[image: Figure 5]
FIGURE 5. Population structure analysis of the finger millet diversity panel based on DArTseq markers: (A) Delta K- based on the rate of change in [LnP (D)] between successive K-values of populations and (B) estimated population structure at K = 2 on geographical regions.



Table 5. Gene diversity and Fst of the finger millet diversity panel for the two STRUCTURE -based populations.

[image: Table 5]

In addition to population structure at K = 2, the STRUCTURE results showed two more peaks at K = 6 and K = 8 (Figure 5A). Interestingly, the populations at K = 6 and K = 8 were sub-structured from the major populations at K = 2 (Supplementary Table 3). In K = 6, accessions from Africa and Asia were divided into three groups each results in six populations (K = 6) (Supplementary Figure 2). In the case of K = 8, African and Asian accessions were divided into four and three groups, respectively, of which one population had all admixed individuals (six accessions) (Supplementary Figure 3).

Accessions were not clustered based on racial classification. For instance, 58% of race vulgaris was grouped into cluster I, while the remaining 42% was under cluster II (Table 4). Races such as compacta and elongata were grouped under both clusters (9 and 11 accessions in cluster I and 18 accessions each in cluster II, respectively). The majority of the accessions of race plana were grouped under cluster II (89%). Landraces were grouped in both clusters I and II (97 and 160 accessions, respectively). However, most of the breeding lines were grouped in cluster I (94%) since they were mainly developed from an Asian breeding program, particularly in India (Table 4).



Genetic Differentiation and Diversity Indices

Genetic divergence by analysis of molecular variance (AMOVA) (Table 6) for the STRUCTURE population revealed that 25.17% of the total variation was accounted for regional diversity and 37.90% of the variation within individuals. AMOVA on geographical regions revealed 42.36% variation between individuals within regions, 17.69% variation between regions, and 39.96% within individuals. When AMOVA analysis was assessed between races, most of the genetic variation (52.92%) was split into individuals within the race, while 4.60% reflected among races. AMOVA performed for biological status indicated that 13.24% of the total genetic variance was attributable to biological status diversity and 47.59% of the variation between individuals within a biological status.


Table 6. Analysis of molecular variance (AMOVA), using DArTseq markers among STRUCTURE populations, region, races, and biological status of the finger millet diversity panel.
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DISCUSSIONS


Finger Millet Diversity Panel

For this study, we established a diversity panel of 314 finger millet accessions, representing all the four races and their sub-races, originating from 23 countries. This set purposefully included the entire mini-core collection (80 accessions) (Upadhyaya et al., 2010) to capture the maximum diversity and all the trait-specific sources identified in the core collection. Besides, new diversity from recently assembled accessions, selection by breeders, and advanced breeding lines or improved cultivars were included. This germplasm set can act as a potential diversity panel for phenotypic and genomic investigations for finger millet improvement.



Genetic Diversity and Allelic Richness

This study aimed at the genomic characterization of the finger millet diversity panel to understand diversity and population structure. Genotyping, using the DArTseq platform, provided 46,336 SNPs. Quality filters were applied to ensure high-quality markers to lessen the probability of false interpretation of downstream analysis (O'Connor et al., 2019), as genotyping errors occur irrespective of the DNA sequencing method used (Saunders et al., 2007). Locus-based diversity, population diversity, population structure, and genetic differentiation analyses were performed on the filtered high-quality DArTseq-based SNP markers (33,884).

The PIC of a marker is a good index to evaluate genetic diversity and estimate the level of genetic variation expressed by a particular marker. The average PIC value obtained from our study was 0.110 (Figure 2), which was low compared with those obtained (0.150) for 59 cultivated accessions of finger millet, using SNP markers (Gimode et al., 2016), while the same study found a higher PIC value of 0.300 for wild finger millet. Many factors can influence PIC value, such as the breeding behavior of the species, size, and genetic diversity of the collection, the genotyping method, and the genomic location of markers (Singh et al., 2013; Chen et al., 2017). However, finger millet diversity studies have reported moderate to high informative PIC values (0.256 to 0.700), using SSR markers (Panwar et al., 2010a; Bharathi, 2011; Bheema Lingeswara Reddy et al., 2011; Kumar et al., 2012; Babu et al., 2014a; Nirgude et al., 2014; Lee et al., 2017). In this study, the mean gene diversity and Shannon Index were 0.114 and 0.194, respectively, in an entire set (Table 1). Using SSR markers, gene diversity in finger millet has been reported to range from 0.35 to 0.57 (Dida et al., 2008; Babu et al., 2014b; Lee et al., 2017). Similarly, Upadhyaya et al. (2015) observed gene diversity of 0.28 in foxtail millet, using SNP markers; this was higher than finger millet in this study. Since very few diversity studies, using SNP markers, have been attempted in finger millet, more studies are needed for a better understanding of the finger millet germplasm diversity.

According to previous reports, African germplasm is more diverse compared with Asian germplasm (Dida et al., 2008; Panwar et al., 2010b; Bharathi, 2011; Arya et al., 2013; Kalyana Babu et al., 2014; Kumar et al., 2016; Ramakrishnan et al., 2016a; Babu et al., 2017). In this study, we found similar average gene diversity and genetic distance in African (0.129 and 0.276, respectively) and Asian (0.132 and 0.286, respectively) accessions, with slightly higher diversity in Asian than in African accessions. This could be due to the introduction and extensive utilization of African germplasm into the Asian finger millet breeding program, especially for introgression of blast resistance and for new source of diversity, may result in equal or slightly higher diversity in Asian germplasm than in African germplasm. On Fst estimates, a value of more than 0.150 was considered as significant to differentiate between two populations (Frankham et al., 2010), as observed between Asia and Africa (Table 2). Moreover, only six accessions from Europe and three from North America were used in this study. Thus, the interpretation of results with fewer accessions from North America and Europe may lead to biased estimates in terms of genetic differentiation. Hence, the results of African and Asian accessions were taken into consideration for further discussion, and significant genetic differentiation was found between Asian and African accessions.

Cultivated finger millet is classified into four races (elongata, compacta, vulgaris, and plana) based on inflorescence morphology. Among the races, elongata had the highest average genetic distance (Table 4). The Shannon Index value indicated that race vulgaris was the commonly found ear type in finger millet with a mean genetic distance less than race elongata. However, the mean distance of races compacta and plana was less, leading to the conclusion that both contribute less variability to the germplasm compared with elongata and vulgaris. However, gene diversity demonstrated that race vulgaris and elongata hold more diversity than plana (Table 1). On Fst estimates, all races had values near zero, indicating no genetic differentiation among races but were morphologically distinct from one another in terms of panicle type as the races are primarily classified based on panicle morphology and shape (Hilu and DeWet, 1976) (Table 2). As expected, landraces had the highest gene diversity and genetic distance compared with breeding lines, as greater genetic variability in landraces and lower in breeding lines are indicative of a domestication bottleneck, and high selection pressure during the breeding process led to genetic erosion (Tables 1, 2). There was clear genetic differentiation between landraces and breeding lines (Table 2).



Population Structure

Geographical origin is a key determinant of population structure in finger millet germplasm (Dida et al., 2008; Kumar et al., 2016). Population structure, PCoA, and MRD clustering patterns of finger millet germplasms were largely consistent with previous classifications (Dida et al., 2008; Kumar et al., 2016; Puranik et al., 2020), which are based on geographical origin (Figures 3, 4, 5B). This demonstrated the genetic differentiation between finger millet accessions originating in Africa and Asia. A strong genetic structure existed in finger millet; thus the selection of accessions based on origin would be more diverse and effective in a finger millet crop improvement program. Cluster I from the dendrogram was in parallel with pop2 (Asia) from STRUCTURE results. Likewise, cluster II was in parallel with pop1 (Africa).

Although our results grouped individuals largely based on a geographical region, there were a few exceptions. For instance, a few Asian accessions were assembled into the African population and vice versa, in concurrence with previous reports (Dida et al., 2008; Ramakrishnan et al., 2016a; Sood et al., 2016). Eight Indian accessions (IE 3131, IE 4655, IE 4866, IE 5165, IE 5170, IE 5320, IE 954, and IE 5198) fell under pop1. Accession IE 3131 is Indaf 9, and IE 4655 is GPU 13; both were released cultivars developed through hybridization between Indian and African germplasm; so, its placement under pop1 came as no surprise. IE 954 is a Co 4 variety developed through pure line selection of Palladam ragi landraces in Tamil Nadu, and the reason for its placement in the African population is not known. The remaining accessions were landraces with no information available on them. Likewise, 13 accessions of African origin were structured into the Asian population (pop2), of which five accessions (IE 4497, IE 6396, IE 6645, IE 6652, and IE 6667) were from Zimbabwe and eight accessions (IE 2658, IE 5364, IE 5367, IE 5388, IE 5433, IE 7390, IE 7404, and IE 8602) from Kenya. The possible hypothesis for this could be germplasm exchange between regions and their utilization in breeding programs.

Finger millet originated and was domesticated in about 5000 BC in western Uganda and the Ethiopian highlands and then spread to India in 3000 BC in the Western Ghats of India; thus, India is considered a secondary center of diversity for finger millet (Hilu and DeWet, 1976; Hilu et al., 1979; deWet et al., 1984). In this study, accessions from Europe and North America were clustered in the Asian and African populations, for which there are two possibilities: either low sample size/insufficient samples from these regions to understand diversity, or that they were representing the native regions of the crop (Africa and Asia) and migrated to the respective regions in a breeding program, or through germplasm exchange/trading. Grouping accessions from different regions into a geographical origin show that finger millet germplasm mainly originated from Africa and were later introduced into Asia through a breeding process such as introduction and domestication, and exchange of germplasm led to the spread to other regions in the world. The five admixture accessions, IE 588 from India, IE 3455 from Europe, IE 872 from Mexico, IE4797 from the Maldives, and IE 1055 from an unidentified region, have been identified. The admixture is evidence of the continuous spill over of finger millet germplasm among different countries to date through breeding programs. There was a lower order of structure at K = 6 and K = 8, which signifies that there might be an existence of substructure within the geographical origin of finger millet accessions. However, K = 6 would be more appropriate to explain the population present in the finger millet accessions, while, in K = 8, one population had all admixed individuals (six accessions) (Supplementary Figure 3). Therefore, a structure at K = 8 might not be much informative compared with K = 6. In K = 6, accessions from Africa were structured into three populations (Supplementary Figure 2); of these, two populations consist of accessions from African lowland countries, such as Zimbabwe, Zambia, Malawi, and Tanzania. Accessions in the third population are mainly from African highland countries, such as Ethiopia, Kenya, and Uganda. Similarly, accessions from Asian origin were structured into three populations; of which, two were from India, while Nepalese accessions assembled into a separate population (Supplementary Figure 2). The population structure indicates the chronological order of domestication and introduction of finger millet in Africa and Asia. The African highland race is the most primitive form. Later, the lowland race was evolved from the highland race and subsequently introduced into India, where it formed into distinct gene pool over the period of time (Hilu and DeWet, 1976; deWet et al., 1984). Later, the African highland races were introduced into Nepal. The genetic differentiation and distinct structure between the region of origin (Africa and Asia) in finger millet are well known. In addition, this study gives new insights into the substructure within geographical origin of finger millet, which needs to be explored for crop improvement.

Although finger millet is classified into races and subraces, there are no studies on their impact on diversity and the relationship between races and geographical regions. Studies also have reported the lack of proper clustering among finger millet races (Bharathi, 2011; Kumar et al., 2016) (Table 4). In this study too, the accessions were not structured on the basis of races. This is unlike in foxtail millet, where accessions were structured mainly based on races and regions (Vetriventhan et al., 2014; Upadhyaya et al., 2015). In other small millets, such as proso millet (Vetriventhan et al., 2019), kodo millet (Johnson et al., 2019), and barnyard millet (Wallace et al., 2015), races are not a good indicator of genetic relatedness or to define population structure. The poor grouping among races could be because they were mainly classified based on panicle morphology and shape (deWet et al., 1984) and that the markers used in this study were not sufficient to capture the variation in genomic regions/gene spaces, encoding panicle morphology. On the contrary, the large number of high-quality SNPs does provide a possible capture of additional diversity that is not captured alone with panicle morphology-related gene complexes. This could also indicate that only panicle morphology-based racial differentiation is insufficient to capture the complete diversity in cultivated finger millet. A wide variation in the proportion of races in each cluster was observed, which is similar in the finger miller diversity study by Naik et al. (1993). The variation might be due to the predominance of accessions of race vulgaris (64%) compared with other races in the diversity panel and, also, in the entire germplasm of finger millet conserved at the ICRISAT Genebank. Figure 6 explains the relationship between the STRUCTURE population with the geographical regions and races.


[image: Figure 6]
FIGURE 6. A chord diagram showing the relationship between the STRUCTURE-based populations with the geographical origin and races in the 306 finger millet accessions.


Landraces dominate global finger millet germplasm collections conserved in different genebanks compared with improved or breeding lines, which comprise only ~3% of the total collection (Saha et al., 2016; Vetriventhan et al., 2020). The finger millet germplasm collection conserved at the ICRISAT genebank comprises 94% landraces, 3% breeding lines, and 3% wild relatives. The distribution of landraces was maximum in cluster II (62%) compared with cluster I (38%), where 94% of breeding lines were grouped into cluster I (Table 4). This demonstrates that Asian germplasm, in particular Indian accessions, has been subjected to more intense human selection in recent history after domestication. On the other hand, African germplasm remains unexplored and continues to be used mainly as a donor source in finger millet crop improvement programs, particularly in resistance breeding.



Genetic Differentiation and Diversity Indices

The AMOVA revealed the presence of genetic differentiation among STRUCTURE-derived populations, regions, and biological status (Table 6). The within-population AMOVA analysis explained most of the variance, indicating relatively unrestricted gene flow between regions, races, and biological status. Significant molecular variation was found between the STRUCTURE population and among regions, revealing the existence of genetic differentiation among the geographical regions. The races account for minimal variation in finger millet genetic diversity. For instance, landraces, and breeding lines have an impact on finger millet genetic variation. Altogether, high diversity was observed within populations and between individuals in a population, as reported in the finger millet previous study (Kalyana Babu et al., 2014; Pandian et al., 2018).



Diverse Accessions

A set of distantly related accessions was identified for use in hybridization and exploitation of hybrid vigor. Hybridization between distantly related individuals tends to yield superior hybrids; the introduction of new allelic combinations has been reported to result in increased heterozygosity (Fasahat et al., 2016). In India, the Indo-African hybridization program was set up to introduce new variability and resistance in finger millet varietal improvement (Dida et al., 2008). It resulted in the release of elite varieties in the country and gained popularity among Indian farmers. The released Indo-African varieties have been used as parents in successive hybridization programs. Consequently, diverse accessions identified from this study could be included in the finger millet varietal improvement program to introduce novel diversity to enable notable advancements in crop productivity. The diverse accessions from Africa include mostly those from African lowlands countries, such as Zimbabwe, Malawi, and Zambia, and Kenya from African highlands. Almost all the top diverse Asian accessions identified were from Nepal. Nevertheless, India is a secondary center of diversity, and improvements within this gene pool will have limited opportunities (Dida et al., 2008). Therefore, the diverse accessions identified from African and Nepalese germplasm need to be explored for use in breeding programs to develop high-yielding cultivars.




CONCLUSIONS

This study provides a detailed understanding of the genetic differentiation between region, races, and biological status, using DArTseq-based SNP markers. The markers differentiated the population structure within the African and Asian regions. Genetic diversity was similar but slightly higher in the Asian accessions compared with the African accessions, probably due to greater integration of alleles from the African accessions through breeding. Finger millet races contribution to diversity was insignificant, and there was less association between geographical region and races; therefore, more attention should go towards the geographical region. The population structure identified in this study will aid in choosing appropriate statistical methods to perform genome-wide association studies (GWAS) and can be used to detect quantitative trait loci (QTLs)/gene in the finger millet population. Insights into finger millet diversity and population structure from this study will help breeders plan their breeding strategy to develop high-yielding cultivars with a broad genetic base for food, nutrition, and environmental security.
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Multiple “omics” approaches have emerged as successful technologies for plant systems over the last few decades. Advances in next-generation sequencing (NGS) have paved a way for a new generation of different omics, such as genomics, transcriptomics, and proteomics. However, metabolomics, ionomics, and phenomics have also been well-documented in crop science. Multi-omics approaches with high throughput techniques have played an important role in elucidating growth, senescence, yield, and the responses to biotic and abiotic stress in numerous crops. These omics approaches have been implemented in some important crops including wheat (Triticum aestivum L.), soybean (Glycine max), tomato (Solanum lycopersicum), barley (Hordeum vulgare L.), maize (Zea mays L.), millet (Setaria italica L.), cotton (Gossypium hirsutum L.), Medicago truncatula, and rice (Oryza sativa L.). The integration of functional genomics with other omics highlights the relationships between crop genomes and phenotypes under specific physiological and environmental conditions. The purpose of this review is to dissect the role and integration of multi-omics technologies for crop breeding science. We highlight the applications of various omics approaches, such as genomics, transcriptomics, proteomics, metabolomics, phenomics, and ionomics, and the implementation of robust methods to improve crop genetics and breeding science. Potential challenges that confront the integration of multi-omics with regard to the functional analysis of genes and their networks as well as the development of potential traits for crop improvement are discussed. The panomics platform allows for the integration of complex omics to construct models that can be used to predict complex traits. Systems biology integration with multi-omics datasets can enhance our understanding of molecular regulator networks for crop improvement. In this context, we suggest the integration of entire omics by employing the “phenotype to genotype” and “genotype to phenotype” concept. Hence, top-down (phenotype to genotype) and bottom-up (genotype to phenotype) model through integration of multi-omics with systems biology may be beneficial for crop breeding improvement under conditions of environmental stresses.

Keywords: multi-omics, crop sciences, genomics, transcriptomics, proteomics, ionomics, phenomics, panomics


INTRODUCTION

Various promising omics technologies have emerged over the last few decades. These omics-based approaches have proved themselves to be valuable for exploring the genetic and molecular basis of crop development through modifications in DNA, transcript levels, proteins, metabolites, and mineral nutrient against a backdrop of environmental and physiological stress responses (Muthamilarasan et al., 2019). Several omics approaches, such as genomics, mutagenomics, transcriptomics, proteomics, metabolomics, phenomics, and ionomics, have revealed each corresponding molecular biological facet integrated with plant systems (Salt et al., 2008; Houle et al., 2010; Talukdar and Sinjushin, 2015; Wu et al., 2017; Muthamilarasan et al., 2019). The advent of next-generation sequencing (NGS) technologies has led to high throughput and rapid data generation for genomes, epigenomes, transcriptomes, proteomes, metabolomes, and phenomes (Großkinsky et al., 2018). The integration of multiple omics approaches could elucidate gene functions and networks under conditions of physiological and environmental stress (Singh et al., 2013). Comprehensive multi-omics approaches with robust techniques have been used to identify and decipher essential components of stress responses, senescence, and yields in various economically important crops including wheat, soybean, and millet (Deshmukh et al., 2014; Talukdar and Sinjushin, 2015; Muthamilarasan and Prasad, 2017; Shah et al., 2018; Yadav et al., 2018).

In this review, we discuss multi-omics approaches, their applications, and anticipated implementations in crop science to improve crop yields and enhanced biotic and abiotic stress tolerance (Figure 1). We propose that the integration of entire omics approaches could provide a basis to improve genetic development, crop yields, crop breeding science, and crop resistance to physiological and environmental stress (Figure 2).


[image: Figure 1]
FIGURE 1. Overview of multi-omics approaches for crops. Genomics reflects DNA the genetic information contains five aspects including structural, functional, epigenomics, mutagenomics and pangenomics. Transcriptomics denotes the mRNA (transcript) the carrier of genetic information for translation. Proteomics symbolizes the protein the expression of genetic information. While, metabolomics and ionomics are linkage between proteomics and phenomics. Phenomics displays the phenotype of crop traits. The green asterisk indicates the abiotic and biotic factors influence the multi-omics.
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FIGURE 2. Integration of multi-omics model linking genotype to phenotype and phenotype to genotype concept with systems biology. Genomics indicates the genotype which determines phenotype traits (crop breeding improvement) via transcriptome, proteome, and metabolome. While, proteome, metabolome, and ionome are supposed to be a molecular phenotype. Environmental factors may trigger the regulatory events through epigenetic regulation of genome.




OMICS TECHNOLOGIES FOR CROP IMPROVEMENT


Genomics

Genomics deals with the study of genes and genomes and focuses on the structure, function, evolution, mapping, epigenomic, mutagenomic, and genome editing aspects (Muthamilarasan et al., 2019). Genomics can play an indispensable role in elucidating genetic variation, which may enhance crop breeding efficiency and subsequently result in the genetic improvement of crop species. Structural genomics encompasses sequence polymorphism and chromosomal organization and enables the construction of physical and genetic maps to identify traits of interest for plant biologists. In contrast, functional genomics provides insights into the functions of genes with regard to the regulation of the trait of interest. When epigenetic changes occur in the form of histone modifications, DNA, or small RNA methylations at the genomic level, the phenomenon is known as epigenomics. Mutagenomics deals with mutational events orchestrating genetic modification in mutant traits. However, pangenomics defined as sum of a core genome, shared by all individuals, plus a dispensable genome partially shared or individual specific (Tettelin et al., 2005). Mutagenomics and pangenomics have emerged as recent omics approaches focused on mutagenesis and the pangenome in crop sciences, respectively (Golicz et al., 2016a; Goh, 2018; Muthamilarasan et al., 2019).



Structural Genomics

Structural genomics depends on molecular markers that may be useful for tagging and mapping genes of interest and their subsequent deployment in crop breeding programs. The marker techniques can be categorized into classes. The first one is non-PCR-based techniques which include restriction fragment length polymorphisms (RFLP). Restriction fragment length polymorphism detects DNA polymorphism through hybridizing labeled DNA probe to a Southern blot of DNA digested by restriction enzymes and resulting in differential DNA fragment profile (Agarwal et al., 2008). The second one is PCR-based techniques for markers such as, random amplified polymorphic DNA (RAPD), amplified fragment length polymorphisms (AFLP), and single nucleotide polymorphisms (SNPs) (Williams et al., 1990; Vos et al., 1995). The RAPD markers are PCR-based amplification of random DNA segments using single primer of arbitrary nucleotide sequence (Rabouam et al., 1999). Amplified fragment length polymorphisms is also the PCR-based technique which conducts selective PCR amplification of restriction fragments from a total digest of genomic DNA (Vos et al., 1995). Single nucleotide polymorphisms defined as single nucleotide variations in genome of an individual or an organism. The SNP may be performed through sequencing of genomic PCR products derived from varied individuals (Appleby et al., 2009). Whereas, the diversity arrays technology (DArT) a high-throughput technique which is based on microarray hybridization involving genotyping of numerous polymorphic loci spread over the genome (Jaccoud et al., 2001). The identification and usage of SNPs became possible with the advent of NGS.

Approaches utilized to understand and study the multiple traits in crops are quantitative trait loci (QTL) mapping and genome-wide association studies (GWAS). Quantitative trait loci mapping is a statistical method which assists in linking two types of data, i.e., complex phenotypes with genotypes. Molecular markers such as SNPs and AFLPs are commonly utilized for mapping QTLs, and then these may be correlated with observed phenotypic data (Kearsey, 1998; Challa and Neelapu, 2018). However, GWAS could identify variants associated with traits. Genome-wide association studies may also identify correlation between the genetic variants/phenotypes in a population of any organism based on SNPs in the sequence data (Challa and Neelapu, 2018).

The role of GWAS in genomics approaches is indispensable for enhancing the tolerance of crops to abiotic stress [e.g., the use of GWAS to evaluate how multiple abiotic stressors affect the oil content in sunflowers (Helianthus annuus L.) (Mangin et al., 2017)]. Previously, GWAS identified 48 QTLs related to the yield of maize crop under heat and water stress (Millet et al., 2016). Genome wide associations with environmental variables were used to predict the SNPs in sorghum (Sorghum bicolor) that were associated with drought stress (Lasky et al., 2015). Another GWAS identified 213 unique genomic regions associated with drought tolerance in sorghum (Spindel et al., 2018). Genome-wide association studies have also identified the (drought resistance) DR-related loci in rice crop (Guo et al., 2018). Moreover, numerous SNPs associated with drought-responsive TFs have been identified using GWAS of maize crop (Shikha et al., 2017). In addition, structural variants (SVs) play a vital role in the genetic control of agronomically essential traits in crops. The association of SVs with agronomical traits has been reported in GWAS of B. napus (Gabur et al., 2018), maize (Lu et al., 2015), and soybean (Zhou et al., 2015).

Breeders are now capable of enhancing hybrid breeding through marker-assisted selection (MAS) with genotyping-by-sequencing (GBS) to increase crop quality and yield (He et al., 2014). Multiparent mapping, in particular multiparent advanced generation intercrosses (MAGIC) and nested association mapping (NAM) in model plants and crops (Yu et al., 2008; Kover et al., 2009), has been able to expose the large amount of phenotypic diversity that may be achieved through experimental studies. The MAGIC population is ideal for breeding improvement. Analyses of the relationships between genotypes and phenotypes are able to identify QTLs that may be subsequently authenticated utilizing functional genomics approaches.



Functional Genomics and Mutagenomics

The vast resources and information provided through structural genomics will ultimately be utilized by functional genomics. Functional genomics refers to development of global experimental approaches to assess the function of gene (Hieter and Boguski, 1997). Numerous biotechnological tools have been developed to identify and isolate genes of interest, to clone and characterize those genes, and to overexpress or knock-out lines for functional transgenic analyses (Muthamilarasan et al., 2019). Prior to genome sequencing approaches, the identification of candidate genes involved arduous procedures including suppression subtractive hybridization (SSH), expressed sequence tag (EST), and cDNA-AFLP-sequencing. Subsequently, the tediousness of these approaches decreased with the introduction of NGS (Muthamilarasan et al., 2019).

The access to crop genome sequencing has identified genes that play their role in disease resistance, stress resistance, and yield determination. Furthermore, authentic genome engineering has been envisaged to improve crops by utilizing genome editing tools such as the clustered regularly interspaced short palindromic repeats (CRISPR/Cas9 system) and transcription activator-like effector nuclease (TALEN) (Rinaldo and Ayliffe, 2015). Genome editing tools without the insertions of foreign DNA could possibly enhance yield via the introduction of pest and disease resistance in genetically modified crops. Using TALEN and CRISPR/Cas9 technologies, a bread wheat mildew resistance locus o (TaMlo) mutant was generated (Wang et al., 2014). Similarly, the same technique was adopted with tomato crop to create an SlMlo mutant (Nekrasov et al., 2017). Genome editing with the CRISPR/Cas9 system has already been reported for numerous important crops including soybean, rice, maize, and sorghum (Jiang et al., 2013; Lawrenson et al., 2015; Li et al., 2015; Svitashev et al., 2015). Virus induced gene silencing (VIGS) is a reverse genetic technique to analyze the functions of genes that manifest in tomato crop in response to biotic and abiotic stress (Saand et al., 2015). Through comparative genomics, various mutants have been identified that are related to crop growth, development, and stress tolerance in rice, maize, wheat, and barley (Talukdar and Sinjushin, 2015). A soybean mutation has been found to alter the transcriptomic profiling of GmNARK (Glycine max leucine-rich repeat receptor kinase) rhizobia independent nodulation through the jasmonate pathway (Pathan and Sleper, 2008).

Mutagenomics emerged as a modern omics approach which enables to study mutational events orchestrating genetic modification in mutant traits. Such mutational events may be characterized by using high-throughput genomics technologies including serial analysis of gene expression (SAGE), high resolution melt (HRM), Targeted Induced Local Lesions IN Genomes (TILLING), and microarray analysis (Penna and Jain, 2017). Targeted Induced Local Lesions IN Genomes (McCallum et al., 2000) in functional genomics has characterized mutagenesis and offers high throughput mutations in crops (Henikoff et al., 2004; Mba, 2013). Initially, TILLING technology was developed as a functional genomics strategy, but soon, it became a useful tool for crop breeding as an alternative to the transgenic approaches (Kurowska et al., 2011). The feasibility of using this technique has been documented in numerous essential crops, such as soybean wheat, rice, tomato, rapeseed (Brassica napus), and sunflower (Kurowska et al., 2011; Witzel et al., 2015). Thus, this technique has proved to be a potential method for functional genetics as well as a valuable tool to improve crop breeding (Chen et al., 2014). Mutants controlling the seed oil composition were screened through the reverse genetics technique TILLING (Knoll et al., 2011; Kumar et al., 2013). For example, mutants rich in oils, isoflavones, and oleic acids (FAD2 and FAD2-1B) have also been isolated in soybean crop (Pathan and Sleper, 2008). TILLING has also been applied to detect mutations in numerous crops including rice (Suzuki et al., 2008), maize (Till et al., 2004), wheat (Dong et al., 2009), barley (Caldwell et al., 2004), tomato (Minoia et al., 2010), and soybean (Cooper et al., 2008).

Several microarray analyses showed that plant mutagenesis could induce more transcriptomic changes compared with those due to transgene insertion (Varshney et al., 2010). Mutagenesis constitutes a vital technique to identify gene functions and develop countless agronomic traits with desirable variations (Henikoff et al., 2004; Varshney et al., 2010). Approximately 3,000 mutant varieties of various crops have been developed globally, of which 776 mutants ensure nutritional quality (Jain and Suprasanna, 2011). With improvements in functional, biological, and breeding tools, the mutagenomics has ensured induced mutagenesis in crops. However, various mutant traits have been identified in crop plants in perspective of global impact of mutation-derived varieties on food production and quality enhancement (Ahloowalia et al., 2004).

Mutagenomics through reverse genetic approaches have provided opportunity to silence and interrupt the candidate genes to investigate the function of gene. The specific reverse genetic techniques utilized to screen/induce mutations for crops that include, RNA Interference (RNAi) and (VIGS). When mutant alleles are not available, the reverse genetic techniques can be used to knockdown or silence the phenotype of gene, allowing analysis of gene function (Talukdar and Sinjushin, 2015). Furthermore, those reverse genetic approaches have been utilized to screen for mutations in wheat, rice, maize, barley, tomato, sunflower, cotton, chickpea (Cicer arietinum L.), pea (Pisum sativum L.), and soybean crops including RNAi and gene silencing technologies (Dwivedi et al., 2008; Gupta et al., 2008; Tomlekova, 2010).

As such, both functional genomics and mutagenomics have been found to be useful for improving crop growth, yield, and stress resistance.



Epigenomics

The epigenetics refers to heritable changes other than those in the DNA sequence. These epigenetic changes brought about through DNA methylation and post-translational modification (PTM) of histones (Strahl and Allis, 2000; Novik et al., 2002). The merger of epigenetics and genomics is known as epigenomics which has arisen as new omics technique in order to understand the genetic regulation and its contribution to cellular growth and stress responses (Callinan and Feinberg, 2006). Unlike genomics, epigenomics may be influenced by environmental factors, including abiotic and biotic stress. Nevertheless, genome level studies could be conducted to analyze these epigenetic events at any developmental stage or to evaluate abnormalities due to plant disease (Muthamilarasan et al., 2019). The bisulfite sequencing technique can identify the DNA methylation status of the genome (Cokus et al., 2014) and has been successfully validated in tomato, maize, and soybean crops with regard to DNA methylation and chromatin regulated genes (Gent et al., 2013; González et al., 2013; Schmitz et al., 2013). The quantification of DNA methylation in the genome through a methylation-sensitive amplified polymorphism (MSAP) approach is common and has been performed in wheat and foxtail millet crops under salinity stress (Zhong et al., 2009; Pandey et al., 2017). Moreover, chromatin immunoprecipitation sequencing (ChIP-Seq) is a unique approach for the analysis of histone proteins and DNA methylation (van Dijk et al., 2010) and has been used in rice crop under drought stress (Zong et al., 2013). DNA methylation studies have been carried out with epigenome modifications associated with ripening in tomato and tissue cultured stable epigenome changes in rice crop (Stroud et al., 2013; Zhong et al., 2013). One epigenomic study found this approach to be beneficial for identifying histone modifications associated with photosynthesis in maize (Offermann et al., 2006).

Recently, an epigenome wide association study identified the MANTLED locus responsible for the mantled phenotype (hypomethylation) in the oil palm (Elaeis guineensis) (Ong-Abdullah et al., 2015). Karma (LINE) retrotransposon methylation was linked with normal fruit yield clones compared to mantled clones (Ong-Abdullah et al., 2015). Whole-genome bisulfite sequencing (WGBS) identified ncRNAs in cotton crop under drought stress (Lu et al., 2017). Taken together these data indicate that applications of epigenomics could play important role in crops improvement in response to environmental stresses.



Pangenomics

The pangenome concept refers to the full genomic makeup of a species, which can be divided into a set of core and dispensable genes. The sets of core genes are shared by all individuals, whereas, set of dispensable genes (also known as accessory genes) are individual-specific and/or present in some individuals but not all (Tettelin et al., 2005). Advancements in sequencing technology and analysis tools have made it possible to sequence several accessions of crop species (Golicz et al., 2016a). A wave of pangenomic studies in crops including rice (Schatz et al., 2014; Wang et al., 2018; Zhao et al., 2018), soybean (Li et al., 2014), wheat (Montenegro et al., 2017), maize (Hirsch et al., 2014), Brassica napus (Hurgobin et al., 2018), and Brassica rapa (Lin et al., 2014) have revealed that dispensable genes play important roles in maintaining crop diversity and improving quality. A pangenomic study using nine morphologically diverse Brassica oleracea varieties and a wild relative demonstrated that several variable genes were annotated with functions related to major agronomic traits, such as glucosinolate metabolism, vitamin biosynthesis, and disease resistance (Golicz et al., 2016b). Numerous methodologies have been used to generate pangenomes in crops and their wild relatives, such as comparative de novo, iterative assembly and “map-to-pan.” Comparative de novo approaches have been conducted with soybean and rice and their wild relative in order to analyze the genetic variation and agronomic traits (Li et al., 2014; Zhao et al., 2018). While an iterative assembly approach was performed with B. oleracea (Golicz et al., 2016b), bread wheat (Montenegro et al., 2017), and B. napus (Hurgobin et al., 2018), and a “map-to-pan” approach was used with rice (Wang et al., 2018).

Pangenomic studies have recently been investigated to evaluate the genetic diversity of crop species. Comparatively dispensable genes tend to be more variable than core genes. For example, higher densities of SNPs and insertions/deletions (InDels) have been found in sets of dispensable genes when compared to those in sets of core genes in Brachypodium distachyon (Gordon et al., 2017), rice (Wang et al., 2018), and soybean (Li et al., 2014). The dispensable genes of a pangenome are determined by structural variation (Xu et al., 2012; Mace et al., 2013), and dispensable genomes have been found to be enriched with genes related to disease resistance in crops such as maize (Zuo et al., 2015) and rice (Fukuoka et al., 2009) and abiotic stress in barley (Francia et al., 2016) and sorghum (Magalhaes et al., 2007). Furthermore, pangenomics may be used to improve crops. Multiple crop wild relatives (CWRs) have been used in breeding programs specifically for their quantitative and adaptive traits. Traits associated with yield and its components (e.g., grain size) were subject to intensive selection during domestication and breeding improvement in crops including rice (Xiao et al., 1998), sorghum (Tao et al., 2017, 2018), and wheat (Huang et al., 2003). Several wild relatives have also been found to be able to contribute genes to improve traits, such as grain quality (Campbell et al., 2016) and biotic/abiotic stress resistance in crops (Zhang et al., 2006; Ram et al., 2007; Cao et al., 2011; Huang et al., 2013). Thus, pangenomic studies could be used to mine elite genes in CWRs for crop improvement.



Transcriptomics

Transcriptomics deals with transcriptome that refers to the complete set of RNA transcripts which are produced by genome of an organism in a cell or tissue (Raza et al., 2021). Transcriptome profiling is dynamic and has emerged as a promising technique to analyze gene expression in response to any stimuli over a certain time period (Duque et al., 2013; El-Metwally et al., 2014). This strategy helps the researcher to observe the differential expression of genes in vitro to understand the first layer function of a particular gene. Initially, transcriptome dynamics were analyzed using traditional profiling, cDNAs-AFLP, differential display-PCR (DD-PCR), and SSH, but these techniques provided low resolution (Nataraja et al., 2017). Soon after, the introduction of robust techniques made it possible for RNA expression profiling utilizing microarrays, digital gene expression profiling, NGS, RNAseq, and SAGE (Kawahara et al., 2012; De Cremer et al., 2013; Duque et al., 2013).

Microarray analysis has revealed the differentially expression of genes in soybean and barley during developmental and reproductive stages, respectively, under drought stress (Guo et al., 2009; Le et al., 2012). Similarly, the differential expression of genes was identified in soybean under dehydration stress using an Affymetrix GeneChip array (Khan et al., 2017). The expression of genes has been found to alter various TFs in Arabidopsis, soybean, and rice crops in response to abiotic stress (Xiong et al., 2002; Wohlbach et al., 2008). The novel TFs, Cys-2/His-2-type zinc finger (C2H2-ZF) TF and drought and salt tolerance (DST), were found to control stomatal aperture in response to salt and drought stress in rice crop (Huang et al., 2009). Another, study demonstrated the function of WRKY TFs in response to abiotic stress in wheat (Okay et al., 2014). Although phytohormones, non-coding RNAs, and small peptides regulate the expression of genes and are considered to be key components that execute gene functions in response to abiotic stress conditions in Arabidopsis and model crops including rice, tomato and wheat (Matsui et al., 2008; Chekanova, 2015; Bashir et al., 2019). Various phytohormone-independent abiotic stress responses are regulated by several TFs, such as DRE-/CRT-binding protein 2 (DREB2) and dehydration-responsive element/C-repeat (DRE/CRT), in rice crop (Todaka et al., 2015).

Transcriptome studies in sorghum revealed a set of differentially expressed (DE) genes in response to drought, heat, and osmotic stress as well as hormone treatment (Dugas et al., 2011; Johnson et al., 2014). Similarly, differential expression patterns of OsMADS genes were found in developing rice crop in response to drought stress (Jin et al., 2013). These transcriptome sequencing analyses have shown differential expression during growth and in response to stress and may be useful for functional analyses. Therefore, these reports demonstrate the role of transcriptomics in terms of stress responses and development for crops.

Novel advancements in transcriptomics have been brought about through in situ RNA-seq (i.e., in situ ligation), in which RNA is sequenced in living cells or tissues (Ke et al., 2013). Spatially resolved transcriptomics is another technique that detects gene expression with spatial information within cells or tissues to provide a comprehensive molecular description of physiological processes in organisms (Burgess, 2015). Numerous RNA-seq analyses have unveiled tissue-specific expression in response to abiotic and biotic stress in foxtail millet and sweet potato (Impomoea batatas L.) crops (Qi et al., 2013; Hittalmani et al., 2014; Bonthala et al., 2016; Li et al., 2017). Total RNAseq has shown DE genes and SSR markers during the development of cowpea (Vigna unguiculata L. Walp.) crop (Chen et al., 2017). Thus, RNA-seq has proved to be one of the better techniques of transcriptomics to develop genic-SSR markers that can be linked to phenotypic traits connected with the candidate genes. Moreover, various studies utilizing RNA-seq technique have been conducted in rice, maize, and rapeseed oil to identify drought stress responsive genes (Kakumanu et al., 2012; Huang et al., 2014; Bhardwaj et al., 2015).

Comparative transcriptomics is another means to understand differential expression profiles in response to stress in different crop species. Comparative transcriptomic analysis has identified sixteen common genes in rice, wheat, and maize compared with those in switch grass in response to heat stress (Ding et al., 2013; Li et al., 2013). Comparative transcriptome and microarray analyses of biotic and abiotic stress and hormonal treatments have revealed multiple cross-talk pathways in cotton and potato (Solanum tuberosum L.) crops (Massa et al., 2013; Zhu et al., 2013). As such, these regulatory networks among stress tolerance genes might be beneficial for improving crops.

Recently, an alternative splicing (AS) transcriptomics approach was launched to generate multiple transcripts in response to abiotic stress conditions (Laloum et al., 2018). This method has been applied in crops including rice, maize, and sorghum in response to heat and drought stress (Zhang et al., 2015). Hence, AS transcriptomic analyses demonstrated the role for splicing factors controlling abiotic stress responses in crops. Collectively, these all transcriptomic techniques could play a vital role in the regulation of gene expression leading to the improvement of crop species.



Proteomics

Proteomics is a technique involved in the profiling of total expressed protein in an organism and is divided into four different parts including sequence, structural, functional, and expression proteomics (Mosa et al., 2017; Aizat and Hassan, 2018). Sequence proteomics determines the amino acid sequences that are usually identified sequentially utilizing high performance liquid chromatography (HPLC; Twyman, 2013). Structural proteomics deals with the structure of proteins to understand their putative functions. Structural proteomics can be analyzed through several approaches, such as computer based modeling, and experimental methods including nuclear magnetic resonance (NMR), crystallization, electron microscopy, and the X-ray diffraction of protein crystals (Sali et al., 2003; Woolfson, 2018). Functional proteomics determines the functions of a protein, and those functions are examined through various methods, such as yeast-one or two hybrids and protein microarray profiling (Lueong et al., 2014).

Advancements in protein extraction and separation have contributed to the rapid improvements of plant proteomic research, at both sample and genome-wide scales (Nakagami et al., 2012). Conventional proteomics are chromatography based techniques; which include exchange chromatography (IEC), size exclusion chromatography (SEC), and affinity chromatography. However, western blotting and enzyme-linked immunosorbent assay (ELISA) could be used for selective proteins analysis. Later, some more advanced techniques such as SDS-PAGE, two-dimensional gel electrophoresis (2-DE), and two-dimensional differential gel electrophoresis (2D-DIGE) were developed and used through gel based techniques for separation of proteins. Simultaneously, for rapid protein expression analysis the protein microarrays/chips have been devised for detection of small amount of protein sample. Moreover, stable isotope labeling with amino acids in cell culture (SILAC), Isotope-coded affinity tag (ICAT) labeling and isobaric tag for relative and absolute quantitation (iTRAQ) have been developed as advanced techniques for quantitative proteomic analysis. Recently, two major high-throughput approaches including X-ray crystallography and NMR spectroscopy have been developed for three-dimensional structure determination of proteins that may be useful to understand the biological function of proteins (Aslam et al., 2017). Applications and importance from conventional to modern proteomic approaches have been discussed below.

Two-dimensional gel electrophoresis and SDS-PAGE are required to identify the proteins and measure the quantitative parameters of protein content, respectively (Eldakak et al., 2013). Henceforth, the identified proteins are used to analyze the molecular mass of peptides with mass-spectrometry (MS), ion trap-mass spectrometry (IT-MS), or liquid-chromatography (LC; Fournier et al., 2007). Additionally, the molecular weights of proteins have been identified using MALDI-TOF, electrospray ionization (ESI), and collision-induced dissociation (CID; Tanaka et al., 1988; McLuckey and Stephenson, 1998; Baggerman et al., 2005).

Functional proteomics approaches have identified ROS scavengers including quinone redcutase, γ-glutamylcysteine synthetase, dehydrins, and dehydroascorbate reductase in tomato and sunflower crops (Shalata et al., 2001; Di-Baccio et al., 2004; Mittova et al., 2004). Meanwhile, molecular chaperones, such as heat shock proteins, have also been identified during proteome analyses in wheat and sugarcane (Demirevska et al., 2008; Jangpromma et al., 2010). Various drought sensitive and tolerant rice cultivars have been identified through comprehensive proteomics studies (Salekdeh et al., 2002; Rabello et al., 2008; Muthurajan et al., 2011; Maksup et al., 2014). Therefore, functional proteomics studies depict their significant role in crop defense response.

In quantitative proteomics, the iTRAQ method has demonstrated the differential expression of proteins in potato crop under abiotic stress (Liu et al., 2015). Recently, an iTRAQ-based comparative proteomic analysis of two coconut varieties identified numerous stress-responsive DEPs in two varieties of coconuts (Yang et al., 2020). In addition, iTRAQ-based proteomic analysis has provided new insights into somatic embryogenesis in cotton crop (Zhu et al., 2018). Thus, iTRAQ-based quantitative proteomic studies also play important role for crops against abiotic stresses.

A proteomics approach in response to the presence of pathogens was established with Vitis species (Basha et al., 2010). A post-iTRAQ-based comparative proteomic analysis was used to identify translational modifications (e.g., phosphorylation and ubiquitination) and protein–protein interactions that occur in biological or molecular mechanisms within cells. Phosphoproteomics intends to analyze protein phosphorylation through detecting phosphoproteins and their phosphorylated amino acid residues in a quantitative or qualitative manner (Mosa et al., 2017). In addition, phosphoproteomics has also been associated with protein functions, and thus it may play a role in the identification of pathways involved in various cell functions (Mosa et al., 2017). Phosphoproteomics, along with proteins have revealed large numbers of drought stress-related proteins in two wheat crop cultivars (Zhang et al., 2014a). Further, proteomics and phosphoproteomics have been combined to investigate diverse functions in crops [e.g., wheat and grapevine (Vitis vinifera L.)] in response to phytoplasma and (Septoria tritici) fungal pathogen (Margaria et al., 2013; Yang et al., 2013). The wheat varieties against both drought and phytoplasma stresses showed resistant (Yang et al., 2013; Zhang et al., 2014a), whereas, grapevine was susceptible to phytoplasma infection (Margaria et al., 2013). Thus, phosphoproteomics could be helpful in order to identify resistant and/or susceptible crop cultivars against various stresses. Moreover, a combined proteomics and metabolomics approach with functional genomics in legumes has provided an understanding of the stress biology of these crops and the identification of molecular markers for legume smart breeding programs (Ramalingam et al., 2015). Hence, proteomics plays a vital role in deciphering functional mechanisms in crop science against diverse stresses and can help to improve crop yields.

Using LC-MS/MS, one proteomic study identified 75 differentially expressed proteins (DEPs) in a dehydration-sensitive chickpea cultivar (Subba et al., 2013). The majority of DEPs were involved in molecular chaperons, cell signaling, gene transcription, and regulation and ROS catabolic enzymes (Subba et al., 2013). Comparative proteomics and gene expression analyses using 2-DE along with LC-MS/MS have also identified DEPs associated with abiotic stress responses in chickpea (Arefian et al., 2019). By applying non-gel-based LC-MS/MS approaches, a large number of nodule proteins were identified in response to drought stress in Medicago spp. (Larrainzar et al., 2007). Later, the same method was used for the relative quantification of root nodule proteins in Medicago spp. (Larrainzar et al., 2009). Furthermore, using 2D-GE and ESI-LC-MS/MS approaches, numerous DEPs were identified in response to abiotic stress in legume crops, such as chickpea, common bean, and M. truncatula (Ramalingam et al., 2015). Several proteomics approaches, such as MALDI-TOF, SDS-PAGE, MS, 2-DE, and PMF have been applied in rapeseed, soybean, wheat, sugarcane, and cotton to determine stress-response pathways (Demirevska et al., 2008; Toorchi et al., 2009; Jangpromma et al., 2010; Nouri and Komatsu, 2010; Deeba et al., 2012; Mohammadi et al., 2012). These proteomics techniques have been implemented in plants under drought stress (Ghosh and Xu, 2014). However, 2-DE and SDS-PAGE proteomics techniques have been implemented in plants under drought stress (Ghosh and Xu, 2014). Importantly, numerous techniques (i.e., 2D-GE, MALDI-TOF, SDS-PAGE, ESI-IT- LC-MS/MS, and iTRAQ) used for cereal crops such as barley, maize, pearl millet, rice, sorghum, and wheat under drought stress response have been reviewed comprehensively by Ghatak et al. (2017). Hence, such proteomic studies revealed their role for crops in response to diverse abiotic stress conditions.



Metabolomics

Metabolomics defined as the comprehensive study of metabolites which participate in different cellular events in a biological system. However, metabolome denotes the complete set of metabolites synthesized via metabolic pathways in plant system (Fiehn, 2002; Baharum and Azizan, 2018). Next-generation sequencing technologies have emerged as promising tools in order to understand the regulation of gene expression and molecular basis of cellular responses which occur in crops in response to biotic and abiotic stresses (Abdelrahman et al., 2018). However, metabolomics in combination with NGS has provided a basis to predict an initial metabolic network from a genome sequence of an organism (Weckwerth, 2011b). The genome sequencing approach (NGS) and quantification of metabolites (through MS) integrated the information in order to develop strategies for crop-improvement (Pandey et al., 2016).

Metabolites may be viewed as the end products of gene expression that display the biochemical phenotype of the cell (Weckwerth and Fiehn, 2002). Proteomics recognizes only gene products, whereas metabolomics may determine the expression of proteins metabolically and identify the biochemical processes that play important roles in gene functioning (Weckwerth and Morgenthal, 2005; Lindon and Nicholson, 2008).

Metabolites possess different chemical and physical properties; hence, separation and analytical techniques are required to generate metabolic profiles of a given plant sample (Jogaiah et al., 2013). Several analytical techniques have been implemented in plant systems to quantify metabolites including thin layer chromatography (TLC), gas/liquid-chromatography-mass spectrometry (GC/LC-MS), liquid chromatography-electrochemistry-mass spectrometry (LC-EC-MS), NMR, direct infusion mass spectrometry (DIMS), Fourier-transfer infrared (FT-IR), and capillary electrophoresis-liquid- chromatography mass spectrometry (CE-MS; Fiehn et al., 2000; Weckwerth, 2003; Moco et al., 2007; Allwood and Goodacre, 2010; Saito and Matsuda, 2010; Duque et al., 2013; Jogaiah et al., 2013). The CE-MS, GC-MS, LC-MS, and NMR techniques are the most frequently used in plant metabolomics (Fiehn, 2002; Kikuchi and Hirayama, 2007; Moco et al., 2007; Allwood and Goodacre, 2010; Weckwerth, 2010; Kim et al., 2011). These techniques depend on the selectivity, sensitivity, speed, and accuracy of the approach. NMR is fast and selective, although mass spectrometry techniques (CE-MS, GC-MS, and LC-MS) are suitably sensitive and selective but supposed to be time consuming (Sauter et al., 1991; Sumner et al., 2003).

Annotation and reporting of metabolomics data is an important in order to identify and analyze metabolites properly. However, recently, Alseekh et al. (2021) reported guidelines for annotation and quantification of LC/GC-MS-based metabolomics data reporting. Their recommended guidelines (i.e., sample preparation, sample replication and randomization, quantification, recovery and recombination, ion suppression, and peak misidentification) could be an effective tool/method for acquisition and reporting of metabolite data. Nonetheless, workflow for sampling, quenching, metabolite extraction, and storage has also been elucidated. The adopting certain recommendations may avoid misinterpretation of metabolite data and ensure the reporting transparency in LC/GC-MS-based metabolomics-derived data (Alseekh et al., 2021).

Plants have large chemically complex machinery that they employ as a major defense system against abiotic stress and pathogens. The mechanisms of plant metabolic responses to stress depend on plant–stress or pathogen interactions. The pivotal role of metabolites in cereal crops, such as rice, maize, and barley, has been identified in the presence of various biotic stressors (Balmerl et al., 2013). The metabolic profiles of three rice varieties have identified several metabolites or biomarkers against the gall midge biotype 1 (GMB1) pathogen using GC-MS (Agarrwal et al., 2014). Similarly, a number of metabolites were identified in rice crop in response to Xanthomonas oryzae pv. oryzae (Xoo; Sana et al., 2010). Another study demonstrated that the use of GC-MS could identify the accumulation of numerous metabolites in rice and barley crops against Magnaporthe oryzae (Parker et al., 2009). Meanwhile, phenylpropanoid and phenolic metabolites have been reported in wheat crop in response to biotic stress (Gunnaiah et al., 2012).

Metabolomics is particularly important in plant systems because plants produce more metabolites than either animals or microbes. The secondary metabolites produced by plants are helpful in responses to environmental stress. Thus, environmental metabolomics is a promising area in stress-physiology during that plant response to numerous abiotic stresses in relation to their metabolite changes (Brunetti et al., 2013; Viant and Sommer, 2013). Polyamine metabolites have been found in rice crop under drought stress conditions by applying GC-TOF-MS method (Do et al., 2013). In addition, a similar technique was used in rice, and the results identified salt tolerant cultivars (Liu et al., 2013; Gupta and De, 2017). Moreover, many metabolite analyses have been conducted in wheat, maize, tomato, and soybean crops in relation to drought, cold, and heat stress (Semel et al., 2007; Bowne et al., 2012; Silvente et al., 2012; Witt et al., 2012; Sun et al., 2016; Le et al., 2017; Paupiere et al., 2017). Several metabolomics techniques including LC/GC-MS, GC/EI-TOF-MS, HPLC, and NMR have been widely used in crop species such as, rice, tomato, maize and soybean in response to abiotic (drought, salt, oxidative, and temperature) and biotic stress conditions (Ghatak et al., 2018). Plant metabolite changes via certain pathways have been found to improve the nutritional value of genetically modified rice by the accumulation of β-carotene in the endosperm (Paine et al., 2005). Anthocyanin (a secondary metabolite) production was enhanced using metabolic engineering in tomato crops (Butelli et al., 2008). Therefore, metabolomics, coupled with other omics like genomics, transcriptomics, and proteomics, provide an integrated portrait of various functions ranging from the genome to metabolome as well as phenotypic characteristics (Weckwerth, 2011a). Strong correlations among these integrated omics have been identified in the responses of crops and plants to abiotic stress (Urano et al., 2010; Duque et al., 2013; Jogaiah et al., 2013).



Ionomics

Ionomics deals with the ionome, whereas ionome refers to the total mineral nutrient and trace elemental composition and represents the cellular inorganic components of plant systems (Salt et al., 2008; Satismruti et al., 2013). Ionomics comprises the quantitative measurement of the elemental composition of an organism and identifies the changes in mineral composition triggered by various physiological stimuli, genetic modifications, or developmental conditions. It is a dynamic approach that is able to analyze the functions of genes and gene networks that characterize the ionome in response to physiological and environmental stress (Baxter, 2010). Ionomics acquisition by high throughput elemental profiling in plants has been conducted using different analytical tools including inductively coupled plasma-mass/optical emission spectroscopy (ICP-MS/OES), neutron activation analysis (NAA), and X-ray crystallography (Salt et al., 2008; Kumari et al., 2015). Inductively coupled plasma-mass spectroscopy technique is cheaper and can run hundreds of samples daily with excellent sensitivity to determine the elements. Nonetheless, ICP-OES may detect elements high throughput technique at the cost of some elements and sensitivity compared to ICP-MS. The XRF is faster to localize the elements but little cost than both ICP-MS/OES. Whereas, NAA is costly, slow and can detect more than 30 elements possible simultaneously (Salt et al., 2008).

In addition, the leaf ionome has been analyzed to identify the plant ionomic regulatory networks involved in iron and phosphorus homeostasis (Baxter, 2015). Using ICP-MS, the leaf and grain ionomes have been analyzed to generate genetic maps, identify QTLs, and detect mineral element genetic diversification in rice crop (Norton et al., 2010; Zhang et al., 2014b; Pinson et al., 2015).

Moreover, seed ionome analysis has found differential gene expression, improved symbiotic responses to mycorrhizal fungi, and altered growth phenotypes under phosphate starvation in maize crop (Mascher et al., 2014). Single seed-based ionomic profiling in maize crop may be influenced by environmental and genetic factors that affect seed ionome accumulation (Baxter et al., 2014). Comprehensive, elemental profiling has revealed the QTLs responsible for grain mineral accumulation and yield in maize crop (Gu et al., 2015). Additionally, one ionomics study elucidated the relationships and responses of elements, minerals, and metabolites in barley under salt stress (Wu et al., 2013). Following this, the ionomic screening was performed in mutant lines of soybean crop which altered seed ionomic composition. They determined elemental concentration by applying ICP-MS method (Ziegler et al., 2013). Elemental profiling analysis has also been conducted in tomato cultivars to observe the concentrations of micro- and macro-nutrients under water stress (Sanchez-Rodríguez et al., 2010). Similarly, ionomic profiling has been performed to analyze the nutrient balance in some fruit species including kiwifruits, oranges, mangos, apples, and blueberry (Parent et al., 2013). Therefore, those ionomic studies suggest the important role for crop improvement and responses to various abiotic and biotic stimuli.

In light of these results, the integration of ionomics with other omics, such as genomics or metabolomics, could serve to identify potential genes and their networks that improve crop resistance in response to physiological and environmental stress (Singh et al., 2013; Wu et al., 2013; Huang and Salt, 2016; Guo et al., 2017).



Phenomics

Phenomics defined as the characterization of phenotypes through the acquisition of high-dimensional phenotypic data on an organism-wide scale (Houle et al., 2010). However, phenome refers to the phenotype as a whole and plant phenome can be determined by genome (G), environment (E), and management (M) interactions (Gjuvsland et al., 2013; Großkinsky et al., 2018), thus phenomenon is also referred to as genotype–phenotype–envirotype (G–P–E) interactions (Zhao et al., 2019).

Precise phenotyping is very accurate for the gene and QTL mapping of particular traits of interest to identify their roles via forward and reverse phenomics applications for the genetic improvement in crop plants (Kumar et al., 2015b). In both cases, the “best of the best” or the “best varieties of the best” germplasm lines could be detected through automated high-through put imaging technologies. These non-invasive imaging approaches allow for rapid phenotyping of the traits (phenes) through color imaging of the biomass, far infrared imaging of the canopy, lidar (light detection and ranging) to measure growth parameters, and magnetic resonance imaging to analyze root systems in crops (Finkel, 2009; Berger et al., 2010; Furbank and Tester, 2011). Furthermore, roots could be imaged in laboratories and greenhouses without damaging plant samples. For example electrical resistance tomography, electrical capacitance, X-ray computed tomography, and positron emission tomography were used to image root system for soil-grown plants and crops (McGrail et al., 2020). Red, green, blue (RGB) imaging, based on visible light, is a phenotyping tool used to estimate canopy and root systems (Großkinsky et al., 2018). Several studies have applied visible light imaging techniques through RGB set-ups in order to determine crop phenotyping parameters. For example, an RGB imaging setup scanned root system for Triticum durum grown in soil-filled rhizoboxes (Bodner et al., 2017), plant pthosystem, and disease symptoms were assessed through RGB color-based imaging (Mahlein, 2016) and RGB digital imaging method was used to analyze plant shoots phenotyping under various stress responses (Humplík et al., 2015). Using infrared thermography, one study confirmed the role of stomatal conductance under salinity stress in young barley and wheat seedlings (Sirault et al., 2009). Chlorophyll fluorescence imaging has also been applied to screen for abiotic stress responses in tobacco, canola, and cotton crops using pulse amplitude modulated (PAM) instruments (Saranga et al., 2004; Baker, 2008). Furthermore, digital imaging methods have quantified boron toxicity under abiotic stress in form of the mapping of wheat and barley populations (Schnurbusch et al., 2010). With regard to the responses to biotic stress, similar method has been applied to detect and quantify the disease symptoms caused by pathogens in barley crop (Swarbrick et al., 2006; Chaerle et al., 2009). Thus, phenomics applications may play a vital role in order to evaluate the phenotypic parameters in crops under biotic and abiotic stress conditions.

Phenotyping techniques are more important for analyzing crops in the field compared to plants in either the laboratory or greenhouse. Multi and hyperspectral technologies may be utilized to determine various agronomic characteristics (Rascher and Pieruschka, 2008). Among these, the laser-induced fluorescence transient (LIFT) technique is one of the most robust for analyzing the photosynthetic efficiency of crops in the field (Pieruschka et al., 2010). Access to wireless sensor a network aids in the phenotyping of crop traits and enables the accumulation of valuable data for breeding science (Ruiz-Garcia et al., 2009). Phenomics also offers various platforms connected with computational systems to analyze the phenotyping data including support vector machines (SVMs), artificial neural networks (ANNs), and principal component analysis (Karkee et al., 2009; Yang et al., 2009). So far, the major challenge in plant phenomics is to organize information systems to store datasets of phenotyping/traits so that they may be reanalyzed to generate new ideas (Cabrera-Bosquet et al., 2012).

The combination of GWAS and a high through-put rice phenotyping facility (HRPF) has resulted in the identification of 15 agronomic traits and 25 associated loci corresponding to the Green Revolution semi-dwarf gene (SD1) in rice (Yang et al., 2014). The multifunctional phenotyping technique was based on rice automatic phenotyping (RAP) and the yield traits scorer (YTS), which paved the way for high throughput phenotyping (HTP) methods to replace traditional phenotyping (manual phenotyping) approaches in crop breeding (Yang et al., 2014). Recently, an ontology-driven phenotyping hybrid information system (PHIS) has been proposed to assemble and share multi-scale data and metadata (Neveu et al., 2019). The ontology-driven PHIS information system is a powerful tool to integrate, manage data and share multi-source/multi-scale data (for both greenhouse and filed condition), however, ontology-driven architecture creates relationships between objects and enriches datasets with knowledge and metadata (Neveu et al., 2019). Current research efforts have also presented the Internet of Things (IoT)-based CropSight system, which is used to scale and determine both crop phenotyping and genotype–environment interactions (GxE). Internet of Things technologies is worldwide network which uses information and communications technologies for interconnection of sensing and actuating devices providing the ability to share information across platforms. This system can carry out high-quality crop phenotyping and monitor the dynamics of microclimate conditions and has been applied in field wheat crop experiments (Reynolds et al., 2019). However, Roitsch et al. (2019) proposed HTP applications with new generation sensors for next generation phenomics that would contribute to improving crop yields, stress tolerance, and management in the near future.

Overall, phenomics plays an important role in the development of crop breeding strategies through the integration of phenomics with other omics, such as genomics, proteomics, and metabolomics, to provide insights regarding the complex interactions between phenomes, the genome, and environmental factors, which will be beneficial for improving crop management.




ROLE OF BIOINFORMATICS WITHIN THE CONTEXT OF DATABASES AND SOFTWARE TOOLS FOR CROP OMICS ANALYSIS

Bioinformatics is an application of computational technology to handle and analyze the biological data. Bioinformatics as an interdisciplinary field encompasses computer science, statistics, mathematics, engineering, molecular biology, and biotechnology. Bioinformatics helps in order to interpret biological queries utilizing computational software (Raza et al., 2021). Notably, the integration of omics approaches (i.e., genomics, transcriptomics, proteomics, and metabolomics) has increased our understanding molecular processes associated with abiotic stress responses in plants (Cramer et al., 2011; Jogaiah et al., 2013). Nonetheless, bioinformatics consolidates with these omics approaches and provides base for collecting information for plant abiotic stresses (Ambrosino et al., 2020). Thus, bioinformatics is indispensable for data mining and organization (data production) in support of different omics technologies (Ambrosino et al., 2020). Furthermore, bioinformatics interprets information about the functional system of genes provided by such robust technologies. Bioinformatics also provides accessible resources for computational modeling and simulation analysis by integrating multiple omics technologies. The bioinformatics tools utilizing various software packages have been used for analyzing the multi-omics approaches in crop science. Recently, the availability and advancements of omics platforms have expanded remarkably to allow information to be utilized in multi-dimensional research in the plant sciences. The computational resources have not only made it possible to store, catalog, and analyze the available data but have also provided an easy means to access user friendly databases. Various multi-omics databases have been developed for the crop sciences (Table 1).


Table 1. List of online databases used for crop multi-omics analysis.
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Among these, Gramene, Plant Reactome, GabiPD, KaPPA-View4 KEGG, and PMND provide multi-omics-based integration of genomics, transcriptomics, proteomics, and metabolomics for several crop species. Both KNApSAcK and KOMICS are useful metabolomics databases that provide information on abundant metabolites in medical plants and crop species. The KOMICS contains several databases for metabolome analysis for example Food Metabolome Repository that can be used to obtain data from various Japanese foods using liquid chromatography-mass spectrometry (LC-MS), KomicMarket database which is used for detected peaks (known/unknown) in metabolome analysis. Similarly Metabolonote database available at KOMICS can also be used to manage “metadata” for experimental 616 data obtained through the metabolomics studies.

PlantTFDB is a multi-crop species database that predicts plant TFs. Moreover, single-crop species dedicated databases of important crops are also available, such as RAP-DB (rice), TFGD (tomato), SoyKB (soybean), MaizeGDB (maize), CerealsDB (wheat), RiceXPro (rice), and SiFGD (Foxtail millet; Table 1). These databases provide comprehensive data on functional genomics coupled with transcriptomics, proteomics, and metabolomics and are currently playing pivotal roles in breeding sciences. Furthermore, there are more than 50 databases numerous crops that provide accumulated omics analysis data (for detailed information see Table 1).

Various software packages have also been developed for multi-omics analysis. In this regard, various online tools have been compiled and are presented in Table 2. The software packages are important to analyze the phenotyping, measurement, and disease symptoms of leaf such as, BioLeaf and EasyPCC. Whereas, protein–protein interaction, gene structure analysis can also predicted in STRING and GSDS, respectively. However, Gromacs software could be used for simulation of protein and lipids for crops (for detail see Table 2).


Table 2. List of online software packages used for crop multi-omics analysis.
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Several softwares can be used as individual omics analysis such as, phenomics, proteomics, and metabolomics, whereas, some of them are useful for multi-omics analysis. In detail, LemnaLauncher, BioLeaf, and EasyPCC are used for phenomics analysis of crops. For proteome function and interactions, three important software packages (i.e., STRING, SPPS, and ProteinProspector) provide vital information. Importantly, Gromacs and PTools are multi-omics based software for multiple crop species. In order to analyze structural and comparative genomics, GSDS, GAP4, and VISTA are accessible tools for crop omics. Additionally, AMDIS and SIMCA-P 14.0 could be used for ionome-integrated metabolic component analysis in crop species (Table 2).



ROLE OF PANOMICS FOR CROP BREEDING SCIENCE

Panomics provides a platform to integrate complex omics, such as genomics, epigenomics, transcriptomics, proteomics, PTM proteomics, metabolomics, and phenomics (Weckwerth et al., 2020). The concept of panomics was recently proposed by Weckwerth et al. (2020). The idea of this platform is to combine different omics and construct models that can be used to predict complex traits (Weckwerth, 2011a, 2019). However, coupling phenomics and environmental information with genomics, transcriptomics, proteomics, and metabolomics would provide a better understanding of the terroir-phenotype dependency at a molecular level. The integration of complex “omics” datasets could also reduce the number of false positives generated from single data sources for genotype-phenotype prediction (Ritchie et al., 2015). Panomics and environmental platforms together with multiple data integration can be used to identify genes, QTLs, and markers through functional omics and mathematical models to enhance the tolerance to abiotic and biotic stress in crop varieties and create elite lines to improve the germplasm (Weckwerth et al., 2020). To analyze the integrated data, special tools can be used to merge multi-omics datasets prior to any interpretation (Kuo et al., 2013) (e.g., tools such as PAINTOMICS, KaPPA-view, and COVAIN). PAINTOMICS is web based tool offers integrated visualization of data of two omics, the transcriptomics and metabolomics datasets and displays the data on KEGG pathway maps (García-Alcalde et al., 2011). Another web based tool the KaPPA-view has been developed for integration of transcript and metabolite data on plant metabolic pathway maps (Tokimatsu et al., 2005). Nevertheless, the COVAIN (covariance inverse) tool primarily used for metabolomics data and can support in statistical analysis of the integrated omics dataset with KEGG pathway and gene ontology analysis (Sun and Weckwerth, 2012). The integration of GWAS with panomics has also been used to explain and understand phenotypic variance in crops. Importantly, integrating GWAS with omics datasets including transcriptomics (eQTLS), proteomics (pQTLS), and metabolomics (mQTLS) may lead to the identification of novel genes and functional pathways underlying complex traits (Weckwerth et al., 2020). In this vein, a combined metabolome-based genome-wide association study (mGWAS with eQTL) identified metabolite features associated with kernel weight in maize crop (Wen et al., 2014).

Furthermore, the integration of panomics and genome editing tools (e.g., TALENs and CRISPR/Cas9) has been proposed as a model for the development of precision breeding (Weckwerth et al., 2020). Recently, using MAS and genomic selection techniques, agronomically important genes have been identified that only explain ~40% of the phenotypic variance. Hence, the proposed methodology of the integration of panomics with genome editing tools could result in the identification of the remaining ~60% of the phenotypic variance and may support the identification of agronomically important genes in a fast and effective manner to support precision breeding efforts. Thus, this methodology will not only be helpful for improving crops but will also ensure precision in trait optimization in terms of yield, nutritional value, and plant fitness (Weckwerth et al., 2020). Hence, genotype to phenotype concept based on epigenetic regulation (triggered by environmental factors) through integration of mutli-omics could lead to develop qualitative and quantitative traits which may be helpful for crop breeding improvement (Figure 2).



INTEGRATION OF MULTI-OMICS AND SYSTEMS BIOLOGY APPROACHES FOR CROP IMPROVEMENT

In order to understand the cellular components and complex behaviors of biological systems, an integration of the different omics approaches is required to envisage the responses of a given organism under a set of conditions. Previously, the coupling of metabolomics with genomics, transcriptomics, and proteomics provided an integrated portrait of functions, spanning the genome to phenotypic interactions with the environment (Weckwerth, 2011a). Combined omics approaches have been applied in potato tubers and Arabidopsis to analyze transcriptomic and metabolomic profiles (Urbanczyk-Wochniak et al., 2003; Hirai et al., 2004). These studies have demonstrated that coupling of different omics approaches could be useful for identifying potential candidate genes for functional analysis. Since the advancements in omics technologies and computational tools, integrative omics approaches have been implemented in the crop sciences. For example, the epigenetic-based integration of multi-omics revealed the role of the regulation of lipid biosynthesis during cotton fiber development (Wang et al., 2016). The integration of GWAS with metabolite profiling strategies has proved to be a powerful technique to dissect the biochemical and genetic processes in several model crop species including rice, maize, and tomato (Luo, 2015; Matsuda et al., 2015). Importantly, the integration of omics approaches (i.e., genomics, transcriptomics, proteomics, and metabolomics) has led to abiotic stress tolerant crop phenotypes (Jogaiah et al., 2013). Functional genomics and mutagenomics have been used to identify numerous mutants with specific variations with regard to growth, development, and stress tolerance in various crops including rice, maize, wheat, and barley (Talukdar and Sinjushin, 2015). Combined GWAS and HRPF approach was able to elucidate agronomic traits responsible for biomass growth and yield in rice crop (Yang et al., 2014). This robust technique replaced the traditional phenomics, providing a powerful tool for crop genetics and breeding sciences (Yang et al., 2014). Combined GWAS and high-throughput leaf scoring (HLS) was used to identify new loci related to the size, shape, and color of leaves in rice crop (Yang et al., 2015). The performance of QTL mapping combined with agronomic traits also helped to identify numerous QTLs in maize crop (Zhang et al., 2017). Hence, genomic information combined with potential phenotyping approaches can provide information on complex traits to improve crops (Zhao et al., 2019). Combined omics approaches could complement each other when analyzing certain biological processes. This idea has been validated through the differential regulation of metabolites, proteins, and ions related to salinity stress in halophytes (Kumari et al., 2015). Metabolomics is considered to be a link between genotypes and phenotypes (Fiehn, 2002). Combined ionome and metabolome techniques were used to suppress photosynthesis and growth rates in maize crop under alkaline conditions (Guo et al., 2017). Similarly, the leaf and grain ionome revealed mineral element genetic diversification in rice crop through genetic mapping and QTL identification (Norton et al., 2010; Zhang et al., 2014b; Pinson et al., 2015). Thus, genotype to phenotype-based integration of multi-omics would provide insights into the functional mechanisms of genes and their networks to improve crop science, genetics, growth, yield, and resistance in response to physiological and environmental stress (Figure 2).

Systems biology attempts to understand the complete biological system through modeling. It predicts the behavior of all components and interactions among genes, proteins, and metabolites with respect to external stimuli (Kumar et al., 2015a). Systems biology has provided a powerful base to combine multi-omics to create a holistic understanding of an organism related to its adaptation and development (Pinu et al., 2019). Multi-omics approaches have been employed in plant stress research associated with systems biology (Mosa et al., 2017). However, comprehensive analyses using three omics technologies, transcriptomics, metabolomics, and proteomics, have also increased our understanding of systems biology associated with abiotic stress responses in plants (Cramer et al., 2011). Multi-omics integrated with systems biology based on top-down and bottom-up data reduction approaches, which employ genomics and/or metabolomics as a foundation, is able to predict phenotypic responses and metabolic pathways (Pinu et al., 2019). Another study proposed two system-based approaches for decoding the complexity of biological systems. First, top-down or integrative systems biology has been employed with high-throughput multi-omics data and data analysis using bioinformatics and systems biology tools to identify agriculturally important traits. Second, bottom-up or predictive systems biology in which the properties of genes or proteins with available quantitative information are utilized to develop models of well-characterized components of both genes and proteins has been used to predict the behavior of systems under different conditions (Kumar et al., 2015a). Hence, a model needs to be developed and linked to phenotypic traits to allow for valuable progress with regard to genetic manipulation and crop production. The integration of multi-omics and systems biology approaches has resulted in the identification of molecular regulator networks for salt stress tolerance in grapevine crop (Daldoul et al., 2014). Moreover, systems biology integrated with omics approaches for network and testing models has been proposed for abiotic stress responses in crop plants (Gupta et al., 2013). In this regard, we proposed top-down (phenotype to genotype) and bottom-up (genotype to phenotype) model based on an integration of multi-omics with systems biology in response to environmental stress, which may also be useful to improve crop breeding (Figure 2).



CONCLUSION AND PERSPECTIVE

Multi-omics analysis has played an integral role in the identification of genetic processes, growth, development, and stress tolerance in various crops. Several omics approaches including genomics, transcriptomics, proteomics, metabolomics, ionomics, and phenomics have employed high throughput techniques to interpret functional analysis, molecular mechanisms of genes, and gene networks in crop science. Furthermore, the integration of GWAS with metabolomics, transcriptomics, and proteomics has proved to be a potential tool to elucidate biochemical processes and abiotic stress tolerance in some model crops. The studies have shown that how the combination of several omics approaches could be beneficial for identifying potential candidate genes and their pathways. With advances in high throughput technologies and computational tools, the integration of some omics approaches has been possible in the crop sciences. The panomics platform with integrated multi-omics, such as genomics, epigenomics, transcriptomics, proteomics, proteomics, metabolomics, and phenomics, would facilitate the construction of models to predict agronomically important traits to improve crops through precision breeding. Importantly, the integration of systems biology with complex omics datasets has also increased our understanding of molecular regulator networks for crop improvement. The studies have revealed the G–P–E interactions in crops. Subsequently, integration of functional genomics with trancriptomics, proteomics, metabolomics, and ionomics may result in apparent crop quality phenotypic traits under certain stresses through “genotype to phenotype” concept. From this perspective, we propose, the integration of multi-omics with systems biology by top-down (phenotype to genotype) and bottom-up (genotype to phenotype) model that can be helpful to develop quality agronomic traits for crop improvements under environmental stress conditions (Figure 2).
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Pearl millet [Pennisetum glaucum (L.) R. Br.] is the sixth most important cereal crop after rice, wheat, maize, barley and sorghum. It is widely grown on 30 million ha in the arid and semi-arid tropical regions of Asia and Africa, accounting for almost half of the global millet production. Climate change affects crop production by directly influencing biophysical factors such as plant and animal growth along with the various areas associated with food processing and distribution. Assessment of the effects of global climate changes on agriculture can be helpful to anticipate and adapt farming to maximize the agricultural production more effectively. Pearl millet being a climate-resilient crop is important to minimize the adverse effects of climate change and has the potential to increase income and food security of farming communities in arid regions. Pearl millet has a deep root system and can survive in a wide range of ecological conditions under water scarcity. It has high photosynthetic efficiency with an excellent productivity and growth in low nutrient soil conditions and is less reliant on chemical fertilizers. These attributes have made it a crop of choice for cultivation in arid and semi-arid regions of the world; however, fewer efforts have been made to study the climate-resilient features of pearl millet in comparison to the other major cereals. Several hybrids and varieties of pearl millet were developed during the past 50 years in India by both the public and private sectors. Pearl millet is also nutritionally superior and rich in micronutrients such as iron and zinc and can mitigate malnutrition and hidden hunger. Inclusion of minimum standards for micronutrients—grain iron and zinc content in the cultivar release policy—is the first of its kind step taken in pearl millet anywhere in the world, which can lead toward enhanced food and nutritional security. The availability of high-quality whole-genome sequencing and re-sequencing information of several lines may aid genomic dissection of stress tolerance and provide a good opportunity to further exploit the nutritional and climate-resilient attributes of pearl millet. Hence, more efforts should be put into its genetic enhancement and improvement in inheritance to exploit it in a better way. Thus, pearl millet is the next-generation crop holding the potential of nutritional richness and the climate resilience and efforts must be targeted to develop nutritionally dense hybrids/varieties tolerant to drought using different omics approaches.

Keywords: pearl millet, climate-resilience, drought tolerance, abiotic stress, nutritional security


INTRODUCTION

The changing climate is leading to an increase in global average temperature affecting agricultural production worldwide. Further, it directly influences biophysical factors such as plant and animal growth along with the different areas associated with food processing and distribution. Assessment of effects of global climate changes and deployment of new tools and strategies to mitigate their effect is crucial to maximizing agricultural production to meet out food demands of the increasing population. In this context, pearl millet is most useful as it is a nutritious, climate change-ready crop with enormous potential for yielding higher economic returns in marginal conditions in comparison with other cereals even in case of climate change with harsh temperature conditions. Moreover, it has greater ceiling temperatures for grain yield and is an underutilized crop with huge nutritional potential, which needs to be utilized fully (Krishnan and Meera, 2018). It is more resilient to extreme climatic events such as drought and water scarcity and can play a vital role in ensuring food and nutritional security in changing climatic scenarios, which is mounting to frightening proportions. Globally, it is the sixth most significant cereal crop after rice (Oryza sativa), wheat (Triticum aestivum), maize (Zea mays), barley (Hordeum vulgare) and sorghum (Sorghum bicolor). It is a staple food of 90 million poor people and extensively grown on 30-million-ha area in the arid and semi-arid tropical regions of Asia and Africa. It is also used for feed and fodder and accounts for almost half of the global millet production (Srivastava et al., 2020a). It is mainly cultivated on marginal lands under rainfed conditions and can sustain and produce a significant amount of grain even in drought-prone areas that receive an average annual precipitation of <250 mm (Nambiar et al., 2011). It surpasses all other cereals such as wheat, maize, rice, sorghum and barley because of its unique attributes like the C4 plant having high photosynthetic efficiency, more dry matter production capability, and survival under adverse agro-climatic conditions with lesser inputs and more economic returns (Nambiar et al., 2011). C4 plants have more ability to fix inorganic CO2 and more efficient in water utilization in comparison with C3 plants due to the presence of “Kranz” anatomy in leaves. Thus, being a C4 plant, pearl millet can account for 30% of global terrestrial carbon fixation along with other C4 plants such as maize and sorghum (Choudhary et al., 2020). It also possesses several advantages such as early maturity, drought tolerance, the requirement of minimal inputs, and usually free from biotic and abiotic stresses. Its inherent ability to endure high temperatures up to 42°C during the reproductive phase makes it suitable for growth in extremely hot summers under irrigations in northern Gujarat and eastern Uttar Pradesh of India, thus making it a climate-resilient crop.

It also possesses the huge capability to eliminate micronutrient deficiency among developing countries (Rai et al., 2012; Anuradha et al., 2017; Singhal et al., 2018) as it supplies 30–40% of inorganic nutrients and bestows affordable staple food along with ample amounts of iron and zinc (Rao et al., 2006). It has very high nutritional values and is a good source of energy, carbohydrates, crude fibers [resistant starch (RS), soluble and insoluble dietary fibers], soluble and insoluble fat, proteins (8–19%), ash, dietary fibers (1.2 g/100 g), antioxidants and fat (3–8%) with better fat digestibility, iron, and zinc in comparison with other major cereals (Uppal et al., 2015). It is also a rich source of vitamins such as riboflavin, niacin, and thiamine and minerals (2.3 mg/100 g) such as potassium, phosphorous, magnesium, iron, zinc, copper, and manganese (Weckwerth et al., 2020). It exhibits a better essential amino acid profile of protein in comparison with other cereals such as maize and rice. It contains lesser cross-linked prolamins leading to higher digestibility of the millet proteins. It has 74% polyunsaturated fatty acids (PUFAs) and rich in nutritionally sought-after omega-3 fatty acids such as oleic acid (25%), linoleic acid (45%), and linolenic acid (4%), which are considered best for health (Rooney, 1978; Nantanga, 2006; Dyall, 2015; Singh et al., 2018). It is a gluten-free grain that retains alkaline properties even after being cooked and is thus good for people suffering from gluten allergy. It owns a higher quantity of slowly digestible starch (SDS) and RS that account for lower glycemic index (GI) and is much preferred in recent times of transforming diets, food habits and the food industry (Satyavathi et al., 2020). It is a highly nutritious, non-acid-forming, non-glutinous food having several nutraceuticals and health beneficial properties along with high fiber content. It acts as a probiotic food for microflora present in our body and keeps us away from constipation. It is also capable of lowering cholesterol due to the presence of niacin in its grain. It contributes to an antioxidant activity with phytates, polyphenols etc. Consumption of various types of millets is considered to protect against certain types of cancer, cardiovascular diseases and various age-related diseases. Due to these useful properties, pearl millet is gaining a lot of popularity among health-conscious people all over the world. Due to its nutritional properties, pearl millet has been renamed as nutri-cereal (Gazette of India, No. 133 dated 13 April, 2018) and can play a vital role in overcoming malnutrition and ensure food and nutritional security.

In the present-changing climatic scenario, abiotic stresses entail a huge risk for plant growth and development leading to an over 50% decrease in the yield among the popular cereal crops (Bray et al., 2000). Almost 90% of the cultivable land is affected by various abiotic stresses globally, while only 10% of the agricultural land is free from these abiotic stresses (Dita et al., 2006). Drought and heat are the two most significant production constraints existing among the different environmental stresses. In this context, a crop species like pearl millet, which is resilient to higher temperatures and lower rainfall, can play a crucial role in fulfilling the increasing food demands of the growing population of the world. Pearl millet is mainly cultivated on marginal lands facing untimely and irregular rainfall patterns and environmental stresses due to its natural inbuilt capacity to survive in such areas and withstand abiotic stresses such as drought, salinity, heat etc. (Serba and Yadav, 2016). Genetic improvement of pearl millet through increased production was realized using hybrid technology and conventional breeding methods of selection (Yadav and Rai, 2013; Yadav et al., 2021) but later, various biotechnological and genomic approaches were used for further improvement (Varshney et al., 2017; Bollam et al., 2018; Ambawat et al., 2020). Genetic maps, next-generation sequencing (NGS), genotyping-by-sequencing (GBS), genome-wide association studies (GWAS), synteny studies, expression profiling, fine QTL mapping, candidate gene identification and genetic engineering, gene pyramiding, bioinformatics and systems biology are some of the useful platforms, which are further being used for the genetic improvement of this nutricereal. Recently reported genome sequence information in the year 2017 can speed up gene innovation and trait mapping and can help in the understanding of several complicated gene pathways and their interactions (Varshney et al., 2017). Further, the challenge remains to characterize thousands of genes crucial for abiotic stress response and tolerance. Similarly, there is a high need to identify the lines that can use nitrogen efficiently as most of the agro-ecologies where pearl millet is grown have low N in the root zone soil strata.

In addition, integrated knowledge on genomics as well as transcriptomics, proteomics and metabolomics is also beneficial for advancements and biofortification of pearl millet (Dita et al., 2006; Lata, 2015; Anuradha et al., 2017; Ambawat et al., 2020). Hence, there is a need to focus on this very important crop and harness its suitability to adverse conditions and utilize its inbuilt capacity to ensure global food and nutritional security. Here, we have reviewed the importance of pearl millet in the present-changing climatic scenario for food and nutritional security and various advances made in the pearl millet improvement program.



STATUS OF PEARL MILLET PRODUCTION

Pearl millet is a descendent of the wild West African grass and was domesticated over 4,000 years ago in the West African Sahel, spreading later to East Africa and India (Sharma et al., 2021). Now it is being cultivated over 30 million ha worldwide, with the majority of the crop grown in Africa (>18 million ha) and Asia (>10 million ha) (Raheem et al., 2021). Around 90 million people in the Sahelian region of Africa and northwestern India consume pearl millet grain as a staple food (Srivastava et al., 2020b). Jukanti et al. (2016) have reviewed the origin and evolutionary history of pearl millet. It is the sixth major cereal crop in the world followed by maize, rice, wheat, barley and sorghum and cultivated on 30 million ha in the arid and semi-arid tropical regions of Asia and Africa accounting for around half of the global millet production with 60% of the cultivation area in Africa, followed by 35% in Asian countries. In terms of area and production, India is the largest producer of pearl millet. During 2010–2012, the average pearl millet area in India was 8.5 million ha and the average production was 9.4 million tons. It is taken up in an area of 6.93 million ha with an average production of 8.61 million tones and 1,243 kg/ha productivity (Directorate of Millets Development, 2020). The trends of area, production, and productivity over the years are shown in Figure 1. In Africa, the west/central Africa (WCA) region (Nigeria, Niger, Chad, Mali, and Senegal), and east/southern Africa (ESA), which includes Sudan, Ethiopia, and Tanzania, are the two main areas of pearl millet cultivation. Pearl millet is the third major crop in sub-Saharan Africa with Nigeria, Senegal, Chad, Mali, Niger and Burkina Faso as the major producing countries and has socio-economic, food/feed, health and environmental impact on the resource-poor people of Africa. WCA is the largest pearl millet-producing region in Africa and the world, accounting for 95 % of the total area in WCA (Jukanti et al., 2016). West Africa is the largest producer led by Nigeria (41%), Niger (16%), Burkina Faso (7%), Mali (6.4%), and Senegal and Sudan (4.8%). In Africa, it is produced in 18.50 million ha by 28 countries with a yield of 11.36 million tons covering 30% different areas of the continent in diverse agro-ecologies. It is 49% of the global millet area with great significance (FAO, 2019).
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FIGURE 1. Area, production and productivity of Pearl millet in India since 2000.


It is extensively cultivated in India and is the fourth most extensively grown cereal crop after rice, wheat and maize. Rajasthan, Maharashtra, Uttar Pradesh, Gujarat, and Haryana are the major pearl millet-growing states, contributing 90% of the total production in India. Out of this, Rajasthan contributes a maximum of around 4.283 million 5 tonnes, followed by Uttar Pradesh (1.302), Haryana (1.079), Gujarat (0.961), Maharashtra (0.66), and Tamil Nadu (0.084). It is mainly cultivated in the rainy (kharif ) season (June/July-September/October) but it is also grown in some parts of Gujarat, Rajasthan, and Uttar Pradesh during the summer season (February-May), while it is also cultivated in states of Maharashtra and Gujarat at a small scale during the post-rainy (rabi) season (November-February). As millets are climate-smart crops with nutritional value, they are rightly termed as nutricereals (Gazette of India, No. 133 dated 13 April, 2018). In addition, to include millets into the mainstream and exploit its nutritionally superior qualities and promote its cultivation, Government of India has declared Year 2018 as the “Year of Millets” and FAO Committee on Agriculture (COAG) forum has declared Year 2023 as “International Year of Millets.”



PEARL MILLET IMPROVEMENT

Indian Council of Agricultural Research started pearl millet breeding in India in the 1940s, and X1 and X2 were the two chance hybrids released in India for commercial utilization in the fifties (Yadav and Rai, 2013). Pearl millet improvement programs were implemented in several phases. During phase I, breeders mainly focused on the flowering habit, mode of pollination, germplasm evaluation and enhancement, genetics and cytogenetics of agronomically important traits, cytoplasmic male sterility (CMS) etc. Thus, initially, efforts were put forward towards the identification and use of dwarfing genes for enhancing the yield using locally adapted materials and various Open Pollinated Varieties (OPVs) were developed. As a result of this, pearl millet hybrid research has gained importance in India and the productivity was 4.5 kg/ha/year during this phase (Yadav et al., 2019). By the 1960s, hybrid development became the major objective of breeding for enhancing pearl millet production and productivity. Hybrid “HB-1” (Hybrid Bajra-1) was the first pearl millet hybrid released in 1965 (Athwal, 1965) followed by a series of hybrids between 1965 and 1988 and during phase II, an annual increase of 6.6 kg/ha was achieved in productivity.

The genetic improvement program progressed effectively initiating from the selection of local and traditional germplasm to the development of high-yielding hybrids possessing inbuilt tolerance and resistance to climatic stresses such as drought and heat along with different diseases. These hybrids were grown on 70% of the total pearl millet area, resulting in a 124% enhancement in productivity since 1986–1990. ICAR-All India Coordinated Research Project on Pearl Millet has developed several precise production and protection technologies for different agro-ecological regions of different states since its beginning in 1965. Till now, a total of 180 hybrids and 62 varieties have been identified and released for growing in different agro-ecological regions of India through ICAR-All India Coordinated Research Project on Pearl millet (Satyavathi et al., 2020). Several genetically diverse CMS lines have been developed and used along with marker-assisted breeding (MAB) and marker-assisted backcrossing, resulting in an increased productivity to 19.0 kg/ha/year during phase III (Yadav et al., 2019).

During the fourth phase, great emphasis was laid on the genetic diversity of seed and pollinator parents and adaptation to niche areas, resulting in the release of a large number of cultivars and a significant increase in productivity 31.1 kg/ha/year, which was almost five times in comparison with Green Revolution Era (Govindaraj et al., 2010; Kumara et al., 2014; Yadav et al., 2019). In the next phase, biofortification of the grain for micronutrients, largely for zinc and iron and application of molecular techniques were focused to speed up the cultivar development program (Rai et al., 2013; Kanatti et al., 2016, Kumar et al., 2016, 2018; Anuradha et al., 2017; Singhal et al., 2018; Govindaraj et al., 2019). These cultivars were widely adopted by Indian farmers resulting in enhanced crop productivity from 305 kg/ha during 1951–1955 to 998 kg/ha during 2008–2012 and 1,243 kg/ha during 2018–19 (Yadav and Rai, 2013; Satyavathi et al., 2020) (Figure 2). The productivity during the 5 years starting from 1951 to 1955 (305 kg/ha) has increased to 1,290 kg/ha for the 5 years 2016–2020. The productivity improvement is four-fold, or 400%. Compared to the previous 5 years term of 2011–2015, the productivity was 1,192 kg/ha, while it is 1,290 kg/ha for the 5 years 2016–2020. The improvement is 7.6% compared to the period of 2011–2015. This improvement is due to the combined contribution of the development of high-yielding hybrids, varieties, biofortified genotypes, improved production practices, technologies, and recommendations coupled with adoption by farmers.
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FIGURE 2. Trends in pearl millet productivity over years (based on 5-year average).


Several efforts were taken for crop improvement in pearl millet using conventional as well as advanced molecular and genomic tools as listed in Tables 1, 2. Pearl millet is the first crop in which marker-assisted-selection (MAS) strategies and tools were applied to get improved varieties. Yadav et al. (2021) discussed various past strategies and future approaches to accelerate genetic gains to meet future demand. Further, they also emphasized the importance of genome editing, pre-breeding, precision phenotyping protocols and speed breeding approaches for pearl millet improvement and enhanced genetic gains. On the other hand, due to a lack of knowledge and non-availability of ideal dose of fertilizer among poor farmers, it becomes difficult to harvest the real yield potential. Hence, the yield improvement of pearl millet under low nitrogen input is indeed beneficial for economic and environmentally sustainable cultivation. Pujarula et al. (2021) studied the genetic variation for nitrogen-use efficiency (NUE) among a set of 380 diverse pearl millet lines. Thus, such studies of different physiological traits and their relationship with grain yield are very important for understanding the complex nature of NUE.


Table 1. Achievements and milestones in pearl millet improvement through conventional/heterosis breeding.
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Table 2. Achievements and milestones in pearl millet improvement through molecular and advanced genomic tools.
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CLIMATE RESILIENCE IN PEARL MILLET AND GENOMIC RESOURCES

Pearl millet can survive and produce a large quantity of grain, whereas other cereals such as rice, wheat, maize, sorghum and barley may fail to provide economic benefits under adverse conditions and poor soil. It can provide multiple securities in form of food, fodder, livelihood, nutrition health and ecological benefits, whereas wheat and rice provide only food security, thus making it a crop of agricultural security. Its ability to withstand higher temperature and survival in drought-prone areas and cultivation in parts of Gujarat and eastern Uttar Pradesh of India during hot summers makes it a climate-resilient crop for overcoming the adverse effects of the changing climate (Gupta et al., 2015). National Agricultural Research System (NARS) in India and International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) have played a significant role in developing various improved breeding and parental lines of prospective hybrids. A total of 21,392 germplasm accessions, including 750 accessions of wild species of genera Pennisetum and Cenchrus, collected from 50 countries are conserved at the ICRISAT Genbank, while 8,284 accessions are conserved at the National Bureau of Plant Genetic Resources (NBPGR), New Delhi, India. These lines have been widely used in breeding programs in both the public and private sectors for the development and commercialization of a large number of hybrids (public 70 and private sectors 105 were under cultivation in 2019).

Various molecular markers and genomic tools have been developed and applied for QTLs/genes identification, genetic diversity, and MAB to enhance pearl millet breeding by exploring its genetic potential at the molecular level (Serba and Yadav, 2016; Anuradha et al., 2017; Bollam et al., 2018; Kumar et al., 2018; Singhal et al., 2018; Ambawat et al., 2020; Srivastava et al., 2020a,b). Various molecular markers developed for pearl millet include restriction fragment length polymorphism [RFLP (Liu et al., 1994)], random amplified polymorphic DNA (RAPD), amplified fragment length polymorphism [AFLP (Devos et al., 1995)], sequence-tagged sites [STSs (Allouis et al., 2001)], simple sequence repeat [SSRs (Qi et al., 2004; Meena et al., 2020; Srivastava et al., 2020a)], single-stranded conformation polymorphism-SNP [SSCP-SNP (Bertin et al., 2005)], expressed sequence tag-derived simple sequence repeats [EST-SSRs (Senthilvel et al., 2008; Rajaram et al., 2013)], DArT array technology [DArTs (Senthilvel et al., 2010; Supriya et al., 2011)], conserved intron-specific primers [CISP (Sehgal et al., 2012)], and single nucleotide polymorphisms [SNPs (Sehgal et al., 2012)]. High allelic variation and polymorphism were recorded between pairs of parental lines of pearl millet after screening with SNP markers, and they were also mapped on all the seven linkage groups reflecting the distribution of the markers in the genome (Sehgal et al., 2012). Similarly, a panel 21,663 SNP markers were also discovered, depicting > 5% of minor allele frequencies by Diack et al. (2020). Different types of molecular markers and genomic approaches ultimately provide a systematic knowledge on plant biology enabling MAB, which can accelerate the process of the development of new and resistant hybrids/varieties.

MAS and gene introgression into desirable genetic background have been proved to be very efficient for crops improvement as it reduces the cumbersome procedure of phenotypic evaluation and selection. Pearl millet is one of the crops where MAB approach has been applied to develop downy mildew-resistant variety “Improved HHB 67” (Hash et al., 2006). Later, studies were also conducted to identify and map major QTLs affecting abiotic stress tolerance in pearl millet (Yadav et al., 1999, 2002, 2004, 2011; Serraj et al., 2005; Bidinger et al., 2007; Kholová et al., 2012, 2013; Tharanya et al., 2018). The first QTL mapping study was conducted on drought tolerance using recombinant inbred line (RIL) mapping population from the cross H 77/833-2 × PRLT 2/89-33, and a major QTL for drought tolerance (DT-QTL) was mapped on LG 2 explaining 32% variation for grain yield (Yadav et al., 1999, 2002). Subsequently, fine mapping of the DT-QTL was done and several markers mapped on this region of LG2 were identified, which were found to be linked with traits of drought tolerance, including delayed leaf senescence and leaf rolling under drought stress (Sehgal et al., 2012). Subsequently, Sharma et al. (2014) investigated the effects of DT-QTL under salt stress conditions. Later, Sehgal et al. (2015) utilized PMiGAP for the first time for fine mapping of a drought tolerance (DT) QTL (localized on linkage group 2) using candidate gene-based AM approach. This PMiGAP can be used as a genetic resource for GWAS studies in pearl millet.

Recently, NGS and other advanced high-throughput assays were used to sequence the pearl millet genome, which will prove useful for its improvement and enhancing different yield and yield-related traits along with major biotic and abiotic stress tolerance and nutritionally significant traits worldwide (Varshney et al., 2017). Consequently, GBS, which allows simultaneous SNP discovery and genotyping, has been also used extensively in pearl millet to characterize germplasm (Poland and Rife, 2012; Ramu et al., 2013; Sehgal et al., 2015; Ponnaiah et al., 2019). GBS was used to construct a high-density genetic map with a more uniform distribution of markers in pearl millet from a biparental population in comparison with maps constructed earlier (Moumouni et al., 2015). Similarly, 83,875 SNP markers were identified from PstI-MspI reduced representative libraries of pearl millet by GBS, revealing a wide genetic variation in germplasm collection (Hu et al., 2015). A total of 398 accessions were used to study the genetic diversity, population structure, and linkage disequilibrium using GBS (Serba et al., 2019). Recently, Kanfany et al. (2020) characterized 309 inbred lines derived from landraces and improved varieties of India and Africa by 54,770 GBS-SNPs and reported higher nucleotide diversity in the panel.

Various genetic and genomic resources like GWAS and genomic selection (GS) have been also established in pearl millet, which is useful in trait discovery and whole-genome scan studies. Phenotypic data are combined with GBS data, and different genomic regions governing traits of interest are identified using GWAS. It can be used to exploit the natural diversity available in population or germplasm panels and can be used to increase mapping resolution in comparison with linkage mapping populations (Srivastava et al., 2020a). GS is eventually the extension of marker-assisted selection, and using it, genome-wide molecular markers are targeted and promising individuals are selected. It calculates the breeding values by combining marker genotypic data with phenotypic data collected from several environments and pedigree or kinship for improvement in quantitative traits and can ultimately speed up the genetic gain (Meuwissen et al., 2001; Goddard and Hayes, 2007; Heffner et al., 2009). Srivastava et al. (2020a) reviewed various case studies and the development of various whole-genome prediction/GS models based on GWAS which will be highly useful to explore the underlying genetics associated with pearl millet. The use of GWAS approach to dissect complex traits was initially reported in pearl millet by Saïdou et al. (2009). In this study, they revealed the genetic factors controlling the variations in flowering time at the phytochrome C (PHYC) (866 bp) locus, which plays a major role in crop adaptation mechanism. Later, Saïdou et al. (2014) investigated an extra region of 100 Kb around the PHYC gene using the same panel of 90 inbred lines to identify tightly linked best candidate markers. Debieu et al. (2018) also performed GWAS on a panel of 188 inbred lines of West Africa to identify QTLs associated with stay-green trait and biomass production in early drought stress conditions. In addition, different “omics” technologies such as transcriptomics, proteomics, and metabolomics can be also useful for quantitative and qualitative analyses of gene expression allowing more precise use of MAS and transgenic technologies. RNA sequencing (RNA-Seq) is widely used among the different transcriptome analysis methods as it can efficiently detect unknown genes and novel transcripts and has much potential to study gene expression and their regulating pathways (Hrdlickova et al., 2017). The transcriptome analysis of pearl millet can reflect new prospects into gene regulatory networks existing in this crop under abiotic stress conditions. Stress-regulated pathways in pearl millet can be studied by the detection and characterization of stress-responsive genes via transcriptomics and then different approaches can be followed for improving stress tolerance/resistance in millet (Mishra et al., 2007). Several transcriptomic studies in pearl millet have been used to reveal the functions of some salinity stress-responsive genes such as PgDHN, PgDREB2A, PgVDAC, PgNHX1 (Desai et al., 2006; Mishra et al., 2007; Verma et al., 2007; Agarwal et al., 2010; Reddy et al., 2012; Singh et al., 2015). Recently, complete transcriptome analysis has been done in pearl millet for drought stress response (Dudhate et al., 2018; Jaiswal et al., 2018; Shivhare et al., 2020). Dudhate et al. (2018) unraveled the molecular mechanism governing drought tolerance in two pearl millet inbred lines, ICMB 843 and ICMB 863, using RNA-Seq approach, and it is the first report of the study of drought tolerance by RNA sequencing in pearl millet. More recently, an important study on RNAseq analysis was performed to assess the comparative transcriptomics at the vegetative and flowering stage in a drought-tolerant (PRLT2/89-33) genotype to discover underlying genes to drought tolerance (Shivhare et al., 2020).

Proteomics is another important technology to get information on protein concentrations, post-translational modifications (PTMs), protein–protein interaction, structures linked with stress tolerance, regulatory functions of proteins encoded by genes (Ghatak et al., 2017). Identification and characterization of stress-responsive genes and their proteins from pearl millet can help in defining stress-regulated pathways. Further, it can help design strategies to improve stress tolerance/resistance of pearl millet as well as other related crop plants. Several proteomic studies have been also carried out in pearl millet, which can provide a framework to investigate C4 photosynthesis in pearl millet in more depth (Ghatak et al., 2016, 2021; Weckwerth et al., 2020). A shotgun proteomics approach (GEL-LC-Orbitrap-MS) was used by Ghatak et al. (2016) to identify 2,281 proteins from different tissues of pearl millet (root, seed, and leaf) showing significant changes under drought stress condition. Thus, a lot of information has been generated for the improvement of this crop but still, there is a big challenge to identify various crucial genes responsible for its adaption to survival under different abiotic stresses conditions. In addition, the identification of genomic regions governing NUE and its use in pearl millet breeding programs via MAS can be also exploited for survival under adverse conditions. Moreover, exploring several new and advanced genomic tools will be also beneficial for the advancement of this crop to harness its suitability to adverse conditions and utilize its inbuilt capacity to ensure global food and nutritional security.



NUTRITIONAL SECURITY

Food grain production has increased but still, to feed the growing population and meeting out good health of the people in the present situation, nutritional security is very important (Figure 3).


[image: Figure 3]
FIGURE 3. Trends in food grain production and per capita availability in India. Adapted from: Agriculture Statistic, Ministry of Agriculture and Family Welfare.


Intake of all essential macronutrients and micronutrients (vitamins and minerals) through a balanced and diversified diet in sufficient quantities is very vital for an active and healthy life. Nutritional insecurity is a major challenge for the world's growing population, which mainly depends on a micronutrient-deficient cereal-based diet. Pearl millet is the primary source of energy for the semi-arid tropics and drought-prone regions of Asia and Africa after the major cereals such as wheat, rice, maize and sorghum due to its nutritionally superior grain enriched with high amounts of essential amino acids, proteins, better fat digestibility, vitamins and minerals (Table 3). It is a good source of carbohydrate, energy, RS, 92.5% dry matter, fat (5–7%), ash (2.1%), dietary fiber (1.2/100 g), 13.6% crude protein, quality protein (8–19%), 63.2% starch, α-amylase activity, minerals (2.3 mg/100 g), vitamins A and B, and antioxidants such as coumaric acids and ferulic acid (Goswami et al., 2020). In addition, it is rich in unsaturated fatty acids (75%) and phytic acid, which are considered to be useful in lowering cholesterol and phytate, which in turn reduces cancer risk. It also exhibits antioxidant activities due to the presence of polyphenols, anthocyanins, phytates, phytosterols, tannins and pinacosanols and thus plays a significant role in aging. It is also enriched with many essential amino acids except lysine and threonine and has relatively higher methionine. Being gluten-free, it is extremely useful for people suffering from celiac diseases who are generally allergic to the gluten content of wheat and other cereals. Pearl millet is exceptionally useful for people suffering from diseases like diabetes, obesity, diabetic heart disease, atherosclerosis and metabolic diseases due to its health beneficial properties (Kumar et al., 2020).


Table 3. Nutritional comparison of pearl millet with sorghum, rice, and wheat (in 100 g grain).
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It is also called the “Powerhouse of Nutrition” due to its richness with essential nutrients in good quantity and quality, which are vital for leading healthy and nutritious life. Pearl millet has elevated contents of various macronutrients as well as micronutrients like iron, zinc, magnesium, calcium, phosphorous, copper, manganese, riboflavin, and folic acid. Owing to such excellent nutritional values, it is gaining popularity and is preferred by people all over the world including developed countries.

Despite its nutritional superiority, the consumption of pearl millet flour is restricted to very few specific regions of the world because of the poor shelf life of the flour and the development of rancidity or off-odor on storage (Rani et al., 2018). Rancidity is caused by oxidative/hydrolytic enzymes such as lipase, lipoxygenase (LOX), etc., where they hydrolyze the triacylglycerol (TAG) to diacylglycerols, glycerol, monoglycerol, and free fatty acids (Manley and Mayer, 2012) (Figure 4).


[image: Figure 4]
FIGURE 4. Mechanism of action and role of lipase activity for shelf life in pearl millet flour (Adapted from: Goswami et al., 2020). (A) Correlation between lipase activity and comprehensive acid value (CAV). (B) Correlating the lipase activity and CAV of pearl millet genotypes in group I (freshly milled flour). (C) Correlating the lipase activity and CAV of pearl millet genotypes in group II (10-day stored flour).


Goswami et al. (2020) categorized 93 diverse genotypes of pearl millet into low, medium and high rancid groups. They developed and validated a rancidity matrix (RM) having three groups and six classes, which can prove very useful for the pearl millet breeders to develop low rancid pearl millet lines (Figure 5).


[image: Figure 5]
FIGURE 5. Rancidity matrix to measure rancidity in the pearl millet flour (Adapted from: Goswami et al., 2020).


Pearl millet is used in different forms at a global level: unleavened bread (roti or chapatti), porridge, gruel, dessert etc. and it is generally defined as a poor man's bread. Its flour can substitute (10–20%) for wheat flour in “whole-grain” breads, pretzels, crackers, tortillas and dry and creamed cereals (Dahlberg et al., 2003). In India and Africa, it is primarily grown for food and forage, while in the American continents, it is a main component of poultry and livestock sector (Serba et al., 2020). Value addition is also very useful to promote its consumption, and several value-added products are gaining popularity among people. It can be used for making various traditional food products such as khichri, roti, sakarpare, gulgule etc., while industries are also using it for making products such as noodles, pasta, vermicelli, biscuits, bread, cookies, cakes, puffs etc in India (Figure 6). Several indigenous foods and drinks are made from flour/meal and malt of the millet in Africa and are nutritionally superior to other cereals. They contain high protein (up to 9.5/100 g for teff and fonio), ash, calcium (up to 344 mg/100 g for finger millet), phosphorus and potassium (up to 250 mg/100 g), iron and zinc levels (Obilana and Manyasa, 2002). The main food items prepared from pearl millet vary in the different countries of West Africa. The stiff or thick porridges (Tuwo or Tộ) are very famous and generally used in all the Sahelian countries, while steam-cooked product “Couscous” is more common in the Francophone countries, including Senegal, Mali, Guinea, Burkina Faso, Niger, and Chad. The thin porridge “bouillie” is also popular in these countries. In Nigeria and Niger, the thin porridge “Fourra” and Masa, a fried cake are very popular, while “Soungouf,” “Sankhal” and “Araw” are mainly popular in Senegal (Kaur et al., 2014; Ajeigbe et al., 2020). Its grains are also locally brewed to produce non-alcoholic or alcoholic beverages in Asia and Africa (Dwivedi et al., 2012).


[image: Figure 6]
FIGURE 6. Delicious and value-added food products from pearl millet.


Among the 26 major risk factors for the disease estimates at the global level, Fe deficiency positions at ninth and Zn deficiency falls at 11th position (Ezzati et al., 2002). This issue is mainly severe in developing countries and infants, pregnant women, and adolescent children are particularly among high-risk groups. In India, ~80% pregnant women, 52% non-pregnant women and 74% of children lying in the age group of 6–35 months are suffering from anemia caused by Fe deficiency (Kramer and Allen, 2015). On the other hand, 50% of the world population is affected by zinc (Zn) deficiency, ultimately leading to diarrhea, impaired physical growth, and suppressed immune system (Gibson et al., 2008). In this context, biofortification of staple crops is a good, cost-effective, and sustainable approach to address malnutrition caused by micronutrients (Stein et al., 2007; Bouis et al., 2011). Biofortification is a multidisciplinary approach that can utilize the full potential of crop improvement and nutrition science and eliminate the prolonged issue of micronutrient malnutrition. Recent study showed that consuming biofortified pearl millet at 250 g day−1 can meet 84% of the RDA for iron and 100% of the RDA for zinc in non-pregnant non-lactating (NPNL) women, while ordinary pearl millet can fulfill only 20% of their iron requirement (Neeraja et al., 2017). Absorption or bioavailability of iron in pearl millet is enough to meet out >50% of the daily requirement of adult males or children. In pearl millet, the bioavailability of Fe can be assumed to be 7.0–7.5% (Govindaraj et al., 2019). Approximately 50–100% of the daily requirement of iron can be met out with one meal of biofortified high-iron variety and is sufficient enough to overcome deficiency of iron in children, women and men (Kodkany et al., 2013; Mahendrakar et al., 2019).

Pearl millet as such is already a high-iron crop along with high Zn content; however, commercially available cultivars have lower Fe and Zn contents. Biofortification priority index (BPI) indicates that pearl millet is a major target crop for iron and zinc biofortification. Enormous genetic variability (30–140 mg/kg Fe and 20–90 mg/kg Zn) can be used efficiently for developing high-yielding cultivars along with high iron and zinc densities (Kanatti et al., 2014). Targeting the development of biofortified crops with enhanced nutrients, ICAR is supporting a Consortia Research Platform (CRP) of rice, wheat, maize, sorghum, pearl millet and small millets since 2014. Several promising donors have been identified and breeding material is being generated combining high nutrient content and yield. Thus, focus was also laid on nutritional improvement in addition to yield improvement in pearl millet. Development of Fe and Zn-biofortified varieties/hybrids was considered as a high-priority area in pearl millet resulting in the inclusion of biofortification in the main stream and now it is a routine affair. The gradual shift of efforts of biofortification research from exploring variability in 2008 to breeding high-Fe cultivars by exploiting existing high-Fe lines in 2011 and testing and delivery of biofortified varieties and hybrids was recognized in India and became conscious breeding part in pearl millet at various centers of public and private partners. The first high-iron pearl millet variety “Dhanashakti” was released for the state of Maharashtra in 2013, and subsequently, it was notified and released by Central Variety Releasing Committee in April 2014, for growing in all pearl millet-growing regions of India. Inclusion of nutritional quality traits for Fe (42 ppm) and Zn (32 ppm) in the varietal promotion criteria is first of its kind in any of the food crop and the world too (Satyavathi, 2017). Since then, many hybrids/varieties were developed as micronutrient-rich pearl millet cultivars, including the seven biofortified cultivars identified from the special biofortification trial. In addition, a project on “Development of Biochemical and Physical Processing Technology to Arrest Oxidation of Lipids/Flavones to Enhance the Shelf-Life of Pearl Millet Flour” under Niche area of excellence (NAE) program has been started in ICAR-IARI, India, to overcome the issue of rancidity and enhance shelf life of pearl millet flour. Parallel research programs addressing the issues of rancidity were also taken up in ICRISAT along with ICAR.

Screening of enormous genetic materials such as germplasm collections, elite lines, hybrids, segregating populations etc. as well as phenotyping for iron and zinc through destructive techniques and breeding resources is required to breed micronutrient dense cultivars. Several studies have been conducted by several research groups around the world to assess the genetic diversity for Fe and Zn contents from time to time using different sets of germplasm accessions and breeding lines (Velu et al., 2007; Rai et al., 2012, 2014; Kanatti et al., 2014; Anuradha et al., 2017; Kumar et al., 2018; Govindaraj et al., 2019, 2020). Various studies were reported to show a significant importance of environment and G × E interactions to determine the levels of grain Fe and grain Zn contents in pearl millet. Such studies also identified donors that are high and stable micronutrient contents (Satyavathi et al., 2015; Rai et al., 2016; Pawar et al., 2018; Singhal et al., 2018). In addition, many efforts were put to discover, validate and deploy trait-based molecular markers for iron and zinc contents in pearl millet (Kumar et al., 2016, 2018; Anuradha et al., 2017). Manwaring et al. (2016) elaborated the several challenges and opportunities associated with biofortification of pearl millet and emphasized that naturally occurring genetic variations existing in germplasm collections should be incorporated into elite, micronutrient-rich varieties through different advanced platforms to develop bifortified varieties.

The success of pearl millet biofortification program lies in the high-throughput precision phenotyping for the estimation of grain micronutrient content. Further, demonstration of the feasibility of developing high-Fe and high-yielding hybrids and encouraging the partners to breed for these micronutrient traits by means of mainstreaming the biofortification can be an important approach for its promotion. There is a high need to facilitate the focused screening of partners breeding materials for grain Fe and Zn contents for their introgression of high Fe content into locally adapted, high-yielding and farmer-preferred cultivars (Figure 7). Promotion and strengthening of the pipeline of high-iron and high-yielding partners-bred hybrids and testing of their grain samples for grain Fe and Zn contents can be a useful step for enhancing its importance. In addition to this, bioavailability is another aspect that needs to be focused to get full potential of this crop.
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FIGURE 7. Current breeding approaches followed for developing biofortified cultivars in pearl millet (Adapted from: Govindaraj et al., 2019).




CHALLENGES FOR PEARL MILLET

Despite the breeding efforts, most of breeding programs fail to deliver hybrids due to a vast variation in microclimate (day and night temperature and humidity) and soil apart from rainfall, which requires proper quantification. Further, narrow cultivar diversity in drought-prone ecology also is another factor for this. Thus, there is a high need to give higher priority to the below-mentioned areas to promote its production and utilization:

• Development of hybrids/varieties of pearl millet with better regenerative capacity on reversal of dry spell for harsh environment/drought-prone areas (for A1 zone in India).

• Development of hybrids/varieties resistant/tolerant to salt/high temperature.

• Shift in focus of breeding from productivity improvement to the identification of end product-specific traits.

• Mainstreaming of biofortification in pearl millet for iron and zinc.

• Enhancement of shelf life of pearl millet flour and overcome rancidity to promote its products.

• Development of screening protocols and control measures against different diseases such as downy mildew, blast, rust, ergot, smut.

• Generating authentic data on nutritional benefits of pearl millet and bioavailability studies.

• A study on demand survey for pearl millet.



CONCLUSION

Pearl millet being a climate-resilient crop along with high nutritional value can be exploited for improving nutritional quality and combating malnutrition. It is almost free from major diseases and insect attacks and could be cultivated with a good harvest. Hence, the focus should be laid towards the development of food products from pearl millet to make it acceptable as an alternative crop of the future. Indian policymakers need to refocus their interest toward millet farming systems and policies should be engraved for creating a feasible environment for pearl millet farmers. After the successful use of genomic tools, screening and development of improved genotypes have become easy and fast, and the progress toward enhancing the use of genomic resources is quite appreciable. But it can be characterized further for harnessing the natural genetic variation within the germplasm, and a lot of efforts are still required to execute genomics to improve the crop using high-throughput genome analysis, sequence-based molecular markers, NGS techniques and genome editing etc. The genomics and breeding platform needs a better alignment and constant up-gradation to develop improved hybrid parental lines, and populations must be adapted specifically according to the specific global agro-ecologies. The idea of genetic gains, genome editing, pre-breeding, and speed breeding can be also very useful for the researchers in selecting plants for desired traits along with many variations. On the other hand, the construction of high-density maps, QTL detection, candidate gene identification, new genome sequence techniques, use of advanced multi-parental and AM panels, GWAS and GS can speed up the recognition of allelic variants for pearl millet improvement. Mapping of several abiotic stresses, QTLs, etc. is highly desired to combat global climatic effects and the recently developed technologies must be tested under actual conditions.

The outcomes from model crops can be used in pearl millet to achieve added improvement and develop Zn- and Fe–enriched biofortified varieties. Synteny studies can prove useful for the identification of common genes linked with nutrition biosynthesis pathways, and these should be incorporated into pearl millet by traditional breeding or transgene techniques for further nutritional improvements. In addition, nutritional as well as the economic security of small and marginal farmers, enhancing demand of pearl millet, value addition and market-led extension through food science and nutrition is vital to promote the cultivation and consumption of this crop. In conclusion, multidisciplinary approaches, including breeding, genomics, bioinformatics, biotechnology, nutrition and genetics etc. are required to exploit and harness the beneficial attributes of nutricereal pearl millet for combating changing climate and attaining nutritional security.
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Pearl millet is a predominant food and fodder crop in West Africa. This study was carried out to test the newly developed open-pollinated varieties (OPVs) for field performance and stability for grain yield, grain iron (Fe), and grain zinc (Zn) contents across 10 locations in West Africa (i.e., Niger, Nigeria, Mali, Burkina Faso, Senegal, and Ghana). The test material consisted of 30 OPVs, of which 8 are Fe/Zn biofortified. The experiment was conducted in a randomized complete block design in three replications. ANOVA revealed highly significant variability for grain yield and micronutrient traits. The presence of genotype × environment (G × E) indicated that the expressions of traits are significantly influenced by both genetic and G × E factors, for grain Fe and Zn contents. Days to 50% flowering and plant height showed less G × E, suggesting these traits are largely under genetic control. The genotypes CHAKTI (46 days), ICTP 8203 (46 days), ICMV 177002 (50 days), ICMV 177003 (48 days), and Moro (53 days) had exhibited early flowering across locations leading to early physiological maturity. CHAKTI (1.42 t/ha yield; 62.24 mg/kg of grain Fe, 47.29 mg/kg of grain Zn) and ICMP 177002 (1.19 t/ha yield, 62.62 mg/kg of grain Fe, 46.62 mg/kg of grain Zn) have performed well for grain yield and also for micronutrients, across locations, compared with the check. Additive Main Effect and Multiplicative Interaction (AMMI) ANOVA revealed the highly significant genotypic differences, the mean sum of squares of environment, and its interaction with the genotypes. Based on the AMMI stability value (ASV), the most stable genotype is SOSAT-C88 (ASV = 0.04) for grain yield and resistance to downy mildew; mean grain yield and stability rankings (YSI) revealed that the genotypes CHAKTI, SOSAT-C88, and ICMV IS 99001 were high yielding and expressed stability across regions. The strong correlation (r = 0.98∗∗) of grain Fe and Zn contents that merits Fe-based selection is highly rewarding. CHAKTI outperformed over other genotypes for grain yield (71% higher), especially with early maturing varieties in West Africa, such as GB 8735, LCIC 9702, and Jirani, and for grain Fe (16.11% higher) and Zn (7% higher) contents across locations, and made a candidate of high-iron variety to be promoted for combating the micronutrient malnutrition in West and Central Africa (WCA).
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INTRODUCTION

Pearl millet (Pennisetum glaucum L.) is an important food and fodder crop for people living in the semi-arid regions of Asia and Africa. The people living in the semi-arid regions mostly consume cereal-based foods and do not have access to diverse food, hence, leading to serious malnutrition in children and anemia in women (Underwood, 2000). Micronutrient malnutrition is a major concern in the developing world, where more than 2 billion people are malnourished (World Health Organization, 2006; Tulchinsky, 2010; Kramer and Allen, 2015; Webb et al., 2018). Malnutrition in Africa is a rising concern where children are affected by stunted growth and low IQ. Young children and pregnant women are most vulnerable to micronutrient deficiencies due to their rapid growth and development (Black et al., 2013; Saltzman et al., 2017). At least half of the children worldwide younger than 5 years of age suffer from vitamin and mineral deficiencies, while almost 2 in 3 children between 6 months and 2 years of age are not fed on food that supports their healthy development (UNICEF, 2019). Although only required in small amounts, micronutrients are not produced in the body and must be derived from the diet. It is severe in regions where people depend on staple crops, which are low in micronutrients, to meet their energy requirements. Hence, improving the micronutrient concentration of locally adapted staple food crops will be a sustainable solution to address this malnutrition. Efforts are being made to provide fortified foods to these vulnerable groups, which is a cost-effective strategy, but it is difficult to ensure the availability of these fortified foods to people living in remote areas. Food diversification is another tool to combat micronutrient malnutrition, but the high cost involved and limited food availability make it unsustainable.

Biofortification, the process of increasing the concentration of micronutrients in the staple crops to have a measurable impact on human nutrition after consumption, is therefore important for combating micronutrient malnutrition. Biofortification is becoming more of the breeding process by which the nutrient density is increased through conventional plant breeding and modern biotechnology without altering the preferred traits of the farmers. (1) Iron biofortification of beans, cowpea, and pearl millet, (2) zinc biofortification of maize, rice, and wheat, and provitamin A, and (3) carotenoid biofortification of cassava, maize, rice, and sweet potato are currently underway and at different stages of development (Saltzman et al., 2013). Biofortification has been regarded as a novel and sustainable vehicle in the reduction of micronutrient malnutrition (Bouis et al., 2011).

The HarvestPlus program of the CGIAR is supporting global biofortification efforts, through which the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) released the ever-first high grain Fe pearl millet variety “Dhanashakti” in 2014 by exploiting the intrapopulation variability (recurrent selection) within ICTP 8203 variety, an early open-pollinated variety (OPV) popularly grown in India (Rai et al., 1990; Govindaraj et al., 2019). Since then, pearl millet hybrids rich in kernel iron and zinc concentrations have been bred and released in India through conventional (i.e., heterosis) breeding methods (Govindaraj et al., 2018, 2019).

Many studies have shown the positive impact of the consumption of biofortified crops, and the results of these studies were also similar to iron fortification and supplementation strategies to fight against hidden hunger (Kodkany et al., 2013; Saltzman et al., 2013; Haas, 2014; Finkelstein et al., 2015). The use of biofortified pearl millet varieties could have a positive effect on Fe and Zn intakes in the long term. The studies conducted by Kodkany et al. (2013) revealed that the quantities of both iron and zinc were absorbed when iron- and zinc-biofortified pearl millet was fed to children aged 2 years as the major staple food and was more than adequate to meet the physiological requirements for these micronutrients.

The regions in West and Central Africa (WCA), where pearl millet is significantly grown and consumed, have no biofortified variety at present. The ICRISAT center in Niamey, Niger with the help of the HarvestPlus program employs in developing high-yielding biofortified pearl millet varieties and hybrids. WCA regions significantly hold the undernutrition populations, and it is very appropriate to breed, test, and identify the Fe/Zn-rich pearl millet varieties besides better yield and resistance to biotic stress across the region of WCA. Most of the pearl millet varieties existing with the farming community have lower levels of grain Fe (<30.0 mg/kg) and Zn (<30.0 mg/kg) contents. Hence, this study was conducted to identify the pearl millet varieties with high grain Fe and Zn contents, their stable performance across the region, and the influence of environmental factors on the inheritance of these traits.



MATERIALS AND METHODS


Experimental Material and Design

The experimental material consisted of 30 pearl millet varieties, of which 8 varieties had high grain Fe and Zn contents, 20 with moderate levels of grain Fe and Zn, and 2 local checks GB 8735 and Jirani. GB 8735 is the highest acreage cultivated in Niger, Togo, and adjoining countries with its early maturity and stability. This variety was also noticed with higher Fe/Zn in the regions. Using this variety for both early maturity and micronutrient is highly appropriate in this study. The trials were conducted in 10 locations of WCA representing the Sahelian agroecology with an annual rainfall of 400 mm. The test locations were Niger (Sadore, Konni, Maradi, and Magaria), Nigeria (Kano), Mali (Cinzana), Burkina Faso (Gampella), Ghana (Bawku), and Senegal (Bambey and Nioro) in WCA. The material was sown in randomized complete block design in three replications in the rainy season of 2018. A basal dose of fertilizer was applied to the field at the rate of 100 kg/ha. The genotypes were sown in two-row plots with a row length of 3.0 m long and a row-to-row distance of 0.80 and 0.20 m in between the plants. Thinning of the test entries to one plant per hill was carried out at 15–21 days after seedling emergence (DAE). Hand weeding of the test plots was carried out when necessary. Microdosing with urea was carried out at 30 DAE.

Data on agronomic and morphological traits were recorded in the test plots. Data on days to 50% flowering, plant height (cm), number of downy mildew plants, panicle length (cm), circumference (cm), and grain yield (t/ha) were recorded. Downy mildew incidence were calculated based on the percentage incidence using the number of plants affected to the total number of plants in the plot multiplied by 100. Grain samples for Fe and Zn analysis were collected before harvesting on the standing crop eliminating the plants grounded and contaminated with soil. Proper care was taken in cleaning the grain samples for analysis to avoid contamination from metals and dust.



Micronutrient Estimation

Pearl millet grain micronutrient estimation was carried out using the energy dispersive X-ray fluorescence (EDXRF) (Paltridge et al., 2012a,b; Guild and Stangoulis, 2016) method. The EDXRF analysis was carried out using Oxford X-Supreme 8000 (Oxford Instruments plc, United Kingdom) with a 10-sample carousel. Analyses were conducted in supplied sample cups prepared as reported previously (Paltridge et al., 2012a,b; Guild and Stangoulis, 2016), with a 4-μm Poly-4 XRF sample film used to seal one end of the cup. Sample cups were cleaned and prepared before each analysis to minimize cross-contamination between samples. Samples of >5 g were used for all analyses to ensure that samples were “infinitely thick” in terms of EDXRF analysis (Paltridge et al., 2012b). Calibrations for Fe and Zn in pearl millet were achieved using 20 standards based on the data of inductively coupled plasma optical emission spectrophotometry (ICP-OES).



Statistical Analysis

The replicated data from each location are subjected to perform ANOVA and Additive Main Effects and Multiplicative Interaction (AMMI) analysis using GenStat software version 18.0 (GenStat, 2015). The significant differences between the genotypes were tested by using the F-test, and the genotypic means were compared by the least significant difference at p ≤ 0.05. AMMI analysis permits the estimation of the interaction effect of a genotype in each environment, and it helps to identify genotypes best suited for specific environmental conditions. The trait phenotypic correlation coefficient was analyzed using Excel. Heritability estimates were calculated using H2 = Vg/Vp, where H2 is the heritability estimate; Vg, the variation in genotype; and Vp, the variation in phenotype.



RESULTS

The ANOVA has revealed a highly significant (P ≤ 0.01) mean sum of squares of entries, locations (hereafter referred to as environment), and genotypes × location [hereafter referred to as genotype × environment (G × E)] for all the studied traits (Table 1). The mean sum of squares of genotypes was higher than the mean sum of squares of environments. The G × E influenced the trait determination in these 10-environment testing; however, it was very much lower in variance magnitude for all the traits. For instance, flowering, grain yield, and grain Fe and Zn contents were largely controlled by genotypic variance. Days to 50% flowering showed 29 times higher mean square magnitude than the G × E source of variation. The heritability for agronomic and morphological traits revealed presence of high heritability for all the studied traits. The estimation of genetic advance percentage mean showed high genetic advance for downy mildew resistance (106.15%), panicle length (66.50%), grain yield (49.32%), and grain Fe content (39.01%).


TABLE 1. Mean sum of squares of pearl millet genotypes across locations in West Africa.
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The mean performance of the pearl millet genotypes indicated significant F probabilities (P ≤ 0.01) for all the studied traits (Table 2). The genotypes CHAKTI, Faringuero, IBMV 8402, ICMV 167005, ICMV 167006, ICMV 177001, ICMV 177002, ICMV 177003, ICMV 177004, ICMV IS 85327, ICMV IS 99001, ICTP 8203, Moro, SARIA-1, SOSAT-C88, Souna 3, and WAAP-NAARA had shown lower (<10%) downy mildew damage percentage when compared with the susceptible check, Sadore local (17.69 %).


TABLE 2. Mean performance of the pearl millet (Pennisetum glaucum L.) genotypes across locations in West Africa.
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The genotypes CHAKTI, ICMV 221, ICTP 8203, and Jirani had attained days to 50% flowering within 45 days, which is very early (Table 2). Other 11 genotypes also exhibited lower days to 50% flowering when compared with the overall mean (55.00 days) and with the local check (66.60 days). The mean plant height of 202.00 cm is recorded across locations. Fourteen genotypes exhibited greater plant height when compared with the mean plant height. Most of the genotypes with the lower days to 50% flowering exhibited moderate plant height.

The test genotypes exhibited a mean panicle length of 32.00 cm across locations (Table 2). The genotypes Gamoji (41.10 cm, 9.91 cm; panicle length and panicle circumference, respectively) and ICMV 177004 (32.97, 9.12) have shown greater panicle length and circumference across locations. The genotype ICMV IS 94222 had exhibited the highest panicle length of 60.01 cm, and AKAD-KOM has the least panicle length of 17.56 cm.

The mean performance of genotypes for grain yield across locations is given in Table 2. The overall mean for grain yield is 0.96 t/ha. The genotype CHAKTI (1.42 t/ha) has performed well for grain yield when compared with the other genotypes. The genotypes Gamoji, IBMV 8402, ICMP 177002, ICMV 167005, ICMV 167006, ICMV 167001, ICMV IS 85327, ICMV IS 94222, ICMV IS 99001, SOSAT-C88, and Souna 3 yielded high across locations when compared with the check Sadore local (0.73 t/ha).

The genotypes AFRIBEH-NAARA, AKAD-KOM, GB 8735, ICMP 177001, ICMV 177003, ICMV 221, ICTP 8203, and Jirani exhibited high grain Fe and Zn contents across locations when compared with the check Sadore local (33.71 mg/kg Fe and 29.84 mg/kg Zn), expressing lower than the overall mean (Table 2). The genotypes CHAKTI and ICMP 177002 have the highest grain Fe content of >62.0 mg/kg and grain Zn content of >45.0 mg/kg.

The AMMI ANOVA carried out to partition the total variances into its components revealed existence of highly significant (P ≤ 0.01) genotypic differences among all the traits (Table 3). The mean sum of squares of the environment and its interaction with the genotypes were also significant at P ≤ 0.01. The G × E interaction was further partitioned into IPCA 1 and IPCA 2, which were significant at P ≤ 0.01 for all the studied traits. The mean sum of squares of G × E interactions was lower than the mean sum of squares of the genotypes.


TABLE 3. Analysis of variance for AMMI model of pearl millet genotypes across locations in West Africa.
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In the AMMI biplot, the IPCA 1 (PC1) and IPCA 2 (PC2) scores of genotype and environments were plotted against each other for grain yield (Figure 1) and grain Fe content (Figure 2). The IPCA 1 component accounted for 40.26 and 27.54% of G × E interaction, while IPCA 2 accounted for 12.75 and 22.40%, respectively, for grain yield and grain Fe content. In the biplot for grain yield, the genotypes ICMP 177002, IBMV 8402, Souna 3, ICMV IS 85327, and Moro are scattered away from the origin and away from the environmental spikes. Most of the genotypes are close to the origin in the biplot for grain Fe content. The genotypes AFRIBEH-NAARA, ICMV 177001, ICMV 177002, and SOSAT-C88 are scattered away from the origin and also away from the environment spikes.


[image: image]

FIGURE 1. Additive Main Effects and Multiplicative Interaction (AMMI) biplot for grain yield across environments in West and Central Africa. 1. AFRIBEH-NAARA, 2. AKAD-KOM, 3. CHAKTI, 4. Faringuero, 5. Gamoji, 6. GB 8735, 7. IBMV 8402, 8. ICMP 177001, 9. ICMP 177002, 10. ICMV 167005, 11. ICMV 167006, 12. ICMV 177001, 13. ICMV 177002, 14. ICMV 177003, 15. ICMV 177004, 16. ICMV 221, 17. ICMV 167001, 18. ICMV IS 85327, 19. ICMV IS 94222, 20. ICMV IS 99001, 21. ICTP 8203, 22. Jirani, 23. KAANATI, 24. LCIC 9702, 25. Moro, 26. Sadore Local, 27. SARIA-1, 28. SOSAT-C88, 29. Souna 3, 30. WAAPP-NAARA.
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FIGURE 2. Additive Main Effects and Multiplicative Interaction (AMMI) biplot for grain Fe content across environments in West and Central Africa. 1. AFRIBEH-NAARA, 2. AKAD-KOM, 3. CHAKTI, 4. Faringuero, 5. Gamoji, 6. GB 8735, 7. IBMV 8402, 8. ICMP 177001, 9. ICMP 177002, 10. ICMV 167005, 11. ICMV 167006, 12. ICMV 177001, 13. ICMV 177002, 14. ICMV 177003, 15. ICMV 177004, 16. ICMV 221, 17. ICMV 167001, 18. ICMV IS 85327, 19. ICMV IS 94222, 20. ICMV IS 99001, 21. ICTP 8203, 22. Jirani, 23. KAANATI, 24. LCIC 9702, 25. Moro, 26. Sadore Local, 27. SARIA-1, 28. SOSAT-C88, 29. Souna 3, 30. WAAPP-NAARA.


The AMMI stability value (ASV) ranked the genotypes based on the least score (Table 4). Low scores represent the most stable genotypes across locations. Based on the ASV, the most stable genotype is SOSAT-C88 (ASV = 0.04) followed by LCIC 9702 (ASV = 0.13) for grain yield, ICMV 221 (ASV = 0.05) followed by ICMV IS 99001 (ASV = 0.23) for grain Fe content, and WAAP-NAARA (ASV = 0.28) followed by GB 8735 (ASV = 0.50) for grain Zn content. The sum of mean grain yield and stability rankings (YSI) revealed that the genotypes SOSAT-C88, ICMV IS 99001, and CHAKTI were high yielding and expressed stability across regions. The genotypes ICMV 167001 and ICMV 167005 were high yielding but were unstable, which has a high YSI rank.


TABLE 4. Interaction principal component axis scores of agronomic and morphological traits of pearl millet genotypes across locations in West Africa.
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Additive main effects and multiplicative interaction analysis identified four high-yielding genotypes in each of the environments (Table 5). CHAKTI performed well and yielded high at Bambey (Senegal), Nioro (Senegal), Kano (Nigeria), Konni (Niger), Bawku (Ghana), and Gampella (Burkina Faso). The genotype ICMV 167005 performed well at Magaria, Sadore in Niger, and Cinzana location of Mali.


TABLE 5. First four AMMI selections based on best grain yielding genotypes in each environment.
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The phenotypic correlation patterns of micronutrient traits of pearl millet indicated the presence of a highly significant and positive correlation between grain Fe and Zn contents (r = 0.98; P < 0.01) (Table 6). The grain Fe and Zn contents exhibited significant and negative correlations with days to 50% flowering, plant height, and panicle length and a significant positive correlation with panicle circumference. It is observed that both these micronutrients are not correlated with grain yield (Table 6).


TABLE 6. Association of agronomic and morphological traits of pearl millet (Pennisetum glaucum L.) across locations in West Africa.
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DISCUSSION

Micronutrient malnutrition is a major concern in West and Central Africa. Breeding OPVs with grain Fe and Zn micronutrients will be helpful in combating the dietary-based malnutrition among the poor households in this region. Significant differences for grain Fe and Zn densities and grain yield indicate the presence of variability for these traits in the material tested. Environment is one of the major factors that influences the performance of the genotypes. As G × E interaction is important for any trait breeding, ANOVA revealed a higher magnitude of mean squares for genotypes than the mean squares of G × E interaction, marking the lower impact of the environment on the inheritance of these agronomic and micronutrient traits studied across locations.

In the Sahelian zone of West Africa, the farmers prefer to have the early maturing genotypes with long panicles and dual-purpose pearl millet where the rainfall is 300–400 mm (Blümmel et al., 2003; Omanya et al., 2007; Anna Ida Pucher, 2018). In this study, most of the genotypes exhibited early flowering, which is very important for drought-prone areas of Sub-Saharan Africa, especially in the Sahelian zone of West Africa where millet is grown in around 8 million ha out of 16 million ha of total millet cultivation in Africa (Zakari et al., 2019).

CHAKTI and ICMP 177002 have performed well with high grain yield and grain Fe and Zn contents. CHAKTI has iniadi background, which was developed using the intrapopulation method after four cycles of recurrent selections for high Fe. CHAKTI is proposed for the large-scale farmer trials and release in WCA. Previous studies reported that iniadi germplasm has been found to be the best source for grain Fe and Zn contents (Velu et al., 2011; Rai et al., 2014; Govindaraj et al., 2020). The identification of new sources of grain Fe and Zn is equally important as depending on one type of germplasm may be counterproductive in achieving micronutrient genetic gains in pearl millet.

The AMMI ANOVA also indicated the broad range of diversity that existed among genotypes, and the significance of environments and their interactions indicated that there was a differential response of genotypes to environments and will help breeder in choosing genotypes to a specific environment. The significance of IPCA1 and IPCA2 indicated the presence of a complex, multidimensional variation in the G × E data. The AMMI biplot analysis is a predominant method to find the G × E interaction for different studied traits. Low G × E interaction indicates the stability of the genotypes over the range of environments. A genotype showing high positive interaction in an environment can exploit the agroecological or agromanagement conditions of the specific environment and is, therefore, best suited to that environment. Heritability across the locations is very significant indicating a relatively lesser G × E influence; thus, simple selection for micronutrients is highly feasible. These magnitudes of heritability are affected by the type of genetic material, traits variability, and environmental conditions to which the trials are conducted (Dabholkar, 1992; Falconer and Mackay, 1996). Therefore, the heritability estimate is relatively high for grain yield due to conducive rainfall and other environmental conditions such as the adaptability of the new variety.

The most powerful interpretive tool in the analysis of G × E interaction in the AMMI model is the biplot analysis. The biplots permit easy visualization of differences in interaction effects. In the AMMI biplot, the genotypes with high mean performance and large value of IPCA scores are conceived as specific adaptability to the environment. Purchase et al. (2000) proposed an ASV measure to quantify and classify genotypes according to their per se potential. The ASV has identified the genotype CHAKTI as the most prominent genotype that outperformed across the majority of the locations, indicating this as a stable performing genotype across environments. The ASV parameter has been successfully used in several studies to find stable performers (Mallikarjuna et al., 2015; Govindaraj et al., 2018). CHAKTI is the top-ranking OPV that had a lower ASV of 0.5–2.0 for grain yield and micronutrients, and still, it ranked first in 6 out of 10 locations and second in only 1 location. Based on the multilocational testing and superior performance, recently in 2018, the first biofortified pearl millet variety “CHAKTI” in Africa was released in Niger (Jayashree and Meyer, 2018) and the ECOWAS regional catalog in 20191. This variety is gaining importance in the farming community in Niger, Mali, Burkina Faso, and Senegal due to its extra early maturity, high yield, and high grain Fe and Zn contents (Mavindidze, 2020).

Association studies among traits revealed the presence of a significant positive correlation between the grain Fe and Zn contents, indicating that they are inherited together and both traits can be selected in every generation. Similar results were earlier reported in pearl millet (Govindaraj et al., 2013; Anand et al., 2014; Govindaraj et al., 2020). This high correlation may be due to the overlapping and co-segregating quantitative trait loci reported in pearl millet (Kumar, 2011), implying that selecting high-Fe lines would likely increase Zn as an associated trait. Grain Fe and Zn contents have exhibited no significant correlation with grain yield, which implies that there is no yield limitation in increasing micronutrients in pearl millet. Earlier studies in pearl millet reported a significant negative correlation with grain yield (Rai et al., 2012; Anand et al., 2014) and no correlations (Govindaraj et al., 2019; Pujar et al., 2020), indicating that conscious selection for both traits is required in segregating population to avoid any negative linkages. Also, it is important to develop the experimental population involving diverse high-yield and high-Fe/Zn parents to study the linkage between yield and nutrient traits in the segregating population or by using genomic tools.



CONCLUSION

The biofortification in pearl millet intends to contribute towards the prevention of micronutrient deficiencies by increasing the daily adequacy of micronutrient intakes among the poor farming population in the semi-arid regions. A stable performing high-Fe variety “CHAKTI” was identified across 10 locations, with high grain yield (71% higher) and grain Fe (16% higher) and Zn (7.4% higher) contents than the currently growing OPVs (35 ppm mean Fe and 28 ppm mean Zn). The correlation between Fe and Zn and no correlation with yield indicate that both micronutrients can be improved simultaneously in high-yielding backgrounds. Further study is needed to explore the progeny test-based selections from the identified high-Fe/Zn OPVs for breeding hybrid parents prospecting biofortification in WCA with competitive yield in near future.
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Pearl millet is an important food and fodder crop cultivated in the arid and semi-arid regions of Africa and Asia, and is now expanding to other regions for forage purpose. This study was conducted to better understand the forage quantity and quality traits to enhance the feed value of this crop. Two sets of pearl millet hybrids (80 single cross hybrids in Set-I and 50 top cross hybrids in Set-II) along with their parents evaluated multi-locationally for the forage-linked traits under multi-cut (two cuts) system revealed significant variability for the forage traits in the hybrids and parents. The mean better parent heterosis (BPH) for total dry forage yield (TDFY) was 136% across all the single cross hybrids and 57% across all the top cross hybrids. The mean BPH for in vitro organic matter digestibility (IVOMD) varied from −11 to 7% in the single cross hybrids and −13 to 11% in the top cross hybrids across cuts. The findings of TDFY and IVOMD heterosis in these sets indicated the potential of improvement of the hybrid cultivars for forage quantity and quality in forage pearl millet. The parental lines single cross parent (SCP)-L02, SCP-L06, and top cross parent (TCP)-T08 found superior in the forage quantity and quality traits can be utilized in the future breeding programs. Most of the forage traits were found to be controlled by using the non-additive gene action. A diverse panel of 105 forage-type hybrid parents (Set-III) genotyped following genotyping by sequencing (GBS) and phenotyped for crude protein (CP) and IVOMD under multi-cuts for 2 years identified one stable significant single nucleotide polymorphism (SNP) on LG4 for CP, and nine SNPs for IVOMD distributed across all the linkage groups except on LG2. The identified loci, once validated, then could be used for the forage quality traits improvement in pearl millet through marker-assisted selection.
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INTRODUCTION

Pearl millet [Pennisetum glaucum (L) R.Br.] is cultivated mainly in the hot and dry agro-ecologies of Africa and Asia. This crop has a high potential for biomass production due to its C4 photosynthetic pathway, and it additionally possesses tolerance to various climatic stresses. Currently, this crop is gaining popularity among the small-holder farmers because of its potential to adapt to the diverse agro-climatic conditions where most of the other crops, such as wheat, rice, sorghum, maize, and barley fail to produce economic yields (Baltensperger, 2002; Vadez et al., 2012).

Pearl millet is primarily cultivated for human consumption in the developing countries. Besides grain production, it is grown as feed and forage crop for livestock grazing, silage, hay, and green fodder chopping (Newman et al., 2010) and is fed to the animals at any crop growth stage without any adverse effect (Arya et al., 2013) in a range of countries, such as the United States (Sheahan, 2014), in the summer season in Australia (Hanna, 1996), Canada (Brunette et al., 2014), Mexico (Urrutia et al., 2015), in triple cropping system in southern Kyushu, Japan (Li et al., 2019), Iran (Aghaalikhani et al., 2008), Central Asia (Nurbekov et al., 2013), and Brazil (Dias-Martins et al., 2018). Recently, it has emerged as an important fodder crop during the summer months of north-western India (Amarender Reddy et al., 2013).

Lack of sufficient quantity of fodder is the major constrain to livestock production in the smaller farming communities in the arid and semi-arid regions. For instance, at present the world has feed shortage of about 911 million tons and would require 1,148 million tons feed by 2030 (Food and Agriculture Organization [FAO], 2002). To alleviate the feed shortage in these regions, further exploitation of pearl millet could be one of the promising solutions as it is well adapted to the arid and semi-arid regions with several other benefits, such as high tillering potential and quick regenerative ability assuring the possibility of multi-cutting, which allows the year-round supply of green/dry forage (Babiker et al., 2014). The results from the multi-location trials conducted during the summer season under the All India Coordinated Forage Project showed pearl millet varieties had higher green forage yield (GFY: 38 t ha–1) and crude protein (CP: 9%) in comparison with sorghum (33 t ha–1 and 6%) and maize (31 t ha–1 and 5.5%) varieties in single cut (Rai et al., 2004). Almost all the released forage cultivars of pearl millet available in the market till date are based on single cut, but milk producing farmers in the semi-arid regions are now demanding multi-cut (2–3 cuts/season) forage with increased digestibility to meet year-round supply of forage/feed. In addition, the pearl millet cultivars bred in the past were dual purpose types with no focus on the improved forage quality, hence were rejected by the farmers because of poor fodder quality of the stover (Kelley et al., 1996). The need has been felt to breed exclusive forage multi-cut type cultivars with better quality to feed the livestock.

The studies based on the animal experiments concluded that the cows fed with pearl millet silage produced milk with increased milk fat concentration than those fed with corn silage (Amer and Mustafa, 2010). Similarly, the cows fed with pearl millet silage consumed more dry matter than those fed with sorghum silage or tropical corn silage (Amer and Mustafa, 2010). Most recently, Lauriault et al. (2021) observed that both pearl millet and sorghum-sudangrass produced equal dry matter yield at single cut forage, and the pearl millet crop provided greater average daily gains than sorghum–sudangrass in beef when both have the same levels of nutritive value. In another livestock performance study by Vinutha et al. (2021), Nellore ram lambs fed with pearl millet silage showed increased digestibility than those fed with sorghum silage harvested at 76 days after sowing. These studies suggest that pearl millet is an excellent choice for the farmers and milch animals in terms of forage yield and quality as compared with other cereals in the drier regions of the world. Hence, targeted breeding efforts have been initiated in last one decade to improve the forage yield and quality traits in pearl millet (Rai et al., 2012; Gupta et al., 2015; Ponnaiah et al., 2019).

Exploitation of heterosis in pearl millet is considered as an easy tool with its protogynous nature of flowering and availability of stable cytoplasmic male sterility (CMS) system (Burton, 1965). Several studies have been conducted to assess the hybrid performance and heterosis in the grain type parents/populations in pearl millet (Pucher et al., 2016; Gupta et al., 2018, 2020; Sattler et al., 2019; Singh and Gupta, 2019; Patil et al., 2020; Sattler and Haussmann, 2020; Dutta et al., 2021). No research has been undertaken to assess the magnitude of heterosis exclusively for the forage yield and quality traits in multi-cut pearl millet.

Limited number of quantitative trait loci (QTL) mapping studies have been conducted in pearl millet for the fodder linked traits, such as for tiller numbers (Varshney et al., 2017), stover yield (Yadav et al., 2002; Nepolean et al., 2006), in vitro organic matter digestibility (IVOMD), and nitrogen content (Nepolean et al., 2006). Hash et al. (2003) reported that the QTL mapping and marker-assisted selection (MAS) can be implied for stover yield, forage disease resistance, and for in vitro estimates of the nutritive value of several stover fractions of pearl millet for ruminants.

Considering that there is limited information on the gene action, heterosis, and mapping of forage traits under multi-cut system in forage type pearl millet, the present study aimed to estimate heterosis, general combining ability (GCA), and specific combining ability (SCA) for the forage traits of single cross and top cross hybrids at two cutting intervals, and to identify the QTLs for the important forage quality traits in pearl millet.



MATERIALS AND METHODS


Plant Materials

In the present study, two sets of test crosses were developed to investigate heterosis, combining ability, and gene effects for the forage traits. The first set consisted of 80 single cross hybrids (hereafter, referred as Set-I) generated by crossing 10 seed (A-lines) parents and eight pollinator (R-lines) parents having forage type traits (Supplementary Table 1) in a line × tester mating design. The second set comprised of 50 top cross hybrids (hereafter, referred as Set-II) developed by crossing five seed parents (A-lines) and 10 germplasm accessions/open pollinated varieties (OPVs) as pollinators (Supplementary Table 2) in line × tester mating design. These pollinators were already identified as the promising breeding lines for having higher biomass (Gupta et al., 2015).

A third set (Set-III) of 105 diverse hybrid parents comprised of 17 seed and 88 pollinator parents [such as parental lines from Set-I (one pollinator parent not included due to poor quality of DNA from Set-I) and Set-II (excluding pollinators of set-II which were populations)] (Supplementary Table 3) derived from an advanced high biomass nursery (F6 and above) of the pearl millet breeding program of the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), Patancheru, Telangana, India, was used to examine for the genome wide association study (GWAS) for the two forage quality traits CP and IVOMD.



Evaluation of Parental and Hybrid Trials

Both the single cross (Set-I) and top cross (Set-II) hybrids were evaluated along with the parents and commercial checks at two locations, namely, ICRISAT, Patancheru (18°N, 78°E, and 545 m above sea level) and Tamil Nadu Agricultural University (TNAU), Coimbatore, Tamil Nadu, India (11°N, 77°E, and 411.98 m above sea level) during the summer season of 2015. The hybrids and parents were planted side by side in each trial as separate blocks in each replication to avoid any suppressive effect of the hybrids over parents. The parental block included the fertile (B-lines) lines corresponding to their male sterile (A-lines) lines used in the development of hybrids. Four forage pearl millet commercial hybrids popular in India, namely, PAC 981 (Nutrifeed), DFMH 31, Milkon, and Poshan were used as checks in the hybrids block.

Both the hybrids and parents were planted in alfisol soils in alpha lattice design with three replications at ICRISAT, Patancheru. Each entry was planted in the four rows of 4 m length with rows spaced 60 cm apart and the plants spaced at 10–12 cm from each other. All the hybrids and parents were planted in black soils in alpha lattice design with the two replications at TNAU, Coimbatore. Each entry was planted in the four rows, each of 4 m length and the rows spaced 45 cm apart. The experiment was conducted during first week of March to the third week of June 2015. The trial was irrigated at 12–15 days interval to avoid any moisture stress, and the crop was protected from the weeds, pests, diseases, and animals at both the locations.

The third set (Set-III) of 105 hybrid parents was evaluated at ICRISAT, Patancheru, in alfisol soils during the summer seasons of 2015 and 2016 in partially balanced alpha lattice design with two replications. The plot size, spacing, and field management were same as specified above in the evaluation of first and second sets of trials (of hybrids and parents) at ICRISAT. The experiment was conducted during the first week of March to the third week of June 2015 and 2016.



Recording of Morphological and Biochemical Traits

In both Set-I and Set-II trials, the four rows of each entry (hybrids and parents) were harvested manually by cutting at the second node from the bottom of the plant at 50–55 days after planting (at boot stage of plants) as the first cut. At the time of harvest, the plant height (PH, centimeters) was measured on five random plants from the base of the stem to the tip of the panicle of the main tiller. Fresh weight of the green forage was recorded (kilogram) for each plot. A sub-sample (10–15 plants) of about 1 kg was collected per entry at the time of harvest and recorded for green forage weight, oven dried for 8 h daily for 3–4 days at 60°C in Campbell dryer (Campbell Industries, Inc., 3201 Dean Avenue, Des Moines, IA, United States), and weighed again (dry forage weight in kilogram). The dry matter concentration and dry forage yield (DFY) of each entry was calculated using the formula:
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The GFY and DFY were expressed in units of tons per hectare (t ha–1). The dried sub-samples of the whole plants (10–15 plants) of each entry were chopped into 10–15 mm pieces using a chaff cutter (Model # 230, Jyoti Ltd. Vadodara-India) and ground using Thomas Wiley mill (Model # 4, Philadephia, PA, United States) to pass through 1-mm screen for the chemical analysis. The ground stover samples (approximately, 40 g of sample/entry) were analyzed by near-infrared reflectance spectroscopy (NIRS) for stover nitrogen concentration (N × 6.25 equals to CP content), neutral detergent fiber (NDF), acid detergent fiber (ADF), acid detergent lignin (ADL), metabolizable energy (ME), and IVOMD as described by Bidinger and Blümmel (2007) and Blümmel et al. (2007). The second cut of forage was harvested from the same four rows (which were subjected to first cut) after 30 days. The forage quantity and quality traits were also recorded in the second cut, as similar to how it was done in the first cut. The total green forage yield (TGFY) and total dry forage yield (TDFY) (t ha–1) were estimated as the sum of the two cuts for each entry in this trial.

In case of the Set-III of diverse hybrid parents trial, the same cutting methodology and the measurement of traits (CP and IVOMD) over 2 years of evaluation were followed as similar to that of first and second sets of evaluation trials at ICRISAT.



DNA Extraction, Genotyping by Sequencing, and Single Nucleotide Polymorphism Calling in the Set-III (Hybrid Parents Panel)

The fresh leaf tissues (100 mg) were collected from 20 to 25 seedlings (per accession) of 8 days old plants (days after sowing) planted in the pots in darkroom at 18°C–25°C, and the DNA was isolated using the NucleoSpin® 96 Plant II kit (Macherey-Nagel, Düren, Germany). Normalization of genomic DNA to 10 ng/μl was done in 0.8% agarose gel using lamda DNA (MBI Fermentas, Hanover, MD, United States). Electrophoresis was performed in Tris acetate-ethylenediaminetetraacetic acid (EDTA) buffer in buffer tank at 90 V for 1 h and the gels were stained with ethidium bromide and visualized in UV light using image analyzer. The DNA of 105 hybrid parents was genotyped using genotyping by sequencing (GBS) (Elshire et al., 2011) by digesting DNA with ApeKI endonuclease restriction enzyme. The PCR amplification of pooled amplicons was carried out before sequencing on Illumina Hiseq2500 platform (IlluminaInc, San Diego, CA, United States). The raw sequencing reads and barcode information were processed for single nucleotide polymorphism (SNP) identification from the published pearl millet reference genome (Varshney et al., 2017) using TASSEL v4.0 software (Bradbury et al., 2007). Barcode containing reads were retained and used for SNP calling. These reads were trimmed to 64 bp from barcode side, aligned against each other and used for SNP identification. The identified SNPs were assigned to each hybrid parent based on the information of the barcode sequence. Further, the SNP data were filtered with minor allele frequency (MAF) cut-off of 0.10 (10%) and SNP with ≥ 25% missing data resulted 77,892 SNP markers (Dataset available on ICRISAT Dataverse: http://dataverse.icrisat.org/dataset.xhtml?persistentId=doi%3A10.21421%2FD2%2FIWXCUJ&version=DRAFT). These were further filtered for site coverage (90%), minor allele frequency (0.05), and maximum heterozygosity (50%), were identified 34,691 SNPs and were used for the GWAS analysis.



Statistical Analysis

The complete parental and hybrids data information were available at first cut of single cross hybrids (10 × 8 = 80 hybrids) and top cross hybrids (5 × 10 = 50 hybrids). In Set-I, the missing data (due to poor regeneration ability of parents and hybrids after first cut) from parents [one line and three testers at one site (TNAU, Coimbatore)] resulted into dropping of 35 single cross hybrids. Hence, 9 × 5 = 45 single cross hybrids were analyzed for second cut in Set-I. Whereas, in Set-II, 26 top cross hybrids were removed from further analysis due to the missing data from parents [one line and four testers at one site (TNAU, Coimbatore)] and thus 4 × 6 = 24 top cross hybrids were analyzed at second cut.

The genotype means were calculated from the combined ANOVA across the two locations using PROC MIXED (SAS Institute Inc, 2017). The estimation of better parent heterosis (BPH) and standard heterosis (SH) were calculated using the formula:
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where, F1 is the hybrid value, BP (better parent) is either P1 or P2 and CH is the value of the check hybrid. BP was considered to have higher values for PH, GFY, TGFY, DFY, TDFY, CP, ME, and IVOMD, and lower values for NDF, ADF, and ADL. Among the four check hybrids, the PAC 981 (Nutrifeed) is a popular high forage yielding hybrid from the Advanta seed company, which occupies large areas of pearl millet for fodder use in India. Therefore, Nutrifeed was considered as a best check hybrid for calculating the SH in the single cross and top cross hybrids.

The line × tester mating design (Kempthorne, 1957; Arunachalam, 1974) was used to estimate the variance components for Set-I and Set-II hybrids using SAS v9.4 (SAS Institute Inc, 2017). The relative importance of GCA and SCA was also assessed by estimating the components of variance and expressing them in the ratio, 2σ2GCA/(2σ2GCA + σ2SCA) (Baker, 1978). The Pearson’s correlation of hybrid performance with sum of parental GCA effects, SCA effects, and BPH, and also among the BPH of forage traits were determined using GraphPad Prism v5.0 (GraphPad Software, Inc., San Diego, CA, United States).

In GWAS analysis, a set of 105 pearl millet hybrid parents, which were genotyped (34,691 GBS-identified SNPs) and phenotyped (for CP and IVOMD at two cutting intervals) were used for further statistical analysis. The principal component analysis (PCA) was conducted and the resulted eigenvalue (5) was taken into the consideration to correct the population structure along with kinship matrices (K) values implemented in the multi-locus mixed model (MLMM) (Segura et al., 2012) using the R package Genomic Association and Prediction Integrated Tool (GAPIT) (Wang and Zhang, 2020) for GWAS analysis. For population stratification, the Quantile-Quantile (Q-Q) plots were obtained by plots of observed − log10 P-value vs. expected − Log10 P-value for all the markers. If there is deviation in the P-values at initial stage, it indicates the existence of population stratification. Manhattan plots were used to visualize the results of GWAS. Negative Log10 of the P-values for each SNPs were plotted over the seven chromosomes for the two traits, CP and IVOMD. The best linear unbiased predictors (BLUPs) were estimated for CP and IVOMD for each hybrid parent across years from the combined analysis (SAS Institute Inc, 2017). The Bonferroni correction threshold was used for selecting significant SNP with an alpha value of 0.05. The significant MTA markers were functionally annotated based on the reference pearl millet genome (v1.1) (Varshney et al., 2017) and its features, using SnpEff software version 4.3t (Cingolani et al., 2012). The gene annotations were further mapped to the homologous functions provided at pfam. Broad sense heritability (H2) of the traits was estimated by dividing the genotypic variance by the total phenotypic variance (SAS Institute Inc, 2017).

[image: image]

where σg2 is the genotypic variance, σge2 is the genotype × environment variance, σe2 is the error variance, r represents the replicates, and “l” represents the locations.




RESULTS AND DISCUSSION


Variance Analysis for Forage Traits

Combined ANOVA exhibited significant differences for most of the forage traits among the genotypes except TDFY, CP, and IVOMD at second cut in the top cross hybrids (Supplementary Table 4), indicating considerable variation among the parents and hybrids for majority of the forage traits. The location × hybrids interaction effect was significant for TDFY in the single cross hybrids, CP at first cut in both the single cross and top cross hybrids, and IVOMD at second cut in the single cross hybrids and at first cut in top cross hybrids, suggesting that the hybrids need to be evaluated under multiple sites and multiple years/seasons to identify stable cultivar. In line with the current results, Shinde (2011) reported high location × hybrids interaction effects for CP and IVDMD (in vitro dry matter digestibility) in pearl millet.



Mean Performance of Hybrids and Heterosis for Forage Traits

The mean TDFY (15 t ha–1) in the single cross hybrids was found to be higher than those of the top cross hybrids (TDFY: 11 t ha–1) (Table 1), suggesting single cross hybrids offers opportunities for the increased forage productivity than the top cross hybrids. The BPH for TDFY ranged from 13 to 422% with a mean of 136% in single cross hybrids and 0 to 176% with a mean of 57% in the top cross hybrids (Table 2), indicating great potential for increasing the forage productivity in pearl millet. The results showed that 71 of 80 single cross hybrids (89%) and 25 of 50 top cross hybrids (50%) had greater than 35% TDFY than the better parent (Supplementary Tables 5, 6), indicating overdominance gene action plays a major role for TDFY under study. The results obtained for BPH of forage yield in this study were higher than the BPH of forage yield reported earlier in the single cross hybrids (Gupta et al., 2018; Ponnaiah et al., 2019) and in top cross or population hybrids (Bidinger et al., 2003; Pucher et al., 2016; Sattler et al., 2019) of pearl millet. Fifteen and 30 single cross and top cross hybrids significantly outyielded the check hybrid Nutrifeed by ≥15% for TDFY, respectively (Supplementary Tables 7, 8).


TABLE 1. The mean performances for the forage related morphological and biochemical traits of both the single cross hybrids (SCHs) and top cross hybrids (TCHs) for both the cuts, evaluated summer season of 2015 at International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), Patancheru, and Tamil Nadu Agricultural University (TNAU), Coimbatore.
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TABLE 2. Heterosis for the forage linked morphological and biochemical traits in SCHs and TCHs evaluated in summer season of 2015 at ICRISAT, Patancheru, and TNAU, Coimbatore.
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Similarly, the forage quality trait CP ranged from 9 to 14% in single cross hybrids and 9 to 13% in top cross hybrids across cuts, which is still higher than the minimum requirement (about 7%) recommended for feed protein in microbes in the rumen of ruminants (Van Soest, 1994). The BPH for CP varied from −31 to 9% and −33 to 0.3% in single cross and top cross hybrids across cuts, respectively. Five (two and three at first and second cuts, respectively) single cross hybrids and one (at second cut) top cross hybrid exhibited numerically positive BPH for CP, but none were significant. The check hybrid Nutrifeed had CP of 11.9% and 10.9% in single cross hybrids and 11.5% and 10.5% in top cross hybrids, at first and second cuts, respectively. Four and one single cross and top cross hybrids across cuts found to have significant positive or numerically higher/or at par with the check hybrid for CP, respectively. The forage IVOMD varied from 45 to 54% and 44 to 53% across cuts in single cross and top cross hybrids, respectively. It has been reported that 1% increase in digestibility (IVOMD) in sorghum and pearl millet stovers could lead to increase in the animal outputs by 6% to 8% (Kristjanson and Zerbini, 1999). The BPH for IVOMD varied from −11 to 7% in single cross hybrids and −13 to 11% in top cross hybrids across cuts. Five single cross hybrids and three top cross hybrids exhibited numerically positive BPH for IVOMD across cuts, with one top cross hybrid significantly greater than BP. However, five single cross hybrids and three top cross hybrids had significant positive or positive BPH combined for TDFY and IVOMD for both the cuts (Supplementary Tables 5, 6). The check hybrid Nutrifeed had IVOMD of 51% and 48.6% at first cut and, 49.9% and 50.5% at second cut, for single cross and top cross hybrids, respectively. Ten single cross hybrids and three top cross hybrids across cuts outperformed the check hybrid (Nutrifeed) for IVOMD values.

The single cross hybrids found to have higher mean values of desirable forage traits, such as TGFY, TDFY, and IVOMD, and low negative mean values of undesirable forage traits, such as NDF, ADF, and ADL at first cut than top cross hybrids (Table 1). This might be due to the involvement of inbreds as parents in single cross hybrids, as inbreds (hybrid parental lines) were bred for the improved forage traits. In addition, the inbred lines have favorable alleles fixed, whereas the alleles in the germplasm/OPVs are having intermediate frequencies (alleles that are not fixed), thereby the genes in top cross hybrids are less likely to combine for the favorable traits to the extent as in case of single cross hybrids (Miranda Filho, 1999; Riday et al., 2002).

Some hybrids from both the single cross and top cross hybrids had higher values for 2–3 forage traits, than the best check hybrid Nutrifeed. For instance, one single cross hybrid (SCH38: L05 × T16) had significant positive standard heterosis (SH) for 12% TDFY, 4% CP and had superior or on par IVOMD with the check hybrid Nutrifeed at first cut (Supplementary Table 7). Besides these, two hybrids SCH12: L02 × T14 and SCH62: L08 × T16 had significant positive or positive SH for TDFY (25% and 12%, respectively) with comparable IVOMD across cuts, and a hybrid SCH17: L03 × T11 had significant positive SH of 15% TDFY and comparable IVOMD at second cut. Similarly, one top cross hybrid (TCH42: L05 × T07) had significant positive or positive SH for 57% TDFY, 9% CP at second cut, and had superior or on par IVOMD with the check hybrid Nutrifeed across cuts, and a hybrid TCH45: L05 × T10 had SH of 37% TDFY and 3% IVOMD at second cut over the check hybrid (Supplementary Table 8). Additionally, two each of single cross (64% and 22% TDFY; 5% and 4% CP at first and second cuts, respectively) and top cross hybrids (57% and 18% TDFY; 10% and 5% CP at second cut) out yielded the check hybrid Nutrifeed for these forage traits. The hybrids identified from single cross and top cross hybrids indicated that it is possible to breed the hybrids for high forage yield or for superior forage quality or combination of both forage yield and better quality in pearl millet.



Combining Ability and Gene Action

The mean squares due to GCA and SCA variances were found to be significant for TDFY in single cross hybrids, CP at first cut in single cross hybrids, and IVOMD at second cut in single cross hybrids, and also at first cut in top cross hybrids, indicating the importance of both the additive and non-additive effects for these traits (Supplementary Table 4). Highly significant interactions between location × (line × tester) for TDFY in single cross hybrids, CP at first cut in both single cross and top cross hybrids, and IVOMD at second cut in single cross hybrids, and at first cut in top cross hybrids indicted that hybrid performance was influenced by the locations. Baker predictability ratio (PR) was relatively lower to unity (PR ≤ 0.80) for TDFY in both the single cross and top cross hybrids, CP at first cut in single cross hybrids, and for both the cuts in top cross hybrids, and IVOMD for both the cuts in single cross and top cross hybrids, indicating greater importance of the non-additive gene action for important forage traits under study (Table 3 and Supplementary Table 4). These results are in agreement with the findings of Shinde (2011) for CP in single cross hybrids, and Ouendeba et al. (1996) for IVDMD in population hybrids, who reported that forage quality traits were under non-additive gene action in pearl millet. However, TGFY for both the single cross and top cross hybrids, and CP in single cross hybrids of second cut, were controlled by the additive gene action and thus can be improved through selection.


TABLE 3. Gene effects for important forage linked morphological and biochemical traits in single cross and top cross hybrids.
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The GCA effects of the single cross and top cross parents for the forage quantity and quality traits under different cutting intervals are given in Supplementary Table 9. Seven parents (for TGFY and/or TDFY) in single cross hybrids and three parents (for TDFY) in top cross hybrids had significant positive GCA effects for these forage quantity traits, indicating that these parents can be used to enhance the forage yield potential in breeding high biomass pearl millet. Furthermore, some parents had significant positive GCA effects for multiple forage linked traits: single cross parent (SCP)-L02 (TGFY and IVOMD at second cut), SCP-L06 (TDFY and IVOMD at first cut), and SCP-L10 (TGFY and CP at first cut) in single cross hybrids, and top cross parent (TCP)-T08 (TDFY and IVOMD at first cut) in top cross hybrids. These parents identified as good general combiners can be utilized in the breeding programs aiming to improve the forage traits in the terms of higher forage productivity coupled with superior forage quality under multi-cut system.

The estimates of SCA effects of the single cross and top cross hybrids for the forage quantity and biochemical quality traits are provided in Supplementary Tables 10, 11. Nineteen single cross hybrids and eight top cross hybrids were found to have highly significant positive SCA effects for the forage yield, and thus could be used in the development of high yielding forage hybrids in pearl millet. Additionally, some of the experimental hybrids had significant positive SCA effects for two or more forage traits, for instance, the hybrids (SCH05: L01 × T15 and SCH12: L02 × T14) for forage traits (TDFY and CP at first cut, and TDFY and IVOMD at second cut, respectively) along with high mean values for these traits. Similarly, in top cross hybrids, the hybrids (TCH18: L02 × T13 and TCH23: L03 × T08) at first cut and one hybrid (TCH45: L05 × T10) at second cut had significant positive SCA effects with high mean values for forage traits (TDFY and IVOMD). The identified single cross and top cross hybrids in the present study can greatly contribute to the forage productivity in the terms of forage quantity (TDFY) and quality (CP and IVOMD).



Correlation Between Heterosis and Combining Ability of Forage Traits

The SCA effects showed significant positive correlations with hybrid performance and BPH for most of the forage traits across cuts in the single cross and top cross hybrids (Table 4). The GCA effects also showed positive significant correlations with hybrid performance for most of the forage traits, but low or even no correlations with BPH (Table 4). These results indicated that both the additive and non-additive gene effects were important for hybrid performance, while the non-additive gene effects were the major cause for heterosis. Similar findings were also reported earlier in other crops, such as in maize (Yu et al., 2020), barley (Bernhard et al., 2017) and in rice (Huang et al., 2015).


TABLE 4. Associations among the hybrid performance, better-parent heterosis (BPH), and combining ability in single cross and top cross pearl millet hybrids for the forage linked traits.
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Better parent heterosis (BPH) of forage quantity (TGFY and TDFY) traits did not show correlation with the forage quality (CP and IVOMD) traits across cuts in the single cross and top cross hybrids (Supplementary Table 12), indicating that the forage quantity and quality traits can be improved independent of each other. These results are in agreement with the previous studies in pearl millet (Govintharaj et al., 2018) and in other crop, such as in sorghum (Aruna et al., 2015) which reported no associations between the forage quantity and quality traits.



Genome Wide Associations for the Forage Quality Traits

The minimum, maximum, and average values of the two traits, CP and IVOMD, observed at the different cutting intervals over 2 years are shown in Figure 1. The mean CP at first cut was almost on par with the second cut, whereas IVOMD differed by two units between the first and second cuts. The results showed huge variations between the parental lines for CP (11.5%–14.6% at first cut and 11%–12.5% at second cut) and IVOMD (53.8%–55.6% and 51%–55% at first and second cuts, respectively) as compared with the earlier studies in pearl millet (Bidinger et al., 2010; Blümmel et al., 2010). Low to moderate broad sense heritability was observed for CP and IVOMD across the two cuts (Figure 1). However, several other workers (Hash et al., 2006; Bidinger and Blümmel, 2007; Rai et al., 2012; Govintharaj et al., 2017) earlier reported low heritability for the forage quality traits in pearl millet.


[image: image]

FIGURE 1. Phenotypic performance of hybrid parents for the forage quality traits in 105 hybrid parents (Set-III) during summer seasons of 2015 and 2016 at International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), Patancheru.


Genome wide association study among 34,691 SNPs and each of the two traits, CP and IVOMD, at two different cutting intervals, detected 10 SNPs which were above the chosen threshold level shown in the Manhatton plots (Figure 2 and Table 5), and the corresponding Q-Q plots are provided in the (Supplementary Figure 1). At second cut, during the summer season of 2016, a SNP (S4_69014036) was located on the linkage group 4 (LG4) which was found to be significantly associated with CP with the p value of 5.63E-07. The same SNP was found to be tightly associated with CP with the p value of 9.05E-07 when analyzed using the pooled hybrid parental data from summer seasons of 2015 and 2016. Six SNPs, one (S6_227902580) on LG6, two (S3_75463586 and S3_291119752) on LG3, and one each on LG4 (S4_46289498), LG1 (S1_180007567) and LG5 (S5_154075820), were found to be significantly associated with IVOMD at first cut during the summer season of 2015, having the p values of 1.57E-17, 4.71E-14, 2.53E-11, 1.16E-10, 1.78E-10, and 5.59E-07, respectively. Also, at second cut, during summer season of 2016, three SNPs S7_104645663 (LG7), S6_192886095 (LG6), and S4_51491754 (LG4) with the p values of 1.06E-09, 4.16E-08, and 2.21E-07, respectively, were tightly linked with IVOMD. Similar to this study, Nepolean et al. (2006) found SSRs markers linked to the traits CP on LG4, and IVOMD on LG1, and LG6 using the bi-parental mapping population with drought tolerance background in pearl millet. No significant SNPs were found which are common for both CP and IVOMD, in both the cuts, suggesting that the genetic basis of these traits may not be the same (at different cutting intervals). These identified SNPs for the forage quality traits should be validated and then can be introgressed into the genetic background of elite/locally well adapted popular varieties to improve the forage quality in pearl millet through the marker-assisted selection.
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FIGURE 2. Manhattan plot for the two forage quality traits using 105 diverse pearl millet hybrid parents (Set-III); (A) Crude protein (CP) at second cut for 2 years in combined analysis, (B) CP at second cut during summer season of 2016, (C) In vitro organic matter digestibility (IVOMD) at first cut during summer season 2015, and (D) IVOMD at second cut during summer seasons of 2016.



TABLE 5. The traits linked markers, genes, and their functions identified for the forage quality traits in 105 hybrid parents evaluated during the summer seasons of 2015 and 2016 at ICRISAT, Patancheru.
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Gene Annotation for the Forage Quality Traits

One SNP was found closely associated with CP and nine SNPs were found associated with IVOMD (Table 5). The SNP for CP corresponded to the gene Pgl_GLEAN_10029543 that coded for Mre11 DNA-binding presumed domain. Similarly, out of nine SNPs found associated with IVOMD, three were found in coding sequences (CDS) region and one in splice region which were uncharacterized for any of the gene function. The genes Pgl_GLEAN_10034437, Pgl_GLEAN_10012611, Pgl_GLEAN_10027418, Pgl_GLEAN_ 10024973, and Pgl_GLEAN_10037615 were found coding for functions, such as Coatomer beta C-terminal region, Methyltransferase domain/Hen1 La-motif C-terminal domain, NHL domain containing protein, Coatomer epsilon subunit, and CCT motif, respectively. Furthermore, some of the genes, such as Pgl_GLEAN_10029543, Pgl_GLEAN_10034437, Pgl_GLEAN_10012611, Pgl_GLEAN_10027418, Pgl_GLEAN_ 10024973, Pgl_GLEAN_10037615, and Pgl_GLEAN_10032186 were also responsible for cold tolerance (Meng et al., 2021).




CONCLUSION

Both the single cross and top cross hybrids had wide variability for the forage linked traits across cuts. The single cross hybrids had higher forage yielding traits (TGFY and TDFY), and higher IVOMD (desirable forage quality trait) and lower NDF, ADF, and ADL (undesirable forage quality traits) at first cut than top cross hybrids. The mean BPH was higher for TGFY, TDFY, and CP across cuts in single cross hybrids than top cross hybrids. Some single and top cross hybrids outperformed the commercial check hybrid for the forage yield and quality traits, these identified hybrids can be further evaluated in the multi-location trials to confirm their yield potential and stability prior to commercial release. The present study has identified the potential lines and testers for GCA effects, combined for both the forage yield and quality traits, which can offer opportunities for developing hybrids with increased forage productivity in pearl millet. Most of the forage traits across cuts in both the single cross and top cross hybrids were predominantly controlled by the non-additive gene action. No significant correlation was observed between the forage quantity and quality traits indicating that these traits can be improved independently. GWAS identified ten genomic regions associated with the forage quality traits (CP and IVOMD), and thus can be further validated, for improving the pearl millet forage quality traits through marker assisted selection. Significant genomic loci and candidate genes identified from this study lay a foundation for the development of high biomass cultivars with superior forage quality trait in the future forage breeding programs.
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Genetic No of Fe zn References
materials genotypes (ppm) (ppm)
Germplasm 191 51-121 46-87  Raietal, 2014
Inbreds 5 34-102 34-84  Govindargjetal,,
2013
28 30-82 27-66  Kanattietal, 2014
281 35-116 2180 Pujaretal, 2020
Commercial 52 47-85 86-70  Veluetal, 2008
hybrids 120 46-56 37-44
Populations 68 42-80 27-50  Veluetal, 2008
(OPVs) 18 42-67 37-62
Population 240 29-89 3271 Govindargjetal.,
progenies 2016
299 31-143 35-82  Govindargjetal,,
2019
Mapping 317 23-154  19-121  Mahendrakar
populations etal, 2019
106 28-124  29-120  Kumaretal,2016
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Traits NPG (%) NPS (%) NUpS (kg ha=1) TNUp (kg ha™1) NULE (kg ha=) NHI (%)
Range No 1.18-2.43 0.42-1.08 0.34-8.03 1.09-10.47 2.42-50.6 5.46-74.52
Nso 1.19-2.43 0.4-0.94 0.51-6.27 1.08-9.57 10.63-56.86 21.07-84.02
N100 1.27-2.59 0.32-1.03 0.38-6.59 0.58-8.97 10.06-56.27 23.51-78.89
Mean No 1.61 0.61 1.65 3.03 30.81 47.56
Nso 1.67 0.56 1.83 3.54 33.22 53.00
N100 1.82 0.56 1.94 3.83 32.76 56.24
Percent reduction No compared with Nsg 3.6 —-8.9 9.8 14.4 7.3 10.3
Np compared with N1gg 11.54 —8.93 14.95 20.89 5.95 156.43
Nso compared with N1go 8.24 0.00 5.67 7.57 —1.40 5.76
F statistic S 1808.86"** TA7.71% 7105.54** 12241.28"* 1292+ 45.79
T 39.20%* 12,04 {.75ns 2,520 4343 43.8*
SxT 0.39™ 5.39** 148,57+ 212,20+ 172.45%* 16.36"*
G .34 3487 7 e 6,667 9.86"* 8.33+
SxG 519" 2,67 6.44"* 458" 4.5 472+
TxG 1.85%* 1.15% 3.91%* 3.07 2,09 2.47%x
SxTxG 1,47 1,408 2.26"* 1.85%+ 2,09 2,311

NPG. N percent in grain; NPS, N percent in dry stover; NUpS, N uptake in stover;
index; G, Genotype, S, Season; T, treatment.
F statistic values with asterisk indicate significance at the level of 0.01 (**) and 0.001 (**) and NS denotes no significance.

TNUp, total nitrogen uptake; NULE, nitrogen utilization efficiency; NHI, nitrogen harvest
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S.No Genotypes Top 25DSY Genotypes

1 IP8863
2 IP5560
3 IP14398
4 IP10579
5 IP156857
6 IP14418
7 IP13840
8 IP6310
9 IP10394
10 ICMV221
11 IP14624
12 IP17125
13 IP18246
14 IP13608
15 IP15070
16 IP18500
17 IP8074
18 IP14311
19 IP6098
20 1P9981

21 IP10811
22 IP12020
23 IP12116
24 IP11584

25 IP17493

806.09
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528.27
481.62
47512
443.79
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419.14
395.32
395.1

389.29
387.36
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353.03
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AIMP92901
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Least 25
DSY

58.47
59.72
60.13
74.33
83.17
85.84
86.42
87.84
88.54
92.31
92.39
93.25
93.73
96.39
96.83
97.12
99.22
102.62
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103.67
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QTL/Gene R-genes (NB-LRR) Gene identification Chromosome Chromosomal position (Mbp)

QTUCstA! NB-LRR Sb09g027470 SBI-09 49505
QTU/Cs2A! CC-NB-LRR Sb09g004240 SBI-09 56.5-56.6
QTU/Cst8! CC-NB-LRR Sb09g027520 SBI-09 49541
QTL/Cs28' CC-NB-LRR $b09g004210 SBI-09 56.5-56.6
Q' CC-NB $b09g004215 SBI-09 49-5.05
am NB-LRR $009g004220 SB1-09 4.9-5.05
ar CC-LRR Sb09g004230 SBI-09 49505
an: LRR Sobic.005G182400 SBI-05 60-72
Qe SBI-01 60-72
amz CC-NB-LRR Sobic.009G013300 SBI-09 -19
LRR Sobic.009G012900 SBI-09 -19
ane NB-LRR Sobic.007G085400 SBI-07 0-55
am® SBI-09 05-35
Q. SBI-04 0-11.4
QT SBI-06 0-63
QT SBI-06 39-40.9
am SBI-06 45.2-49
ams CC-NB-LRR Sobic.005G167500 SBI-05 63.68-65.66
CC-NB-LRR Sobic.005G167600 SBI-05 63.68-65.66
CCNB-LRR Sobic.005G183000 SBI-05 63.68-65.66
CCNB-LRR Sobic.005G183300 SBI-05 63.68-65.66
ans NB_ARC Sobic.009G013000 SBI-09 57.42-58.36
NB_ARC Sobic.009G013100 SBI-09 57.42-58.36
NB_ARG Sobic.009G013300 SBI-09 57.42-68.36
Cgt locus® SBI-05
an’ NB-ARC Sb10g021850 SBI-10 48-48.65
NB-ARC Sb10g021860 SBI-10 48-48.65
SbLRR2® LRR Sb05g018800 SBI-05 56.03-65.04
ame NBS-LRR $b059026470 SBI-05 53.80-62.15
NBS-LRR $b05g026480 SBI-05 53.80-62.15

NB, nucleotide binding.
"Biruma et al. (2012).
Cuevas et al. (2018).
Felderhoff et al. (2016).
“Mohan et al. (2010)
“Patil et al. (2017).
Perumal et al. (2009).
“Upadhyaya et al. (2013).
Zhu et al. (2015).
“Burrell et al. (2015).
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CWR occurring in Cabo
Verde

Avena barbata
Avena fatua

Avena sativa*
Cenchrus pedicellatus

Cenchrus polystachios
subsp. atrichus
Digitaria ciliaris

Digitaria eriantha
Digitaria horizontalis

Digitaria nodosa
Digitaria nuda

Digitaria sanguinalis
Echinochloa colona*

Echinochloa crus-galli*
Eleusine indica

Eragrostis cilianensis
Eragrostis ciliaris
Eragrostis pilosa

Hordeum vulgare™

Imperata cylindrica

Panicum laetum

Paspalum scrobiculatum*

Setaria pumila

Setaria verticillata
Sorghum arundinaceum

Sorghum bicolor*

Sorghum halepense

Provenance and number of accessions

West Africa

0
0
30 [Niger (17); Mali (9);
Nigeria (2); Burkina Faso
(1); Mauritania (1)]
2 [Burkina Faso (1); Mali (1)]

1 [Niger (1)]

0
6 [Burkina Faso (5); Nigeria
M
0
0
0
19 [Mali (19)]

0
10 [Nigeria (7); Ghana (3)]

9 [Mali (6); Burkina Faso (3)]

3 [Mali (2); Burkina Faso (1)]

9 [Burkina Faso (6); Mali (3)]

0
0

28 [Mali (24); Niger (2);
Mauritania (1); Burkina Faso
M
13 [Mali (9); Niger (4)]

0
1 [Burkina Faso (1)]
11 [Mali (11)]

6729 [Nigeria (3488); Mali
(3240); Cabo Verde (1;
Accession number — IS

27941; PGRFA
doi: 10.18730/NS7TT)]
0

Africa (except West
Africa)

240 [Morocco (199); Libya
Sl
0
0
62 [Cameroon (56); Central
African Republic (3);
Ethiopia (3)]
1 [Central African Republic
Ml
8 [Tanzania (3);
Mozambique (2); Kenya (1);
Madagascar (1); Republic
of South Africa (1)]
584
0

4 [Kenya (4)]
0
2 [Malawi (2)]
21[Kenya (8); Republic of

South Africa (4); Botswana

(8); Ethiopia (2); Malawi (2);
Sudan (2)]
0
76 [Uganda (48); Kenya

(22); Democratic Republic

of Congo (4); Burundi (2)]
13 [Kenya (8); Madagascar

(4); Ethiopia (1)]
9[Kenya (8); Madagascar
(1
23 [Kenya (18); Ethiopia (3);
Madagascar (2)]
18391 [Ethiopia (all)]

9 [Madagascar (3); Kenya
(2); Tanzania (2); Malawi (1);
Republic of South Africa (1))

0

79 [Kenya (29); Zimbabwe
(17); Tanzania (7); Uganda
(7); Madagascar (5);
Republic of South Africa (5);
Ethiopia (9)]

6 [Cameroon (4); Kenya (2)]
4 [Botswana (4)]

311 [Sudan (145); Kenya
(42); Republic of
South Africa (34); Uganda
(30); Angola (19); Ethiopia
(18); Egypt (13); Chad (10)]
37265 [Ethiopia (12112);
Sudan (11444); Kenya
(6526); Zimbabwe (4152);
Uganda (3031)]

17 [Sudan (9); Angola (4);
Republic of South Africa (4)]

Other Regions

988
1876

53617
61

32
520

350
82

19

234154
12

1022

81
28
108

79479

186

Countries holding
accessions

>10

>10
>10

10
>10

©

>10

> 10

Total accessions

1228
1876

53617
153

34
660

350
168

34

16

51

252545

21

28

1114

87

33
430

123473

203

CWR taxon: * = The wild form of the crop. Due to the floristic affinities with Cabo Verde and West African floras, the provenance of the accessions is provided. Accession

number and DOI are included to the only Cabo Verde accession.
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W Digitaria ciliaris, Eragrostis ciliaris, Imperata cylindrica;
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C\\__g Norte da Ilha do Maio Natural Park

Sao Vicente Eragrostis cilianensis; Eragrostis ciliaris, Setaria verticillata

Santa Salinas do Porto Inglés Protected Landscape
Luzia o Digitaria ciliaris,; Setaria pumila
Santiago
Sao Serra da Malagueta Natural Park
Nicolau Cenchrus polystachios subsp. atrichus; Digitaria ciliaris,

Digitaria sanguinalis; Fleusine indica; Paspalum
scrobiculatum; Setaria pumila

Boavista
Santo Antao

Cova-Paul-Ribeira da Torre Natural Park

Avena sativa,; Digitaria ciliaris, Digitaria nodosa,
Lragrostis cilianensis; Setaria pumila; Setaria verticillata;
Sorghum bicolor

Cruzinha Nature Reserve

Eragrostis cilianensis, Eragrostis ciliaris

Morocos Natural Park

Hordeum vulgare

Maio Sao Nicolau

Monte Gordo Natural Park
Digitaria nuda,; Setaria verticillata, Sorghum halepense

Santiago Sao Vicente

Monte Verde Natural Park
Cenchrus pedicellatus; Echinochloa colona, Eleusine indica;
Eragrostis cilianensis; Setaria verticillata
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Associated crop

CWR

No.

\Y

ViI
Vil

Criteria

Crop Importance Score (I1S)

World native distribution of
the crop

CWR genetic potential as
gene donor

Number of associated
crops
CWR status in Cabo Verde

Distribution in Cabo Verde
(number of islands)

Area of occupancy (AOO)
World native distribution

Ethnobotanical uses

Score 1 - Low

IS<0.2
Native out Africa

GP3 or TG3

Introduced, native from
regions out of Africa

>6 islands

>40 km?
Native out Africa

<2 uses

Score 2 - Medium

02 <I1S<04

Native to Africa, excluding
West Africa

GP2 or TG2

Introduced, native in Africa
but not in Cabo Verde

4-5 islands

21-40 km?

Native to Africa, excluding
West Africa

3-4 uses

Score 3 - High

IS > 0.4

Native to West Africa and
other regions

GP1 or TG1)

Native in Cabo Verde
1-3 islands

<20 km?

Native to West Africa and
other regions

>4 uses
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(A) Crops

(B) Associated crop wild relatives

Crop name

Barley
Barnyard millet

Finger millet

Fonio

Foxtail millet

Indian barnyard millet

Japanese barnyard millet

Kodo millet

Oat

Pearl millet

Proso millet
Sorghum

Sugarcane

Teff (millet)

CWR taxon: *The wild form of the crop. Status: I, introduced; N, native. CWR uses: H, human consumption; F, forage; Fo, fodder; E, environmental;, M, materials; Me, medicinal; O, other; ey
for Cabo Verde. (a) according to Ingram and Doyle (2007).

Scientific name

Hordeum vulgare L.

Echinochloa colona (L.)
Link, Echinochloa crus-galli
(L.) P.Beauv.

Eleusine coracana subsp.
coracana (L.) Gaertn.
Digitaria exilis (Kippist) Stapf
(white fonio) & Digitaria
iburua Stapf (black fonio)

Setaria italica (L.) P.Beauv.

Echinochloa frumentacea
Link.

Echinochloa esculenta
(A.Braun) H.Scholz

Paspalum scrobiculatum L.

Avena sativa L.

Cenchrus americanus (L.)
Morrone

Panicum miliaceum L.

Sorghum bicolor (L.)
Moench

Saccharum officinarum L.

Eragrostis tef (Zuccagni)
Trotter

Importance Score

0.504
0.304

0.189

0.304

0.383

0.203

0.203

0.210

0.537

0.449

0.272
0.469

0.502

0.254

Native distribution

Africa (N); Europe; Asia
Africa; Middle East; South
Asia. Europe (E)

Africa; Asia (Temperate)

Africa (W)

Africa (N); Europe; Asia
Asia (S)

Asia (E)

Africa; Pacific; Asia;

Australia
Middle East

Africa (W, C, S)

Asia (Temperate)
Africa

Oceania (New Guinea)

Africa (B); Middle East

CWR occurring in Cabo
Verde

Hordeum vulgare*

Echinochloa colona*
Echinochloa crus-galli*

FEleusine indica

Digitaria ciliaris
Digitaria eriantha
Digitaria horizontalis
Digitaria nodosa
Digitaria nuda
Digitaria sanguinalis
Setaria verticillata
Setaria pumila
Echinochloa colona
Echinochloa crus-galli
Echinochloa crus-galli

Paspalum scrobiculatum™

Avena sativa*

Avena fatua

Avena barbata
Cenchrus pedicellatus

Cenchrus polystachios
subsp. atrichus

Panicum laetum
Sorghum bicolor*
Sorghum arundinaceum
Sorghum halepense
Imperata cylindrica
Sorghum bicolor
Eragrostis pilosa
Eragrostis cilianensis
Eragrostis ciliaris

Gene

pool

G

G
G

(O ONOEOIOONONORONONNO) [©)

[©)

[OORORORO)

(OO OO0

G

P1
P4

P

P

P3
P3
P3
P3
P3
P3
P2
P3
P
P3

P

P

P
P
P3
P3
P3

P3
P
P
P2
P3
P3

P

TG28
TG28

Status in
Cabo Verde

N
|

= Z

= = Z 2B Z 2 2 Z

z

Z

Z 2

— (2 B B = &

Zz 2 Z

Uses

£

F, Fo, E, M, Me
H, FSV, Fo, E
H, F, E, Me

H, FSV, Fo, M, Me

H £CV E
F, Fo, E, M, Me
H, F

_|Y =
F Fo,E

H, F%V, Fo, E, M, Me
H, FOV, E, M, Me
H, F¢, Fo, E
H, F, E, Me
H, F, E, Me

H, F, Fo, E,M, Me

£

F, Fo, Me
F, Fo, Me

F, Fo, M, Me
H, F E, M, Me

F, Me

F, Fo, E, M, Me
FCV, M, Me, O
F, Me

F, E, M, Me, O
F, Fo, E, M, Me
F, Me

FCV, Fo, E, M

AL LB B R W Gl CE D

FOV, M, Me

with information reported
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CWR taxon Native Number of Area of Gene pool Criteria and respective scores? Priority Priority

status islands occupancy (higher Score category
(km?) heve) Associated crop CWR
1 [} 1 v Vv Vi vil Vil IX
Avena barbata | 1 1 GP3 3 1 1 1 1 3 3 2 1 16 Low
Avena fatua N 1 =05 GP1 3 1 3 1 3 3 3 2 2 21 edium
Avena sativa | 2 3 GP1 3 1 3 1 1 3 3 1 2 18 Low
Cenchrus pedicellatus N 6 23 GP3 3 3 1 1 3 1 2 3 2 19 edium
Cenchrus polystachios subsp. atrichus N 2 3 GP3 3 3 1 1 3 3 3 3 3 23 High
Digitaria ciliaris N 5 50 GP3 2 3 1 1 3 2 1 3 2 18 Low
Digitaria eriantha | 2 1 GP3 2 3 1 1 2 3 3 2 3 20 edium
Digitaria horizontalis N 6 21 GP3 2 3 1 1 8 1 2 1 1 15 Low
Digitaria nodosa N 3 11 GP3 2 3 1 1 3 3 3 3 1 20 edium
Digitaria nuda N 5 56 GP3 2 3 1 1 3 2 1 3 1 17 Low
Digitaria sanguinalis N 3 2 GP3 2 3 1 1 3 3 3 2 2 20 edium
Echinochloa colona N 5 35 GP1 2 1 3 2 3 2 2 3 2 20 edium
Echinochloa crus-galli | 1 =0ib GP1 2 1 3 3 1 3 3 1 2 19 edium
FEleusine indica N 7 54 GP1 1 3 3 1 3 1 1 3 3 19 edium
Eragrostis cilianensis N 9 45 TG2 2 2 2 1 3 1 1 3 3 18 Low
Eragrostis ciliaris N 9 38 TG2 2 2 2 1 3 1 2 8 2 18 Low
Eragrostis pilosa N 3 <0.5 GP1 2 2 3 1 3 3 3 3 2 22 High
Hordeum vulgare | 1 2 GP1 3 2 3 1 1 3 3 2 3 21 Medium
Imperata cylindrica N 1 3 GP3 3 1 1 1 3 3 3 3 3 21 Medium
Panicum laetum N 2 1 GP3 2 1 1 1 3 3 3 3 2 19 Medium
Paspalum scrobiculatum N 3 14 GP1 2 3 3 1 3 3 3 3 3 24 High
Setaria pumila N 7 40 GP3 2 2 1 1 3 1 2 3 3 18 Low
Setaria verticillata N 10 75 GP2 2 2 2 1 8 1 1 2 3 17 Low
Sorghum arundinaceum N 1 1 GP1 3 3 3 1 3 3 3 3 3 25 High
Sorghum bicolor | 4 7 GP1 3 3 3 2 2 2 3 3 3 24 High
Sorghum halepense N 20 GP2 3 3 2 1 3 2 3 2 2 21 Medium

Criteria: (I) crop importance; (Il) world native distribution of the crop; (Ill) CWR genetic potential as gene donor; (IV) number of associated crops; (V) CWR status in Cabo Verde; (V) distribution in Cabo Verde (number
of islands); (V) area of occupancy; (VIll) world native distribution; (IX) ethnobotanical uses.
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Sorghum arundinaceum
Sorghum bicolor
Paspalum scrobiculatum
Cenchrus polystachios ssp. atrichus |

Eragrostis pilosa |
Imperata cylindrica

Sorghum halepense —

Avena fatua
Hordeum vulgare

Digitaria sanguinalis
Digitaria nodosa

Digitaria eriantha
Syl S —S— —— —
Cenchrus pedicellatus

Panicum laetum

Crop wild relatives

Eleusine indica

Echinochloa crus-galli
grons cllonrets e ————
Eragrostis cilianensis

Avena sativa

Setaria pumila
Digitaria ciliaris

Setaria verticillata —

Digitaria nuda

Avena barbata
Digitaria horizontalis

Priority score
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Mean Priority Score of the crop wild relatives
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Importance Score of the crops

0.600
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S. No Genotypes

0 N o o~ WN =

©

IP18621
IP10820
IP17720
IPC804
ICMB01222-P1
IP10379
IP3108
IP115677
IP16096
IP5560
ICMB89111-P2
IP8069

IP3865
ICMV-1892222
ICMB90111-P2
IP6099
IP13016
IP17028
Tift238D1-P158
IP16403
ICMV-1S89305
IP6109

IPG060
1P22424

ICMV221 = ICMV88904

NIS

138.42
131.19
130.81
12712
119.13
116.92
115.54
1156.62
114.84
113.03
110.84
109.29
109.156
108.9

108.34
107.22
104.61
103.4

103.31
102.3

101.87
101.32
100.37
100.3

100.22

Genotypes

IP13363
IP3110
1P9282
IP4378

IP18500

IP15344

IP14398

IP14311
IP7941
IP5031

IP10456

IP13608

AIMP92901-S1-15-1-2-B-P03

IP6310
IP4979
IP6869
ICMB90111-P5
IP19584
IP7930
IP11593
RIB334/74-P1
IP15070
1P5438
IP8000
Tift186

NS

9.64
11.54
13.56
16.27
156.43
16.75
18.45
18.72
19.78
20.88
21.15
21.84
22.09
22.31
24.2
24.92
26.13
26.53
27.56
29.33
29.81
29.94
30.23
31.19
31.22
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Traits
SPAD

SPAD

0.03

0.06

0.13*
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05125
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-0.01

“0.14**
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0.01
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NPS
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(B)N50

Traits

SPAD
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DSY

008 004 0.13*
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Traits

Range

Mean

Percent reduction

F statistic

No

Nso

N10o

No

Nso

N10o

No compared with N5g
No compared with N1
Nso compared with N1gg
S

T

ST

G

SxG

TxG

SxTxG

SPAD chlorophyll content

37.85
40.59
41.77

28.18-49.11
32.16-50.1
29.04-49.07

6.8

9.4

2.8
12.45™

227

0.67"

5.94"*

4.65™*

249

251

LN

17.89
22.18
25.40
8.47-34.81
13.25-42.77
10.30-41.73
19.3
29.6
12.7
345.29"*
40.48
16.21
7447
519"
3.5
287+

LA

722.59
1212.4
1486.04
202.64-2220

652.35-2967.8
363.65-2742.06
40.4
51.4
18.4

T742.27"

227.09™*

67.86™*
8.48™*
Ll ™
3.6
4.3

GY (g/2m?)

67.04
92.61
88.89
9.64-159.71
20.72-236.43
20.48-242.12
27.6
24.6
-4.2
580.24**
213.16™*
67.77
9.48™*
6.87*
2.86™*
2.32*

SPAD, Chlorophyll content; LN, leaf number; LA, Leaf area; GY, grain yield; DSY, dry stover yield; G, Genotype; S, Season; T, treatment.

F statistic values with asterisk indicate significant at levels of 0.001 (**) and NS denote for non-significant.

DSY g/2m?)

202.06
246.16
264.41
58.47-806.09
62.42-0.740.78
73.92-678.87
17.9
23.6
6.9
609.32"*
55.08"*
93.49
14.977*
7.54**
4.01
2,73
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Genotype Greenhouse Field

GRsp (SE) RI (R/S) IDs (SE) RI (R/S)
S-1 221 (3.4) 1 68.4 (14.3) 1.0
Pioneer 84G62 36.7 (5.6) 2 62.4 (61.0) 1.0
G-350 154.4 (68.8)*" 7 96.6 (17.8)* 1.5
G-200 2156.2 (160)* 10 129.6 (71.8)™ 2.0

GRso, dose required for 50% growth reduction; IDsg, dose required for 50%
visual injury; SE, standard error; RI, resistance index; R/S, resistant/susceptible.
Significantly different from S-1 at “p < 0.05, *p < 0.01.
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crops name applied harvested for figures
and tables
Wheat White Fife  Sensitive ~ Control (C)  Root (R) UK-C-R
(indicated Seed (S) UK-C-S
as UK)
Leaf (L) UK-C-L
Stress (St)  Root (R) UK-St-R
Seed (S) UK-St-S
Leaf (L) UK-St-L
TRI5630  Tolerant  Control (C)  Root (R) IR-C-R
(indicated Seed (S) IR-C-S
as IR)
Leaf (L) IR-C-L
Stress (St)  Root (R) IR-St-R
Seed (S) IR-St-S
Leaf (L) IR-St-L
Pearl 843-22B Sensitive Control (C)  Root (R) PM-S-C-R
Millet (PM) S Seed (S) PM-S-C-S
Leaf (L) PM-S-C-L
Stress (St)  Root (R) PM-S-St-R
Seed (S) PM-S-St-S
Leaf (L) PM-S-St-L
ICTP8203  Tolerant Control (C)  Root (R) PM-T-C-R
M Seed (S) PM-T-C-S
Leaf (L) PM-T-C-L
Stress (St)  Root (R) PM-T-St-R
Seed (S) PM-T-St-S
Leaf (L) PM-T-St-L
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Sorghum Pigeonpea

Accession W Accession
number number

15 22606 0113 ICP9150

1585474 0114 ICP15122
1835217 0.116 ICP 13415
15 13068 0117 1P 13828
1S 14010 0117 IcP9124

15 18234 0119 ICP 14059
1S 3399 0.120 ICP 7035

1S 33844 0120 IcP 9877

15 12965 0120 ICP 13628
1512019 0128 ICP 14206
1534283 0128 ICP 11485
18 31637 0.129 ICP 11491
1S 13065 0131 ICP 13889
15 40238 0132  ICP 13545
15 22407 0132 IcP9122

1532263 0134 ICP 13999
15 25476 0135 ICP 14388
1S 40031 0136 ICP 12041
1S 40161 0138 ICP 11480
151128 0147 ICP13575
1S 2348 0.156 ICP 6399

1S 20605 0159 ICP 14283
1S 13211 0167 ICP12190
15 20508 0179 ICP 11475
158330 0185 ICP 12840
182134 0189 ICP 15148
Is 22428 0192 ICP 12189
1S 11005 0198 ICP 13546
152153 0.234 ICP 16344
1827325 0288 ICP7057

1S 21858 0390  ICP2309

1513215 0494 ICP 14169
1S 10897 0495 ICP7621

IS 14485 0.583 ICP 10889
1532262 1138 ICP 10880
15 18833 2363 ICP13316

Overall mean 0,275
Overal range 0.113-2.363

W

0.121
0.148
0.156
0.161
0.167
0.168
0212
0.239
0.261
0.282
0312
0313
0318
0.321
0.342
0.397
0.398
0.404
0.419
0.449
0.449
0.473
0532
0.641
0.544
0.561
0576
0.587
0623
0.626
0.667
0.679
0.798
1.404
1.642
1.739

0.498
0.121-1.739

Pearl
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number

1P 9824
1P 10471
IP 18157
1P 13363
1P 11577
1P 5253
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IP 10085
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1P 11677
1P 6037
1P 6244
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1P 19434
1P 11984
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IP 6434
1P 7468
1P 17632
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1P 3389
1P 3269
1P 4952
IP 3616
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1P 21752
1P 14418
1P 22039
1P 20349
1P 6109
1P 21640

W

1.128
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1.335
1.357
1.408
1.430
1.458
1618
1531
1.664
1.685
1.706
1.706
1.709
1.710
1.758
1.797
1.802
1.809
1.925
1.952
1.972
1.975
1.978
2019
2.026
2.059
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2133
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Sorghum Pigeonpea Pearl millet

Accession Within accession Distance from Accession  Within accession Distance from Accession  Within accession Distance from
number distances other number distances other number distances other
accessions accessions accessions
1S 12919 0.038 0387 ICP 7035 0071 0.351 1P 21640 0.145 0.302
IS 13065 0.046 0318 ICP 11485 0.092 0.335 1P 22039 0.159 0.289
1S 2134 0.048 0.349 ICP 9124 0.094 0314 1P 21752 0.162 0.317
1S 22407 0.060 0.335 ICP 9150 0.107 0.388 1P 6434 0.194 0.249
IS 22606 0.085 0.402 ICP 14059 0.120 0316 1P 9446 0.205 0.259
1S 2348 0.060 0.364 ICP 13828 0.125 0292 IP 11577 0.206 0.256
IS 14485 0.065 0.368 ICP 13628 0.132 0.252 1P 3616 0.207 0.247
1S 33844 0.069 0.342 ICP 11480 0.134 0.293 1P 13459 0.207 0.249
1S 32263 0,070 0325 IcP 9877 0.143 0.285 1P 3389 0.207 0.245
1S 29606 0.073 0318 ICP 7057 0.158 0.298 1P 5900 0.210 0.249
1S 13068 0.076 0323 ICP 14296 0.179 0263 1P 9824 0212 0.269
1S 22428 0.076 0.346 ICP 13415 0.180 0.294 1P 10085 0.218 0.255
1S 35474 0.077 0.308 ICP 11491 0.181 0275 1P 5441 0.218 0.257
1S 11005 0077 0.365 IcP 9122 0.181 0.284 1P 11984 0.221 0.268
IS 18833 0.087 0.390 ICP 13575 0.189 0.269 1P 18147 0.223 0.269
IS 12965 0.088 0415 ICP 13889 0.204 0.285 IP 17632 0.225 0.266
1S 34283 0.092 0.353 ICP 13316 0.205 0.305 IP 5253 0.228 0.293
1S 10897 0.002 0.350 ICP 6399 0.206 0.271 IP 6109 0.229 0.259
IS 14010 0.004 0.363 ICP 12190 0.212 0277 1P 6244 0.234 0.268
1S 40238 0.096 0.347 ICP 11475 0.219 0.320 1P 4952 0.236 0.262
IS 18234 0.096 0.345 ICP 2309 0.227 0.314 1P 181567 0.236 0.260
IS 25476 0.007 0.354 ICP 14388 0.227 0311 1P 19434 0.237 0.263
1S 3399 0.099 0.345 ICP 13546 0.228 0.284 P 11677 0.238 0.274
1S 40031 0.009 0.357 ICP 12189 0.229 0277 1P 20349 0.243 0.268
1535217 0.100 0.359 ICP 12041 0.235 0.291 1P 3269 0.243 0.279
1S 29508 0.102 0.346 ICP 16344 0.237 0.298 IP 12156 0.247 0.282
152153 0.108 0.400 ICP 13999 0.242 0.293 1P 14071 0.249 0.264
181128 0.109 0378 ICP 14169 0247 0293 1P 7468 0.249 0.294
IS 40161 0.111 0.340 ICP 14233 0.263 0.294 1P 14418 0.250 0.278
1S 8330 0.112 0.414 ICP 15148 0.274 0.308 1P 6037 0.256 0.264
1S 21858 0.118 0.356 ICP 7621 0.274 0.292 1P 20407 0.257 0.301
IS 32252 0.118 0.370 ICP 10880 0.276 0.299 1P 13363 0.258 0.307
IS 13211 0.134 0.367 ICP 10889 0.299 0317 1P 10705 0.265 0.276
1S 27325 0.136 0.338 ICP 12840 0317 0.338 P 8761 0.268 0.286
1S 31637 0.136 0351 ICP 13545 0.410 0.384 1P 13112 0270 0.281
IS 132156 0.141 0.395 1P 12138 0.271 0.275
Overall mean 0.090 0.387 0.203 0.302 0.227 0.271

Overall range 0.038-0.141 0.308-0.415 0.071-0.410 0.252-0.388 0.145-0.271 0.245-0.310
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Variance components
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Within samples

Total

Pigeonpea

Between populations
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Within samples

Total
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Between samples within populations
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Total

506
542
1083

503
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1077

981
1017
2033

Sum Sq
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3,364,396

368,370
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2,294,552
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Mean Sq

71683.5
1315.7
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65558.6
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2088.1
53326

Variance %

T3
1563
1.0
100
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100
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sigma

2336.9
482.8
350.0
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331.2
165.8
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1061

1313.1
2988.1
5362.3

Phi

0.8895
0.5797
0.7373

0.6449
0.3773
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0.4427
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0.1978

P-value

0.01
0.01
0.01

0.01
0.01
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0.01
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Sorghum Pigeonpea Pearl millet

Accession  Within  Distance Heterozygosity No.of ~ Accession  Within  Distance Heterozygosity No.of ~ Accession ~ Within  Distance Heterozygosity No. of

number accession  from other seeds Number  accession from other seeds number  accession from other seeds
distance  accessions distance  accessions distance  accessions
IS 10897 0316 0.389 0111 89 ICP 10880 0.348 0.334 0.168 89 1P 10085 0.255 0.292 0.092 173
1S 11006 0.119 0.405 0.051 101 ICP 10889 0.393 0.422 0.187 7 1P 10471 0.254 0.285 0.088 173
IS1128 0.130 0.393 0.037 89 ICP 11475 0.201 0.283 0.058 89 IP 10706 0.265 0.286 0.104 161
IS 12019 0.038 0.381 0.082 89 ICP 11480 0.196 0276 0.051 89 1P 11577 0.256 0.288 0.092 167
IS 12965 0.035 0.384 0.032 89 ICP 11485 0.066 0.283 0.017 89 1P 11677 0.267 0.288 0.106 161
IS 13065 0.004 0.365 0.033 89 ICP 11491 0.197 0.286 0.052 89 1P 11984 0.241 0.277 0.092 167
1S 13068 0.037 0.367 0.031 89 ICP 12041 0.169 0.242 0.043 89 1P 12138 0.270 0.285 0.103 167
IS 13211 0.145 0.400 0.047 89 ICP 12189 0.230 0.264 0.071 89 P 12156 0.263 0.280 0.098 161
IS 13215 0.244 0.387 0.084 7 ICP 12190 0.186 0.244 0.053 89 P 13112 0.225 0.280 0.085 179
IS 14010 0216 0.367 0.076 83 ICP 12840 0.232 0.254 0.072 89 1P 13363 0.202 0.283 0.084 161
1S 14485 0.329 0.396 0.120 89 IcP 13316 0228 0272 0.123 89 IP 13459 0225 0285 0.085 161
IS 18234 0.034 0.379 0.024 89 ICP 13415 0.096 0.244 0.016 89 1P 14418 0.243 0.276 0.100 185
IS 18833 0.342 0.435 0.159 89 ICP 13545 0.145 0.246 0.034 89 P 17632 0.218 0.276 0.085 167
152134 0.240 0373 0.090 89 ICP 13546 0.181 0.244 0054 89 1P 18147 0231 0.286 0.083 155
152163 0.113 0.379 0.048 89 ICP 13575 0.185 0.245 0.053 89 P 18157 0.261 0.291 0.088 161
1S 21858 0.104 0.376 0.044 89 ICP 13628 0.153 0.256 0.033 89 1P 19434 0.237 0277 0.088 167
IS 22407 0.165 0.378 0.070 89 ICP 13828 0.040 0.245 0.009 89 IP 20349 0.246 0.284 0.101 197
IS 22428 0.127 0.387 0.026 89 ICP 13889 0.105 0.247 0.025 89 1P 20407 0.246 0.281 0.095 161
1S 22606 0.131 0.380 0.064 77 ICP 13999 0210 0.253 0058 89 1P 21640 0279 0310 0.184 161
IS 2348 0.085 0.390 0.043 89 ICP 14059 0.085 0.250 0.014 83 1P 21752 0.273 0311 0.118 167
IS 25476 0.114 0.395 0.034 89 ICP 14169 0.163 0.246 0.051 89 1P 22039 0.300 0.324 0.137 161
1S 27325 0310 0.381 0.102 a7 ICP 14233 0.194 0.246 0059 89 1P 3269 0230 0282 0.090 161
1S 29508 0.128 0.360 0.042 89 ICP 14296 0.166 0.246 0.040 89 1P 3389 0.249 0.282 0.098 179
1S 29605 0.009 0.361 0.036 89 ICP 14388 0.132 0.255 0.039 89 1P 3616 0.259 0.280 0.106 185
1S 31637 0.036 0.400 0.019 89 ICP 16122 0.050 0.237 0.009 89 IP 4952 0.264 0.281 0.108 173
1S 32252 0.245 0.396 0.096 89 ICP 15148 0.199 0.243 0.062 89 IP 5253 0238 0.286 0.081 155
1S 32263 0.035 0.395 0.029 89 ICP 16344 0.204 0.268 0.063 89 IP 5441 0.248 0.280 0.101 167
1S 33844 0.031 0.381 0.024 89 ICP 2309 0.202 0.274 0.084 89 IP 5900 0.254 0.288 0.105 185
1S 3399 0.038 0.362 0.030 89 ICP 6399 0220 0271 0067 89 IP 6037 0242 0.281 0.002 173
IS 34283 0.048 0.377 0.034 89 ICP 7035 0.043 0.285 0.011 89 1P 6109 0.246 0.280 0.103 203
1S 35217 0.130 0373 0.040 89 ICP 7057 0.143 0.265 0.043 89 1P 6244 0.262 0.286 0.102 167
1S 36474 0.109 0.364 0.040 89 ICP 7621 0.243 0.265 0.090 89 1P 6434 0.246 0.282 0.096 167
1S 40031 0.040 0.389 0.038 89 ICP 9122 0.187 0.280 0.054 89 1P 7468 0.217 0.276 0.088 167
1S 40161 0.105 0.384 0.033 89 ICP 9124 0.053 0243 0.010 89 1P 8761 0.237 0279 0.088 155
IS 40238 0.204 0.372 0.065 89 ICP 9150 0.040 0.241 0.007 89 1P 9446 0.226 0.278 0.084 179
1S 8330 0.129 0.382 0.056 89 IcP o877 0.148 0.251 0.031 89 1P 9824 0.181 0.288 0.051 155
Overall mean 0.136 0.383 0.064 87 0.168 0.264 0.053 88 0.245 0.285 0.005 168

Overallrange 0.031-0.342 0.360-0.435 0.019-0.159  47-101 0.04-0.393 0.237-0.422 0.007-0.187 77-89 0.181-0.3 0.276-0.324 0.051-0.137  155-203
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K=2 Inferred clusters Fst Gene diversity No. of accessions Regional distribution of accessions

Popt 0644 0548 0087 162 Africa (142), Asia (8), Europe (3), North America (2), Unidentified (7)
Pop2 0356 0622 0093 139 Africa (13), Asia (123), Europe (2), Unidentified (1)
Admixture 5 Asia (2), Europe (1), North America (1), Unidentified (1)
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Cluster | Cluster Il Average distance

(144 genotypes) (162 genotypes)

Region Africa 13 142 0276
Asia 125 8 0286
Europe 3 3 0.247
North America 1 2 0217
Unidentified 2 7 0271

Race Compacta 9 18 0280
Elongata 11 18 0.326
Plana 5 43 0275
Vulgaris 115 £ 0299
Unclassified 4 1 0291

Biological status Landraces o7 160 0299
Breeding lines a7 2 0267

Average distance Within cluster 0263 0282
Between cluster 0332
Overall range 0.040-0.450

Overall mean 0.301
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Accessions Region Country Average Genetic distance from other accessions

IE5903 Asia Nepal 0.369
IE 2869 Africa Zambia 0.368
IE 6095 Asia Nepal 0.366
IE 2645 Africa Malawi 0.360
IE 6221 Asia Nepal 0.355
IE 6074 Asia Nepal 0.355
IE6165 Asia Nepal 0353
IE 5957 Asia Nepal 0353
E 6059 Asia Nepal 0.351
IE 2780 Africa Malawi 0.351
Diverse pair of accessions Genetic distance
E 6095 Asia (Nepal) and IE 2606 Africa (Malawi) 0.450
IE 6095 Asia (Nepal) and IE 3399 Africa (Zimbabwe) 0.449
IE 6095 Asia (Nepal) and IE 8599 Africa (Kenya) 0.449
IE 5903 Asia (Nepal) and IE 8599 Africa (Kenya) 0.447
IE 5903 Asia (Nepal) and IE 3399 Africa (Zimbabwe) 0.446
IE 5903 Asia (Nepal) and IE 2606 Africa (Malawi) 0.444
IE 6165 Asia (Nepal) and IE 2606 Africa (Malawi) 0.442
IE 6095 Asia (Nepal) and IE 2869 Africa (Zambia) 0.442
IE 6221 Asia (Nepal) and IE 2606 Africa (Malawi) 0.441
IE 6221 Asia (Nepal) and IE 8599 Africa (Kenya) 0.441
IE 6165 Asia (Nepal) and IE 8599 Africa (Kenya) 0.441
IE 5903 Asia (Nepal) and IE 2645 Africa (Malawi) 0.440
IE 6095 Asia (Nepal) and IE 5201 Africa (Zimbabwe) 0.440
IE 6221 Asia (Nepal) and IE 3399 Africa (Zimbabwe) 0.439

|E 3130 Asia (India) and IE 2780 Africa (Malawi) 0.439
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Population MRD and Fst

Region Africa
Africa 0276
Asia 0.198*
Races Vulgaris
Vulgaris 0299
Compacta 0.024"
Plana 0.068"
Elongata 0.038"
Biological status  Landraces
Landraces 0299
Breeding status 0.136"

“Significant at p = 0.05 level.

Asia
0.327
0.286
Compacta Plana
0294 0.302
0.280 0.281
0,022 0275
0.027* 0.044*
Breeding lines
0313
0.267

Elongata
0.320
0.308
0310
0.326
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Population (number of accessions) Shannon Index (1) Gene diversity (He)

Overall mean 0.194 +£0.01 0.114 £ 0.01
Region

Africa (160) 0.243 +0.02 0.129.+ 0,01
Asia (136) 0.242 0,03 0.182 + 0,02
Races

Compacta (28) 0.246 +0.06 0.142 +0.04
Elongata (31) 0241005 0.144 £ 0.03
Plana (48) 0.233 +0.04 0.129.+ 0,03
Vulgaris (202) 0.268 + 0.02 0.144 + 0.01
Biological status

Landraces (264) 02784002 0.144 £ 0,01

Breeding lines (50) 0.204 +£0.04 0.117 £0.03
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Groups

STRUCTURE
defined population

Region

Biological status

Partitioning

Between populations

Between individuals within a population
Within individuals

Between region

Between individuals within a region
Within individuals

Between races

Between individuals within a race
Within individuals

Between biological status

Between individuals within a biological status
‘Within individuals

304
306

301
306

301
308

304
306

Mean Sq.

211019.00
3034.08
1028.98

41762.67
3210.61
1029.00

12890.28
3504.29
1029.00

60752.64
3528.59
1029.00

Sigma

683.22

1002.55
1028.98
455.52

1090.80
1029.01
111.70
1282.64
1029.01

347.62

1249.79
1029.01

Percentage of variation

2617
36.93
37.90
17.69
42.36
39.96
4.80
52.92
42.46
13.24
47.59
39.18

P-value

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
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IS No. Origin Race Days to 50% flowering Cumulative growing degree days (CGDD) Plant height (cm) Grain yield (g) 100-seed weight (g)

Rainy Post-rainy Rainy Post-rainy Rainy Post-rainy

473 United States GK 64 66 1074 799 269 211 14 1.48
2864 South Africa ¢} 61 58 1025 728 189 137 20 2.14
4060 India DB 57 61 971 753 274 194 16 2.09
4581 India D 12 75 1201 893 286 226 33 2.63
4631 India D 74 72 1233 857 309 244 31 2.89
5094 India D 74 76 1223 905 335 212 30 2.45
7131 Uganda DC 84 81 1386 969 299 231 27 2.24
11619 Ethiopia DB 83 87 1369 1041 301 331 20 1.87
12697 Australia B 76 72 1268 869 335 260 10 1.43
12937 Ethiopia K 69 69 1151 830 331 245 24 2.04
14290 Botswana KD 67 69 1120 833 297 238 25 2.41
17941 India C 60 57 1009 avs 185 129 16 2.39
20743 United States B 67 63 1122 770 326 231 17 1.92
21645 Malawi GK 68 65 1141 791 302 219 1 1.70
24348 India ¢} 52 56 1006 711 201 153 17 2.19
29239 Swaziland K 68 71 1140 856 214 193 26 2,99
29568 Lesotho KC 63 67 1069 806 292 237 28 2565
29714 Zimbabwe KD 82 78 13560 941 263 221 26 1.77
Mean 69 69 1159 837 278 221 22 2.20
Range 57-84 56-87 971-1386 711-1041 185-335 129-331 10-33 1.43-2.99
Controls

2205 India DB 76 80 1267 960 334 251 26 210
18758 Ethiopia GC 78 69 1288 833 283 166 29 2.40
33844 India D 75 77 1239 924 325 262 41 3.60
SE(d) 2.45 1.48 39.88 1418 16.00 11.16 4.83 019
LSD{P= 0.05) 4.80 2.89 7817 27.79 31.36 21.87 9.46 0.37

CV (%) 4.18 1.95 4.11 1.63 7.51 4.63 21.45 8.10
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Genotype Downy Days to Plant Panicle Panicle Grain yield Grain Fe Grain Zn

mildew 50% height length circumfer- (t/ha) content content
damage% flowering (cm) (cm) ence (mg/kg) (mg/kg)
(cm)

AFRIBEH-NAARA 12.09 47.43 190.00 24.03 9.30 0.79 45.04 38.60
AKAD-KOM 15.92 48.03 177.40 17.56 10.45 0.83 52.66 42.39
CHAKTI 1.97 45.57 168.50 23.78 9.59 142 62.24 47.29
Faringuero 9.57 58.87 208.20 35.58 8.99 0.73 34.55 32.31
Gamoiji 11.13 62.57 231.40 41.10 9.91 1.19 37.29 32.82
GB 8735 17.22 49.43 170.30 23.39 10.22 0.83 53.60 44.02
IBMV 8402 8.29 61.97 210.30 39.02 7.83 0.99 38.21 33.86
ICMP 177001 23.53 48.63 171.30 23.71 10.53 0.85 57.67 43.77
ICMP 177002 2625 48.37 173.20 25.24. 10.08 1.19 62.62 46.62
ICMV 167005 3.27 65.63 240.60 44.28 8.08 1.31 38.12 35.70
ICMV 167006 6.88 59.43 231.50 32.10 6.95 1.13 42.41 35.51
ICMV 177001 414 65.73 256.70 29.61 719 0.61 37.51 32.41
ICMV 177002 3.74 50.07 195.30 26.84 9.34 0.83 43.72 36.89
ICMV 1770083 9.92 48.40 168.40 23.83 10.29 0.83 52.17 40.79
ICMV 177004 9.82 56.23 179.00 32.97 9.12 0.80 40.70 36.01
ICMV 221 11.56 44 .57 163.70 22.93 10.12 0.79 51.36 42.63
ICMV 167001 23.01 49.07 176.60 29.46 10.96 1.33 50.52 40.23
ICMV IS 85327 10.94 59.87 234.10 51.06 7.93 0.97 37.05 33.00
ICMV IS 94222 11.88 60.57 241.70 60.01 7.80 1.28 35.60 32.86
ICMV IS 99001 5.63 58.93 218.00 51.12 7.87 1.32 33.34 30.24
ICTP 8203 9.95 45.47 168.80 24.79 10.29 0.75 55.07 43.19
Jirani 12.66 45.73 172.20 22.64 8.35 0.84 47.18 39.93
KAANATI 20.12 54.43 190.30 28.61 8.60 0.69 43.04 35.81
LCIC 9702 12.02 49.10 184.40 30.09 8.66 0.87 43.59 35.57
Moro 8.93 53.00 209.80 28.38 717 1.06 45.33 37.43
Sadore Local 17.69 66.60 235.50 46.46 7.29 0.73 33.71 29.84
SARIA-1 4.24 69.90 260.80 30.58 7.81 0.61 43.61 37.30
SOSAT-C88 1.19 58.27 221.60 28.19 11.11 1.38 36.64 33.16
Souna 3 2.26 60.30 221.40 47.95 7.59 0.98 38.39 34.91
WAAPP-NAARA 2.34 56.00 192.90 26.03 10.09 0.88 37.50 33.56

Mean 11.00* 55.00** 202.00* 32.00** 9.00** 0.96** 44,00 37.00**
Vr 13.31 169.49 118.07 215.90 45.99 88.67 237.47 55.65
SE + 1.90 0.60 2.80 0.70 0.20 0.03 0.50 0.60
LSD 5.10 1.60 7.80 2.00 0.50 0.07 1.50 1.80
CV (%) 95.60 5.60 7.60 12.10 11.40 14.60 6.70 9.40

**F probabilities significant at P = 0.01; VI, variance ratio; SE, standard error; LSD, least significant difference; CV, coefficient of variation.
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Trait Rainy 2010 Rainy 2011 Combined

Mean Range Mean Range Mean Range
Days to 50% flowering (days) 86.6 45-152 771 42-142 83 44-148
Cumulative growing degree days (°d) 1415 758-2403 1297 7312275 1369 756-2356
Plant height (cm) 281 126-406 326 117-501 301 116-446
Trait Post-rainy 2010-11 Post-rainy 2011-12 Combined

Mean Range Mean Range Mean Range
Days to 50% flowering (days) 70 47109 75 51132 73 51-120
Cumulative growing degree days (°d) 793 577-1270 966 693-1698 880 658-1485
Plant height (cm) 214 105-347 256 99-390 235 106-369
Grain yield per plant (g) 21 2-41 26 3-74 24 2-54
100-seed weight (g) 2.50 0.50-5.00 2.40 0.50-5.70 2.43 0.48-5.33
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Sources of variation df Downy Days to Plant Panicle Panicle Grain Grain Grain
mildew 50% height length circumference yield Fe Zn
damage flowering content content
Replication 2 363.00 11.81 616.50 61.34 4.58 0.02 12.72 36.54
Environment 9924.10** 660.53** 7793.60*  334.48** 14.65* 1.62* 197.27* 361.60**
Genotype 29 1369.10™ 1628.99"  26451.30* 3316.05** 47.92** 1.75" 212537 689.32**
Environment x genotype 260 296.50** 56.04** 15700 80.04** 1.40* oress 27.43* 28,128
Residual 574 102.80 9.61 233.90 15.36 1.04 0.02 8.95 12.39
Total 892
Heritability (H2) 80.21 96.62 97.18 97.62 97.09 93.39 98.72 95.98
Genetic advance as % mean 106.15 26.92 29.62 66.50 28.16 49.32 39.01 25.81

**Mean sum of squares significant at P = 0.01.
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GDD =[(daily p + daily

temperature)/2] — 10°C, the base temperature
for sorghum].
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Element Name SiMADSO01 SiMADS10 SiMADS25 SiMADS28 SiMADS36 SiMADS45 SiMADS51 SiMADS55 SiMADS56 SiMADS58

ABREs 3 5 4 3 7 4 3 3 3

MYB 4 3 3 6 9 7 6 3 2 14
MYC 10 2 18 7 7 10 4 9 9 17
W BOX 5 2 3 6 8 3 8 7 7 6
LTRE 1 2 3 1 2 1 1
BIHD10S 3 1 1 4 2 1 3 1 3
CCAATBOX1 3 1 1 2 3 1 3 1 2
ACGTATERD1 5 1 4 2 5 7 4 2 7
ELRECOREPCRP1 1 1 1 1
CBFHV 1 1 2 4 1 1

GAREs 1 1 1

GCCCORE 3 2 1 2 2
DRECRTCOREAT 1 2 1

Total 3¢ 21 39 41 40 40 o7 34 34 44
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Contents

Pearl millet
Carbohydrates (@)~ 618
Protein (g) 109
Fat () 5.43
Energy (Kcal) 347
Dietary fiber (g) 15
Calcium (mg) 27.4
Phosphorus (mg) 289
Magnesium (mg) 124
Zinc (mg) 27
Fe (mg) 6.4
Thiamine (mg) 025
Riboflavin (mg) 020
Niacin (mg) 09
Folic acid (ug) 36.4

Adapted from: NIN, Hyderabad, 2018.

Sorghum

67.7
09.9
173
334
10.2
27.6
274
133
19
39
0.35
0.14
2.1
39.4

Rice

782
07.9
052
356
02.8
07.5
96
19
12
06
0.05
0.05
1.7
9.32

Wheat

64.7
10.6
1.47
321
1.2
39.4
315
125
28
39
0.46
0.15
27
30.1
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Gene name Ka Ks Ka/Ks P-Value

SIMADS03 and SIMADS34 ~ 1.13128  0.755894  1.49661 1.30E-12
SIMADSO06 and SIMADS60 ~ 0.130958  0.886409  0.14774 7.16E-41
SIMADS10 and SIMADS27 ~ 0.810601 1.68021 0.48244 1.46E-24
SIMADS21 and SIMADS46  0.0855293  1.82945  0.0467514 0
SIMADS33 and SIMADS57  0.183993  0.336445  0.546873  0.00704695
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Year

Achievements

Molecular markers

1994

1995

2000

2001

2004

2005

2011

2012

2013

2013

2014

2015

2020

2020

QTL mapping
1995-2007

1998

1999, 2002

2005

2007

2010

2011

2012

2015

2016

2018

2018

2018

2019

2019

Study of 200 samples of varied pearl
millet lines using RFLP markers to
reveal polymorphism

Development of amplified fragment
length polymorphism (AFLP) markers
for pearl millet using nuclear genomic
sequences

163 AFLP markers were used to
study genetic variability within and
between pearl millt landraces
Development of STSs markers from
BAC clones

Genetic diversity was studied within
and between 504 landraces of core
collection using RFLP probes.

18 SSR markers were developed from
genormic sequences in peart millet
Aconsensus map of 353 RFLP and
65 SSR markers was developed for
the first time.

SSCP-SNP primes were developed
from pearl milet EST collections
EST-based SSRs were developed in
pearl millet

DAT platform was established for
pearl millet, and 574 polymorphic
DAIT markers were mapped and
used to genotype a set of 24 diverse
pearl millet inbred lines

Conserved intron-specific primers
(CISP) were developed from EST
sequences using parents of two.
mapping populations for 18 genes
Consensus inkage maps based on
SSRs were constructed using four
RIL populations

Genetic diversity was analyzed in a
novel set of restorer lines using SSR
markers in pearl millst

Development of ISSR-based SCAR
markers in pearl millet

Identification of single nucleotide
polymorphisms (SNPs) using GBS
platform

A panel of 21,663 SNP markers was
developed

Morphological and molecular genetic
diversity analysis of pearl millst
(Pennisetum glaucum) maintainers
and restorers.

DNA markers have been established
for around €0 different putative DM
resistance QTLs in pearl millet

Identified molecular markers for three
rust loci and one Magnaporthe
resistance locus in pearl

millet.

QTL was identified for grain and
stover yield in pearl millet under
terminal drought stress

conditions

Evaluated putative DT-QTL on LG2

Three major QTLs were identified on
LG 2, LG 3,and LG 4 for grain yield
under variable post-flowering water
conditions

Identified QTL responsible for terminal
drought tolerance

Identified one major QTL on LG for
grain yield and drought tolerance
Co-mapped alleles to terminal
drought tolerance QTL

Investigated the effects of DT-QTL on
LG 2 under salinity stress

Detected four QTLs linked to high
transpiration rate

Amajor QTL for rust resistance was
identified on LG 1 using the cross
818-P6 x IOMP 451-P8

QTLs were identified on LG 1 and LG
4 for downy mildew (DM) resistance in
pearl millet

Identiied five QTLs for early drought
stress conditions and stay-green

trait

Role of chitosan nanoparticles was
explored for resistance against pearl
millet downy mildew

Introgressed DT-QTLs into hybrid
HHB 226 from 863 B, the male
parent HBL 11

Five QTLs were identified for
resistance to three different pathotype
isolates of S. graminicola

Advanced genomic tools

2006

2009

2015

2015

2016

2016

2017

2017

2018

2018

2018

2019

2019

2019

2020

2020

2020

2020

2021

Improved HHB67 was developed
using the marker-assisted selection

GWAS approach was used to dissect
complex traits in pearl millet

SNP markers were identified using
genotyping-by-sequencing (GBS)
pearl millet and high-density maps
were constructed.

PMIGAP was established and used
for fine mapping of a drought
tolerance DT-QTL on LG2 using
candidate gene-based association
mapping (AM) approach.
Transcriptomic analysis was done
using NGS tool to understand the
mechanisms undemeath resistance
to downy mildew in pearl millet

16,650 SNPs and 333,567 sequence
tags across all seven chromosomes
have been identified for leaf spot
resistance using GBS platform.

A draft genome sequence of S.
graminicola pathotype 1 of 299,901,
251 bp in length, Neo of 17,909 bp
with a minimum of 1 Kb scaffold size
was assembled

Whole-genome sequence of pearl
millet was deciphered

Atotal of 392,493 SNPs identified
using GWAS on a panel of 188 inbred
lines

Sequencing data were generated for
RAD-seq and GBS using genomic
selection (GS) schemes in pearl millet.
Transcriptome analysis for drought
stress response using RNA-Seq
approach in pearl millet

Genome of Magnaporthe grisea strain
PMg_DI and was sequenced, and
13.1-Gb PE reads were generated
Studied the genetic diversity,
population structure, and linkage
disequibrium in 398 accessions
using GBS

Genetic diversity of 130 forage-type
hybrid parents of pearl millet was:
investigated using GBS-derived 7870
SNPs

Characterized 309 inbred lines by
54,770 GBS-SNPs and reported
higher nucleotide diversity in the panel
derived from landraces and improved
varieties from Africa and India.

Comparative transcriptormics at
vegetative and flowering stage was
done using RNAseq analysis in a
drought-tolerant (PRLT2/89-33)
genotype to discover underlying
genes to drought tolerance

6920 genes and 6484 genes
differentially expressed under heat
stress and drought stress were
identified using RAD-GBS

Heterotic groups were defined and
0.9 million SNPs clustered into 12 R-
and 7 B-line groups:

Importance of wild relatives of pearl
millet germplasm was hamessed for
germplasm enhancement and
improving biotic stress tolerance in
pearl millet

Quality improvement

2009-2020

2016, 2017

2016

2017

2018

2019

2020

2020

2021

Implementation of biofortification
approaches in pearl millt for high Fe
and Zn

Reported diversity in the rancidity
profile of pearl millet genotypes

Identified two QTLs for grain Fe
content on LG3 and LGS, and two
QTLs for grain Zn content on LG3
and LG7 using replicated samples of
106 pear millet RILs (Fe) derived from
ICMB 841-P3 x 863B-P2 cross.
Identified favorable alleles for grain
iron and zinc content through AM in
pearl millet.

Reported large effect of Fe and Zn
content QTLs using DA'T and SSR
markers in ICMS
8511-51-17-2-1-1-B-P03 x AIMP
92901-51-183-2-2-B-08 cross.
RAD-GBS was used and three GS
models were implemented and
compared using grain yield and
dense molecular marker information
of pearl millet

Developed a rancidity matrix (RM) and
classified pear millet genotypes into
low, medium, and high rancid groups
Identified candidate genes for grain
Fe and Zn contents in pearl millet
Mapped multienvironment QTLs for
grain ron and zinc contents in pearl
millet.
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Gene Name

SiMADSO1
SIMADS02
SIMADS03
SiMADS04
SiMADS05
SIMADS06
SIMADS07
SIMADS08
SiMADS09
SiMADS10
SiIMADS11
SIMADS12
SIMADS13
SiMADS14
SIMADS15
SIMADS16
SiMADS17
SiMADS18
SIMADS19
SIMADS20
SiIMADS21
SiMADS22
SiMADS23
SIMADS24
SIMADS25
SIMADS26
SiIMADS27
SIMADS28
SIMADS29
SiMADS30
SIMADS31
SIMADS32
SIMADS33
SIMADS34
SiMADS35
SIMADS36
SIMADS37
SIMADS38
SiMADS39
SIMADS40
SiIMADS41
SIMADS42
SiMADS43
SIMADS44
SIMADS45
SiMADS46
SiMADS47
SIMADS48
SIMADS49
SiMADS50
SIMADS51
SIMADS52
SiMADS53
SIMADS54
SIMADS55
SiMADS56
SIMADS57
SIMADS58
SiMADS59
SIMADS60
SIMADS61
SiMADS62
SIMADS63
SiMADS64
SIMADS65
SIMADS66
SIMADS67
SIMADS68
SiMADS69
SIMADS70
SIMADS71
SiMADS72

Transcript name

Seita.1G003500.1
Seita. 1G072200.1
Seita. 1G077600.1
Seita.1G148200.1
Seita.1G183300.1
Seita. 1G209300.1
Seita. 1G272300.1
Seita.1G273400.1
Seita.1G308200.1
Seita.1G328500.1
Seita.2G002300.1
Seita.2G026600.1
Seita.2G086800.1
Seita.2G115700.1
Seita.2G266600.1
Seita.2G383000.1
Seita.3G055200.1
Seita.3G073000.1
Seita.3G098400.1
Seita.3G098800.1
Seita.3G236800.1
Seita.3G278000.1
Seita.3G280400.1
Seita.3G301600.1
Seita.3G358100.1
Seita.4G062600.1
Seita.4G077200.1
Seita.4G093200.1
Seita.4G160200.1
Seita.4G163500.1
Seita.4G177800.1
Seita.4G184600.1
Seita.4G219100.1
Seita.4G238000.1
Seita.4G268200.1
Seita.4G277600.1
Seita.5G033100.1
Seita.5G036500.1
Seita.5G101300.1
Seita.5G114500.1
Seita.5G143100.1
Seita.5G160200.1
Seita.5G220600.1
Seita.5G225300.1
Seita.5G303200.1
Seita.5G404600.1
Seita.5G406700.1
Seita.5G424200.1
Seita.5G425300.1
Seita.5G432700.1
Seita.6G013400.1
Seita.6G156800.1
Seita.6G194800.1
Seita.6G223400.1
Seita.6G223600.1
Seita.6G223700.1
Seita.7G040500.1
Seita.7G109700.1
Seita.7G110000.1
Seita.7G125400.1
Seita.7G210200.1
Seita.7G235900.1
Seita.8G182900.1
Seita.8G220800.1
Seita.9G088700.1
Seita.9G088900.1
Seita.9G237300.1
Seita.9G270800.1
Seita.9G342700.1
Seita.9G393900.1
Seita.9G513900.1
Seita.9G561000.1
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PFO0319; PFO1486
PF0O0319; PFO1486
PF0O0319
PFO0319
PF0O0319
PF0O0319; PFO1486
PFO0319
PF0O0319; PFO1486
PFO0319; PFO1486
PF0O0319; PFO1486
PF0O0319; PFO1486
PFO0319
PFO0319
PFO0319
PF0O0319; PFO1486
PF0O0319; PFO1486
PFO0319
PF00319; PFO1486
PF0O0319; PFO1486
PFO0319; PFO1486
PF0O0319; PFO1486
PFO0319
PFO0319
PFO0319
PFO0319; PFO1486
PF0O0319; PFO1486
PFO0319; PFO1486
PFO0319
PFO0319
PFO0319
PFO0319
PF0O0319
PFO0319
PF0O0319
PF00319; PFO1486
PF0O0319; PFO1486
PF0O0319
PF00319; PFO1486
PF0O0319; PFO1486
PF0O0319
PFO0319; PFO1486
PF0O0319
PFO0319
PFO0319
PF0O0319; PFO1486
PF00319; PFO1486
PF00319; PFO1486
PFO0319
PFO0319
PF00319
PFO0319; PFO1486
PF0O0319; PFO1486
PFO0319
PF0O0319; PFO1486
PFO0319
PFO0319
PFO0319
PF0O0319; PFO1486
PFO0319
PFO0319; PFO1486
PF0O0319; PFO1486
PFO0319; PFO1486
PF00319
PF0O0319
PF0O0319; PFO1486
PFO0319; PFO1486
PFO0319
PFO0319
PFO0319; PFO1486
PFO0319
PF0O0319; PFO1486
PF00319

Nucleotide
length (bp)
1425
750
966
a41
77
723
693
762
729
687
810
1182

333
729
759
1434
867
795
648
648
294
588
471
735

669

1191
699

645

562

510

468

960

7

690

753

690

507

750

774
1847
562
1260

630
810

1389

7

7

186

Amino acid
length (aa)
474
249
321
146
258
240
230
253
242
228
269
393
246
110
242
252
477
288
264
215
215

195
156
244

222
396
232
214
183
169
165
319
238
229
250
229
168
249
257
448
183
419
196
209
269
327
462
279
225
233
344
245
175
123
151
202
109
238

245
208
369
246
249
365
409
225
238
228
61

ol

8.73
6.14
5.94
4.76
7.72
8.85
8.68
8.85
9.27
5.41
9.31
5.76
5.64
4.79
9.17
9.11
4.41
9.23

9.34
8.45
4.45
10.25
5.44
7.07
7.59
5.36
4.99
10.27
9.59
7.91
5.44
5.1
5.62
497
8.74
9.61
7.73

8.59
9.07
5.25

MW (kDa)

563.18
28.11
34.22
16.05
27.48
27.45
24.24
28.81
27.64
25.44
30.85
43.49
26.81
11.96
27.79
28.53
51.33
32.59
29.85
24.66
25.11
10.85
21.22
17.25
27.42
26.22
24.4
43.22
25.94
232
20.08
18.55
17.11
34.27
26.54
26.11
278
25.99
18.66
27.84
29.07
46.65
20.8
46.71
22.68
24.21
29.89
34.94
49.4
29.46
25.39
26.76
37.43
28.42
19.88
14.22
16.64
23.29
12.49
27.18
28.48
28.01
22.06
40.94
27.88
28.47
40.09
43.79
25.62
26.57
25.63
6.97

Intron
number
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Subfamily

SOC1(TM3)
Bsisiter
M
M
M
AGL17
M
AGLE
AGL17
swp
AP1(SQUA)
M

SEP
AP1(SQUA)
M
AG
AG
AGL12
PIGLO)
M
M
M
AP1(SQUA)

Bsisiter
AP3(DEF)
M

AGL17
FLC
M
AG
M
M
M
OsMADS32-like
PIGLO)
AG
M
M
FLC
AGL12
AGL17
MIKC*
SEP
FLC
FLC
M
AGL12
AGL12
AGL17
AGL6
Bsisiter
M
MIKC*
SEP
AP1(SQUA)
M
M
SOC1(TM3)
M
SvP
SOCH(TM3)
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Year

1940

1950

1965

1965

1997-2008

1974-2020

2018

2021

2021

Achievements

Indlian Council of Agricultural
Research started Pear millet breeding
inIndia.

X1 and X2 were the two chance
hybrids released in India for
commercial utiization.

First pearl millet hybrid, Hybrid *HB-1"
(Hybrid Bajra-1) was released.
Estabiishment of the ICAR-AIl India
Coordinated Research Project on
Pearl Millt

Effective phenotypic screening
techniques and resources were
developed, and resistance breeding
programs were developed.

Identification and release of 175
hybrids and 62 varieties for cultivation
in different agro-ecological zones of
India

Identified heterotic groups for grain
yield and a total of 343 hybrid
parental [maintainer (B-) and restorer
(R) lines were genotyped with 88
polymorphic SSR markers.

Genetic variation studies for NUE
among a set of 380 diverse pearl
millet lines.

Studied expression of heat
stress-responsive gene Pghsp

References
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2013
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1988; Singh et al,
1997; Hash et al.,
1999; Hash and
Witcombe, 2002;
Jones et al., 2002;
Thakur et al., 2008
Satyavathi et al.,
2020

Ramya et al., 2018

Pujarula et al.,
2021

Sankar et al., 2021
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IS No. Origin

Sub-group 2 (80 accessions)

4698 India

22294 Botswana
29241 Swaziland
29187 Swaziland
13971 South Africa
4515 India

29627 South Africa
19450 Botswana
29606 South Africa
29358 Lesotho
2389 South Africa
29565 Lesotho
30460 China
295682 Lesotho
2872 Egypt

Mean of top 15 accessions
Range of top 15 accessions
Mean of Sub-group 2

Range of Sub-group 2
Subgroup 3 (125 accessions)
1004 India

23590 Ethiopia

28141 Yemen

Race

KC
GC

DC
GK

~

GC

CB

GC
DC

Days to 50% flowering Cumulative growing degree days Plant height (cm)
Rainy Post-rainy Rainy Post-rainy Rainy Post-rainy
70 78 1175 935 282 230
67 77 1128 926 298 285
59 73 1007 874 266 273
65 79 1093 951 278 256
65 77 1089 924 282 264
70 75 1162 891 311 244
56 69 952 827 288 249
57 66 971 798 237 198
62 77 1053 937 310 264
62 68 1044 816 249 202
56 68 949 815 233 219
57 66 963 798 242 221
54 63 921 769 255 206
62 69 1049 828 187 150
48 60 822 743 181 147
61 71 1025 855 260 227
48-70 60-79 822-1175 743-951 181-311 147-285
60 71 1009 862 250 220
44-83 54-93 756-1369 685-1108 115-354 106-311
93 84 1539 1007 355 286
82 72 1358 866 282 220
103 75 1688 911 332 249

Grain yield (g)

54
36
36
35
35
33
33
32
31
30
30
30
29
29
25
33

25-54
24

10-54

49
43
42

100-seed weight (g)

3.36
3.12
2.35
20
2.23
3.156
2.27
2.47
2.96
2.39
2.56
2.84
2.42
2.44
3.61
2.68
2.11-3.61
2.28
1.32-3.61

3.84
3.04
5.18
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IS No. Origin Race Days to 50% flowering Cumulative growing degree days Plant height (cm) Grain yield (g) 100-seed weight (g)

Rainy Post-rainy Rainy Post-rainy Rainy Post-rainy

1212 China KB 47 65 801 788 285 238 bE 2.38
1219 China GB 47 64 803 779 261 241 22 2.00
16151 Cameroon CB 48 68 819 816 238 242 22 1.64
19676 Zimbabwe K 66 88 1106 1048 189 156 20 2.50
20727 United States B 46 65 785 791 221 219 14 1.37
22616 Myanmar B 62 88 1062 1054 293 287 16 1.33
24503 South Africa B 49 73 839 880 2569 248 2 0.48
26701 South Africa CB 61 87 1031 1039 245 224 20 1.36
28614 Yemen DC 49 66 828 798 282 240 18 2.15
29314 Swaziland DC 66 92 1109 1097 298 278 22 1.87
29689 Zimbabwe K 66 94 1110 T2 281 271 25 227
30383 China CB 48 64 819 776 266 247 17 2.06
30400 China CB 49 66 830 803 286 271 22 2.05
30417 China CB 49 64 833 782 288 289 25 2.33
30450 China CB 47 64 803 776 231 202 18 2.43
30451 China CB 49 65 839 786 255 223 28 2411
30466 China CB 46 60 785 738 248 240 18 2.01
30507 Korea CB 49 64 828 776 272 235 21 2.04
30508 Korea CB 49 66 828 801 214 219 19 1.92
Control

2205 India DB 76 80 1267 960 334 251 26 2.14
18758 Ethiopia GC 78 69 1288 833 283 166 28 2.37
33844 India D 75 7 1239 924 325 262 41 3.60
Mean 52 72 887 866 257 239 18 1.91
Range 46-66 60-94 785-1110 738-1121 189-298 156-287 2-28 0.48-2.50
SE(d) 2.45 1.48 39.88 14.18 16 11,186 4.83 0.19
LSD (P < 0.05) 4.8 2.89 7817 27.79 31.36 21.87 9.46 0.37

CV (%) 4.18 1.95 4.11 1.58 7.51 4.63 21.45 8.10
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Source df Downy Days to 50% Plant Panicle Panicle Grain Grain Fe Grain Zn

mildew flowering height length circumfer- yield content content

damage ence
Treatments 299 689.00 226.80" 3461.00™ 401.60" 6.31 0.33* 236.00* 102.30"*
Genotypes (G) 29 1369.00"* 1629.00* 26451.00" 3316.10* 47.92* 1.75" 2125.40* 689.30*
Environments (E) 9 9924.00* 660.50* 7794.00* 334.50" 14.65" 1.62 197.30™* 361.60™
Block 20 306.00" 10.80NS 394.00* 19.90NS 1.88* 0.02NS 41.00"* 28.10™
GxE 260 296.00" 56.00"* 757.00" 80.00™ 1.40™ Q.12 27.40 28.10™
IPCA 1 37 1067.00** 248.50" 2345.00™ 270.60" 8.18* 0.35™ 53.30 61.50**
IPCA 2 35 496.00 49.90™ 1099.00* 164.80™ 3.14* Daz™ 45.80"* 40.70™
Residuals 188 108.00 19.50 383.00" 27.00 0.73 0.08 19.00 19.30
Error 574 103.00 9.60 234.00 15.40 1.04 0.02 9.00 12.40

**F probabilities significant at P = 0.05 and 0.01, respectively; NS, non-significant probabilities; IPCA 1, interaction principal component axis one; IPCA 2, interaction
principal component axis two.
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S.no.

10

1

12

13

Software

Lemnalauncher

EasyPCC

BioLeaf

STRING

SPPS

ProteinProspector

Gromacs

PTools
GSDS

GAP4

VISTA

AMDIS

SIMCA-P 14.0

Crop species

Mult-species

Mult-species

Mult-species

Multi-species

Mult-species

Multi-species

Multiple-species

Mult-species
Multi-species

Mult-species

Multi-species

Multi-species

Mult-species

Features and functionality

Phenomics: image-based
measurements of length, width, color,
surface of seeds

Phenomics: field crop
canopy measurement

Phenomics: leaf surface and
disease analysis

Proteomics: predicts protein
interactions containing
functional associations

Proteomics: prediots protein-protein
interaction partners

Proteomics: sequence mining

vith MS

Genomics, proteomics

and metabolomics

Multi-omics

Structural genomics: visualizes gene
structure (exons, introns, and UTR).
Structural genomic

sequence assembly

Comparative genomics

Metabolomics: GC-MS

data interpretation

lonormics integrated with
metabolome: principal metabolic
component analysis

SPPS, sequence-based protein partners search, GAP4, genome assembly program; GSDS, gene structure display server

hitp://www plant/image/analysis.org/
software/lemnalauncher

hitp://www plant/image/analysis.org/
software/easypce

hitp://wwwplant/image/analysis.org/
software/bioleaf

http:/string.embl.de

http://mdl.shsmu.edu.cn/SPPS/

http//prospector.ucsf.edu/

https://ommictools.com/gromacs/tool

hitps://omictools.com/ptools/tool
http://gsds.cbi.pku.edu.cn/

hitp://stadensourceforge.net/
overview html

http://
genome lbl.govAvsta/index.shtml
hitp://www.amdis.net/

https://umetrics.com/kb/simca/
online/140
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S. no.

10
11
12
13
14
15
16

17
18

36
37

38
39
40
41

42
43
44
45

46
a7
48
49

50
51

Database

Gramene

Plant Reactome

GabiPD
KaPPA-View4 KEGG

KOMICS
KNApSACK

PMND

PlantTFOB

PPDB
GrainGenes
PlantGDB
PCD
RAP-DB
RiceXPro
Ricebase
Oryzabase

SNP-Seek I
RicyerDB

RiceVarMap
TFGD

TOMATOMICS

SoykB
SoyBase
SoyGD
SFGD

SoyNet
MaizeGDB
MaizeDIG
MaizeSNPDB

MMAD
CSRDB
RGPDB

CerealsDB

WGl
WDBTF

WheatGPE
SIFGD

CottonFGD
CottonGen
CottonQTLdb
MTGD

ctoB
ECPD
BARLEX
SorghumFDB

SorGSD
SGH

BRAD
CropSNPdb

SFGD
BBDG

Crop species

Multi-species

Multi-species

Multi-species
Muli-species

Muli-species
Muli- species

Muli-species

Muli-species

Multi-species
Muli-species
Muli-species
Multi-species
Rice
Rice
Rice
Rice

Tomato

Soybean
Soybean
Soybean
Soybean

Soybean
Maize
Maize
Maize

Maize
Maize and rice

Meaize, soybean
and sorghum

Wheat

Wheat
‘Wheat

Wheat
Foxtail millet

Cotton
Cotton
Cotton

Medicago
truncatula

Chickpea
Potato
Barley
Sorghum

Sorghum
Sugarcane
Brassica species

Brassica species
and wheat

Sunflower
Blueberry

Features and functionality

Multi-omics:

comparative functional genomics, transcriptorics, and

metabolic pathways
Multi-omics:

genomics, transcriptomics, functional proteomics, and

integrated metabolic pathways
Multi-omics
Multi-omics:

Metabolome integrated transcriptomic and
genomic pathway

Metabolomics
Metabolomics

Multi-omics:
Metabolome integrated transcriptome and
genomic pathway

Transcriptomics:

Prediots plant transcription factors (TFs)
Proteomics

Genomics

Comparative genomics
Genomics-assisted breeding (GAB)
Genomics integrated multi-omics
Functional genomics and transcriptomics.
Genomics

Integrated biological and genome information database

SNP-seek database

Integrative genomics and proteomics.

Genomic variation and functional annotation

Functional genomics, integrated transcriptomics,

and metabolomics
Multi-omics

Multi-omics
Multi-omics
Genomics

Multi-omics:
Functional genomics, transcriptomics, and
metabolic pathways

Functional genomics and transcriptomics.
Multi-omics

Phenomics and genomics

SNPs

Microarray
Small RNAs database
Multi-omics

Functional genormics

Genomics
Transcription factors

Base on phenotype-genotype and environment

Functional genomics integrated transcriptomics,
and metabolomics

Functional genormics
Genomics

QTL analysis
Genomics

Functional genomics and transcriptomics
Genomics

Genomics

Functional genomics

SNPs
Genomics

Genomics and transcriptomics.
SNPs

Genormics and transcriptornics
Genornics and transcriptornics

Availability/URL

hittp://www.gramene.org/

hittp://plants.reactome.org/

hittp://www.gabipd.org/
hittp://kpvkazusa.orjp/kpva/kegg

http:/www.kazusa.orjp/komics/en/

hitpe/kanaya.naist jp/KNAPSACK/
Family/

hittps://www.planteyc.org/

hitp://planttfdb.cbi.pku.edu.cn/

hittp//ppdb.te.comell.edu/
hitp://www.graingenes.org
hittpw//unww.plantgdb.org/
hittps://Awww.pulsedb.org/
hitp/rapdb.dna.affrc.go.jp/
hitp//ricexpro.dna.affre.go.jp/
hitpsy//ricebase.org/
https://shigen.nig.ac jp/rice/
oryzabase/
hitpw/snp/seek.iri.org

http://server.malab.cn/Ricyer/index.
html

http:/ricevarmap.ncpgr.cn
http://ted.bti.cornell.edu/

http://plantomics.mind.meijiac.jp/
tomatomics/indexhtml

hitp/soykb.org/
https://soybase.org/
httpi//soybeangenome.siu.edu/

http://bicinformatics.cau.edu.cn/
SFGD/

hitps:/Awww.inetbio.org/soynet/
hittps://www.maizegdb.org/
hitps:

https//github.com/venyao/
MaizeSNPDB

http://maizearrayannot.bi.up.ac.za/
http://sundariab.ucdavis.edu/smrmas/
http://sysbio.unl.edu/RGPDB/

maizedig.maizegdb.org/

hittp//wnww.cerealsdb.uk.net/
cerealgeno/mics/

http:/wheatgenome.info/

http://wwwappli.nantes.inra.fr:8180/
WOBFT/

hitp://www.wheatdb.org/

http://structuralbiology.cau.edu.cn/
SIFGD/

https://cottonfgd.org/
https://www.cottongen.org/
hitp://www.cottonaidb.org
hitp://www.MedicagoGenome.org

http:/Awvw.nipgrac.in/ctdb.html
hitps://www.europotato.org/
hitp://barlex barleysequence.org
http://structuralbiology.cau.edu.cn/
sorghum/index.htmi
http://sorgsd.big.ac.cn/
https://sugarcane-genome.cirad.fr/
http://brassicadb.org/brad/

hitp://snpdb.appliedbioinformatics.
com.au/

hitps://www.sunflowergenome.org

http://bioinformatics.towson.edu/
BBGD/

GABI, genomanalyse im biologischen system pflanze; GabiPD, GABI primary database; PMND, plant metabolic network database; SIFGD, Setaria italica functional genomics database;
RAP-DB, the rice annotation project datebase; TFGD, tometo functional genomics database; TFDB, trancription fectors detabase; PPDB, plant proteome database; PCD, pulse crop
database; RiceVarMap, rice variation map; SoyGD, soybean genome database; SFGD, soybean functional genomics database; SoyNet, soybean network; MaizeGDB, maize genetics
and genomics database; MaizeDIG, database of images and genomes; MMAD, maize microarray annotation database; CSRDB, cereal small RNAs database; RGPDB, root genes and
promoters database; WGI, wheat genome info; wDBTF, wheat database for transcription factor; WheatGPE, Genotype-phenotype and environment; CottonFGD, CottonFGD cotton
functional genomics datebase; CottonGen, cotton genomics; MIGD, Medicago truncatula genome detabase; CTDB, chickpea transcriptome databese; ECPD, European cultivated
potato database; SorghumFDB, Sorghum functional genomics database; SorGSD, Sorghum genome SNP database; SGH, sugarcane genome hub; BRAD, (Brassica database; SFGD,

sunflower genome database; BBDG, blueberry genomics database.
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Trait DFL cC LA PHT PN GY PW DSY FSY LN NT HI TW GN% SN%
DFL 1

cC —0.15 1

LA 0.54* —0.14 1

PHT 017  —0.21 0.08 1

PN -0.28* -0.12  -0.297 0.15 1

GY —0.05 —0.16 —0.24 —0.02 0.1 1

PW 0.02 -0.41 —-0.26* -0.19 —0.01 0.84* 1

DSY 0.51* -0.29* 0.48™ 0.38 —0.06 —0.19 —0.17 1

FSY 0.5~  -0.22 0.45™ 0.36™ —0.01 —0.06 0.002 09 1

LN 0.06  -022 0.39" 0.13 037+ -0.31* -0.26" 0.16 0.21 1

NT —-0.34* 017 —-0.13 —0.02 0.73* -0.15 —0.15 —0.08 —0.11 0.49" 1

HI —0.3* -0.01 -0.35" -0.12 0.02 0.79* 0.66™ -0.64~ -05" -0.35" —-0.15 1

T™W —0.11 0.05 -0.09 —-0.08 —0.42** 0.09 0.15  -0.01 0.008 -0.25 —0.39" 0.02 1

GN% 0.07 0.22 0.28* —0.01 —0.1 0.4 0.4 0.004 —0.005 0.05 0.01 -0.32* -0.11 1

SN% 0.07 023 -0.01 —0.11 —0.08 —0.21 —0.12 —0.05 0.01 —0.13 -0.18 -0.09 -0.04 0.19 1

DFL, Days to 50% flowering; CC, SPAD at anthesis stage; LA, Leaf area; PHT, Plant height; PN, Panicle number; GY, Grain yield (g); PW, Panicle weight (g); DSY, Dry
stalk yield (g); FSY, Fresh stalk yield (g); LN, Leaf number; NT, Number of tillers; HI, Harvest index; TW, Test weight (100 seed weight); GN%, N content in grain, SN%, N
content in stalk. * denotes p = 0.05, ** denotes p = 0.001.
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S.No.  Genotype/Environment Score  PC1 PC2  ASV

1 PYPS-1 452 -007 008 001
2 PYPS-2 392 024 006 060
3 PYPS-3 450 002 011 011
4 PYPS-4 410 -016 -0.41 040
5 PYPS-5 451 003 007 009
6 PYPS6 478 013 003 032
7 PYPS.7 418 -007 006 018
8 PYPS-8 371 001  -004 004
9 PYPS-9 478 000  -009 009
10 PYPS-10 5.10 -0.13 0.14 037
11 PYPS-11 365 009 007 023
12 PYPS-12 4.80 -0.07 0.1 0.08
13 PYPS-13 397 000  -009 009
14 PYPS-14 5.32 0.03 0.02 0.07
15 PYPS-15 454 -003 -006 008
16 PYPS-16 500 001  -002 002
17 PYPS-17 474 020  -003 050
18 PYPS-18 478 042 -007 072
19 PYPS-19 439 009  -004 032
20 SPV 462 (Susceptible check) 833 002 -0.18 024
21 188545 (Resistant check) 404 003  -003 006
Ef 466 030 017 083
£2 463 004 029 029
€3 464 -084 012 085
LSD (0.05) 254

IPCA, Interaction principal component axis; ASV. AMMI stabilty value; LSD, Least
significant difference.

Disease Score between 3.0 and 5.0 with 6-30% grain mold incidence is considered
as tolerant, disease score 6.0-9.0 with 31~100% grain mold incidence and identified
as susceptible.
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Trait DFL CcC LA PHT PN GY PW DSY FSY LN NT HI T™W GN% SN%

DFL 1

cC —0.05 1

LA 0.65" 0.02 1

PHT 0.02 —-0.14 0.08 1

PN -029* -0.18 -0.36™ —0.01 1

GY —0.09 0.02  -0.02 —0.23 —0.09 1

PW 0.003 -0.06 0.05 -0.28 —0.16 0.84* 1

DsY 0.43* -0.05 0.47 0.5~  -0.13 —0.25 —0.15 1

FSY 0.41 —0.0004 0.38™ 0.44=  -0.08 —0.3* -0.2 0.93* 1

LN 0.16 —0.09 0.29* —-0.001 0.39" -0.12 -0.2 017 0.17 1

NT —0.11 —-0.13 —0.11 —0.01 0.67 —-0.06 —0.1 0.09 0.17 0.58" 1

HI —0.24 —0.06 -025 -031* -0.08 0.85™ 071~ -0.6" 062 -0.35" -0.18 1

T™W —0.19 0.15 0.1 0.04 047" 0.16 0.29* 0.01 —0.11 -0.16  -0.3" 0.11 1

GN% 0.11 0.06 0.003 022 -0.07 -038* -0.31" 0.11 0.1 -0.09 -0.09 -0.39" -0.12 1
SN% 0.03 0.15 0.06 -031* —-0.11 —0.08 —0.05 —0.09 —0.06 -0.05 -0.14 -0.07 -0.04 0.34" 1

DFL, Days to 50% flowering; CC, SPAD at anthesis stage; LA, Leaf area; PHT, Plant height; PN, Panicle number; GY, Grain yield (g); PW, Panicle weight (g); DSY, Dry
stalk yield (g); FSY, Fresh stalk yield (g); LN, Leaf number; NT, Number of tillers; HI, Harvest index; TW, Test weight (100 seed weight); GN%, N content in grain, SN%, N
content in stalk. * denotes p = 0.05, ** denotes p = 0.001.
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S.No.  Genotype

1 PYPS-1
2 PYPS-2
3 PYPS-3
4 PYPS-4
5 PYPS-5
6 PYPS-6
7 PYPS-7
8 PYPS-8
9 PYPS-9
10 PYPS-10
11 PYPS-11
12 PYPS-12
13 PYPS-13
14 PYPS-14
15 PYPS-15
16 PYPS-16
17 PYPS-17
18 PYPS-18
19 PYPS-19
csv 3t
Grand mean
LSD (0.05)

Grain yield
(kg/ha)
andits

rank

2,756 (7)
3,698 (1)
2,639 (14)
2,603 (18)
2,514 (20)

2,604 (17)
2,575 (19)
3,584 (2)

2712(12)

2,619 (16)
2,699 (13)
2,729 (9)
3514(3)
2,718 (10)
3,432 (4)
3,268 (5)
2729(8)
2,713 (1)

2,620 (15)
2,896 (6)
2881.1
412.68

Value in the parenthesis indicates rank.
IPCA, Interaction principal component axis; ASV, AMMI stability value; RASV, Rank of ASV: GSI, Genotype stabilty index; RGSI, Rank of GSI; LSD, Least significant difference.

IPCA1

-0.36
—2.46
-6.14
—12.54
-1.09

—2.26
11.81
-0.74

2.64

-0.32
—18.36
-6.61
0.88
190
-3.74
17.02
2.80
11.86

6.98

IPCA2

5.56

0.96
-5.09

218
-1.00

8.07
13.00
—-2.43

8.65

9.98
1.28
—2.17
—4.65
-3.31
—14.39
-10.70
121
-3.92

3.78
-3.26

ASV and
RASV

56()
440
1.7 (12)
21.8(16)
24(1)

89(8)
242(17)
27@)

28(9)

100 (10)
31.8(19)
1.6 (11)
4.6(4)
476
144 (14)
313(18)
49(6)
208 (15)

12,6 (13)

GSland
RGSI

134)
4(1)
25(13)
33(18)
20(9)

24(12)
35(19)
4

20(9)

25(13)
31(17)
18(7)
70
14 (6)
18(7)
23(11)
13 (4)
25(13)

27 (16)

Fodder yield
(kg/ha) and
its rank

14,108 (6)
20,586 (1)
12,448 (12)
13,008 (9)
11,793 (16)

12,335 (13)
13,059 (8)
18,632 (2)

11,984 (15)

11,538 (18)
13,895 (7)
12,728 (10)
18,122(3)
11,392 (20)
16,955 (4)
12,661 (11)
11,697 (17)
11,627 (19)

12,300 (14)
16,588 (6)
13868.3
288087

IPCA1

-7.79
-23.99
7.95
20.84
26.90

-9.22
7.76
-49.35

2222

222
9.28
0.83
—2.55
3.13
-0.20
1.01
16.07
9.62

423
-162

1IPCA2

-1.13
20.70
1.08
6.84
16.18

—14.77
-12.63
15.59

-12.69

237
26.82
-15.84
-2.00
8.36
-12.80
0.98
14.06
-13.32

20.70
-11.36

ASV and
RASV

35.8(9)
18.6(7)
365 (10)
96 (16)
1247
(18)
44.8(12)
37.8(11)
2275
(19)
102.8
a7
1081 (2)
503 (14)
16.2(5)
1.8(3)
16.6(6)
128 (4)
4.74 (1)
75.3(15)
46.15
(18)
279(8)

GSland
RGSI

14(8)
8(2)
21(10)
24(13)
33(19)

24 (13)
18(
21(10)

31(17)

20(8)
20(8)
14(5)
6(1)
25(15)
8@
1)
31(17)
30(16)

21(10)

Disease
Score
and
rank

452 (10)
392(9)
45(8)
41(8)
451(9)

473(13)
4.18(6)
3712

4.78(15)

5.1(18)
365 (1)
48(16)
3.97 (4)
5.32(19)
454 (1)
5(17)
474(14)
473(12)

4.39.(7)

254

ASV and
RASV

001 (1)
06(18)
0.11(10)
0.4 (16)
0.09(7)

0.32(13)
0.18(11)
0.04(3)

0.09(7)

037 (15)
0.23(12)
0.06 (4)
0.09(7)
007 (5)
0.08(6)
0.02(2)
05(17)
0.72(19)

032 (13)

GSland
RGSI

1@)
21 (14)
18(10)
21 (15)
16(7)

26(16)
17@)
5(1)

22(15)

33(19)
136)
20(12)
1)
146)
1709
19(11)
31(18)
31(17)

20(19)

Protein
(%) and
rank

12.32 (4)
1452 (1)
978 (15)
10.3(14)
10,52 (12)

963 (16)
925 (18)
18.26 (3)

14.13(2)

958 (17)
10.73(8)
10.95 (6)
10.66 (10)
10.52 (12)
878(19)
10.77 (7)
11.28(5)
106 (11)

10.72(9)

216
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Trait DFL
DFL 1
cC 0.16
LA 0.72*
PHT 0.01
PN —0.28"
GY —0.29*
PW —0.09
DSY 0.56*
FSY 0.59™
LN 0.27*
NT —0.1
HI —0.38*
T™W -0.12
GN% 0.21
SN% 0.08

cc LA PHT
1
0.28" 1
—0.23 —0.05 1
-0.11  -0.34™ -0.05
-005 -029° -0.08
005 -0.28" 0.04
0.06 0.43~ 0.48™
0.12 0.38 0.42**
0.07 0.36™ 0.07
003 -0.11 —0.04
-0.16  -0.41"  -0.17
0.14 0.05 -0.08
0.18 0.28* —-0.04
—0.07 013 -0.28"

PN

1
—0.02
0.04
-0.27~
—0.21
0.34**
0.62**
—0.02
—0.38"*
—0.18

0.39**

GY

1
0.68™
—0.28"
—0.3
—0.35"*
—0.16
0.87*
0.2

0.34**
—0.05

PW DSY FSY
1
—0.13 1
—-0.14 0.92** 1
—0.34** 0.16 0.19
—0.06 —0.15 —0.05
0.62* -0.58" —-0.55""
0.19 —0.06 —0.15
—-0.14 0.17 0.1
—0.18 -0.21 -0.2

LN

1
0.52**
—0.43**
-0.2
0.06

0.18

NT

1
—0.09
—0.29

0.02

0.24

HI

1
0.22
-0.27*

—0.02

T™W GN% SN%
1
0.03 1
—0.07 0.26" 1

DFL, Days to 50% flowering;, CC, SPAD at anthesis stage; LA, Leaf area; PHT, Plant height; PN, Panicle number; GY, Grain yield (g); PW, Panicle weight (g); DSY, Dry
stalk yield (g); FSY, Fresh stalk yield (g); LN, Leaf number; NT, Number of tillers; HI, Harvest index; TW, Test weight (100 seed weight); GN%, N content in grain, SN%, N
content in stalk. * denotes p = 0.05, ** denotes p = 0.001.
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S. No. Environment

Ef
E2

3

E4

5

6

24

€8

9 E9

10 E10

11 E11

12 Ef2

13 E18

Overall mean
LSD (0.05)

© N AN

Grain yield (kg/ha)

3,398
2,860
2,707
2,417
3,396
2,883
2,716
2,699
3,076
3,044
2,865
2,659
2,725

2880.38
341.45

IPCA1

-10.36
-8.68
2.90
18.31
1.85
-11.863
0.67
10.02
6.07
-18.98
—2.97
6.72
6.20

IPCA2

-1.58
-6.32
16.71
-10.83
2.54
—5.58
13.30
0.01
-11.80
—4.60
7.46
6.79
-6.10

ASV

17.96
16.27
17.40
33.40
4.06
16.00
13.30
17.32
15.80
32.30
9.00
13.40
12.30

IPCA, Interaction principal component axis; ASV, AMMI stability value; LSD, Least significant difference.

Fodder yield (kg/ha)

15,970
13,893
12,707
11,705
15,968
13,878
12,776
12,981
14,591
14314
13,844
12,852
12,996

18725.10

1159.50

IPCA1

4117
—20.58
34.07
37.63
—43.31
0.88
14.04
16.29
-8.47
-5.27
—17.66
21.44
12.10

IPCA2

1.82
—2.80
5.56
—23.84
-5.13
—15.41
17.00
-8.10
-31.76
7.79
17.40
3.69
33.71

Asv

189.00
94.30
156.80
174.60
199.06
15.90
66.70
76.20
50.20
25.40
82.84
98.50
57.00
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S. No. Trait

Leaf parameters

1 SPAD (at anthesis stage)
2 Leaf Area (cm?)

3 Leaf count (no.)

Growth parameters

1 Days to 50% flowering (days)
2 Plant height (cm)

3 Number of tillers
Panicle parameters

1 Number of panicles

2 Wt. of panicles (g)
Biological yield parameters

1 Grain yield (g)

2 Test weight (g)

3 Fresh stalk yield (kg)

4 Dry stover yield (kg)

5 Harvest Index

NUE traits

1 N content in grain

2 N content in stalk

2016-17 2017-18 Across seasons
Genotype (G) G*T Genotype (G) G*T Genotype (G) Treatment (T) Season (S) G*T S*G S*T S*G*T

2.16 0.81"s 10.99 5.81 7.03 51.81 14.26"¢ 2.48 4.1 0.53 2.96
10.71 2.92 11.27 3.75 16.74 37.23 0. 16™ 3.19 5.91 11.14 3.54
3.13 0.97"s 5.02 1.68"S 5.19 2.60"8 118 120" 2.26 2.22 1.25"
23.22 0.92ns 37.27 1.42 36.34 0.3178 0.45Ms 11575 6.49 1.83 1.0378
76.86 1.2208 176.9 13.8 192.18 2.85"s 1329.51 6.61 12.38 0.89 6.37
7.87 1.020s 17.95 1.86 21.6 14.98"8 3847.82 1.63"¢ 5.01 1.28 1.580

9.2 1.54N8 0.97"s 10108 8.79 20.95"8 163:30" 1.04"s 2.04 1.24 1.26
4.52 1530 26.75 4.08 13.42 249.81 14.02 3.58 8.6 36.51 3.43
4.81 1.5208 40.31 5.66 23.01 118.46 23.09"s 3.41 11.25 34.05 4.28
6.23 3.82 31.36 5.47 82.23 38.7 0.24"8 4.33 11.78 3.71 3.62
10.02 14778 27.24 3.28 241 39.77 8.58Ms 2.48 6.04 4.61 1.85
11.41 1.08"8 22.66 2.49 25.67 29.43ns 536.84" 1.92 4.5 2.16 1627

8 1.09"8 29.81 2.43 24.64 12.99"8 2.14 1.66"S 12.39 8.75 2

8.63 1.120s 11.29 1.76 9.48 1.01ns 3.89n¢ 1.52"s 9.73 0.99 1.19n8
2.75 1578 13.04 5.32 5.58 6.91"s 305157 2.99 3.64 14.45 25

“ns” denotes for not significant. All Fstat/genetic variance are significant @p of 0.001 except for traits with "ns."
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Source DF
Total 2202
Genotypes 18
Envionments 12
Blocks 2
Interaction 216
IPCA1 29
IPCA2 27
Residuals 160
Eror 1,950

ss

1,087,099,555
324,366,092
384,294,081
53,982,701
256,949,082
92244720.43
53,188,460
111615901.6
67,507,598

“significant at 1% probabilty level
DF, Degrees of freedom; SS, Sum of squares; MS, Mean sum of squares; F, F-calculated value; IPCA, Interaction principal component axis.

Grain Yield

ms

489,244
18,020,338
32,024,506

2,076,257
1,189,580
3180862.42
1,969,943
96,356
34,619

520.53
925.05
59.97
34.4
91.88
56.90
322123

%
contribution
ss

236
353
4.96
208
359
20.7
437

Sss

36,509,998,551
8,647,745,363
10,581,124,368
2,582,926,484
9,127,499,637
5010997300.71
1086172456.80
3,030,329,880
4,607,225,870

Fodder Yield
Ms

16431142.46
474874742.38"
881,760,364
99343326.30
42256942.76™
172793010.36
40228609.51
18,939,662
2362679.93

200.98
373.20
420.85
17.88
7318
170.24
1282.58

%
contribution
ss

23.4
289
7.07
250
54.9
1.9
33.2
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2016-17 2017-18 Across seasons
Trait Treatment Range Mean Range Mean Range Mean
SPAD (at anthesis stage) NO 29.23-47.10 38.54 16.73-39.86 28.33 26.12-41.30 33.44
N&0 34.55-50.05 43.13 23.58-47.71 33.32 31.91-46.55 38.23
N100 41.54-65.15 48.89 27.47-56.42 40.85 36.84-53.87 44.88
Leaf Area (cm?) NO 643.50-6459.72 2055.33 599.43-3187.43 1644.83 706.13-4486.14 1850.08
N50 587.28-3408.67 1881.42 669.934212.95 2082.35 944.93-3431.58 1981.89
N100 1126.86-8967.24 244470 928.84-5479.43 2345.36 1221.04-6082.23 2395.03
Leaf count (no.) NO 6.35-26.93 12.78 7.18-21.90 12.10 8.23-23.13 12.44
N50 6.48-21.22 11.82 7.00-26.00 13.68 7.49-21.68 1258
N100 7.82-26.21 12.72 8.26-39.83 16.60 8.88-25.11 14.60
Number of panicles NO 16.17-131.27 29.059 16.30-198.43 37.31 19.02-107.00 33.07
N50 17.10-52.97 31.51 17.36-161.73 42.21 19.26-99.95 36.67
N100 21.98-126.78 35.34 19.63-91.81 43.35 21.94-108.59 39.24
Wt. of panicles (g) NO 216.97-1847.38 887.77 174.38-1347.77 590.93 382.68-1325.59 739.35
N&0 282.29-1820.03 998 265.39-1827.33 847.45 372.91-1657.17 922.89
N100 617.00-2323.72 1393.78 371.06-1951.89 924.23 600.47-1734.42 1159.00
Grain yield (g) NO 125.54-1460.42 641.09 13.42-1159.42 359.40 195.14-972.92 500.24
N50 179.35-1382.67 742.36 48.11-1244.52 555.09 169.73-1218.68 649.17
N100 245.58-1879.09 1061.09 25.23-1355.34 556.47 147.42-1569.09 809.19
Test weight (g) NO 0.78-3.98 2.56 0.90-4.15 2.54 0.84-4.03 2.55
N&0 1.03-3.98 2.64 1.29-4.43 2.72 1.16-4.14 2.68
N100 1.02-4.01 2.74 1.20-4.64 2.73 1.18-4.31 2.74
Fresh stalk yield (kg) NO 2946.28-9832.02 5442.16 1873.04-6797.77 4349.18 2842.85-7850.58 4895.67
N&0 3876.03-11764.00 6387.30 2626.82-10838.00 5677.98 3379.89-11205 6032.62
N100 4223.51-16276.00 7808.41 2175.64-10654.00 5819.94 3199.58-12943.00 6814.17
Dry stalk yield (kg) NO 1481.06-4522.73 2980.12 1071.46-3938.98 2273.48 1583.76-4038.23 2626.80
N50 2169.29-6394.11 3348.63 1267.65-6009.78 2858.36 1755.07-5598.91 3103.50
N100 2284.02-6476.93 3878.90 1207.92-5080.20 2956.85 1916.44-5712.39 3417.88
Harvest index NO 3.87-42.75 19.99 1.05-50.45 156.38 5.84-35.86 17.68
N50 6.73-39.48 21.48 0.10-60.99 19.70 5.40-40.85 20.95
N100 7.60-50.89 26.61 0.26-63.21 20.42 6.85-49.16 23.16
N content in grain NO 1.17-2.12 1.63 1.06-2.26 1.37 1.20-2.09 1.50
N50 1.16-2.24 1.88 0.90-1.93 1.36 1.04-1.89 1.50
N100 1.18-2.18 1.64 1.13-1.90 1.46 1.23-1.90 1.55
N content in stalk NO 0.40-1.36 0.72 0.19-0.64 0.38 0.32-0.96 0.55
N50 0.38-1.25 0.76 0.17-0.72 0.34 0.31-0.90 0.55
N100 0.38-1.18 0.73 0.21-0.94 0.45 0.32-0.90 0.59

Data presented here is the mean of the three replications.
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Environment

Location

Palem
Tandur

Madhira

Hanwada, Mahabubnagar
Kodangal
Gaddamallaihguda

PA Pally

Maddur

Aer

Kulkacherla

Ramapuram

Kothakota

Devarakadara

Latitude

16.5461° N
17.2576° N
16.9182° N
16.8106° N
17.1108° N
17.0974° N
16.6996° N
15.8563N

17.6437° N
17.0161° N
15.9653° N
16.3787° N
16.6248° N

Longitude

78.2077° E
77.6875° E
80.3633° E
77.919° E
77.6235° E
78.6867° E
79.0267° E
77.2431° €
79.0430° E
77.8746° E
77.9410° E
77.9410° E
77.8410° E

Soil type.

Red sandy
Sandy loam
Sandy loam
Red sandy
Sandy loam
Red sandy
Sandy loam
Sandy loam
Red sandy
Red sandy
Red sandy
Red sandy
Red sandy

Rainfall (mm)

690
780
750
600
760
560
700
600
580
630
580
720
650
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Genotype

PYPS-1
PYPS-2
PYPS-3
PYPS-4
PYPS-5
PYPS-6
PYPS-7
PYPS-8
PYPS-9
PYPS-10
PYPS-11
PYPS-12
PYPS-13
PYPS-14
PYPS-15
PYPS-16
PYPS-17
PYPS-18
PYPS-19

Cross combination

PSLRC 2 x PSLRC 3
PSLRC 2 x PSLRC 4
PSLRC 3 x PSLRC 4
PSLRC 2 x PSLRC 6
PSLRC 21 x PSLRC 7
PSLRC 3 x PSLRC 6
PSLRC 3 x PSLRC 7
PSLRC 8 x PSLRC 9
PSLRC 8 x PSLRC 10
PSLRC 9 x PSLRC 10
PSLRC 4 x PSLRC 6
PSLRC 4 x PSLRC 12
PSLRC 2 x PSLRC 21
PSLRC 20 x PSLRC 21
PSLRC 2 x PSLRC 7
PSLRC 20 x PSLRC 7
PSLRC 2 x PSLRC 8
PSLRC 3 x PSLRC 8
PSLRC 4 x PSLRC 8

Grain color

Yellow
Yellow
White
Yellow
White grain with black glume
White
White
Brown
Brown
Brown
Yellow
Yellow
Yellow
White grain with black glume
Yellow
White grain with black glume
Brown
Brown
Brown
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S. No. Local

accession

Number
1 PSLRC 1
2 PSLRC 2
3 PSLRC 3
4 PSLRC 4
5 PSLRC 5
6 PSLRC 6
7 PSLRC 7
8 PSLRC 8
9 PSLRC 9
10 PSLRC 10
1 PSLRC 11
42 PSLRC 12
13 PSLRC 13
14 PSLRC 14
15 PSLRC 15
16 PSLRC 16
17 PSLRC 17
18 PSLRC 18
19 PSLRC 19
20 PSLRC 20
21 PSLRC 21
22 PSLRC 22
23 PSLRC 23
24 PSLRC 24
25 PSLRC 25
26 PSLRC 26
27 PSLRC 27
28 PSLRC 28
29 PSLRC 29
30 PSLRC 30
31 PSLRC 31
32 PSLRC 32
33 PSLRC 33
34 PSLRC 34
35 PSLRC 35
36 PSLRC 36

Sorghum
race

Durra
Durra
Guinea
Durra
Guinea
Durra
Durra
Durra
Durra
Durra
Durra
Durra
Durra
Durra
Durra
Durra
Durra
Durra
Durra
Guinea
Guinea
Guinea
Durra
Durra
Durra
Durra
Durra
Durra
Guinea
Guinea
Durra
Durra
Durra
Durra
Durra
Durra

Days to
50%
flowering

65
68
68
66
Tl

2883

Il

288N

62

66

il
8
76

75
72
7%
75

62

66

72
70

Plant
Height (cm)

285
315
246
220
264
310
240
298
210
218
195
226
315
242
292
262
245
272
282
265
272
218
234
240
265
245
262
275
260
235
292
210
228
235
242
262

Glume
cover-age

%

7
83
79
67
54
63
71
90
85
46
62
76
8
w
%0
72
75
80
69
54
78
43
68
75
56
70
38
81
75
68
91
o4
79
82
69
78

Grain color

Yellow
Yellow
White
Yellow
White
Yellow
Yellow
Brown
Brown
Brown
Brown
Yellow
Yellow
Yellow
Brown
Yellow
Brown
Yellow
Yellow
Black glume
Black glume
Black glume
Brown
Brown
Brown
Yellow
Brown
Yellow
‘White

White
Brown
Yellow
Yellow
Yellow
Yellow
Yellow

Panicle
compactness

Sermi compact
Semi compact
Semi compact
Semi compact
Compact
Semi compact
Semi compact
Semi compact
Semi compact
Sermi compact
Sermi compact
Semi compact
Semi compact
Semi compact
Semi compact
Semi compact
Semi compact
Semi compact
Compact
Loose

Loose

Loose

Semi compact
Semi compact
Loose

Semi compact
Compact
Semi compact
Compact
Semi compact
Loose

Sermi compact
Semi compact
Semi compact
Semi compact
Sermi compact

Grain mold
resistance

Tolerant
Tolerant
Tolerant
Tolerant
Susceptible
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Susceptible
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant
Tolerant

The above landraces were selected to develop varities after diversity analysis of 108 landraces following an unweighted pair group method with arithmetic mean (UPGMA)
(Supplementary Table 1 and Figure 1).
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S.No. GWAS

Gene annotation

SNP Chr. Pos. P.value Minor allele FDR_Adjusted_ Gene Annotation Gene function Gene function retrieved
frequency P.values from Genome server
CP (crude protein) at second cut in combined analysis
1 S4_69014036 4 69014036  9.05E-07 0.242857 0.03141 Pgl_GLEAN_10029543  upstream_gene_variant Mre11 DNA-binding lonocot Plaza and
presumed domain Phytozome
CP at second cut during summer season of 2016
1 S4_69014036 4 69014036  5.63E-07 0.242857 0.01953 Pgl_GLEAN_10029543  upstream_gene_variant Mre11 DNA-binding lonocot Plaza and

In vitro organic matter digestibility (IVOMD) at first cut during summer season of 2015

1 S6_227902580 6 227902580 1.57E-17
2 S3_75463586 3 75463586  4.71E-14
3 S3.291119752 3 291119752 2.53E-11
4 S4_46289498 4 46289498  1.16E-10
5 S$1_180007567 1 180007567 1.78E-10
6 S5_154075820 5 154075820 5.59E-07
IVOMD at second cut during summer season of 2016

1 S7_104645663 % 104645663 1.06E-09
2 S6_192886095 6 192886095 4.16E-08
3 S4_51491754 4 51491754  2.21E-07

0.147619

0.138095

0.128571

0.095238

0.190476

0.114286

0.390476

0.114286

0.414286

5.46E-13

8.17E-10

2.92E-07

1.01E-06

1.24E-06

0.00323

3.69E-05

0.00072

0.00256

Pgl_GLEAN_10024973

Pgl_GLEAN_10027418

Pgl_GLEAN_10037615

Pgl_GLEAN_10012611

Pgl_GLEAN_10034437

Pgl_GLEAN_10032186

intergenic_region

intergenic_region

synonymous_variant

upstream_gene_variant

intergenic_region

upstream_gene_variant

intron_variant

synonymous_variant

splice_region_variant
and intron_variant

presumed domain

NA

NA

Coatomer epsilon
subunit
NHL domain-containing
protein
NA

CCT motif

Methyltransferase
domain/Hen1 La-motif
C-terminal domain
Coatomer beta
C-terminal region
NA

Phytozome

lonocot Plaza and
Phytozom

U @

lonocot Plaza and

Phytozom

U @

onocot Plaza and

Phytozom

U @

lonocot Plaza and

Phytozom

U @

lonocot Plaza and

Phytozome

onocot Plaza and
Phytozome

onocot Plaza and
Phytozome

onocot Plaza and
Phytozome

Chr.: chromosome; Pos.: position; NA: not available.
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Traits

F1 vs. GCAsum

F1 vs. SCA

GCA vs. BPH

SCA vs. BPH

Single cross hybrids

Top cross hybrids

Single cross hybrids

Top cross hybrids

Single cross hybrids

Top cross hybrids

Single cross hybrids

Top cross hybrids

First cut Second cut First cut Second cut

First cut Second cut First cut Second cut

First cut Second cut First cut Second cut First cut Second cut First cut Second cut

PH (cm) NA Q:rgrer 0.60"* 0.64* NA 0.62** 0.80"* 0.77* NA 0.09 0.10 0.61* NA 0.58"* 0.42™  0.65™
GFY (tha~') 0.82"* 0.65* 0.62* 0.75* 0.57* 0.83"** 0.79™* 0.66™* 0.43"* -0.41™ 0.09 0.51* 0.63** 0.56™* 0.67™*  0.51*
TGFY (tha™") 0.63* 0.62* 0.71~ 0.78™* 0.10 0.15 0.67* 0.70"*
DFY (tha=')  0.48 0.72 0.56"* 0.65™* 0.88™* 0.70"* 0.83** 0.76™* 0.30™ -0.33* 0.35* —0.10 0.63"* 0.63* 0.52=*  0.60™
TDFY (tha~T) 0.33* 0.61* 0.95"* 0.78™* 0.00 0.38™ 0.71* 0.72
CP (%) 0.60"* 0.73* 0.53** 0.69* 0.80* 0.69"* 0.85* 0.73"* -0.12 0.33" 0.26 0.42* 0.67* 0.57* 0.66™*  0.58™*
NDF (%) 0.55* 0.57* 0.56™* 0.55™ 0.84"* 0.82* 0.82* 0.84* 0.09 0.36" 0.45™ 0.23 0.50** 0.64"* 0.80™*  0.55™
ADF (%) 0.59** 0.59* 0.63** 0.47* 0.81* 0.81 0.78™* 0.72* -0.16 0.58"* 0.65"* 0.40 0.71 0.40" 0.74=*  0.60™
ADL (%) 0.59** 0.67* 0.56"* 0.66"* 0.80"* 0.74= 0.83** 0.75™* -0.138 0.46** 0.46™* 0.59™ 0.69* 0.62* 0.75™*  0.38

E (MJ/kg) 0.51* 0.68* 0.65™* 0.60™ 0.83"* 0.73** 0.76"* 0.80* -0.01 0.34" 0.67* 0.47* 0.84* 0.72* 0.64™*  0.68™"
VOMD (%) 0.68* 0.67* 0.60"* 0.46* 0.81* 0.74=* 0.80"* 0.80* -0.08 0.35" 0.62"* 0.27 0.79" 0.52* 0.72=*  0.63"™

*P < 0.05, P < 0.01, ™P < 0.001, and NA: not available. F: hybrid performance, GCAsum: the sum of GCA for two parents, SCA: specific combining ability, BPH.: better parent heterosis. PH: plant height; GFY: green
forage yield; TGFY: total green forage yield; DFY: dry forage yield; TDFY: total dry forage yield; CP: crude protein; NDF: neutral detergent fiber; ADF: acid detergent fiber; ADL: acid detergent lignin;, ME: metabolizable
energy; IVOMD: in vitro organic matter digestibility.
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Traits Additive Non additive
Single cross hybrids Top cross hybrids Single cross hybrids Top cross hybrids
First cut Second cut First cut Second cut First cut Second cut First cut Second cut
TGFY (tha™") T Vv
TDFY (tha™") J J
CP (%) v v v v
IVOMD (%) &/ ¢ ¥ J

VT indicates presence of gene action. TGFY-total green forage yield, TDFY-total dry forage yield, CP-crude protein and IVOMD-in vitro organic matter digestibility.
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Traits Materials Cutting intervals Better-parent heterosis (%) Standard heterosis (%)

Minimum Maximum Average Minimum Maximum Number of hybrids
better than check

Desirable traits

PH (cm) ¥SCHs First cut (80)a NA NA NA —43.8 -1.5 0
Second cut (45)b 4.0 73.2 37.3 —27.5 17.5 25
TTCHs First cut (50)c 2.3 90.1 35,1 —20.8 2.4 2
Second cut (24)d 15.4 77.9 414 171 17.7 21
GFY (tha™") SCHs First cut -8.2 74.4 32.6 —51.5 10.5 5
Second cut -37.0 301.9 51.5 —44.8 275 22
TCHs First cut —46.1 2.9 —20.2 —27.3 127 6
Second cut —-57.7 101.4 26.1 —62.8 14.2 7
TGFY (tha~') SCHs Combined 1.8 1184 47.9 —39.3 8.0 74
TCHs combined —40.7 5.3 —18.1 —27.6 10.2 74
TDFY (tha™") SCHs Combined 13.3 421.9 136.0 —61.8 35.2 9
TCHs combined 0.0 176.1 565 —481 75.8 10
DFY (tha™") SCHs First cut —13.1 344.3 154.2 —68.2 -0.9 0
Second cut —29.7 248.2 50.7 —-37.7 1.2 9
TCHs First cut 16.9 318.7 755 —33.9 9.1 3
Second cut —55.1 109.3 19.5 —44.4 7.3 4
CP (%) SCHs First cut —-27.8 8.8 —14.4 —-11.2 9.9 15
Second cut —-30.7 4.5 —-12.8 —14.0 8.8 12
TCHs First cut —-33.0 0.3 —-15.2 —-12.2 3.0 2
Second cut —-23.2 —3.1 —14.7 -9.2 9.4 15
ME (MJ kg—1) SCHs First cut —6.1 g 1.7 -2 1.6 18
Second cut —-8.5 3.9 —2.1 —4.1 2.3 24
TCHs First cut —121 125 1.6 -2.5 1.1 14
Second cut —6.6 4.9 -0.8 —-25 2.9 2
IVOMD (%) SCHs First cut -8.2 6.7 0.1 -3.4 2.6 12
Second cut —10.8 3.4 —-29 —29 1.6 21
TCHs First cut —-13.2 1.3 0.4 -1.2 0.6 19
Second cut —6.1 3.6 —-1.8 —-25 3.1 6

Undesirable traits
NDF (%) SCHs First cut -7.8 6.4 -0.4 -2.8 1.4 47
Second cut -3.9 7.3 1.2 -1.8 2.2 28
TCHs First cut —4.5 7.6 0.2 -1.6 3.1 13
Second cut —-1.7 6.3 2.0 —24 2.8 16
ADF (%) SCHs First cut —13.2 3.7 -3.1 —4.2 2.6 26
Second cut —-7.5 14.3 2.3 —-1.0 2.4 20
TCHs First cut —-11.3 15.3 -1.5 -0.1 3.4 2
Second cut —10.6 6.3 -0.2 -1.3 2.2 20
ADL (%) SCHs First cut —-20.2 14.0 -1.9 —6.9 8.0 9
Second cut —-12.0 19.1 2.4 —-1.2 6.8 10
TCHs First cut —-17.3 18.5 -2.0 2.4 14,2 4

Second cut —6.6 18.3 38 -1.3 75

a, b, ¢, and d indicates 80, 45, 50, and 24 hybrids, respectively; ¥ SCHs: single cross hybrids; T TCHs: top cross hybrids. PH: plant height; GFY: green forage yield; TGFY:
total green forage yield; DFY: dry forage yield; TDFY: total dry forage yield; CP: crude protein; NDF: neutral detergent fiber; ADF: acid detergent fiber; ADL: acid detergent
lignin; ME: metabolizable energy; IVOMD: in vitro organic matter digestibility.
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Traits Single cross Top cross
Parents Hybrids Parents Hybrids
Minimum Maximum Average Minimum Maximum Average Minimum Maximum Average Minimum Maximum Average

*FC *sC FC sC FC SC FC SC FC sC FC sC FC sC FC SC FC SC FC SC FC SC FC SC
Desirable traits
PH (cm) NA 51.8 NA 104.7 NA 81.6 NA 94.6 NA 15624 NA 1256.8  93.9 70.5 177.0 93.3 1314 811 1449 1009  212.0 139.9 188.9 119.3
GFY (tha=") 12.3 0.7 35.4 (T 26.5 2.8 30.9 1.9 55.6 9.1 42.5 (T 21.4 0.5 63.4 5.3 44.2 2.7 315 2.3 50.8 57 41.3 441
TGFY (tha~") 13.6 38.8 28.0 34.0 60.4 47.6 23.0 66.2 46.7 33.8 55.0 451
TDFY (tha~T) 3.2 8.7 5.4 6.8 251 145 2.5 8.9 6.2 6.4 21.8 10.8
DFY (tha~T) 3.2 0.3 10.4 1.8 5.0 0.9 8.3 0.7 21.7 2.7 14.2 1.7 3.0 0.2 8.2 1.7 5.9 0.9 8.2 0.8 19.5 1.8 1.3 1.2
CP (%) 10.8 9.6 14.6 12.9 12.7 1.4 9.4 8.6 13.7 12.0 1.4 10.4 10.4 10.1 13.7 12.4 11.8 1.3 9.0 9.2 125 11.2 10.8 10.0
ME (MJ kg~ ") 6.5 6.3 7.2 7.2 6.8 6.8 6.3 6.5 7.6 7.3 74 6.9 6.2 6.7 6.9 74 6.6 6.9 6.0 6.6 7.5 7.4 6.8 6.9
IVOMD (%) 47.9 46.4 52.9 52.8 49.9 49.5 45.4 4741 54.2 52.4 50.8 49.8 46.9 48.2 50.4 51.9 48.3 50.2 43.8 481 53.3 53.2 49.0 50.0
Undesirable traits
NDF (%) 61.7 61.5 68.2 65.9 64.8 63.5 62.9 63.3 68.5 67.5 65.7 64.9 65.2 62.0 69.6 66.1 67.2 63.6 65.3 63.8 72.4 66.5 68.1 65.5
ADF (%) 28.4 28.0 32.5 32.4 30.9 30.5 27.T 29.8 33.7 34.3 30.7 31.9 31.7 291 35.1 33.3 33.3 31.2 30.0 29.3 38.3 33.2 33.3 31.8
ADL (%) 3.6 3.7 4.6 4.4 4.2 4.0 3.6 3.8 51 4.7 4.3 4.2 4.4 3.5 5.0 4.2 4.7 3.9 4.0 4.0 8.7 4.4 47 42

*FC: first cut; SC: second cut. PH: plant height; GFY: green forage yield; TGFY: total green forage yield; DFY: dry forage yield; TDFY: total dry forage yield; CP: crude protein; NDF: neutral detergent fiber; ADF: acid
detergent fiber; ADL: acid detergent lignin; ME: metabolizable energy; IVOMD: in vitro organic matter digestibility.
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BPH = [(F;—BP)/BP] x 100, and,
SH = [(F;—CH)/CH] x 100,
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Dry matter concentration (DMC)
= Dry forage weight/Green forage weight x 100

DFY = Green forage weight x dry matter concentration
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Trait DF-R' DF-PR CGDD-R CGDD-PR PLHT-R PLHT-PR GY-PR

DF-PR Entire (242) 0.485"*
PTINS (18) 0.927*
PSTINS (205) 0.492*
Sub-group 2 (80) 0.860"*
Sub-group 3 (125) 0.591
PTS (19) 0.976**
CGDD-R Entire (242) 1.000"* 0.484*
PTINS (18) 0.999* 0.927+
PSTINS (205) 1.000"* 0.491*
Sub-group 2 (80) 0.994* 0.861**
Sub-group 3 (125) 1.000%* 0.593+**
PTS (19) 1.000"* 0.979"
CGDD-PR Entire (242) 0.489** 0.997* 0.488***
PTINS (18) 0.934* 0.996* 0.934"*
PSTINS (205) 0.495* 0.997* 0.494***
Sub-group 2 (80) 0.850* 0.997* 0.849***
Sub-group 3 (125) 0.583** 0.997* 0.585"*
PTS (19) 0.976** 1.000"* 0.979***
PLHT-R Entire (242) 0.744% 0.326"* 0.745*** 0.327+
PTINS (18) 0.510* 0.541* 0.515* 0.495*
PSTINS (205) 0.745"* 0.320" 0.747* 0.324*
Sub-group 2 (80) 0.427* 0.415"* 0.410*** 0.416*
Sub-group 3 (125) 0.520** 0.256** 0.526*** 0.252**
PTS (19) 0.119 0.132 0.123 0.139
PLHT-PR Entire (242) 0.473" 0.570" 0.472+* 0.559*** 0.724*
PTINS (18) 0.705* 0.817+ 0.710%** 0.794* 0.838***
PSTINS (205) 0.517* 0.582+* 0.517* 0.573 0.735"*
Sub-group 2 (80) 0.352+ 0.487+ 0.344* 0.489"* 0.873**
Sub-group 3 (125) 0.582** 0.612+ 0.586*** 0.596** 0.731*
PTS (19) 0.09 0.155 0.098 0.165 0.896"*
GY-PR Entire (242) 0.088 0.119 0.089 0.09 0.109 0.187*
PTINS (18) 0.34 0.466 0.336 0.434 0.145 0.242
PSTINS (205) 0.02 0.092 0.021 0.061 0.067 0.190**
Sub-group 2 (80) 0.379* 0.401* 0.394*** 0.387** 0.302** 0.413
Sub-group 3 (125) 0.027 ~0.015 0.027 -0.047 0.029 0.104
PTS (19) 0.182 0.047 0.174 0.046 0.148 0.023
HSW-PR Entire (242) 0.239"* —0.203"* 0.239*** —0.204* 0.229* —0.012 0.492+**
PTINS (18) —0.118 0.014 -0.118 -0.013 —0.229 -0.153 0.747*
PSTINS (205) 0.180* —0.248" 0.180** —0.247" 0.207** —0.003 0.454***
Sub-group 2 (80) —0.049 —0.077 —0.04 —0.065 —0.106 ~0.171 0.237*
Sub-group 3 (125) 0.02 —0.350" 0.016 —0.353" 0.151 —0.034 0.553***
PTS (19) 0.009 -0.16 —0.006 —0.161 —0.058 —0.267 0.698***

TDF-R, days to 50% flowering in rainy; DF-PR, days to 50% flowering in post-rainy; CGDD-R, cumulative growing degree days in rainy; CGDD-PR, cumulative growing
degree days in post-rainy; PLHT-R, Plant height (cm) in rainy; PLHT-PR, Plant height (cm) in post-rainy; GY-PR, Grain yield (g plant-1) in post-rainy; HSW-PR, 100-seed
weight in post-rainy; *, **, *** significant at P < 0.05, 0.01, 0.001, respectively.
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Trait/group Northern hemisphere Southern hemisphere
Mean Range Mean Range

Rainy Post-rainy Rainy Post-rainy Rainy Post-rainy Rainy Post-rainy
Entire mini core (160 accessions northern hemisphere; 77 accessions southern hemisphere)
Days to 50% flowering 87 71 44-148 51-120 73 76 49-143 58-100
CGDD 1430 863 756-2356 658-1485 1225 913 839-2289 728-1202
Plant height (cm) 315 238 129-446 120-369 270 229 115-399 106-313
Grain yield g plant~! 23 7-54 24 2-37
100-Seed weight (g) 2.53 1.00-5.33 2:2 0.48-3.42
PTINS (11 accessions northern hemisphere; 7 accessions southern hemisphere)
Days to 50% flowering 69 69 57-84 56-87 69 69 61-82 58-78
CGDD 1159 840 971-1386 711-1041 1159 832 1025-1350 728-941
Plant height (cm) 283 224 185-335 129-331 270 215 189-335 137-260
Grain yield g plant=’ 22 14-33 21 10-29
100-Seed weight (g) 2.20 1.48-2.89 2.14 1.43-2.99
PSTINS (125 accessions northern hemisphere; 65 accessions southern hemisphere)
Days to 50% flowering 92 72 44-148 51-120 75 76 54-143 58-100
CGDD 1514 871 756-2356 658-1485 1246 913 910-2289 728-1202
Plant height (cm) 324 239 129-446 120-369 271 230 115-399 106-313
Grain yield g plant~! 24 7-54 25 9-37
100-Seed weight (g) 2.61 1.00-5.33 2.30 1.42-3.42
PSTINS Subgroup 2 (36 accessions northern hemisphere; 44 accessions southern hemisphere)
Days to 50% flowering 58 69 44-83 54-93 61 74 54-78 62-92
CGDD 974 830 756-1369 685-1108 1037 888 910-1298 766-1096
Plant height (cm) 258 220 129-354 132-311 242 220 1156-319 106-295
Grain yield g plant™’ 22 10-64 27 15-36
100-Seed weight (g) 217 1.32-3.61 2.38 1.42-3.42
PSTINS Subgroup 3 (99 accessions northern hemisphere; 21 accessions southern hemisphere)
Days to 50% flowering 104 73 61-148 51-120 103 80 66-143 58-100
CGDD 1710 887 1026-2356 658-1485 1683 964 1112-2289 728-1202
Plant height (cm) 347 246 192-446 120-369 331 250 211-399 166-313
Grain yield g plant~! 24 7-49 22 9-37
100-Seed weight (g) 270 1.00-5.33 213 1.42-3.21
PTS (14 accessions northern hemisphere; 5 accessions southern hemisphere)
Days to 50% flowering 49 66 46-62 60-88 62 87 49-66 73-94
CGDD 832 804 785-1052 738-1054 1039 1037 839-1110 880-1121
Plant height (cm) 258 240 214-293 202-287 254 235 189-298 156-278
Grain yield g plant=! 20 14-28 18 2-25
100-Seed weight 1.99 1.33-2.43 1.70 0.48-2.50
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Traits Downy mildew Days to 50% Plant Panicle Panicle Grain Grain Fe Grain Zn

damage% flowering height length circumfer- yield content content
ence

Downy mildew damage% 1.00

Days to 50% flowering —0.38" 1.00

Plant height —0.44* 0.93* 1.00

Panicle length -0.20 0.68** 0.68** 1.00

Panicle circumference 0.31 —0.62** —0.68" —0.58* 1.00

Grain yield -0.13 0.02 0.08 0.33 0.10 1.00

Grain Fe content 0.45* —0.77* —0.74* —0.70™ 0.65™ 0.01 1.00

Grain Zn content 0.39* —0.77** —0.75™* —0.70** 0.67 0.01 0.98** 1.00

*,*Significant at P = 0.05 and 0.01, respectively.
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India
Ethiopia
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99
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1.00-5.33
2.99
1.00-5.33

2.14
2.37
3.60
0.19
0.37
8.10
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Locations Grain yield (/ha) Effect Rank
1 2 3 4

Maradi (Niger) 0.94 —0.6154 ICMV IS 99001 SOSAT-C88 Moro IBMV 8402
Magaria (Niger) 0.98 —-0.5197 ICMV 167005 ICMV IS 94222 SOSAT-C88 ICMV IS 99001
Bambey (Senegal) 0.96 0.0596 CHAKTI SOSAT-C88 ICMV IS 99001 ICMV 167001
Nioro (Senegal) 1.07 0.367 CHAKTI ICMV 167001 ICMP 177002 SOSAT-C88
Sadore (Niger) 0.90 —0.2665 ICMV 167005 CHAKTI ICMV IS 94222 ICMV 167001
Kano (Nigeria) 0.70 0.1276 CHAKTI ICMV 167001 ICMV 167005 SOSAT-C88
Konni (Niger) 0.85 0.4307 CHAKTI ICMV 167001 ICMP 177002 SOSAT-C88
Bawku (Ghana) 0.94 0.5633 CHAKTI SOSAT-C88 ICMP 177002 ICMV 167001
Gampela (Burkina Faso) 1.06 0.5125 CHAKTI ICMP 177002 ICMV 167001 SOSAT-C88
Cinzana (Mali) 1.20 —0.6591 ICMV 167005 ICMV IS 99001 ICMV 167001 SOSAT-C88
Best candidate variety CHAKTI SOSAT-C88 & ICMV167001 ICMV 167001 & ICMP177002 SOSAT-C88
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Genotype

Grain yield Grain Fe content Grain Zn content

Mean Rank(X) IPCA1 IPCA2 ASV  ASVrank(Y) YSI(X+Y) YSlrank IPCA1 [IPCA2 ASV ASVrank IPCA1 IPCA2 ASV  ASVrank

AFRIBEH-NAARA 0.79 19 0.05 —0.11 0.19 3 22 6 1.68 0.88 214 28 1.10 —0.01 1.66 18
AKAD-KOM 0.83 17 0.09 0.05 0.26 7 24 8 —1.35 0.27 1.59 26 —0.59 0.00 0.89 7
CHAKTI 1.42 1 0.18 0.16 0.54 15 16 4 0.82 0.21 0.98 16 1.39 —0.36 214 25
Faringuero 0.73 21 —0.26 0.08 0.76 18 39 18 -0.156 0.49 0.52 6 —1.43 0.20 2.18 26
Gamoji 1.19 7 —0.05 —0.20 0.25 5 12 2 —0.29 —0.04 0.34 4 —1.02 —0.67 1.68 19
GB 8735 0.83 17 0.05 —0.20 0.25 6 23 7 —0.46 0.48 0.72 10 0.32 0.16 0.50 2
BMV 8402 0.99 10 —0.59 —0.02 1.71 29 39 18 0.10 0.58 0.59 8 —0.47 —-0.92 1.16 14
CMP 177001 0.85 15 0.28 —0.30 0.86 22 37 16 0.22 —1.38 1.41 22 2.06 0:12 3.1 29
CMP 177002 119 7 0.58 0.25 172 30 37 16 —0.20 —0.20 0.31 3 0.69 —1.69 1.99 23
CMV 167005 1.31 5 —-0.19 0.24 0.61 17 22 6 0.32 —0.01 0.37 5 —0.88 0.79 1.55 17
CMV 167006 1.13 8 —0.29 0.34 0.92 23 31 13 0.89 0.37 1.10 18 0.60 1.86 2.06 24
CMV 177001 0.61 23 0.14 0.12 0.44 12 35 15 —3.24 1.46 4.04 30 —2.08 1.23 3.38 30
CMV 177002 0.83 17 0.09 —0.10 0.28 8 25 9 —1.56 —-2.19 2.85 29 —0.48 —0.99 1.23 15
CMV 177003 0.83 17 0.17 -0.21 0.54 16 33 14 0.61 —0.29 0.77 12 0.47 1.58 1.73 20
CMV 177004 0.80 18 —0.10 0.11 0.32 10 28 11 1.19 —0.26 1.41 23 0.37 0.46 0.73 4
CMV 221 0.79 19 0.31 —-0.14 0.92 24 43 20 —0.01 —0.05 0.05 1 0.33 0.78 0.93 9
CMV 167001 1.33 3 0.27 0.25 0.83 20 23 7 0.16 0.70 0.72 11 —-1.92 —-0.74 2.99 28
CMV IS 85327 0.97 12 —0.29 —0.41 0.94 26 38 17 1.01 —-0.10 117 19 0.41 —0.08 0.63 3
CMV IS 94222 1.28 6 -0.17 017 0.52 14 20 5 0.41 0.21 0.52 7 —0.24 1.10 1.16 13
CMV IS 99001 1.32 4 —0.10 —0.01 0.30 9 13 3 0.15 0.15 0.23 2 —0.59 —0.37 0.97 11
CTP 8203 0.75 20 0.11 0.02 0.33 11 31 13 0.40 —0.69 0.83 13 1.49 0.68 2.35 27
Jirani 0.84 16 0.08 —0.09 0.25 4 20 5 —0.25 -1.20 1.24 21 0.58 0.33 0.93 10
KAANATI 0.69 22 0.37 —-0.19 1.08 27 49 22 —0.50 1.35 1.47 24 0.13 —-0.79 0.82 5
LCIC 9702 0.87 14 —0.03 —0.10 0.13 2 16 4 0.20 —0.86 0.89 14 1.19 —0.48 1.86 22

oro 1.06 9 —0.25 —0.40 0.84 21 30 12 0.19 —-0.97 1.00 17 0.38 —1.65 1.75 21
Sadore Local 0.73 21 —0.32 0.15 0.93 25 46 21 —0.47 0.46 0.71 9 —-0.79 —0.39 1.25 16
SARIA-1 0.61 23 0.27 0.16 0.79 19 42 19 —0.98 —-1.79 213 27 0.22 —0.86 0.92 8
SOSAT-C88 1.38 2 0.01 0.01 0.04 1 3 1 0.46 0.75 0.92 15 —0.76 0.10 1.156 12
Souna 3 0.98 11 —0.55 0.13 1.62 28 39 18 1.00 0.19 1.19 20 —0.31 0.76 0.89 6
WAAPP-NAARA 0.88 13 0.15 0.26 0.50 13 26 10 —0.36 1.49 1.55 25 —0.15 —0.16 0.28 1

IPCA 1, interaction principal component axis one score; IPCA 2, interaction principal component axis two score; ASV, AMMI Stability Value; YSI, yield stability index.
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Environment Discriminative Representative Desirability Desirability

-ness index index rank
ND-17 1:257 0.771 0.969 4
ND-18 1.446 0.629 0.910 5
ND-19 1.100 0.932 1.025 2
BWL-19 1.361 0.750 1.021 3
JPR-19 1.187 0.864 1.026 1
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Traits Effects Source of variance DF Variance SE F value? and p values H2
LRT value®
Foliar blast Fixed Environments 4 6.017 <0.0001
score
Environments (Replication) 5 0.191 0.966
Random Genotype 249 2792 1.671 1,106.751 <0.0001 0.887
Genotype x Environments 996 0.474 0.689 192.564 < 0.0001
Environments 240 0.015 0.124 2087 0.151
(Replication x Block)
Residuals 1,245 0.709 0.842
Days to 50% Fixed Environments 4 179.725 <0.0001
flowering
Environments (Replication) 5 0.256 0.937
Random Genotype 249 38.105 6.173 811.343 <0.0001 0.968
Genotype x Environments 996 16.438 4.054 1,610.839 <0.0001
Environments 240 0.093 0.305 3.160 0.075
(Replication x Block)
Residuals 1,245 2.521 1.588

DF, degree of freedom; SE, standard error; H?, heritability. 2Concerning the fixed effect components. ®Concerning random effect components.
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Traits Effects

Foliar Fixed
blast
score

Random

Daysto  Fixed
50%
flowering

Random

Source of
variance

Replication

Genotype
Block
(Replication)
Residuals
Heritability
Replication

Genotype
Block
(Replication)
Residuals
Heritability

DF

249
48

201

249
48

201

New Delhi-17 New Delhi-18 New Delhi-19 Bawal-19 Jaipur-19
Variance  SE F value? pvalues Variance SE F value® p values Variance SE F value? pvalues Variance SE F value? pvalues Variance SE Fvalue® p values
and LRT and LRT and LRT and LRT and LRT
value® value® value® value® value®

- — 0.10 0.758 — — 0.24 0.628 - - 0.005 0.945 — - 0.06 0.810 - - 0.291 0.597
2.89 A% 165.70 <0.001 3.616 1.9 263.12 < 0.001 3.46 1.86 430.44 <0.001 3.40 1.85 230.45 <0.001 2.92 1.7 481.032  <0.001
0.06 0.25 1.55 0.213 0.011 0.11 0.11 0.743 0.04 0.19 4.56 0.033 0.02 0.12 0.14 0.707 0.01 0.07 0.213 0.644
1.16 A <0.001 0.841 0.92 <0.001 0.32 0.57 <0.001 0.95 0.98 <0.001 0.23 0.48 <0.001

0.833 0.896 0.955 0.877 0.961
- — 0.34 0.572 — — 0.036 0.852 - - 0.45 0.508 — - 1.43 0.255 - - 0.009 0.925
47.86 6.9 717.77  <0.0001 34.728 5.893 393.480 <0.001 62.79 7.92 570.86 <0.001 68.37 8.27 1,188.93 <0.001 59.12 7.69 535.730  <0.001
0.00 0.0 0.00 1.000 0.032 0.180 0.032 0.858 0.25 0.50 2.57 0.109 0.00 0.00 0.00 1.000 0.45 0.67 5.632 0.019
1.30 A <0.001 4179 2.044 <0.001 3.19 1.79 <0.001 0.28 0.53 <0.001 3.38 1.84 <0.001

0.987 0.943 0.975 0.978 0.972

DF, degree of freedom; SE, standard error. 2Concerming the fixed effect components. ®Concerning the random effect components.
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Field

Crosses

1. B35 x LODOKA

2.B35 x ICSVILIN

3. B35 x AKUOR-ACHOT

4. FeYQ212 x B35

5. OKABIR x B35

6. B35 x FeYQ212
7.ICSVIILLIN x B35

8.B35 x E36-1

9. OKABIR x AKUOR-ACHOT
10. ICSVIILIN x LODOKA

11. ICSVIILLIN x E36-1

12. OKABIR x ICSVIILLIN

13. F6YQ212 x LODOKA

14. LODOKA x ICSVIILIN

16. E36-1 x MACIA|

16. AKUOR-ACHOT x ICSVIILLIN
17. LODOKA x OKABIR

18. ICSVIILIN x MACIA

NSmax (%)*

-79.2
-71.21
—66.02
—65.13
-51.08
-51.01
—49.36
-31.89
-17.563

15.48

35.85

43.09

62.08

63.73

75.88
115.14
144.68
289.77

Crosses

1. FeYQ212 x B35

2. ICSVIILIN x B35

3. OKABIR x B35

4. ICSVIIIN x E36-1

5. B35 x FeYQ212

6. B35 x ICSVIIL_IN

7. LODOKA x OKABIR

8. OKABIR x AKUOR-ACHOT
9. F6YQ212 x LODOKA

10. B35 x AKUOR-ACHOT
11. AKUOR-ACHOT x ICSVII_IN
12. E36-1 x MACIA

13. ICSVIILIN x MACIA

14, ICSVIILIN x LODOKA

15. B35 x E36-1

16. B35 x LODOKA

17. OKABIR x ICSVIILIN

18. LODOKA x ICSVIILIN

*Values with negative percentage are the most desirable as they show a lower number of Striga plants than that of the midparent.

Pot

NSmax (%)*

-5352
—45.44
—82.24
~29.39
—6.91
-54
—227
-1.81
—0.12
1.57
437
21
244
2628
39,64
57.89
62.88
136.78
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Sl.no. Entry Code DFF FB scores at individual environments Overall Stability Frequency in top

mean index 10 resistant line
(ASV)** group
ND-17 ND-18 ND-19  BWL-19  JPR-19

1 IP 11353 G-62 59 8.8 0.05 5/5
2 IP 22423 G-39 74 78 0.08 5/5
3 IP 7941 G-220 70 77 0.09 5/5
4 IP 7910 G123 75 75 0.07 3/5
5 IP 8280 G-86 62 7.2 7.4 0.20 3/5
6 IP 12322 G-87 71 76 7.4 0.16 2/5
7 IP 11275 G178 68 6.7 7.1 7.3 0.24 3/5
8 IP 16082 G-15 66 76 69 7.3 0.07 1/5
9 IP 12364 G-235 72 7.1 7.1 72 0.21 1/5
10 IP 15857 G-233 67 7. 7.2 0.27 2/5
11 IP 21169 G156 69 6.7 6.9 7.1 0.38 1/5
12 IP 5438 G-240 68 NG 7.1 0.18 2/5
13 IP 8182 G-221 64 7.2 6.8 7.0 0.08 0/5
14 IP 7953 G159 52 71 7.0 0.22 1/5
15 IP 3122 G102 59 6.6 6.8 6.9 0.25 1/5
16 IP 9969 G182 57 6.7 7.0 6.9 0.33 0/5
17 IP 3106 G-236 62 7.6 72 6.9 0.27 1/5
18 IP 9710 G-100 62 4.9 7.0 6.8 0.48 2/5
19 IP 14439 G174 75 6.9 5.4 6.8 0.28 0/5
20 IP 18293 G210 70 76 | 74 68 1.04 3/5
21 IP 10543 G-181 68 5.8 6.3 6.7 0.68 2/5
22 SOSAT-C88  G-179 55 6.7 5.5 6.7 0.30 1/5
23 IP 11584 G135 60 6.7 6.9 6.7 0.12 0/5
24 IP 6882 G183 57 6.7 6.6 6.7 0.14 0/5
25 IP 12020 G-241 55 6.7 0.51 1/5
26 IP 3471 G126 65 6.8 6.8 6.6 0.18 0/5
27 IP 17632 G-26 53 45 6.4 6.5 0.69 0/5
28 IP 22419 G-151 66 5.8 6.6 6.5 0.17 0/5
29 IP 10820 G-67 59 5.8 6.2 6.5 0.26 0/5
30 IP 13840 G226 74 6.5 6.1 6.5 0.13 0/5
31 IP 6098 G-237 69 6.4 6.5 6.5 0.11 0/5
32 ICMR 11009 G-248 55 6.0 - - - 0.49 1/5

(Res. check)
33 IP 10761 G177 63 6.0 6.3 5.8 7.0 7.1 6.4 0.20 0/5
34 IP 11961 G219 64 5.7 7.2 6.7 5.2 6.5 6.3 0.36 0/5
35 IP 7952 G130 71 6.0 5.0 7.3 6.1 6.7 6.2 0.48 0/5
36 WC-C75 G-168 61 5.7 5.9 7.0 6.0 6.5 6.2 0.18 0/5
37 IP 7886 G138 53 4.0 6.2 6.8 7.2 6.8 6.2 0.75 0/5
38 IPC 804 G122 53 5.6 45 7. 6.9 6.8 6.2 0.73 0/5
39 IP 8074 G-155 60 73 6.7 5.4 5.3 6.2 6.2 0.58 0/5
40 ICMR 11003 G-247 54 5.8 6.0 5.9 6.7 6.5 6.2 0.25 0/5

(Res. check)
41 IP 19405 G-204 62 5.9 6.7 6.3 5.8 6.1 6.2 0.16 0/5
42 IP 5931 G-227 63 6.6 6.3 5.8 5.9 5.8 6.1 0.24 0/5
43 IP 17493 G212 65 75 6.7 5.4 5.4 5.1 6.0 0.66 1/5

ICMR 11019 G-249 53 - - 5.9 5.3 5.8 5.9 0.26 0/5

(Res. check)

ICMB 95444  G-251 54 0.0 0.0 0.0 0.0 0.0 0.0 - 0/5

(Sus. check)
Environmental mean 59 4.6 4.3 4.5 4.5 4.5 4.5 - -
CV% 2.7 23.8 19.1 21.6 10.7 12.7 185 . :
LSD 35 2.2 1.8 1.9 1.0 1.2 1.1 i ;

*Yellow color represents genotypes whose foliar blast score is above qualifying check. *Blue color represents qualifying checks under each environment. **Stability index
worked out as described by FPurchase et al. (2000); ASV = AMMI stability value (stable genotypes will have lower values). CV, coefficient of variation; LSD, least square
difference; DFF, days to 50% flowering; NG, seeds not germinated; ND-17, New Delhi-2017; ND-18, New Delhi-2018; ND-19, New Delhi-2019; BWL-19, Bawal-2019;
JPR-19, Jaipur-2019.
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Field

Crosses

1. F6YQ212 x LODOKA
2.F6YQ212 x B3S
3.ICSVIILIN x LODOKA
4.B35 x LODOKA

5. LODOKA x OKABIR

6. OKABIR x B35

7. OKABIR x ICSVIILIN
8.ICSVIILIN x B35

9.B35 x FEYQ212

10. B35 x E36-1

11. E36-1 x MACIA

12, ICSVIILLIN x E36-1

13. AKUOR-ACHOT x ICSVIILIN
14. B36 x AKUOR-ACHOT

15. B35 x ICSVIILIN

16. ICSVII_IN x MACIA

17. LODOKA x ICSVIIl_IN

18. OKABIR x AKUOR-ACHOT

HGW (%)

89.78
86.19
7761
52.94
47.33
4144
39.30
30.25
25.83
2453
19.76
18.33
~050
~6.65
-26.31
-27.05
-28.36
-59.48

Crosses

1. LODOKA x OKABIR
2.E36-1 x MACIA

3. OKABIR x B35

4.B35 x E36-1

5. B35 x ICSVIILLIN

6. ICSVIIIN x E36-1

7. FBYQ212 x LODOKA

8. OKABIR x ICSVIILLIN

9. B35 x LODOKA

10. OKABIR x AKUOR-ACHOT
11. F6YQ212 x B35

12. ICSVIILIN x LODOKA

13. B35xFEYQ212

14. B36 x AKUOR-ACHOT

15. LODOKA x ICSVIILIN

16. ICSVIILIN x B35

17. ICSVIILIN x MACIA

18. AKUOR-ACHOT x ICSVII_IN

Pot

HGW (%)

79.33
46.52
31.03
21.44
20.99
16.77
11.31
10.14
8.06
4.52
3.33
2.67
-833
-21.58
-22.32
—37.46
-38.82
—48.51
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Environment Latitude Longitude Altitude Max. temp. (°C) Min. Temp. (°C) Rainfall (nm) Max. RH (%) Min. RH (%) Rainy days Mean blast score

New Delhi-17 28.7 76.6 266 33.9 25.2 164.2 92.5 71.5 9.0 4.57
New Delhi-18 28.7 76.6 266 32.0 21.8 188.0 89.4 64.8 11.0 4.30
New Delhi-19 28.7 76.6 266 33.8 25.2 9.0 87.7 62.3 2.0 4.51
Jaipur-19 26.5 75.5 390 32.8 23.2 105.0 82.2 58.4 6.0 4.45

Bawal-19 281 77 A 288 33.0 23.6 28.0 90.0 55.4 1.0 4.48
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Cross

1. B35 x ICSVIIl IN
2.B35 x FeYQ212
3.B35 x AKUOR-ACHOT
4. E36-1 x MACIA

5. F6YQ212 x LODOKA
6. B35 x ICSVIIl IN
7.B35 x E36-1

8. B35 x LODOKA

9. FeYQ212 x B35

10. ICSVIIl IN x E36-1

11. LODOKA x ICSVIIl IN
12. OKABIR x ICSVIIlIN
13. OKABIR x AKUOR-ACHOT
14. LODOKA x OKABIR
15. ICSVIIIN x MAGIA
16. ICSVIII IN x LODOKA

Plants
tested

P I TN R AR S - SRR WY

Average no. of
biallelic
markers

2,806
2774
2,699
1,485
1,947
2806
2868
2,467
2,695
1,313
1825
2,339
2,174
2357
1,204
1,764

Proportion of
heterozygous
alleles (%)

<1-33
15-43
1-45
<1-29
2-13
<1-33
22-46
9-26
<1-10
14-33
<1-16
<1-2
<1
<1
10-17
4-13
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sov ASNPC NSmax NSFC oDs OPS
Combined Environment 35,611,085 71500.40" 10,788.95 1.80 4.9515ns
Field tral Reps 2,280,177ns 3319" 384.8° 0.43ns 250
Genotype 7,332,224 4,620 570 368" 396"
Parents (Par) 7,863,173 5,402 74220 356" 289"
Progenies (Pro) 6,208,111 3,676 34047 3.69™ 530"
Par x Pro 202,494 830ns 318.7ns 741 4440
Residual 1,860,949 1,333.39 135,32 058 054
Pot trial Reps 491,477 349,43 2.50ns 035ns 410
Genotype 333,365 7339 864 528" 250"
Parents (Par) 448,828 83.86" 10,02 453 257
Progenies (Pro) 169,309 57.10™" 673" 436" 227
Par x Pro 162,659" 9381 5.54ns 5879 10,98
Residual 88840 11.18 396 112 1.04

ASNPC, area under Striga number progress curve; NSmax, maximum above-ground Striga; NSFC, number of Striga-forming capsules; ODS, overall disease score; OPS, overall

pest score.

“Significant at P < 0.05.
“Significant at P < 0.01.
*Significant at P < 0.001.
ns, non-significant.
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sov

Cormbined Environment

Field tral Reps
Genotype
Parents (Par)
Progenies (Pro)
Par x Pro
Residual

Pot tral Reps
Genotype
Parents (Par)
Progenies (Pro)
Par x Pro
Residual

HGW, 100-grain weight; YLD, yield; DTF, deys to 50% flowering; PH, plant height.

“Significant at P < 0.05.
*Significant at P < 0.001.
ns, non-significant.

HGW

21860
221
234
204
231
13.16™*
0.76
2.1421ns
1.99"
3.92"
1.67ns
17.84*
1.30

YLD

2,779.93"*
1.05ns
4.40"
269"
541

42.86™
0.76
32.81ns
164.89"*
118.66"**
164.39**

2,081.54*

40.69

DTF

4,656.74**
81.84ns
319.67**
213.02***
466.04**
98.2ns
49.87
21.87ns
177.24"
140.09**
22861**
335.70"*
4517

PH

545.20ns
2,365.90°
6,421.40"
5,566.20"
6,665.70"*
27,930
366.62
205.80ns
6,192.20""
6,860"
5,356.80"
592ns
675.75
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Genotype Source Classification Species

1. GBK 044058 GeRRI Wild Sorghum sp.
2. GBK 044336 GeRRI Wid Sorghum sp.

3. GBK 048922 GeRRI Wild Sorghum sp.

4. GBK 047293 GeRRI Wid Sorghum arundinaceum (Desv) Stapf
5.GBK 048916 GeRRI Wild Sorghum sp.

6. GBK 016085 GeRRI Wild Sorghum arundinaceum (Desv.) Stapf
7. GBK 048917 GeRRI Wild Sorghum sp.

8.GBK 016114 GeRRI Wid Sorghum sudanense (Piper) Stapf

9. GBK 044063 GeRRI Wild Sorghum sp.

10. GBK 048156 GeRRI Wid Sorghum arundinaceum (Desv.) Stapt
11. GBK 016109 GeRRI Wild Sorghum arundinaceum (Desv.) Stapf
12. GBK 044120 GeRRI Wid Sorghum sp.

18. GBK 040577 GeRRI Wid Sorghum arundinaceum (Desv.) Stapf
14. GBK 048921 GeRRI Wild Sorghum sp.

15. GBK 044448 GeRRI Wild Sorghum sp.

16. GBK 045827 GeRRI Wild Sorghum purpureosericeum (Hochst. ex A. Rich.) Asch. and Schweinf.
17. GBK 048152 GeRRI Wild Sorghum arundinaceum (Desv.) Stapf
18. GBK 044065 GeRRI Landrace Sorghum sp.

19. GBK 043565 GeRRI Landrace Sorghum arundinaceum (Desv.) Stapf
20. GBK 044054 GeRRI Landrace Sorghum almum Parodi

21. OKABIR ICRISAT Landrace Sorghum bicolor

22.159830" ICRISAT Improved variety Sorghum bicolor

23, HAKIKA® ICRISAT Improved variety Sorghum bicolor

24. AKUOR-ACHOT ICRISAT Landrace Sorghum bicolor

25. LODOKAT ICRISAT Landrace Sorghum bicolor

26.E36-11 ICRISAT Improved variety Sorghum bicolor

27.835 ICRISAT Improved variety Sorghum bicolor

28.N13* ICRISAT Landrace Sorghum bicolor

29. SRN39" ICRISAT Improved variety Sorghum bicolor

30. KARIMTAMA- 1 ICRISAT Improved variety Sorghum bicolor

31. GADAM ICRISAT Improved variety Sorghum bicolor

3. FeYQR12 ICRISAT Improved variety Sorghum bicolor

33. MACIA ICRISAT Improved variety Sorghum bicolor

34. FRAMIDA® ICRISAT Improved variety Sorghum bicolor

35. KAT/ELM/2016 PL82 KM32-2 ICRISAT Improved variety Sorghum bicolor

36. KAT/ELM/2016 PL1 SD15 ICRISAT Improved variety Sorghum bicolor

38. ICSVIILIN ICRISAT Improved variety Sorghum bicolor

39. OKABIR x AKUOR-ACHOT UON F4 Population Sorghum bicolor

40. AKUOR-ACHOT x ICSVIILIN UoN F4 Population Sorghum bicolor

41. B35 x AKUOR-ACHOT UoN F4 Population Sorghum bicolor

42.835 x E36-1 UON F4 Population Sorghum bicolor

43. B35 x F6YQ212 UoN F4 Population Sorghum bicolor

44.B36 x ICSVIILIN UON F4 Population Sorghum bicolor

45. B35 x LANDIWHITE UON F4 Population Sorghum bicolor

46. 835 x LODOKA UON F4 Population Sorghum bicolor

47. E36-1 x MACIA| UON F4 Population Sorghum bicolor

48. F6YQ212 x B35 UoN F4 Population Sorghum bicolor

49. F6YQ212 x LODOKA UON F4 Population Sorghum bicolor

50. IBUSAR x E36-1 UoN F4 Population Sorghum bicolor

51. IBUSAR x LANDIWHITE UON F4 Population Sorghum bicolor

52. IBUSAR x ICSVIII_LIN UON F4 Population Sorghum bicolor

53. ICSVII_IN x B35 UON F4 Population Sorghum bicolor

54. ICSVIILIN x E36- 1 UON F4 Population Sorghum bicolor

55. ICSVII_IN x LANDIWHITE UON F4 Population Sorghum bicolor

56. ICSVIILIN x LODOKA UON F4 Population Sorghum bicolor

57. ICSVII_IN x MACIA UON F4 Population Sorghum bicolor

58, LANDIWHITE x B35 UON F4 Population Sorghum bicolor

59. LANDIWHITE x MACIA UON F4 Population Sorghum bicolor

60. LODOKA x ICSVIILIN UON F4 Population Sorghum bicolor

61. LODOKA x LANDIWHITE UON F4 Population Sorghum bicolor

62. LODOKA x OKABIR UON F4 Population Sorghum bicolor

63. OKABIR x B35 UON F4 Population Sorghum bicolor

64. OKABIR x ICSVILIN UON F4 Population Sorghum bicolor

GeRR, Genelic Resources Research Institute-Kenya; F, fourth fial generation; ICRISAT, Intemational Crops Ressarch Institute for the Semi-Avid Tropics; UON, Universiy of Nairobi.
“Striga-resistant checks.
*Staygreen source.
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s.No. Genotype

1 PYPS-1
2 PYPS-2
3 PYPS-3
4 PYPS-4
5 PYPS-5
6 PYPS-6
7 PYPS-7
8 PYPS-8
9 PYPS-9
10 PYPS-10
11 PYPS-11
12 PYPS-12
13 PYPS-13
14 PYPS-14
15 PYPS-15
16 PYPS-16
17 PYPS-17
18 PYPS-18
19 PYPS-19
LsD
V%
Range

Starch

49.73
53.93
38.44
48.61
53.88
43.50
45.13
48.77
62.86
39.46
45.43
46.50
67.09
43.06
40.16
3211
56.38
38.29
45.20
7.21
14.71
24.98

LSD, Least significant difference; CV, Coefficient of variation.

Sugar

8.76
10.01
12.68
14.09
11.43
9.13
12.18
9.67
5.26
12.30
9.84
9.95
8.82
6.77
14.93
13.59
6.98
9.77
9.60
284
11.41
9.68

Fe (mg/100g)

5.60
10.70
5.50
12.70
5.40
620
7.40
6.60
6.00
7.80
5.80
5.30
4.0
5.40
4.40
.40
5.40
4.40
6.70
214
8.75
8.30

Zn (mg/100g)

3.40
2.80
2.40
2.90
1.90
220
1.90
3.40
3.30
250
2.70
210
2.40
3.00
1.80
2.90
2.00
230
2.80
0.64
7.86
16

Protein (%)

12.32
14.52
9.78
10.30
10.52
9.63
9.25
13.26
14.13
9.58
10.73
1095
10.66
10.52
8.78
10.77
11.28
10.60
10.72
215
14.24
574
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References Population Number  Area of growth Pathogens detected/used if
of lines listed
Bandyopadhyay et al., 1988  World Collection 7,132 ICRISAT, Patancheru, India N/A
Audilakshmi et al., 1999 Selected lines from NRCS, AICSIP, 22 Directorate of Oil Seeds Research, N/A
and ICRISAT Rajendranagar, Hyderabad, India
Reddy, 2000 ICRISAT - hybrid and parental lines N/A ICRISAT, Patancheru, India N/A
Prom et al., 2003 Selected lines 8 Texas A&M Agricultural Research Farm, F. thapsinum, C. lunata
College Station, Texas
Prom, 2004 Selected lines 8 Texas A&M Agricultural Research Farm, Fusarium thapsinum,
College Station, Texas F. semitectum, Curvularia lunata,
Alternaria spp.
Kumar et al., 2008 ICRISAT - hybrid and parental lines 25 ICRISAT, Patancheru, India N/A
Thakur et al., 2008 Reevaluation of resistant lines from 156 ICRISAT, Patancheru, India N/A
Bandyopadhyay et al. (1988)
Katilé et al., 2010 Selected lines 12 Texas A&M Agricultural Research Farm, Fusarium thapsinum, Curvularia
College Station, TX, United States and lunata, Alternaria spp., Fusarium
Greenhouse semitectum, Aspergillus spp.,
Rhizopus spp.
Sharma et al., 2010 Sorghum Mini-Core 140 ICRISAT, Patancheru, India N/A
Prom et al., 2014 US Comercial Hybrids w/breeding 28 Agronomic Research Stations in Bambey N/A
line checks and Nioro, Sengal, Africa
Hundekar et al., 2015 AICSIP - hybrids and parental Lines 44 Sorghum Improvement Project, University N/A
of Agricultural Sciences, Dharwad
Cuevas et al., 2016 Exotic germplasm accessions from 80 Isabela, Puerto Rico Fusarium thapsinum, Fusarium
Burkina Faso and South Africa semitectum, and Curvularia lunata
Prom et al., 2016 Sorghum Conversion Program lines 65 Texas A&M AgriLife Research Farm, F. thapsinum and C. lunata
and inbred checks Burleson County, Texas
Prom et al., 2017 US Breeding lines and hybrids, 23 Agronomic Research Stations in Bambey, F. thapsinum
Senegalese lines Senegal, West Africa
Cuevas et al., 2019a Sorghum Association Panel 331 USDA- ARS Tropical Agriculture Research Curvularia lunata, Fusarium
Station at Isabela and Mayaguez, PR semitectum, and F. thapsinum
Diatta et al., 2019 Sengaleses Institute of Agricultural 10 Darou-Pakathiar, Sinthiou-Damba, N/A
Research - hybrid and parental lines Guirigara, Sinthiou-Damba, Center and
South-East of Senegal, West Africa
Nida et al., 2019 Ethiopian sorghum landrace 1412, Bako Agricultural Research Center, F. proliferatum, F. graminearum,
collection, breeding lines, and 1414 Ethiopia. F. thapsinum, F. verticillioides,
released varieties F. oxysporum, Alternaria
Nida et al., 2021 Ethiopian sorghum landrace 635 Bako and Jimma Agricultural Research Phoma, Curvularia, Fusarium,
collection Centers, Western Ethiopia Cladosporium, Bipolaris, Alternaria,
Colletotrichum and Rhizopus
Prom et al., 2020a Sorghum Association Panel 377 Texas A&M AgriLife Research Farm, A. alternata, Fusarium thapsinum,
Burleson County, Texas and Curvularia lunata
Prom et al., 2020b Selected lines from USDA-GRIN 47 Texas AgriLife Research Farm, Burleson A. alternata alone or a mixture of

County, Texas

A. alternata, F. thapsinum and
C. lunata

USDA - ARS, United States Department of Agriculture — Agricultural Research Service; ICRISAT, Crops Research Institute for Semi-Arid Tropics; AICSIF, All India
Co-ordinated Sorghum Improvement Project; NRCS, National Research Center for Sorghum (India).
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Mycotoxin SGM-associated Region References

Fungi
Aflatoxin Aspergillus flavus, Egypt Abdel-Sater et al., 2017
A. parasiticus
Tunisia Lahouar et al., 2016
India Mukherjee and
Lakshminarasimham,
1995
Deoxynivalenol  Fusarium Australia Blaney and Dodman,
graminearum 1988
India Ramakrishna et al.,
1989
Fumonisin Fusarium Section United States  Leslie et al., 1996
Liseola
ltaly Moretti et al., 1995
Spain Visconti and Doko,
1994
Nigeria Vismer et al., 2019
Philippines Leslie et al., 1996
Burundi Munimbazi and
Bullerman, 1996
India Sharma et al., 2011
Australia elson et al., 1992
Moniliformin Fusarium Section Argentina Pena et al., 2019
Liseola
United States  Leslie et al., 1996
South Africa Leslie et al., 1996
Philippines Leslie et al., 1996
Nivalenol Fusarium Australia Blaney and Dodman,
graminearum 1988

Ochratoxin A Aspergillus Section  South Africa Gil-Serna et al., 2011
Circumdati,
Penicillium spp.

Tunisia Lahouar et al., 2017
Zearalenone Fusarium Australia Blaney and Dodman,
graminearum, 1988
F. semitectum,
F. incarnatum
India Gupta, 1998
Japan Aoyama et al., 2014
Tunisia Lahouar et al., 2017

References and regions correspond to studies confirming mycotoxin biosynthetic
ability of sorghum-associated fungal isolates in vitro.
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S.No QTL

1 QFe 2.1, QZn 2.1
2 QFe 3.1, QZn 3.1
3

4 QFe 5.1

5

6

7

8

9

10 QFe 7.1

Gene

Ferritin-1, chloroplastic

Aluminum-activated malate
transporter 5

Potassium transporter 25
Probable magnesium
transporter NIPA4

Metal transporter Nramp3
isoform X2

Potassium transporter 3
Probable
cadmium/zinc-transporting
ATPase HMA1,
chloroplastic isoform X2

Cadmium/zinc-transporting
ATPase HMA2

Potassium transporter 3
Potassium transporter 3

Swiss sequence ID

K3YONO
K32099

K3YQ36
K3Z7C3

AOA368R0OC3

AOA1DEN226
XP_012701051.1

K3XUY1

AOA1DEN226
AOA1DEN226

Organism

Setaria italica
Setaria italica

Setaria italica
Setaria italica

Setaria italica

Zea mays
Setaria italica

Setaria italica

Zea mays
Zea mays

Identities

220/249 (88%)
439/471 (93%)

613/7983 (77 %)
76/77 (99%)

352/366 (96%)

188/345 (54%)
606/722 (84%)

1,020/1,104 (92%)

298/520 (57%)

Expect score

3e-153
0.0

0.0
8e-40

0.0

98-120
0.0

0.0

0.0
0.0

Positive

223/249 (89%)
447/471 (94%)

630/793 (79%)
77/77 (100%)

353/366 (96%)

234/345 (67%)
626/722 (86%)

1,042/1,104 (94%)

351/520 (67%)
466/537 (86%)
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Genotype

PPMI 708
PPMI 1102
PPMFeZMP 199
PPMI 1278
841B
PPMI 1232
PPMI 1107
PPMI 1225
PPMI 1089
PPMWGI 146
PPMI 1231
PPMI 1011
PPMI 759
J24e7
PPMI 1087
PPMFeZMP 47
PPMFeZMP 34
J2405
H77/833-2
5540B
ICMB 98222
ICMB 93222
ICMB 07999
ICMB 92111

Fe (mg/kg)

114.57
111.64
110.15
101.02
95.86
92.44
87.31
85.03
82.66
80.35
79.92
40.64
39.98
39.38
39.22
38.7
36.31
34.71
34.03
28.96
98
82
37
40

Zn (mg/kg)

73.68
69.77
65.95
43.50
49.79
69.33
58.36
49.9
45.64
32.89
35.08
40.92
34.41
34.93
40.26
40.46
45.10
37.48
38.2
26.62
51.43
61.5
45.12
30
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QTL name LG Position Left marker Right Intermarker LOD LOD LOD PVE PVE PVE Add AbyE 01 AbyE 02 AbyE 03 Left Cl RightCl
(cM) marker distance (cM)
(A)  (AbyE) (A) (A by E)

QGFe.E1.2014-2016_Q1 (QFe2.1) 2 1389 Ppmsb 001 Ppmsb 002 32.8 23.16 23.15 0 18.34 18.27 0.07 346 0.26 —0.26 0 135.9 141.9
QGFe.E1.2014-2016_Q2 (QFe3.1) 3 121 PES0142 PES 0180 21 19.11 191 0.01 1499 1497 0.01 3.13  0.08 —0.13 0.06 110 124
QGFe.E1.2014-2016_Q3 (QFe5.1) 5 21.3 PES 0157 PES 0093 1.4 2492 2469 023 19.66 19.58 0.09 3.58 -0.16 0.34 -0.18 19.3 30.3
QGFe.E1.2014-2016_Q4 (QFe 7.1) 7 24.9 PES 0206 PES 0015 12.3 20.06 20.03 0.02 15.66 15.61 0.05 3.21 0:25 —0.1 -0.14 21.9 27.9
QGZn.E1.2014-2016_Q1 (QZn2.1) 2 1389 Ppmsb 001 Ppmsb 002 32.8 21.39 20.85 0.54 2595 24.72 1.23 4.51 1.42 —0.83 —0.58 133.9 141.9
QGZn.E1.2014-2016_Q2 (QZn 3.1) 3 101 PES 0166  Xpsmp 2249 14.0 5.86 174 411 6.2 1.92 4.28 126 —-1.5 2.65 —-1.15 98 102
QGZn.E1.2014-2016_Q3 (QZn 3.2) 3 121 PES 0142 PES 0180 24 1197 844 353 1439 9.53 4.86 2.8 1.36 —2.83 147 108 124
QGFe.E2.2014-2016_Q1(QFe2.1) 2 1389 Ppmsb 001 Ppmsb 002 328 23.61 2357 0.05 17.98 17.95 0.02 422 —0.09 0.2 —0.11 133.9 141.9
QGFe.E2.2014-2016_Q2 (QFe3.1) 3 121 PES 0142 PES D180 24 2182 2126 006 16286 1625 0.01 4.02 -0.08 0.18 -0.1 114 124
QGFe.E2.2014-2016_Q3 (QFe5.1) 5 21.3 PES 0157 PES 0093 1.4 248 2461 0.19 18.83 1877 0.06 432  0.06 —0.32 0.26 19.3 32.3
QGFe.E2.2014-2016_Q4 (QFe 7.1) 7 24.9 PES 0206 PES 0015 12.3 22,02 2197 0.05 16.61 16.61 0 4.08 —0.08 0.03 0.06 21.9 27.9
QGZn.E2.2014-2016_Q1(QzZn2.1) 2 1389 Ppmsb 001 Ppmsb 002 328 2489 2458 031 21.88 21.77 0.11 5.05 -0.46 0.39 0.07 135.9 139.9
QGZn.E2.2014-2016_Q2 (QZn 3.1) 3 121 PES 0142 PES 0180 2.1 18.86 18.39 046 16.07 16.05 0.02 434 -0.07 0.22 -0.14 106 124
QGFe.E3.2014-2016_Q1(QFe 1.1) 1 452.4 PES 0101 PES 0139 29.1 3.94 393 0.01 292 291 0 —1.56 —0.06 0.09 —0.08 435.4 461.4
QGFe.E3.2014-2016_Q2 (QFe2.1) 2  138.9 Ppmsb 001 Ppmsb 002 32.8 20.63 20.61 0.01 15.98 15.98 0.01 354 0 —0.08 0.08 133.9 141.9
QGFe.E3.2014-2016_Q3 (QFe2.2) 2  644.9 PES 0027 PES 0236 23.7 3.93 392 0.01 2.8 285 0.01 —-1.55 -0.06 0.09 —0.03 633.9 657.9
QGFe.E3.2014-2016_Q4 (QFe 3.1) 3 105 PES 0142 PES 0180 21 19.26 1923 0.03 14.8 14.8 0 3.41 -0.02 0.01 0.01 104 112
QGFe.E3.2014-2016_Q5 (QFe 5.1) 5 21.3 PES 0157 PES 0093 1.4 2176 2173 0.02 16.85 16.85 0 3.64 —0.01 —0.03 0.03 19.3 34.3
QGFe.E3.2014-2016_Q6 (QFe 7.1) 7 24.9 PES 0206 PES 0015 12.3 18.97 1896 0.01 14.56 14.55 0.01 3.39 0.08 -0.13 0.05 21.9 279
QGZn.E3.2014-2016_Q1 (QZn2.1) 2 1409 Ppmsb 002 PES 0181 451 11.94 1095 099 11.18 10.23 0.95 3.98 0.68 1.7 1.01 139.9 143.9
QGZn.E3.2014-2016_Q2 (QZn 3.1) 3 105 PES 0142 PES 0180 2.1 2542 2439 1.02 2226 21.08 1.19 571 -1 1.92 -0.92 104 122
QGZn.E3.2014-2016_Q3 (QZn 6.1) 6 478 PES 0141 PES 0151 27.4 8.71 355 0.16 293 287 0.06 -2.19 -0.32 -0.12 0.45 471 485

LOD, overall LOD score of the QTL, LOD (A), score of the main additive effect; LOD (AbyE), score of the Genotype x Year interaction; PVE, overall proportion of phenotypic variance explained by the QTL in percentage;
PVE (A), proportion of the phenotypic variance explained by additive effect at the current scanning position; PVE (AbyE), eProportion of the phenotypic variance explained by the QTL due to Genotype x Year interaction;
Add, main additive effect; AbyE_01, AbyE_02, and AbyE_03, estimated additive effect of QTL at the current scanning position for each environment (Delhi, Dharwad, and Jodhpur); LeftCl and Right Cl, confidence
interval calculated by one-LOD drop from the estimated QTL position.
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Linkage group SSR marker loci Skewed SSRS Total marker loci Skewed loci % Total length (cM) Average distance (cM)

1 23 35 58 60.34 658.1 11.34
2 31 30 61 49.18 910 14.91
3 14 30 44 68.18 135.3 3.075
4 10 30 40 75 361.8 9.045
5 14 35 49 71.42 168.2 3.22
6 30 30 60 50 626.1 10.43
7 29 31 60 51.6 423.6 7.06
Total 151 221 372 425.72 3,273.1 59.08

Average per linkage group 21.57 31.57 53.14 59.4 467.5 879
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Fe SYPP TSW Zn

Fe 1 0.049 0.032 0.711*
SYPP 1 0.579** 0.059
TSW 1 0.059
Zn 1

Fe, SY, TSW, and Zn are Grain iron content in mg/kg, Seed yield per plant in g,
thousand seed weight in g, and Grain zinc content in mg/kg.
**Significance at p < 0.01.
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Sources

Genotypes
Environments (years)
Block

Year x genotype
IPCA 1

IPCA 2

Total

IPCA, interactive principal component analysis.

Significance at *p < 0.01.

Degrees of freedom

211
2
3

422

212

210

1271

Delhi_Fe

1,059.8"
300.7
2,175.9*
92.9"
108.5™
774
2156.3

Delhi_Zn

806™
6,755
1,765
141
148™
134
198

Dharwad_Fe

1,823
2
7,044
147
26"
2
328

Dharwad_Zn

1,120
456
6,747
G
108"
14+
227

Jodhpur_Fe

1,349.8"*

4.4
6,652
7.9
g
2.7
246.6

Jodhpur_Zn

1,372
274
7,290
24
37
11
257
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Traits Environment Mean Range (mgkg~') CV % Genotype variance Residual variance Heritability LSD G x E variance

Fe
1 New Delhi_2014 7103 +1.00 41.4-111.5 4.47 211.25 10.08 0.88 4.66 70.00**
2 New Delhi_2015 72.71 £0.95 421111 2.23 198.91 2.62 0.89 2.3
3 New Delhi_2016 71.95+0.96 44-108.5 2.44 203.28 3.09 0.89 2.69
4 New Delhi across 71.89+0.96 43.27-108.33 3.19 161.09 527 0.81 751
years
5 Dharwad_2014 70.95+1.18 34.63-119.35 3.79 293.4 7.23 0.89 3.75
6 Dharwad_2015 70.86 + 1.21 17.71-125.7 3.99 311.4 8.01 0.89 3.94
7 Dharwad_2016 70.81 £ 1.21 33.8-123.19 417 308.43 8.7 0.89 4.11
8 Dharwad across 70.87 £1.19 33.34-119.57 3.96 301.49 7.86 0.89 3.62
years
9 Jodhpur_2014 69.6 + 1.03 32.6-114.8 4 224.01 7.74 0.88 4.01
10 Jodhpur_2015 69.68 + 1.01 36.47-118 4.26 214.31 8.82 0.88 412
11 Jodhpur_2016 69.48 + 1.05 15.8-100 415 231.69 8.3 0.88 4
12 Jodhpur across years  69.58 + 1.02 32.88-115.47 4.02 223.56 7.84 0.89 2.94
Zn
13 New Delhi_2014 50.85 4+ 1.01 20.1-114 5.01 200.13 6.48 0.88 3.88 107.00**
14 New Delhi_2015 58.79 +0.88 22.4-90 3.28 147.25 3.72 0.89 273
15 New Delhi_2016 54.1+£0.94 21.2-89 3.18 188.94 2.96 0.89 2.64
16 New Delhi across 54.58 + 0.84 22.4-94 3.84 110.81 4.38 0.83 8.72
years
17 Dharwad_2014 51.39 +0.88 20.97-114.2 5.2 164.6 713 0.88 3.78
18 Dharwad_2015 49.66 + 1.04 17.71-125.7 5.71 230.7 8.04 0.88 3.94
19 Dharwad_2016 51.52 4+1.01 18.99-122.7 5.49 213.51 8 0.88 4
20 Dharwad across 50.86 + 0.93 20.97-120.87 5.46 176.41 o d 0.85 6.3
years
21 Jodhpur_2014 48.52 + 1.04 17.6-102 5.68 227.84 7:58 0.88 3.84
22 Jodhpur_2015 49.72 + 1.01 15.8-100 5.79 216.96 8.29 0.88 4
28 Jodhpur_2016 48.19+1.09 15-113.5 5.77 253.4 778 0.88 3.87
24 Jodhpur across years  48.81 + 1.03 17.33-105.17 5.74 224.59 7.84 0.88 4.32

Significance at *p < 0.01.
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Locations Delhi (E1) Dharwad (E2) Jodhpur (E3)
micron Iron Zinc Iron Zinc Iron Zinc
utrient
Years 14-15 15-16 16-17 Across 14-15 15-16 16-17 Across 14-15 15-16 16-17 Across 14-15 15-16 16-17 Across 14-15 15-16 16-17 Across 14-15 15-16 16-17 Across
year year year year year year
PPMI 683 985+ 1005+ 98+ 99 + 83+ 785+ 91+ 8417+ 9556+ 94.06+ 96.56+ 95.39+ 70.37 £ 76.04+ 63.54+ 6998+ 8395+ 842+ 822+ 8345+ 586+ 59.77+ 64.27+ 60.88+
25 25 6 0.76 15 3.5 5 3.66 1.17 1.33 1.33 0.78 2 2.67 0.83 3.61 2.52 12 2138 0.63 2.33 2.67 2 1.73
PPMI 627 512k 53+ 47+ 5033+ 32%+ 33+ 265+ 305+ 37.74+ 35.07+ 41.07+ 3796+ 2365+ 21.15+ 27.65+ 2415+ 35+ 3433+ 3333+ 3422+ 20+ 185+ 175+ 1867+
1 1 1 1.76 0 3 0.5 2.02 1.67 1.5 217 1.74 2.5 1.33 1.83 1.89 0.8 0.8 0.93 0.49 2 1.83 2.33 0.78
Pop 7115+ 7145+ 7155+ 71.838+ 51.41+ 5581+ 5347+ 5339+ 7099+ 7092+ 7082+ 7091+ 5143+ 49.67+ 51.58+ 509+ 69.69+ 69.78+ 69.59+ 69.69+ 48.61+ 4982+ 4826+ 489+
(MEAN) 1.01 0.96 0.96 0.96 1.01 0.88 0.93 0.84 1.18 1:21 1.21 1.19 0.89 1.05 1.02 0.93 1.03 1.01 1.05 1.02 1.05 1.02 1.1 1.04
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Environment parameter New Delhi (E1) Dharwad (E2) Jodhpur (E3)

2014 2015 2016 2014 2015 2016 2014 2015 2016
Geographical identity
Latitude 28.70°N 28.70°N 28.70°N 15.45°N 15.45°N 15.45°N 26.35°N 26.35°N 26.35°N
Longitude 77.10°E 7710°E 77.10°E 75.00°E 75.00°E 75.00°E 73.04°E 73.04°E 73.04°E
Altitude (m.s.l.) 219m 219 m 219 m 751 m 751 m 751 m 231 m 231 m 231m
Climatic
Temp (max.) 34.98°C 34.48°C 33.88°C 27.8°C 29.13°C 26.77°C 34.4°C 36.8°C 33.08°C
Temp (min.) 24.08°C 23.58°C 22.38°C 20.47°C 20.76°C 20.47°C 25°C 25.6°C 24.76°C
Relative humidity (%) 70.2 70.7 752 80.9 78.06 82.81 63.5 60.3 62.28
Rainfall (mm) 472.6 717.3 1146.7 544.9 293.2 385.4 389 288 427
Soil factors
Soil pH 7.89 8.1 7.87 74 6.8 6.9 8.4 8.2 8.2
Electrical conductivity (dSm~") 0.23 0.25 0.22 0.18 0.2 0.2 0.09 0.1 0.08
% Organic content 0.26 0.24 0.25 0.31 0.29 0.3 0.22 0.21 0.27
Av. Fe (mg kg™ ") 18.14 21.04 17.89 27.6 30.7 28.1 6.4 4.9 2.27
Av. Zn (mg kg 1) 28 4.62 212 1=t 2 1.9 3.2 29 1.35

Soil texture Sandy loam Sandy loam Sandy loam Silty clay Silty clay Silty clay Loamy sand Loamy sand Loamy sand
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Parent Iron (mg/kg) Zinc (mg/kg) Pedigree and developer

PPMI 683 103 12 High iron rich restorer line developed from in-iadi germplasm resistant for downy
mildew at IARI, New Delhi

PPMI 627 49 28 Promising medium maturity restorer derived through selection in Pusa composite
334 at IARI, New Delhi

ICMB 98222 (high Fe check) 85 45.8 ARD-288-1-10-1-2(RM)-5, developed by ICRISAT, India

ICMB 92111 (low Fe Check) 43.6 278 (81B x 843B)-11-1-1-B, developed by ICRISAT, India
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Varieties/checks

MP 595

MP 596

MP 597

MP 598

MP 599

MP 600

Mean of new OPVs

Raj 171

Dhanshakti

ICMV 221

Mean of checks

Trial mean
Lsd (5%) b/w entries

GY

2.08
1.96
2.02
231
235
233
173
1.97
185
2.06
217
212
218
234
226
225
22
224
210
217
214
1.69
1.76
172
168
1.69
1.63
169
178
1.74
1.65
1.74
1.70
1.99
0.10

DFY

9.42
438
690
823
5.00
6.66
689
467
578
804
5.60
682
901
582
741
8.74
596
7.35
8.39
525
6.82
602
428
515
7.35
491
6.13
6.47
423
535
6.61
447
554
639
033

DF

51.0
483
50.4
50.9
495
505
486
500
499
ar7
416
482
498
487
49.4
485
480
489
49.4
487
495
492
49.4
49.9
4538
427
444
442
446
447
46.4
456
46.3
485
05

PHT

2419
2011
2212
197.7
176.3
185.0
196.7
160.1
182.6
2123
186.5
201.2
2088
195.8
2018
2156
197.0
207.2
2122
186.1
199.8
2080
191.1
2009
186.9
170.7
180.8
194.8
175.7
187.5
196.6
179.2
189.7
196.5
43

NPT

27
27
26
241
26
23
25
26
25
22
24
23
5
24
23
23
24
24
23
25
24
25
3.0
26
20
24
22
241
23
22
22
26
23
24
0.1

PL

297
254
275
26.6
232
250
277
25.0
26.0
28.0
253
27.0
26.8
255
259
289
247
27.0
280
249
26.4
284
247
267
254
20.7
233
226
218
222
255
224
244
256
07

PD

24
22
23
29
28
27
28
28
28
26
27
26
28
27
28
27
26
27
27
26
- g
24
23
24
28
29
28
28
29
28
27
27
27
27
0.1

1,000 GWT

83
10.8
95
9.6
125
1.0
93
13.1
1.1
9.1
124
107
93
12.0
10.6
92
12.1
10.6
9.1
122
10.6
87
10.6
96
10.2
13.6
11.8
98
129
1.3
9.6
124
109
10.7
0.2

Fe

49.4
44.0
471
51.7
45.0
48.4
595
46.0
53.4
46.8
41.0
44.2
49.9
39.0
45.0
49.0
41.0
45.4
511
427
472
519
42,0
471
743
700
724
67.3
50.0
63.4
64.5
57.0
60.9
51.7
27

GY, grain yield (/ha); DFY, dry fodder yield (¢/ha); DF, days to 50% flowering; PHT, plant height (cm); NPT, number of productive tillers; PL, panicle length (cm); PD, panicle width (cm);

1,000 GWT, 1,000 grain weight (g); Fe, Fe (mg/kg); Zn, Zn (mg/kg). Mean values are in bold font.
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Statistics

A-zone

hbs

Genotype variance

Location variance

Genotype x location variance
Residual variance

LSD (P < 0.05)

oV (%)

B-zone

h2bs

Genotype variance

Location variance

Genotype x location variance
Residual variance

LSD (P < 0.05)

oV (%)

Pooled

h2bs

Genotype variance

Location variance

Genotype x location variance
Residual variance

LSD (P < 0.05)

oV (%)

GY

0.79
241
88
0.4
o1
0.4
1.1

0.74
19
282
05
0.1
05
15.9

0.88
41
13.0
05
0.1
0.4
136

DFY

0.68
36.7
12443
1.9
14
19
145

0.62
138

1200
53
06
1.2
14.7

079
415

485.0
85
08
15
14.3

DF

0.84

1124

633.0
17.8
19
22
28

09
1445
289.9

145

22

24

3.1

0.93

3265

682.3
23.1
241
24
3.0

PHT

09
6517.2
43850.9
639.0
165.6
207
6.1

091
52042
32110.1
476.8
104.0
16.4
55

0.94
10873.7
28085.6

704.4

146.1

19.4

6.2

NPT

05
1.0
15.0
05
0.1
05
142

0.71
20
135
0.6
0.2
08
185

0.73
18
9.4
056
0.1
0.6

16.0

PL

0.83

118.6

380.6
196
2.7
2.7
6.0

0.89
926

169.3
106
3.1
2.8
72

09
198.9
272.4

193

33

29

74

PD

0.82
09
36
02
00
03
75

091
16
18
0.1
0.0
03
7.7

0.92
21
241
02
0.0
03
72

1,000 GWT

0.75
80
312
20
03
08
55

0.82
282

183.7
5.0
0.7
13
6.7

0.89
33.7
116.4
36
05
0.4
136

Fe

0.93
2053.3
29139

134.4

838

14.7

16.8

0.97
2507.4
31269

69.9

194

70

94

0.98
6661.7
27273

114.8

56.7

12.1

146

083
345.1
3331.6
58.1
304
89
14.9

0.88
336.0
1588.7
46.0
16.1
6.5
129

0.93
816.1
1992.9

532

24.4

79

14.2
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Genotype

G1

G2

a3

G4

G5

G

a7

a8

G

G10

G11

G2

G13

G4

G5

G16

G17

G18

G19

G20

G21

G2

G23

G24

G25

G26

G271

G28

G29

G30

a3t

G382

G33

G34 (B 58586)
G35 (2068)
Location
Akola
Dharward
Hyderabad
Parbhani
Grand mean
Lsd (5%)
cv

DF

78

78
72

66
67
67
77
72
red
73
70
72
69
74
76
74

ul
76
79
7
rid
T
73
79

75
9
75
74
76

79

80.4
75.4
69.4
755
75
3.10
5.1

PH (cm)

189
123
144
198
172
163
139
166
170
207
174
223
148
192
183
141
132
155
154
179
152
182
174
169
180
221
198
191
145
159
150
158
156

134

154
192
190
141

169
8.08
59

GC (%)

67
49

61
41
61
55

49
49
48
44
52

52
54
35
il

31
70
48
57
28
45
50
56
51
42
45
51
57
65

36

56
51
45

51
745
18.1

PL (cm)

315
231
313
276
234
259
240
203
276
255
27.9
205
24.4
312
267
269
277
270
275
232
237
282
25.1
222
270
268
235
231
263
257
267
228
268
276
278

250
255
28.1
270
26.4
3.40
16.1

GY (g/pl)

53.06
34.58
44.48
36.29
39.71
34.92
32.93
62.35
42.50
68.08
45.94
46.96
37.19
43.67
37.00
47.31
43.73
40.49
45.17
37.08
61.29
46.94
55.63
47.77
49.88
47.77
53.83
71.58
33.98
49.94
48.52
4856
31.90
38.88
42.75

26.29
66.82
60.08
2857
45.19
9.84
271

HGW (g)

250
206
1.90
2.30
234
242
244
259
238
213
228
224
224
217
2rn
235
247
231
243
234
236
216
236
1.71
1.89
241
236
269
221
238
239
253
2.02
1.78
236

217
243
250
225
229
0.24
13.0

2017

418
4.74
5.09
395
5.18
541
5.70
3.67
4.03
5.14
4.54
4.06
597
5.18
5.61
5.21
5.34
5.61
4.68
461
4.71
5.24
412
5.21
414
391
3.85
474
3.76
541
4.06
4.43
3.50
289
850

4.0
5.87
6.8
4.88
5.39
1.32

GMS

2018

443
458
3.49
278
3.80
3.93
537
3.40
343
4.35
4.82
347
4.32
4.66
4.57
419
5.03
435
4.78
424
4.57
433
3.83
434
361
374
3.56
447
3.87
554
331
a1
293
252
7.75

3.43
4.20
4.77
4.08
4.12
0.90
270

GH (kgf)

12.33
7.83
7.67
7.83

85

1017
6.83
9.83
9.17
6.33
747
9.67
7.33
833

10.33
9.17
8.67
7.83
8.67
9.17
9.33

8.0
733
8.33
9.17
733
9.17
747
8.33
917
8.33

1017
9.83
9.67
783

8.63

6.08

6.86

023
29
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Location

Zone A
Mandor
Bikaner
Durgapura
Jamnagar
Hisar
Gurugram
Gwalior
Morena
Ludhiana
New Delhi
Zone B
Aurangabad
Niphad

Dhule
Vijayapura
Malnoor
Ananthapuramu
Perumaliapale
Vizianagaram
Palem
Coimbatore

Soil

Sandy loam
Sandy
Sandy loam
Medium black
Sandy loam
Sandy loam
Clay loam
Sandy loam
Sandy loam

Medium black
Medium black
Medium black
Shallow black
Medium black

Red sandy loam

Red sandy
Red sandy loam
Sandy loam
Clay loam

pH

8.1
8.0

76

75
73
8.0
78

75
88
8.6
8.7
8.2
65
6.9
6.4
79
78

Date of sowing

22 July
25 July
8 July

2 August

27 June
5 July
13 July

22 June
18 July
10 July

2July
13 July
7 duly
21 July
20 July
9 August
15 July
15 July
27 June
2 July

Latitude

26°34'N
28°01' N
26°90'N
22°28'N
29°15' N
28°46' N
26°22' N
26°49' N
30°90' N
28°61'N

19°86' N
20°08' N
21°08' N
16°50' N
17°03'N
14°68' N
13°39'N
18°10'N
16°36' N
11°02' N

Longitude

73°05' E
73°30 E
75°80 E
70°05' E
75°70' E
77°03' E
7818 E
77°99 E
75°85' E
THE

75°30 E
74°10' E
7401 E
75°43' E
76°15'E
77°60 E
79°35' E
83°39 E
7810 E
76°9¢' E

Altitude

241m
250m
425m

17m
215m
217m
211m
177m
262m
216m

568 m
569m
210m
594m
460 m
335 m
183m
74m
642m
427 m
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A

df DF PH Gc PL ay HGW GMS df GH
Genotype 34 126.2 7638.7 1919.76™ 74.21" 9120 0.63" 6.56™ 34 228"
Location 3 211367 70544.1* 2488.41* 206.9" 47670 462" 31.98" 1 660.4"
Genotype x Location 102 34.26™ 1688.1" 576.34* 25.43" 594.7* 0.36™ 289" 34 220"
Residual 278 14.87 101.1 85.93 1817 150 0.09 1.241 138 0.04
(B)
Source Grain yield Grain mold score

Akola Dharwad ~ Hyderabad  Parbhani Akola Dharwad ~ Hyderabad  Parbhani

Replication 2 79.4 558.9 14.65 4.3 363 8.15 043 0.44
Genotype 34 1232 1907.2* $500.2** 166.3* 201 7A7 3.78" 1.54*
Residual 68 26.1 384.9 46.0 145.4 0.42 3.00 0.64 1.24

*p < 0.05; **p < 0.01; DF, Days to flower; PH, Plant height; GC, Glume cover; PL, Panicle length; GY, Grain yield; HGW, 100-grain weight; GMS, Grain mold score; GHR, Grain hardness.
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Variety

Test entries

MP 590 (VPMV 9)
MP 595 (GBL 2)
MP 596 (GBL5)
MP 597 (HBC 53)
MP 598 (PC 720)
MP 599 (PC 721)
MP 600 (PC 722)
Checks

PC 383

PC 701

JBV 2

ABV 04

ICMV 155

PC 612

Raj 171
Dhanshakti (ICTP 8203 Fe)
IOMV 221

Details

Test variety bred at AIGRP-PM, Vijayapura, Kamataka
Test variety bred at AICRP-PAU, Ludhiana, Punjab
Test variety bred at AICRP-PAU, Ludhiana, Punjab
Test variety bred at AICRP-Hisar, Haryana

Test variety bred at ICAR-IARI, New Delhi

Test variety bred at ICAR-IARI, New Delhi

Test variety bred at ICAR-IARI, New Delhi

Bred at ICAR-IARI, New Delhi, released in 2001 for cultivation in A-zone

Bred at ICAR-IARI, New Delhi, released in 20186 for cultivation in A-zone

Bred at AICPMIP Gwalior and ICRISAT, released in 1999 for cultivation in A-zone

Bred at ANGRAU, Ananthapuramu, released in 2019 for cultivation in B-zone

Bred at ICRISAT, released in 1991 for cultivation in B-zone

Bred at ICAR-IARI, New Delhi, released in 2011 for cultivation in B-zone

Bred at AICPMIP ARS Durgapura, Jaipur and ICRISAT, released in 1992 for cultivation across India
Bred at ICRISAT, released in 2014 for cultivation across India

Bred at ICRISAT, released in 1993 for cultivation across India

Testing zone

AB
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Centre

Akola

Parbhani

Dharwad

Hyderabad

Across

Trait

DF
GMS
PH
HewW
QY
DF
GMS
PH
HGW
GY
DF
GMS
PH
HGW
GY
DF
GMS
PH
HGW
GY
DF
GMS
PH
HGW
GY

Range

57-92
1.8-7.74
93.9-3435
1.04-3.31
8.87-45.9
83-73
1.93-8.27
96-403
1.01-6.20
6.73-88.5
57-74
2.74-8.24
81.7-323.3
1.50-3.59
9.94-62.9
54-81
2.30-9.16
98.5-326.1
1.27-3.73
8.91-87.7
63-76
2.99-7.55
119.4-270.3
1.79-3.13
26.62-49.74

Mean

701
4.0
163.8
235
22.26
59
4.88
1919
2.01
529
67.0
5.87
1718
224
36.34
702
6.8
167.7
2.37
39.59
68.8
5.56
1738
224
37.56

Lsd (5%)

782
1.71
156.59
037
1213
5.06
1.66
0.004
0.68
2217
286
212
49.6
0.50
14.36
6.66
1.67
296
0.52
14.68
4.29
1.32
3883
0.38
11.84

DF, Days to flower; PH, Plant height (cm); HGW, 100-grain weight (g); GY, Grain
yield (g/plant); GMS, Grain mold score.
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Trait/Location Akola Dharward Hyderabad Parbhani Pooled data

Days flower 098 098 0.88 NE 073
Plant height 097 099 097 091 079
Glume cover 0.80 082 0.98 084 07
Panicle length 076 0.44 0.89 0.03 066
Grain yield per plant 08 08 091 0.13 035
100 grain weight 097 081 0.86 075 063
Grain mold score 053 06 0.83 0.19 056
Grain hardness 058 NA® 038 NA® 0.40

*NA indicates trait values are not measured in this year for this location.
‘NE indlicated that heritability (h2b) is not calculated because their variance is negative.
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Associated SNP Candidate gene Chr Start End Strand Functional annotation

S3_2564044945 Pgl_GLEAN_10001315 3 264,071,667 264,073,151 + Flavanone 7-O-beta—glycosyltransferase
$6_180998971 Pgl_GLEAN_10005798 6 180,991,308 180,999,267 + ATP binding cassette

$5_130817729 Pgl_GLEAN_10014356 5 130,814,880 130,815,485 - Pathogenesis-related protein 1-like
S3_263451484 Pgl_GLEAN_10018369 3 263,448,279 263,448,695 - NAGC transcription factor

$2_34086202 Pgl_GLEAN_10025805 2 34,004,192 34,006,162 + Anthocyanin 5-(6"'-hydroxycinnamoyltransferase)
S6_63963146 Pgl_GLEAN_10037383 6 63,946,271 63,948,373 - Flavone 7-O-beta—glycosyltransferase
$3_230848548 Pgl_GLEAN_10010555 3 230,844,116 230,845,301 + NAC domain containing protein
$1_42630463 Pgl_GLEAN_10009255 1 42,655,782 42,657,214 3 Flavanone 7-O-beta—glycoside
S7_131386682 Pgl_GLEAN_10024630 74 131,376,401 131,382,239 = Kinase family protein

S6_163744160 Pgl_GLEAN_10009510 5 163,742,622 163,748,266 - ATP binding cassette

$4_135618402 Pgl_GLEAN_10019136 4 135,631,750 135,633,026 + Flanoid O-methyltransferase-like protein
$2_22074367 Pgl_GLEAN_10010945 2 21,992,330 21,994,014 - Agmatine coumaroyltransferase-2
$6_84647706 Pgl_GLEAN_10019153 6 84,447 852 84,449,835 - Putative DUF594 domain containing protein
$6_162685647 Pgl_GLEAN_10026569 6 163,032,154 163,035,976 + DUF3755 family protein

$2_4439224 Pgl_GLEAN_10027118 2 4,490,408 4,491,589 + Kinase family protein

$6_151551492 Pgl_GLEAN_10028864 6 151,435,588 161,435,863 - Purple acid phosphatase 15
$6_146769180 Pgl_GLEAN_10037404 6 146,718,522 146,720,598 + GDSL esterase/lipase

$4_136907468 Pgl_GLEAN_10012466 4 136,793,025 136,800,340 = Glutathione S-transferase
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DPPH FRAP LHDC AHP LDH AH ADH ADP AP LuT

DPPH 1 0.636* 0.672 0.880* 0.657 0.296 —0.491"* —0.420" -0.392 0.880*
FRAP 1 0.966* 0.792 0.985* 0.778 0.408 0.434 0.493 0.782
LHDC 1 0.546™ 0.920 0.074 —-0.080 0.190 0.272 0.546"
AHP 1 0501 0718 0540 0.430" 0762 1.000"
LDH 1 —0.052 —-0.052 0.212 0.286 0.501*
AH 1 0.724* 0.371* 0.788" 0.718"
ADH 1 0.653* 0.926™ 0.540*
ADP 1 0.662" 0.430™
AP 1 0.762*
(10 1

**Correlation is significant at the 0.01 level (two taikec).
“Correlation is significant at the 0.05 level (two tailed).

LDHC, luteolin-C-O-dihexosidecafteate; AP, apigenin-C-hexoside-C-pentoside; LDH, luteolin-C-O-dihexosidedihex; AH, apigenin-8-C-glucoside; ADH, apigenin-O-hexoside-C-
hexoside C; ADP. apigenin-C-pentoside-C-pentoside; AP, apigenin; LUT, luteolin,
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Mean squares F-calculated

Source of variation Degree of freedom

FRAP (AAE® mg/100g) DPPH (% inhibition) FRAP (AAE mg/100g) DPPH (% inhibition)
Genotypes 221 1,983.11 1,281.56 3,152.32" 3,758.92"
Error 442 061 034 - -
“p=005.

BAAE, ascorbic acid equivalents.
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Samples

Seeding

Leaf

Root

Flag leaf

Panicle

Genotype

PPMI 63
™1
WGI-126
PPMI 69
™1
WGI-126
PPMI 63
TEI
WGI-126
PPMI 69
T
WGI-126
PPMI 63
T
WGI-126
PPMI 69
T
WGI-126

Fold change

0.26
12,05
19.31
2.1
164
8.67
-0.73
3.57
10.37
-0.96
1.34
5.43
-0.13
0.24
1.81
0.00
323
4.39

Gene expression

Upregulation
Upregulation
Upregulation
Upregulation
Upregulation
Upregulation
Down regulation
Upregulation
Upregulation
Down regulation
Upregulation
Upregulation
Down regulation
Upregulation
Upregulation
Constant
Upregulation
Upregulation

Tolerant vs. Suceptible

t-stat

-384
—21.15
-20.33
—12.02

—-6.96
—16.24

11.32
-9.13
-9.78

5.10

-321
-11.03

0.16

—-4.14

-25.92
0.00
—12.49
—14.06

p-value

0.062
0.002
0.002
0.007
0.020
0.004
0.008
0.012
0.010
0.038
0.085
0.008
0.889
0.050
0.001
0.999
0.006
0.005

B/w Tolerant

t-stat

-1.16

-5.86

5.1

-1.80

0.53

—4.76

p-value

0.366

0.028

0.036

0214

0.652

0.041
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SN Genotypes AV.GE.Pgop70 % change in expression Stat.Sig* Rank AV.GEPGHSF % Change Stat.Sig* Rank Cumulative

rank
1 MS 4118 1.413 4913 be 4 1.147 14.7 c 4 8
2 MS 841B 1.665 66.5 a 1 1.175 175 be 3 4
3 D-23 1.602 50.2 abc 3 1.096 95 cd 5 8
4 PPMI-69 0.925 -75 d 6 1.013 13 d 6 12
5 PPMI-301 1.327 32.7 c 5 1.285 285 b 2 7
6 T 1.539 539 ab 2 1.436 4386 a 1 3
7 -6 1.676 576 ab 2 1.287 28.7 b 2 4
8 WGI-126 1.689 68.9 a 1 1.549 54.9 a 1 2

*Indicates genotypes sharing the same letters are not significant; Av.GE means average gene expression level.
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Source of variation

Treatment (T)

Genotype (G)

Replication within Treatment (R)
TXG

Residuals

~ s N

ms|
Mmss

612245
282.00
5.55
97.97
5.65

Pr(>F)

0.000
0.000
0.443
0.000

Mss

2617.90
14317
0.38
160.40
0.27

RWC

Pr(>F)

0.000
0.000
0.254
0.000

SPAD

Mmss

1498.96
157.11
0.62
118.36
0.61

Pr(>F)

0.000
0.000
0.417
0.000

TBARS

Mmss

178.59
59.68
4.30
16.81
547

Pr(>F)

0.000
0.000
0.544
0.021
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Gene name Strand

PgHSP16.97RT F

R
Actin (PgAct) F
R

Primer sequence (5'->3)

CAAGGCCGAGGAGAAGAAGC
GCACGACTCGTAGCATCACA
CTCAGTGGAGGATCTACTAT
GGTGGTGCAATCACTTTAAC

Primer Tm (°C)

57.8
57.6
59.4
63.2

Primer length (bp)

20
20
20
20

Amplicon size (bp)

118

108

Where F, indicates the forward primer and R, indicates the reverse primer.
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Gene name

Pgcp70

PgHSF

Pg actin

PgHSP16.97

Strand

DT DM DT DT

Primer Sequence (5'->3)

5' ACAGGGAAGAAGCAGGACATGACA 3'
5" AGCTCCTTGAGTTGCTTCTCGGTT 3"

5" ATATCTTCGCCTCCCTCAGGGTGATA 3

5" GTATGAAGGCAACACACCACGCAA 3'
5" AGCGAGTCTTCATAGGGCGATTGT 3

5" TAGCTCTGGGTTCGAGTGGCATTT 3’

5' AGTTTCAGCAATGTCGCTGGT 3"

5" ACAAGCACGACTCGTAGCATC 3"

Where F, indicates the forward primer and R, indicates the reverse primer.

Expected product size

184 bp

145 bp

200 bp

560 bp

Tm

50.0°C

48.0°C

60.0°C

53.0°C
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sl. No Genotype Codes Pedigree, salient characteristics, and breeding use Seed source? Mean M (%)

1 MS 4118 a1 Bxtra early male sterile ine developed from 263 B through selection. IARI 56.38

2 MS 8418 G2 DM-resistant selection from residual variability in 51418; seed parent of IARI-ICRISAT 7121
Pusa 23, Pusa 322, and Pusa 605

3 D-23 a8 DM-resistant derivative of K-560-230; Male parent of Pusa 23 1ARI 65.84

4 PPMI-69 G4 Derivative of PPMI 43; Male parent of Pusa 605 1ARI 5253

5 PPMI-301 G5 Derivative of a cross between four eiite restorers having bold ear head; Male 1ARI 67.29
parent of Pusa 322

6 sl a6 Selection from line no. 888 suited for arid regions of Jodhpur CAZRI 67.99

7 6 67 Selection from line no. 873 suited for arid regions of Jodhpur CAZRI 70.65

8 WGH-126 a8 Pearly white, bold grained inbred with sturdy stem and broad leaf 1ARI 67.65

CAZR, Central Arid Zone Research Institute, Jodhpur (indlia); ICRISAT, Intemational Grop Research Institute for SemiArid Tropics, Hyderabad (India; IARI, Indian Agriculturel Research
Institute, New Delhi (india)

OhVfean MS] value.

Source: Mukesh Sankar et al. (2014) (MS! > 65% were thermotolerant).
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A SiChrl SiChr2 SiChr3 SiChr4 SiChrS SiChré SiChr7 SiChr8 SiChr9

0.0 Start 0.0 Start 0.0 Start
a7 SMATED] 1 Sty O Start 0.0 Start 0.0 Start o o W Start 0.0 Start 0.0 Start
2.1 SiMADSI2 35 SiIMADS17 , 3.2 SiMADS37 _
: 4.6 SIMADS18 4.7 S!MADSZG» 3.4 SIMADS38 513 S¥MADS65
6.6 SIMADS02 . 6.0 SiIMADS27 5.4 SiMADS66
7.0 SIMADS03 __ 7.8 SiIMADSI3 g4 SIMADS19 5 5 SIMADS28 8.6 SiIMADS39
| SiMADS20 9.6 SiIMADS40
11.6 " SIMADE]4 12.6 SIMADS41 12.3 SIMADSS7
15.1 SIMADS42
18.0 SiIMADS04 SiMADSS8 18.3 SiIMADS67
9.9 SiIMADSS59
‘ ™ | SRS 23.2 SiMADS68

SiMADS29

NMAD a

26.4 SiIMADS05 ﬁ

i : . : MADS43 577 SiMADSS2 281 SiIMADS61
- o ' 0 i - CTSIMADS44 4, 5 SIMADS53  29.8 SIMADS62
34.5 SIMADS07 . 33.9 SiIMADS33> 33.8 SIMADS35 328 e
347 SIMADS08 34.5 SIMADSZ4 360 ~ - SIMADS34 SIMADS4S SIMADS56
' : 36 SiIMADS15 : : : i ; 36.0 End .
37.1 SIMADS09 38.6 SIMADS35 36.0 End 37.4 SIMADS64
: ; SIMADS36 . .
38.8 SIMADS10 ig;‘ x5 SiIMADS46 407 Bnd 40.3 SIMADS69
42.1 End ' 433 SIMADS47
, 44.5 SIMADS48 :
45.3 HMRlES 15 SIMADS25 44.6 SIMADS49 45.6 SRARS
45.1 SiMADS50
49.2 End - e pri End
54.5 SIMADS71
57.6 SIMADS72
58.9 End
SiChr9 4.17% 6.94% 11.1%
SiChr8 LRI > 30/,
SiChr7 QLA 6.94% 8.3%
SiChr6 8.33% 8.3%
SiChr5 9.72% 9.72% 19.4%
SiChr4 8.33% 6.94% 15.3%
SiChr3 5.56% 6.94% 12.5%
. T 5 " = Typel
SiChr2 4.17% 4.17% 8.3% a Type 11
SiChrl 5.56% 8.33% 13.9%
0.00% 5.00% 10.00% 15.00% 20.00%
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e Arabidopsis thaliana
e Setaria italica

o Setaria viridis

e Oryza sativa

e Solanum tuberosum
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S.No Genotype Grain yield

G28
G21
G23
G27
G8
G25
G31
G26
G12
G9
B 58586
206 B
Isd

© 0 N OO0 N =

5

71.58
61.29
56.63
53.83
52.35
49.88
48.52
47.77
46.96
425
38.88
42.75
9.84

SC, Semi-compact; SL, Semi loose.

Grain mold score

417
457
3.83
3.56
3.40
361
331
3.74
347
3.43
252
7.75
0.90

DF

7%
n
el
70
I
75
73
73
77
el
e
31

PH

191

152
174
198
166
180
150
221

223
170
202
134
8.08

100 grainwt  Grain hardness

269
236
236
236
259
361
239
2.41
224
2.38
1.78
235
0.24

717
9.33
7.33
917
9.83
9.17
833
7.33
9.67
917
9.67
7.83

Glume cover

51
70
57
56
50
45
51
50
44
49
90
36
7.45

Glume color Panicle
compactness

Light red sc

White sL

Light brown sL

Light brown sc

White sc

Red sc

Brown sL

Red SL

Brown Loose

Red sC

Light red Loose

White sc
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HGW
GMS

<0.01;

DF

1
-0.072
0.002
0.077
0.35*
-0.296
-0.12

PH

1
0.206
0.174
0.312

-0.02
0.426™

GC PL GY

1

0272 1

0.028 -0.06 1
-0.14 0.05 0.23

0.430* 0.089 ~0.042

HGwW

1
-0.253

DF, Days to flower; PH, Plant height; GC, Glume cover; PL, Panicle length; GY, Grain yield: HGW, 100-grain weight; GMS, Grain mold score.

GMs
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Environment

Grain yield
Akola

Dharwad
Hyderabad
Parbhani

Grain mold score
Akola

Dharwad
Hyderabad
Ptshen]’

Akola

0.295
0.180
-0.165

0.123
0211
0.038

Dharwad

0.572*
0.247

0.50"
0.432*

Hyderabad

-0.382"

0.107

Parbhani
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Location GY DFY DF PHT NPT PL PD 1,000 GWT Fe Zn

Bikaner 1.69 6.78 46.8 168.9 20, 2441 26 89 619 42.6
Durgapura 1.93 2.49 48.7 1715 & 258 23 91 51.8 34.7
Gurugram 247 17.36 49.9 248.2 1.0 348 3.0 83 539 389
Gwalior 201 7.86 47.9 2245 24 255 23 92 535 19.9
Hisar 2.30 6.33 53.4 257.4 29 29.0 29 9.3 61.3 48.3
Jamnagar 0.96 275 43.6 177.6 18 250 26 8.1 52.7 33.4
Ludhiana 262 12.07 51.9 212.7 27 295 32 10.0 40.4 33.2
Mandor 1.60 208 48.7 1715 241 258 23 9.1 50.3 34.6
Morena 181 4.72 40.6 2241 33 26.4 28 95 - -

New Delhi 213 16.52 52.7 2133 26 254 28 115 741 53.1
A-zone mean 195 7.80 48.42 207.0 23 271 a7 9.3 56.2 37.4
Ananthapuramu 2.82 386 45.4 178.7 29 252 25 14.9 47.2 258
Aurangabad 3.15 4.66 51.3 173.7 19 23.0 g 13.0 52.0 37.0
Coimbatore 231 4.77 46.0 2132 33 239 25 1.0 31.1 40.0
Dhule 223 5.00 51.3 2242 25 26.4 3.1 10.2 645 39.2
Malnoor 181 5.89 483 179.3 33 243 =T T 51.4 28.4
Niphad 0.13 361 633 165.7 23 21.0 23 10.7 ~ =

Palem 1.12 216 43.7 161.6 28 20.2 23 10.6 43.0 22.7
Perumallapalle 1.85 9.29 483 204.3 16 267 &r 118 429 29.4
Vijayapura 2.10 6.56 46.7 13562 20 226 28 113 47.3 31.7
Vizianagaram 274 4.15 409 2240 25 anr 29 15.6 - -

B-zone mean 2.03 4.99 48.5 186.0 25 241 - 121 483 32.4
Isd (P < 0.05) across locations 0.14 0.49 0.8 6.5 02 1.0 0.1 0.4 4.0 26

GY, grain yield (t/ha); DFY, dry fodder yield (/ha); DF, days to 50% flowering; PHT, plant height (cm); NPT, number of productive tillers; PL, panicle length (cm); PD, panicle width (cm);
1,000 GWT, 1,000 grain weight (g); Fe, Fe (mg/kg); Zn, Zn (mg/kg).
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df Grain yield

Sum of squares %ssT Sum of squares YassT
Genotype 34 310883 1.2 223.1 233
Location 3 143009.9 517 959 100
Genotype x Location 102 60655.4 219 2945 307
Residual 278 41688.4 15.4 3450 360
Total 276392 958.6
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