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Editorial on the Research Topic

Identification and characterization of contrasting genotypes/cultivars
to discover novel players in crop responses to abiotic/biotic stresses,
volume II
Securing global food supply in an increasingly volatile climate and rapidly growing

population is one of the greatest challenges facing humanity in the current century (Yan

et al., 2022). Increased frequency and intensity of abiotic and biotic stress will demand a

sustainable increase in food productivity with more efficient and diversified agricultural

management (Farooq et al., 2022). One recurrent strategy used by plant scientists is to

identify and characterize plant genotypes/cultivars with contrasting responses to these

stressful conditions (Sperotto et al., 2021; Habibpourmehraban et al., 2022; Somaddar

et al., 2022; Yu et al., 2022; Zhao et al., 2022), allowing the identification of molecular,

biochemical, and physiological mechanisms involved in crop response and stress

tolerance. This improved knowledge can be used to boost crop growth and

productivity even under non-optimal conditions (Zhang H. et al., 2022). Therefore,

this Research Topic presents an update on the advances to understanding plant responses

to stressful conditions and provides an overview of different approaches used for
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improving crop tolerance/resistance. Here we highlight the

major points arising from these reports.
Heat-related

Global warming due to climate change affects plant growth

and development throughout its life cycle. In addition, the

increasing occurrence of heat waves is drastically reducing the

global crop yield (Haider et al., 2022). Due to accelerating

climate change, there is an urgent need across all crop species

to identify heat tolerant varieties and to understand the genetic

and physiological traits that provide resilience to heat stress.

Tomás et al. evaluated whole transcriptomic profiles of wheat

developing grains of commercial genotypes and landraces

submitted to heatwave-like treatments during grain filling.

Landraces showed more differentially expressed genes and

presented more similar responses than commercial genotypes,

showing that landraces are more affected by the high

temperature treatment. Only six upregulated genes were

detected in all four evaluated genotypes: three small heat

shock proteins HSP20, one adenylate kinase (essential for

cellular homeostasis), a BAG domain protein (responsible for

the modulation of chaperones activity), and a ferritin (recently

related with increased tolerance to several abiotic stresses in

Arabidopsis - Zang et al., 2017). Additionaly, the commercial

variety Bancal seems to be a promising genotype to cope with

high temperatures.

Li et al. reported on a detailed study of two alfalfa (Medicago

sativa) varieties that differ in their ability to tolerate heat stress.

Plants were exposed to continuously rising temperatures up to a

maximum of 43°C. It was reported that the heat-tolerant variety

(MS30) was able to maintain higher chlorophyll fluorescence

rates and had lower rates of electrolyte leakage during heat stress.

In addition, the antioxidant defense system was also higher in

MS30 compared to the heat-sensitive (MS37) variety. Proteomic

analysis revealed that in both varieties photosynthesis-related

genes were differentially regulated, as were the heat shock

proteins. It is interesting that the sensitive variety MS37 had a

higher number of differentially regulated proteins, suggesting

that the tolerant MS30 has a higher ability to buffer plant

metabolism during heat stress.

Abro et al. reported on a study of fifty-eight cotton

genotypes. These authors utilized a heat-susceptibility index

(HSI) that evaluates yield during control conditions compared

to yield under heat stress. In addition, they examined electrolyte

leakage as well as stomata and trichome size. Seventeen of the

varieties examined were found to be heat-tolerant based on HSI

and low electrolyte leakage. There was no clear relationship

between the size of trichomes and heat tolerance, but there was a

clear relationship between stomata size and heat tolerance. This

study indicates that stomata size and electrolyte leakage will be

useful in future studies of cotton heat-tolerance.
Frontiers in Plant Science 02
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Devi et al. examined 39 field-grown genotypes of Cicer

arietinum (chickpea) for evidence of genetic variation in

responses to heat stress. From this original analysis, they

identified ten heat-sensitive and ten heat-tolerant varieties for

more detailed characterization. Heat-tolerant varieties displayed

higher chlorophyll content, chlorophyll fluorescence, lower

electrolyte leakage, higher stomatal conductance, higher pollen

germination and viability. The heat-tolerant chickpea varieties

identified in this study can now be utilized for crop

improvement to generate varieties that will maintain higher

yield as the climate warms and heat stress becomes

more prevalent.
Drought-related

Among the abiotic stresses that affect plants, drought is one

of the main factors which reduces growth and yield, with an

estimated third of the total cultivated area affected by water

deficit. Therefore, we need to improve our knowledge of the

molecular mechanisms underlying drought tolerance in order to

develop new drought tolerant genotypes (Fadoul et al., 2021). In

light of ever increasing climate change and the new agricultural

challenges this brings, Álvarez-Maldini et al. emphasized the

importance of identifying and selecting anisohydric woody

plants that are able to withstand cavitation better than

isohydric plants. Based on pot desiccation experiment, the

authors described anisohydric and isohydric behavior of the

selected almond (Prunus dulcis) cultivars and indicated that

anisohydric ones, Soleta and Isabelona, are characterized by

maximum stomatal conductance, lower water potentials for

stomatal closure and turgor loss, and lower vulnerability to

xylem cavitation. They found that almond can avoid cavitation

by closing stomata during the early stages of drought. In

addition, they reported that root system architecture (RSA)

plays a vital role in plant productivity under water stress.

Abdirad et al. compared the transcriptomic responses of root

tips to water stress between a shallow-rooting drought-susceptible

rice cultivar IR64 and a drought-tolerant and deep-rooting cultivar

Azucena. They found that Azucena avoided water stress through

enhancing growth and exploration of roots to access water from

deep soil, whereas IR64 relied on cell insulation to maintain water

and antioxidant system to withstand stress. Many putative

candidate genes were identified as associated with RSA and

drought tolerance, some of which may have the potential to be

used to enhance drought adaptation in rice.
Shade-related

Depending on the strategy adopted to cope with vegetative

shade, plants can be classified into two groups: shade avoiding or

shade-tolerant species. Species typically found in forest
frontiersin.org
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understories exhibit shade tolerance responses, which allows

them to maintain adequate growth under shade conditions (Xu

et al., 2021). Cheng et al. presented new aspects of the lodging

resistance mechanism of soybean in the strip intercropping

system, which is especially important in areas with low solar

radiation. Using a shade-tolerant soybean in the strip

intercropping system could reduce yield loss by regulating its

spatial canopy structure and stem characteristics. In the field,

Tianlong No. 1 cultivar showed increased light energy capture

and photosynthesis that favor morphological and physiological

development of the stem. Parameters characterizing the canopy

spatial structure such as high transmission coefficient (TC) and

low leaf area index (LAI) and mean leaf angle (MLA) could be

used in the future as indicators for screening soybean cultivars

with shade and lodging tolerance.
Salt-related

Salt stress is a widespread problem in both agriculture and

natural environments. It is predicted that 50% of today’s arable land

will be lost to salinization in the future (Goyal et al., 2016), making

the identification of salt tolerant species and genotypes and the

understanding of salt-tolerance mechanisms a priority. Currently,

breeding salinity-tolerant cultivars is the most promising solution

for salinity tolerance in high-yielding crops (Zhang J. et al., 2022).

Wheat is one of the most important crops worldwide, but it is

sensitive to salt stress. Another grass from the Triticeae tribe,

Thinopyrum elongatum, is a halophyte that can generate hybrids

when crossed with the common wheat variety ‘Chinese spring’.

Peng et al. performed biochemical, physiological, and molecular

comparisons between common wheat and wheat/T. elongatum

hybrids, named Tritipyrum, which are highly salt-tolerant,

exposed to NaCl. Tolerance was associated with increased

antioxidant enzyme activity, proline and soluble sugar levels, and

lower detrimental effects on photosynthesis in Tritipyrum

compared to wheat. Transcriptomic analyses suggested a

quantitative effect, rather than qualitative, of known salt tolerance

mechanisms. This work provides interesting new information in an

important breeding material for generating salt-tolerant

wheat genotypes.

Hou et al. demonstrated that wild soybean (Glycine soja) is

more salt-tolerant than cultivated soybean, and associated the

natural sequence variation in dehydration responsive element-

binding (DREB) family transcription factor genes (DREB3a and

DREB3b) with salt tolerance in soybean. Soybean plants carrying

the wild soybean DREB3b allele (DREB3b39Del) were more salt-

tolerant than those containing the reference genome allele

(DREB3bRef). Domestication of cultivated soybean that lost the

DREB3b39Del allele may be associated with a reduction in

salt tolerance.

Zhang et al. treated two sorghum species, LRNK1 (salt-tolerant

(ST)) and LR2381 (salt-sensitive (SS)) with 180 mM NaCl salt
Frontiers in Plant Science 03
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solution, and combined transcriptomic, metabolomic, and

physiological analyses to elucidate key biological pathways in

sorghum response to salinity stress. Under salt stress, the ST

species presented higher plant height, leaf area, and chlorophyll

contents than the SS one, besides accumulating higher levels of

salicylic acid and betaine. Additionally, the expression of SbNPR1, a

salicylic acid receptor, was positively correlated with salt tolerance.

This study will play an important role in identifying salt-tolerant

varieties that can be used in sorghum breeding programs.

Zhang et al. compared three rice genotypes under different NaCl

concentrations. They showed that panicle number, grain number per

panicle, and 1,000 grains weight were reduced at high NaCl

concentration. However, salt-sensitive genotypes in fact increased

yield components when exposed to low NaCl concentration,

whereas tolerant genotypes did not. A similar trend was observed

in grain quality, in which salt tended to decrease product quality, but

low NaCl level could improve important properties for the

consumers. The study should be followed up by more extensive

works with other rice varieties, which could lead to increased rice

production in salt-containing areas such as mudflats.
Nutrient-related

Plants require both macro and micro nutirents to complete

their life cycles. Plant growth and productivity can be severely

affected by disbalanced nutrient availability, and different

adaptations have enabled plants to cope with inappropriate

nutrient levels (Pita-Barbosa et al., 2019; Islam et al., 2022).

Adequate plant nutrition is a key problem that needs to be

tackled to maintain our food security quality in the future when

the human population will reach more than 9 billion people.

Yam (Dioscorea spp.) is a key crop, especially in West Africa.

Using six white Guinea yam (Dioscorea rotundata) genotypes,

Matsumoto et al. tested how NPK (Nitrogen, Phosphorus,

Potassium) fertilization affects biomass production and

nutrient use efficiency in field trials. The varieties responded

differently to fertilization with NPK. The authors identified the

varieties that increase tuber dry matter, nutrient efficiency, and

recovery, and those susceptible to variation in soil fertility. This

work will help farmers identify genotypes more suitable to each

condition, especially those that can produce quality biomass

when soil fertility is low and nutrient input is not adequate.
Biotic stress-related

Biotic stresses are crucial constraints to the productivity of crop

plants, especially under climate change conditions (Parihar et al.,

2022), and lead to more than 20% crop yield losses (Savignac et al.,

2022). Galewski et al. identified specific genomic features associated

with seedling rhizoctonia resistance by whole genome sequencing of

selected and unselected bulk derived from a synthetic outcrossing
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sugar beet population and the genome-wide variation resulting

from the selection. An increased level of allele fixation in the

resistant bulk indicated that a greater selection pressure was

applied. Using population genetics and statistics approaches, and

the EL10.2 physical map, a list of enriched candidate genes was

identified with the functions in cell wall metabolism and plant

disease resistance, including pathogen perception, signal

transduction, and pathogen response.

The brown planthopper (Nilaparvata lugens Stål, BPH) belongs

to the most devastating pest of rice that causes significant yield loss.

By the application of bulked segregant RNA sequencing, Guan et al.

identified candidate genes involved in BPH virulence. Comparison

of virulent and avirulent BPH extreme bulks after feeding on

YHY15 rice plants carrying the Bph15 resistance gene allowed to

identify 751 differentially expressed genes (DEGs). Functional

analysis of 418 DEGs with upregulated expression in the avirulent

insects revealed that BPH induces carbohydrate, amino acid, and

nucleotide metabolism, endocrine system, and signal transduction

pathways in response to feeding on YHY15 rice. Moreover, authors

identified 24 polymorphic SNPs related to BPH virulence and 21

genes potentially engaged in virulence mechanisms.
Final comment

In summary, the studies presented here documents how

contrasting genotypes differently cope with abiotic and biotic

stress conditions. The identification of these tolerance/resistance
Frontiers in Plant Science 04
8

mechanisms can be used in the future to enhance plant abilities

to respond to unfavorable environmental conditions.
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High temperature (HT) is an important factor for limiting global plant distribution and
agricultural production. As the global temperature continues to rise, it is essential
to clarify the physiological and molecular mechanisms of alfalfa responding the high
temperature, which will contribute to the improvement of heat resistance in leguminous
crops. In this study, the physiological and proteomic responses of two alfalfa (Medicago
sativa L.) varieties contrasting in heat tolerance, MS30 (heat-tolerant) and MS37 (heat-
sensitive), were comparatively analyzed under the treatments of continuously rising
temperatures for 42 days. The results showed that under the HT stress, the chlorophyll
content and the chlorophyll fluorescence parameter (Fv/Fm) of alfalfa were significant
reduced and some key photosynthesis-related proteins showed a down-regulated
trend. Moreover, the content of Malondialdehyde (MDA) and the electrolyte leakage
(EL) of alfalfa showed an upward trend, which indicates both alfalfa varieties were
damaged under HT stress. However, because the antioxidation-reduction and osmotic
adjustment ability of MS30 were significantly stronger than MS37, the damage degree
of the photosynthetic system and membrane system of MS30 is significantly lower than
that of MS37. On this basis, the global proteomics analysis was undertaken by tandem
mass tags (TMT) technique, a total of 6,704 proteins were identified and quantified.
Gene Ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis indicated that a series of key pathways including photosynthesis, metabolism,
adjustment and repair were affected by HT stress. Through analyzing Venn diagrams
of two alfalfa varieties, 160 and 213 differentially expressed proteins (DEPs) that had
dynamic changes under HT stress were identified from MS30 and MS37, respectively.
Among these DEPs, we screened out some key DEPs, such as ATP-dependent zinc
metalloprotease FTSH protein, vitamin K epoxide reductase family protein, ClpB3, etc.,
which plays important functions in response to HT stress. In conclusion, the stronger
heat-tolerance of MS30 was attributed to its higher adjustment and repair ability, which
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could cause the metabolic process of MS30 is more conducive to maintaining its survival
and growth than MS37, especially at the later period of HT stress. This study provides a
useful catalog of the Medicago sativa L. proteomes with the insight into its future genetic
improvement of heat-resistance.

Keywords: alfalfa, high temperature stress, physiological changes, isobaric tandem mass tag labeling (TMT),
photosynthesis-responsive protein, metabolism-responsive protein, heat shock protein

INTRODUCTION

In recent years, the greenhouse effect has led to an upward
trend in the global climate. Global warming predictions indicate
that temperatures will increase another 2–6◦C by the end of
this century (Li et al., 2013; Sévellec and Drijfhout, 2018).
Excessive temperature has a certain effect on plant growth and
development, nutritional quality, yield and distribution range
(Hinojosa et al., 2019; Kumar, 2020). Some studies have shown
that the high temperature could greatly damage the potato yield
and lead to the physiological defects of tuber (Rykaczewska,
2015). Therefore, it is very essential to study the impact of
high temperatures (HT) on plant growth and development to
maximize agricultural production and food security in the future
(Li B. et al., 2018).

Heat stress caused by HT could cause damage to the
plant growth. Such damage can be specifically divided into
morphological, physiological and biochemical damage, which
is interrelated and influence each other (Chen et al., 2016;
Faiz et al., 2020). Under the condition of HT, the growth rate
of plants is slow, the leaves are withered and yellow and the
fruit of plants is often not full and abnormal (Krauss and
Marschner, 1984; Guilioni et al., 2003; Shen et al., 2016). These
phenotypic characteristics are closely related to the physiological
changes of plants. Many types of environmental stresses both
biotic and abiotic produce characteristic changes in physiology
and metabolic processes of higher plants (Miteva et al., 2005).
And under the HT stress, the metabolic process will change to
maintain the homeostasis of plant. Some studies have indicated
that the physiological and biochemical responses of plants to
HT stress mainly consist of four systems that are membrane
system, osmotic regulation system, antioxidant defense system
and photosynthetic system (Ibrahim and Quick, 2001; Jia et al.,
2016; Djanaguiraman et al., 2018; Pu et al., 2019). Biological
membranes are highly ordered structures consisting of mosaics
of lipids and protein, excessive temperatures can directly and
effectively change the properties of these membranes, including
their fluidity and permeability, which could lead to changes
in the type and concentration of material exchange on both

Abbreviations: 2-DE, two-dimensional gel electrophoresis; APX, ascorbate
peroxidase; CAT, catalase; EL, electrolyte leakage; DEPs, differentially expressed
proteins; Fv, variable fluorescence; Fm, maximal fluorescence; Fv/Fm, the
chlorophyll fluorescence parameter; GO, gene ontology; GSH-Px, glutathione
peroxidase; H2O2, hydrogen peroxide; Hsps, heat shock proteins; KEGG, Kyoto
Encyclopedia of Genes and Genomes; LC-MS/MS, liquid chromatography-tandem
mass spectrometry; MDA, malondialdehyde; POD, peroxidase; PRM, parallel
reaction monitoring; Pro, Proline; ROS, reactive oxygen species; RuBisCO,
Ribulose-1,5-bisphosphate carboxylase/oxygenase; SOD, superoxide dismutase;
SSC, soluble sugar content; TMT, tandem mass tags.

sides of the membrane (Zheng et al., 2011; Niu and Xiang,
2018). These changes act as a signal that can be transmitted
to other systems and pathways. Osmotic regulating system is
one of the main systems responding to these changes. The
osmotic regulating system is mainly composed of some osmotic
regulating substances, which are easy to dissolve and have small
molecular weight, such as soluble proteins, proline, betaine and
their derivatives (Guo, 2010; Liu et al., 2013). When cells need
to be maintained or regulated, such substances can be rapidly
generated and accumulated in large quantities, so as to improve
the ability of water retention and acquisition, which is beneficial
for maintaining the normal growth of plants (Wang et al.,
2001). As a matter of fact, the main cause of damage to plants
under stress is excessive reactive oxygen species (ROS), which
is a class of substances that can react with macromolecules,
such as lipids, DNA, RNA, and proteins, thereby destroying
the structure and function of the cell (Kundu et al., 2020).
Therefore, in order to prevent the excessive accumulation of ROS,
plant cells have evolved a variety of antioxidant mechanisms to
eliminate the toxicity caused by ROS, which is mainly divided
into antioxidant enzymatic and non-enzymatic system (Navrot
et al., 2007; Junmatong et al., 2015). Antioxidant enzymatic
system mainly includes superoxide dismutase (SOD), peroxidase
(POD), catalase (CAT) and non-enzymatic system is mainly
some organic matter with small relative molecular mass, such
as proline, ascorbic acid (ASA) and glutathione (GSH) (Ban
et al., 2012; Chetty, 2017; Kolupaev et al., 2020). Compared
with other systems, high temperature stress has more effect on
photosynthetic system. Some studies have shown that under HT
stress, thylakoid membrane was easy to be destroyed, the activity
of photosynthesis-related enzymes was decreased or lost and the
stomatal activity was drastically affected, which eventually leads
to the decrease of net photosynthetic rate and the hindrance
of the substances synthesis in plants (Schrader et al., 2004;
Djanaguiraman et al., 2018; Sharma, 2020). It is worth noting that
under the HT stress, the changes of phenotypic characteristics,
physiological and biochemical processes in plants are regulated
by complex genes networks (Wilkins et al., 2016; Li B. et al.,
2018; Miguel et al., 2020). Proteomics has been a promising
tool to reveal the dynamic response mechanism of proteins in
plants under the biotic and abiotic stress (Hashiguchi et al., 2010;
Sergeant and Renaut, 2010). Through comparative proteomic
analysis, Mohammadi et al. (2014) found that proteins involved
in cellular traffic, energy and metabolism, disease and defense,
protein synthesis and signal transduction play an important
role in the physiological and morphological responses of canola
to HT stress. By studying the proteome of rice seeds, Liu
et al. (2015) reported that high temperature could decrease
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the abundance of proteins involved in methionine metabolism,
amino acid biosynthesis, energy metabolism, reserve degradation
and protein folding and stress responses, which eventually
inhibits seed germination. These studies will provide valuable
information for understanding of HT-tolerant mechanisms in
crops and pave the way for genetic engineering to improve
crop resistance.

Medicago sativa L. is a high-quality forage due to its
characteristics of high yield and excellent nutritional quality,
which has the longest planting history and the largest planting
area in the world (Chen et al., 2020). In China, alfalfa is one
of the main herbages for animal husbandry and industrial feed
production, it plays an important role in the industrialization
of forage, the construction of artificial grassland and ecological
environmental management (Li et al., 2015; Wang, 2020). In
recent years, with the transformation and development of animal
husbandry, the demand for forage with high yield and quality has
increased year by year, which has led to an intense increase in
the demand for alfalfa. In China, the planting area of alfalfa is
mainly in the north, the introduced varieties in the south have
the phenomena of decreasing yield, serious diseases and pests
and quality deterioration, which is due to the high temperature
climate affecting the normal growth of alfalfa (Lin et al., 2007;
Xu et al., 2017; Anley, 2020). In fact, the damage of high
temperature stress to alfalfa is one of the main factors limiting
its popularization. And with global warming, high temperature
weather in summer will be more frequent in China, which will
seriously limit the production and utilization of alfalfa (Gao
et al., 2019). Therefore, it is essential to study the heat tolerance
mechanism of alfalfa and develop alfalfa cultivars that could
cope better with stressful temperature events. In addition, with
the development of liquid chromatography coupled to tandem
mass spectrometry (LC-MS/MS), two popular quantitative
proteomic approaches have been developed including label-
free quantification (LFQ) and isobaric labeling strategy such as
Tandem Mass Tags (TMT) and isobaric Tags for Relative and
Absolute Quantitation (iTRAQ) (Ulsen et al., 2009; Nogueira
et al., 2012; Kawashima et al., 2019). Compared with conventional
2-DE technique, Tandem Mass Tags (TMT) based quantitative
proteomics could more efficiently and accurately analyze more
numerous proteins (Pagel et al., 2015). However, the current
research studies on alfalfa stress resistance mainly focus on
cold resistance, drought resistance and salt-alkaline resistance
(Zhang et al., 2017, 2018; Liu et al., 2020). And reports on
heat resistance of alfalfa are relatively scattered, and quantitative
proteomics studies on heat-stressed alfalfa leaves based on
TMT analysis have not been reported. Based on the above, in
the present study, TMT is performed to identify the global
changes in protein expression under HT treatment in MS30 and
MS37, which is screened according to our previous experimental
results (Supplementary Table 1) and respectively represent
HT-tolerant and HT-sensitive alfalfa varieties. Furthermore, we
comprehensively compare the physiology and proteomic changes
of these two alfalfa varieties under continuously increasing HT
stress, characterize the HT-responsive proteins, and analyzed
the functions of these differentially expressed proteins (DEPs)
in order to clarify differential physiological and proteomic

responses of two different heat resistant alfalfa varieties to HT
stress. The results of this study could enhance the current
understanding of the protein changes underlying HT stress-
related cellular and physiological responses between HT-resistant
and HT-sensitive alfalfa varieties, and provide basic data and
technical theoretical support for the genetic improvement of
high-quality and heat-resistant alfalfa varieties.

MATERIALS AND METHODS

Plant Growth Conditions and Stress
Treatments
Two alfalfa varieties contrasting in heat tolerance, MS30 and
MS37, were used for this experiment, and their seeds were
provided by Sichuan Academy of Grassland Sciences. HT-
tolerant MS30 and HT-sensitive MS37 were screened according
to our previous experimental results (Supplementary Table 1),
and the specific experimental methods and the selection of
experimental indicators are based on Zhang et al. (2010), Liu
et al. (2014), and Li (2015). The seeds of two alfalfa varieties
were surface sterilized with 10% sodium hypochlorite solution
and repeated washes with sterilized distilled water. The washed
seeds were sown in a nutritional bowl (20 cm in diameter and
18 cm in height) filled with natural soil 0.45 kg (30%), nutrient
soil 0.6 kg (40%), perlite 0.225 kg (15%) and vermiculite 0.225 kg
(15%). Natural soil, nutrient soil, perlite and vermiculite were
disinfected by the corresponding methods to reduce the influence
of bacteria and worm eggs on alfalfa growth. Seeds of each
alfalfa variety were sown in three pots as three biological repeats.
The nutritional bowls were placed in a growth chamber with
controlled conditions (day/night cycle: 16/8 h, 20/15◦C, 60 ± 5%
relative humidity, 400 µE·m−2

·s−1 PPFD). After 2 months of
growth, all alfalfa varieties grow into adult-plants. Select 10–
15 healthy plants with consistent growth to remain in each
nutritional bowl. All materials are transferred to artificial climate
boxes (day/night cycle: 16/8 h, 60 ± 5% relative humidity,
400 µE·m−2

·s−1 PPFD) for high temperature stress treatment.
According to the results of a prior experiment and the relevant
report, the treatment temperature was set to 20, 25, 30, 35, 40,
and 43◦C, which is a gradient upward trend. Among them, alfalfa
growing at 20◦C were used as the control (non-HT stress). All
alfalfa varieties were treated at each temperature gradient for
7 days and the leaves was collected for the determination of
physiological indicators. Moreover, the physiological conditions
of the plants and the humidity of the climate box were observed
at any time. Water the plants properly once a day to ensure the
water demand of the plants. Based on the results of the above
experiment, some key physiological responses demonstrated that
both alfalfa varieties showed the most significant variation at
20, 35, and 43◦C. Therefore, leaf samples collected from plants
after exposure to 20, 35, and 43◦C for 7 days, respectively, were
harvested for further TMT quantitative proteomic analysis.

Physiological Measurements
The indicators of membrane system, osmotic regulation system,
antioxidant defense system and photosynthetic system were
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measured in each treatment group. About the photosynthetic
system, the chlorophyll content of the leaves was measured by
a chlorophyll meter (SPAD-502; Konica Minolta Sensing, Inc.,
Osaka, Japan). The measurements were made on the axial surface
of 10 different green leaves taken from each nutritional bowl
(Sharma et al., 2015). Chlorophyll fluorescence was measured by
a Chlorophyll Fluorescence Imager (CF Imager; Technologica,
Inc., United Kingdom). The plants were dark adapted for 30 min,
then the five measured leaves were illuminated with a 2 s
saturating light flash at 3,000 µmol photons m−2 s−1 for CF
Imager. The fluorescence data were analyzed and Fv/Fm ratio was
calculated using the CF Imager software (version 1.10) (Sharma
et al., 2012). About the membrane system, Malondialdehyde
(MDA) content was measured by the thiobarbituric acid (TBA)
reaction using the method described by Chołuj et al. (2014).
Briefly, the leaves (0.1 g) were grinded, homogenized in 10 mL
10% trichloroacetic acid (TCA), and centrifuged at 1,500 × g
for 10 min. Then 2 ml supernatant was isovolumetric mixed
with 0.6% TBA and boiled at 100◦C for 10 min. The absorbance
values at 532 nm and 600 nm were used to calculate the MDA
content. Each sample has three biological repeats. Electrolyte
leakage (EL) was detected by using a conductivity meter (YSI
Model 32, Yellow Spring, OH, United States) and calculated as
the percentage of initial conductivity (Cinitial) and maximum
conductance (Cmax) (Blum and Ebercon, 1981). About the
osmotic regulation system, the soluble protein content was
measured using bovine serum albumin as described by Bradford
(1976). The soluble sugar content was measured according to
Buysse and Merckx (1993). The leaves (0.1 g) were grinded
and added into 10 mL 80% ethanol and then extracted in
boiled water (100◦C) for 15 min. After centrifugation at 3600 gn
for 10 min, supernatants were collected for further analysis.
The reaction mixture contained 1 mL of supernatant, 1 mL
of 18% phenol solution, and 5 mL concentrated sulfuric acid.
The mixture was shaken, and absorbance was read at 490 nm
using a spectrophotometer (Spectronic Instruments). The free
proline content was determined using the acid ninhydrin method
(Bates et al., 1973). The leaves (0.1 g) were grinded and
immerged in 5 mL 3% aqueous sulfosalicylic acid and then
heated in a water bath (100◦C) for20 min. After centrifugation
at 12,000 gn, the supernatant was used for the estimation of
the proline concentration. The reaction mixture consisted of
1 mL of supernatant, 1.5 mL of 2.5% acid ninhydrin, and 1 mL
of glacial acetic acid, which was heated at 100◦C for 40 min.
The reaction mixture was immediately cooled down in an ice
bath, and extracted with 2.5 mL of toluene then absorbance
was read at 520 nm.

About the antioxidant defense system, the extraction
procedure of the enzymes was carried out at 4◦C (Chao et al.,
2010). The leaves were homogenized (1:10 w/v) in an ice cold
mortar using 50 mM sodium phosphate buffer pH 7.0 containing
0.5 M NaCl, 1 mM EDTA and 1 mM sodium ascorbate. After
centrifugation (20,000 × g, 20 min) the supernatant was used
for the determination of SOD, POD, CAT, APX and GSH-Px
activities. The SOD activity was measured at 560 nm according
to Giannopolitis and Ries (1977). An amount of 50 µl of crude
extract was added in a 1.5-ml reaction solution containing

195 mM methionine, 3 µM EDTA, 1.125 mM NBT, 60 µM
riboflavin, and 50 mM PBS buffer (pH 7.8). The reduction of
absorbance was recorded at 560 nm with a spectrophotometer.
The POD activity was assayed at 470 nm as described by
Chance and Maehly (Machly and Chance, 1955). The assay
mixture contained 50 mM sodium acetate buffer pH 5.6, 5.4 mM
guaiacol, 15 mM H2O2 and enzyme extract. The increase in
absorbance due to the oxidation of guaiacol to tetraguaiacol
was monitored at 470 nm. The activities of CAT and APX were
assayed by the method of Nakano and Asada (1981). Briefly,
the assay mixture contained 50 mM sodium phosphate buffer
pH 7.0, 15 mM H2O2 and enzyme extract. Decomposition of
H2O2 was measured at 240 nm. The assay mixture consisted of
50 mM sodium phosphate buffer pH 7.0 containing 1 mM EDTA,
0.25 mM sodium ascorbate, 25 µM H2O2 and enzyme extract.
Addition of H2O2 started the reaction. Rates were corrected for
the non-enzymatic oxidation of ascorbate by the inclusion of
reaction mixture without enzyme extract. The GSH-Px activity
was assayed at 470 nm as described by Wheeler et al. (1990).
The mixture contained 50 mM potassium phosphate buffer pH
7.0, 2 mM EDTA, 150 mM GSH, 4.2 mM NADPH, 0.5 unit
of glutatione reductase and 2.2 mM t-butyl peroxide, which
started the reaction. The absorbance of the reacted solution at
340 nm was determined with a spectrophotometer. The levels
of the above physiological parameters were all calculated based
on fresh weight.

Protein Extraction
The sample was grinded by liquid nitrogen into cell powder
and then transferred to a 5-mL centrifuge tube. After that,
four volumes of lysis buffer (8 M urea, 1% Triton-100, 10 mM
dithiothreitol, and 1% Protease Inhibitor Cocktail) was added
to the cell powder, followed by sonication three times on ice
using a high intensity ultrasonic processor (Scientz) (Note:
For PTM experiments, inhibitors were also added to the lysis
buffer, e.g., 3 µM TSA and 50 mM NAM for acetylation). The
remaining debris was removed by centrifugation at 20,000 g
at 4◦C for 10 min. Finally, the protein was precipitated with
cold 20% TCA for 2 h at −20◦C. After centrifugation at
12,000 g 4◦C for 10 min, the supernatant was discarded. The
remaining precipitate was washed with cold acetone for three
times. The protein was redissolved in 8 M urea and the protein
concentration was determined with BCA kit according to the
manufacturer’s instructions.

Trypsin Digestion and Tandem Mass
Tags Labeling
For digestion, the protein solution was reduced with 5 mM
dithiothreitol for 30 min at 56◦C and alkylated with 11 mM
iodoacetamide for 15 min at room temperature in darkness.
The protein sample was then diluted by adding 100 mM
TEAB to urea concentration less than 2 M. Finally, trypsin
was added at 1:50 trypsin-to-protein mass ratio for the first
digestion overnight and 1:100 trypsin-to-protein mass ratio for
a second 4 h-digestion. After trypsin digestion, peptide was
desalted by Strata × C18 SPE column (Phenomenex) and
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vacuum-dried. Peptide was reconstituted in 0.5 M TEAB and
processed according to the manufacturer’s protocol for TMT kit.
Briefly, one unit of TMT reagent were thawed and reconstituted
in acetonitrile. The peptide mixtures were then incubated for
2 h at room temperature and pooled, desalted and dried by
vacuum centrifugation.

Liquid Chromatography-Tandem Mass
Spectrometry Analysis and Database
Search
The tryptic peptides were dissolved in 0.1% formic acid (solvent
A), directly loaded onto a home-made reversed-phase analytical
column (15-cm length, 75 µm i.d.). The gradient was comprised
of an increase from 6 to 23% solvent B (0.1% formic acid in 98%
acetonitrile) over 26 min, 23 to 35% in 8 min and climbing to 80%
in 3 min then holding at 80% for the last 3 min, all at a constant
flow rate of 400 nL/min on an EASY-nLC 1000 UPLC system.

The peptides were subjected to NSI source followed by tandem
mass spectrometry (MS/MS) in Q ExactiveTM Plus (Thermo)
coupled online to the UPLC. The electrospray voltage applied
was 2.0 kV. The m/z scan range was 350 to 1800 for full scan,
and intact peptides were detected in the Orbitrap at a resolution
of 70,000. Peptides were then selected for MS/MS using NCE
setting as 28 and the fragments were detected in the Orbitrap at a
resolution of 17,500. A data-dependent procedure that alternated
between one MS scan followed by 20 MS/MS scans with 15.0 s
dynamic exclusion. Automatic gain control (AGC) was set at 5E4.
Fixed first mass was set as 100 m/z.

The resulting MS/MS data were processed using Maxquant
search engine (v.1.5.2.8). Tandem mass spectra were searched
against human uniprot database concatenated with reverse decoy
database. Trypsin/P was specified as cleavage enzyme allowing
up to 4 missing cleavages. The mass tolerance for precursor ions
was set as 20 ppm in First search and 5 ppm in Main search,
and the mass tolerance for fragment ions was set as 0.02 Da.
Carbamidomethyl on Cys was specified as fixed modification and
acetylation modification and oxidation on Met were specified as
variable modifications. FDR was adjusted to <1% and minimum
score for modified peptides was set >40. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository with the dataset
identifier PXD025642.

Parallel Reaction Monitoring Validations
To verify the protein expression levels obtained by TMT analysis,
14 DEPs (unique peptides ≥ 2, fold change > 1.2) were randomly
chosen based on the TMT results and further quantified by
the parallel reaction monitoring (PRM) assay according to
Xu’s method (Xu et al., 2018) at Jingjie PTM-Biolab Co., Ltd.
(Hangzhou, China). Briefly, peptides were prepared as above
described for TMT assay. These obtained peptide mixtures were
subjected to NSI source followed by tandem mass spectrometry
(MS/MS) in Q ExactiveTM Plus (Thermo) coupled online to the
UPLC. A full MS was performed in the Orbitrap at a resolution
of 70,000 (AGC target at 3E6; the maximum injection time at
50 ms and the m/z range was 350–1200), followed by 20 MS/MS

scans on the Orbitrap at a resolution of 17,500 (AGC target
was 1E5, and the maximum injection time was 100 ms). Mass
window for precursor ion selection was 1.6 m/z. The isolation
window for MS/MS was set at 2.0 m/z. The NCE was 27% with
HCD. The FDR was set to 0.01 for the proteins and peptides. The
resulting MS data were processed using Skyline (v.3.6) program
as described before (Kim et al., 2016).

Statistical Analysis
All physiological data analyses were performed using the
SPSS Statistical Software (version 19.0; SPSS Institute Ltd.,
United States), and the significance of differences were tested
using Fisher’s protected least significant difference test (LSD) with
a P-value ≤ 0.05 set as statistically significant.

RESULTS

Effect of High Temperature Stress on
Physiological Level of Alfalfa
Effect of High Temperature Stress on Photosynthetic
System
Under the HT stress, the variation trend of chlorophyll content
in the two alfalfa varieties was different (Figure 1A and
Supplementary Table 2). The heat resistant alfalfa variety (MS30)
had the highest chlorophyll content at 35◦C, and then significant
decreased with the increasing of temperature. In the condition
of 43◦C, the chlorophyll content of MS30 is significantly lower
than that of the CK by 32.19 SPAD (p < 0.05). But for MS37, the
chlorophyll content was no significant change under 20 and 25◦C,
and with the increase of temperature, the chlorophyll content
decreased obviously. At the condition of 43◦C, the chlorophyll
content was only 25.06 SPAD, which is similar to MS30.
During the period of HT stress, the chlorophyll fluorescence
parameter Fv/Fm in the two alfalfa varieties showed a gradual
declining trend with the increased temperature (Figure 1B and
Supplementary Table 2). As the temperature increased from 20
to 43◦C, the decreased range of Fv/Fm in MS37 is obviously
higher than that of MS30. The Fv/Fm value of MS37 was only
0.33 under the 43◦C, which was significantly lower than that of
MS30 under this condition (p < 0.05).

Effect of High Temperature Stress on Membrane
System
Under the condition of the HT stress, the membrane system
of two alfalfa varieties were all effected to certain degrees
(Figures 1C,D and Supplementary Table 2). As the temperature
gradually increases, the content of Malondialdehyde (MDA) in
the two alfalfa varieties were significantly higher than that in
control (p < 0.05). Under the condition of 43◦C, the content of
MDA in the two alfalfa varieties were highest, which of MDA in
MS30 was significantly lower than that in MS37 (p < 0.05). And
with the increase of temperature, the electrolyte leakage (EL) of
the two alfalfa varieties showed an upward trend. But it is worth
noting that the varied degree of EL in MS37 were significantly
greater than those of MS30 under the HT stress. The EL of MS30
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FIGURE 1 | The changes of photosynthetic system and membrane system in MS30 and MS37 under HT stress. (A) Total chlorophyll content. (B) The chlorophyll
fluorescence parameter (Fv/Fm). (C) MDA content. (D) Electrolyte leakage. Different capital letters above line graphs indicate significant difference among various
temperature treatments within the same alfalfa varieties (p < 0.05), different little letters above line graphs indicate significant difference among two alfalfa varieties
under the same temperature (p < 0.05). Data are means ± SE from measurements of three replicate experiments.

peaked at the condition of 43◦C, which is significantly higher than
MS37 (p < 0.05).

Effect of High Temperature Stress on Osmotic
Regulation System
With the increased intensity of high temperature stress, the
osmotic regulation system in both alfalfa varieties showed an
apparent change (Figures 2A–C and Supplementary Table 2).
The two alfalfa varieties content of proline peaked at the
condition of 43◦C. And compared with the proline content under
the control, the proline content of MS30 and MS37 increased
by 667.49 and 223.68 µg/g, respectively. It is noteworthy that
the proline content of MS30 had increased to 754.82 µg/g at
the 43◦C, which was significantly higher than this of MS37
by 577.64 µg/g (p < 0.05). This result indicates that under
the HT stress, the response of osmotic adjustment substances
in heat-resistant alfalfa variety, MS30, are better than those
of heat sensitive alfalfa variety, MS37. The changes of soluble
sugar content (SSC) in the two alfalfa varieties under HT
stress also prove this result. The SSC in MS30 peaked at the

condition of 43◦C, which is significantly greater than this of
MS37 (p < 0.05). Under HT stress, the content of soluble
protein in the two alfalfa varieties generally showed an increasing
trend, and the soluble protein content of MS37 Peaked at the
condition of 40◦C. However, at the 43◦C, the soluble protein
content of MS30 was similar to this of MS37, which is 45.07 and
42.62 mg/g, respectively.

Effect of High Temperature Stress on Antioxidant
Defense System
According to the results of Figure 2, the superoxide dismutase
(SOD) and catalase (CAT) activities of MS30 were higher than
that of MS37 in all the treatments except for 30◦C (Figures 2D,E
and Supplementary Table 2). The maximum and minimum
values of SOD and CAT activities in the two alfalfa varieties
were both detected at 25 and 43◦C. The activities of peroxidase
(POD) in the two alfalfa varieties peaked at 25◦C, and the POD
activity of MS37 was significantly higher than that of MS30
(p < 0.05) (Figure 2F). But when the temperature gradually
increases to 43◦C, the POD activity of MS30 was 1515 U/g, which
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FIGURE 2 | The changes of Osmotic Regulation System and Antioxidant Defense System in MS30 and MS37 under HT stress. (A) Pro content. (B) Soluble sugar
content (SSC). (C) Soluble protein content. (D) The activity of superoxide dismutase (SOD). (E) The activity of catalase (CAT). (F) The activity of peroxidase (POD).
(G) The activity of glutathione peroxidase (GSH-Px). (H) The activity of ascorbate peroxidase (APX). Different capital letters above line graphs indicate significant
difference among various temperature treatments within the same alfalfa varieties (p < 0.05), different little letters above line graphs indicate significant difference
among two alfalfa varieties under the same temperature (p < 0.05). Data are means ± SE from measurements of three replicate experiments.

was significantly greater than that of MS37 (p < 0.05). In the
early stage of HT stress, the glutathione peroxidase (GSH-Px)
activities of the two alfalfa varieties all declined (Figure 2G).
But in the later stage of HT stress, the GSH-Px activities of
the two alfalfa varieties both showed an upward trend, and the
GSH-Px activities in MS30 were significantly greater than that
of MS37 at 43◦C (p < 0.05). Under the HT stress, the ascorbate
peroxidase (APX) variation trends of the two alfalfa varieties were
consistent (Figure 2H). And the APX activities of MS30 and
MS37 are both decreased at 43◦C, which was respectively 2.27 and
2.35 µmol/min/g.

Effect of High Temperature Stress on
Proteome of Alfalfa
According to the trend of physiological indicators of two alfalfa
varieties, it’s apparent to find that both of alfalfa varieties had
notable changes under 35 and 43◦C compared with 20◦C.
Therefore, the proteomic information of two alfalfa varieties
exposed to 20, 35, and 43◦C were analyzed by using TMT-
LC/MS-MS. In this experiment, a total of 1,575,487 spectrum
were generated through the TMA analysis. After searching
the database of protein, the number of match spectrum was
184,025, which shows the utilization ratio of spectrum was 11.7%.
A total of 93,785 peptides were identified at 95% confidence
level through spectral analysis, in which has 88,958 unique
peptides. A total of 7,300 proteins were identified, which has
6,704 quantifiable proteins (Supplementary Table 3). In order
to analyze the differentially expressed proteins (DEPs) of two
alfalfa varieties under HT stress, we compared the DEPs of MS30
and MS37 under different and same temperature respectively
(Figure 3 and Supplementary Table 4). For MS30 and MS37,
the number of DEPs were the most in the 43/35◦C comparison

group, with 1,235 and 1,355 respectively (Figures 3A,B). Under
the same temperature comparison, the number of DEPs is the
largest in the MS3035/MS3735 comparison group, which has
a total of 575 DEPs and the up-regulated DEPs accounted for
71.3% (Figure 3C).

Information-Identification and Trend
Analysis of Differentially Expressed
Proteins
Gene Ontology Analyses of Differentially Expressed
Proteins in Response to High Temperature
The GO database1 was used to annotate the DEPs. The
result indicated that all identified DEPs were classified to
different biological processes (BP) in which the major categories
were response to organic substance metabolic process, cellular
metabolic process, primary metabolic process and nitrogen
compound metabolic process (Figures 4A–G). Among cellular
components (CC), intracellular, intracellular organelle and
membrane-bounded organelle were the most abundant groups.
Additionally, in terms of molecular functions (MF), most of the
DEPs were classified to the following categories: organic cyclic
compound binding, heterocyclic compound binding, hydrolase
activity and protein binding. In order to find the more specific
GO items that play an important role under heat stress, the
DEPs enrichment of the BP, CC and MF were analyzed in
the GO classification, respectively (Supplementary Table 5).
According to the results of the DEPs in the GO classification,
we found that for MS30 and MS37, GO terms related to energy
metabolism and photosynthetic processes appeared in 35/20 and
43/35◦C comparison groups, such as cellular response to blue

1http://www.ebi.ac.uk/GOA/
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FIGURE 3 | The number of DEPs in different comparison groups. (A) The comparison groups of MS30. MS30-35/20◦C stands for the proteome of MS30 at 35◦C
compared with that of MS30 at 20◦C. MS30-43/35◦C stands for the proteome of MS30 at 43◦C compared with that of MS30 at 35◦C. (B) The comparison groups
of MS37. MS37-35/20◦C stands for the proteome of MS37 at 35◦C compared with that of MS37 at 20◦C. MS37-43/35◦C stands for the proteome of MS37 at
43◦C compared with that of MS37 at 35◦C. (C) The comparison groups of MS30 and MS37 under the same temperature. The data on the columns indicate the
number of up- or down-regulated expressed DEPs.

light, chloroplast inner membrane and acetyl-CoA biosynthetic
process. In addition, we also discovered the dynamic changes
of the DEPs in GO enrichment. For MS30, the DEPs were
significantly enriched to the GO terms related to the cell
wall in the 35/20◦C comparison group, while in the 43/35◦C
comparison group, the DEPs were significantly enriched to GO
term associated with PS II repair and chaperone repair. These
results indicate that the photosynthetic processes and the repair
process play an important role in the resistance of alfalfa to HT
stress, especially under the stress of 43◦C. We further compared
the GO terms of the MS30/MS37 comparison group under 20,
35, and 43◦C, and found that the synthesis of flavonoids and
the process of RNA modification may be also related to the heat
tolerance of plants.

Kyoto Encyclopedia of Genes and Genomes
Analyses of Differentially Expressed Proteins in
Response to High Temperature
The result of KEGG analysis2 show that for the MS30, most
up-regulated DEPs in the 35/20◦C comparison group enriched
in pathways of Steroid biosynthesis, Circadian rhythm-plant,
Protein processing in endoplasmic reticulum and Plant-pathogen
interaction, whereas proteins involved in Porphyrin and
chlorophyll metabolism were down-regulated (Supplementary
Table 6). Most of DEPs related to Protein processing in
endoplasmic reticulum and Carotenoid biosynthesis were
increased, while DEPs associated with Biosynthesis of secondary
metabolites-other antibiotics, Photosynthesis-antenna proteins,

2http://www.genome.jp/kegg/

Photosynthesis and Ribosome were decreased in the 43/35◦C
comparison group. For the material MS37, the DEPs of the
35/20◦C comparison group involved in the pathways of
Photosynthesis-antenna proteins, Linoleic acid metabolism,
alpha-Linolenic acid metabolism and Photosynthesis were
up-regulated, whereas DEPs in Zeatin biosynthesis were down-
regulated. In the 43/35◦C comparison group, the up-regulated
DEPs were significantly enriched in pathways of Monobactam
biosynthesis and Protein processing in endoplasmic reticulum,
while down-regulated DEPs were significantly enriched in
Photosynthesis-antenna proteins, Photosynthesis-antenna
proteins and Linoleic acid metabolism. We further analyzed
the KEGG enrichment of DEPs in the MS30/MS37 comparison
group under 20, 35, 43◦C, respectively, and also found pathways
related to Glucosinolate biosynthesis, alpha-Linolenic acid
metabolism and Diterpenoid biosynthesis. In addition, pathways
such as Ribosome, Porphyrin and chlorophyll metabolism,
Lysine biosynthesis and Thiamine metabolism also appeared in
each comparison group of MS30/MS37. The dynamic changes
of these pathways reflect the response mode of two alfalfa
varieties under high temperature stress and are related to
their heat tolerance.

Key Proteins Among Differentially
Expressed Proteins in Response to High
Temperature Stress
According to the results of GO and KEGG enrichment, we
found that the DEPs were mainly enriched in the processes
of photosynthesis, energy, damage and repair. Therefore, we
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FIGURE 4 | The functional distribution of DEPs in response to HT stress by GO level 2. The x-axis represents the number of enriched DEPs by GO annotation and
the note number mean protein number. (A) The DEPs of MS3035/MS3020 by GO. (B) The DEPs of MS3043/MS3035 by GO. (C) The DEPs of MS3735/MS3720 by
GO. (D) The DEPs of MS3743/MS3735 by GO. (E) The DEPs of MS3020/MS3720 by GO. (F) The DEPs of MS3035/MS3735 by GO. (G) The DEPs of
MS3043/MS3743 by GO.

constructed the Venn diagrams of MS30 and MS37 under HT
stress, respectively (Figure 5). And the DEPs associated with
photosynthesis, regulation, repair and metabolism were selected
in the overlapping regions of the Venn diagrams to analyze their
dynamic changes under HT stress.

Photosynthesis-Related Differentially Expressed
Proteins
Venn diagram analysis was illustrated the numbers of common
DEPs in both comparison groups of MS30 is 160 (Figure 5A).
Among these 160 DEPs, a total of 10 DEPs are involved
in the photosynthetic process under high temperature stress,
including those related to photosynthetic system II, chlorophyll,
calvin cycle and light photoreceptor (Supplementary Table 7A).
Among these DEPs, there are four DEPs showing an up-regulated
trend and two DEPs showing a down-regulated trend as the
temperature rises. For the material MS37, the Venn diagram
analysis was illustrated that 213 DEPs were located in the repeated
regions of the two comparison groups (Figure 5B). Among
them, there are a total of 15 DEPs related to photosynthesis

(Supplementary Table 7B). We observed that four DEPs related
to photosynthesis co-exist in MS30 and MS37, and their
accumulation trends in these two varieties were consistent, which
indicates that these DEPs play an important role in alfalfa
response to HT stress (Figure 6). It is noteworthy that among
these four DEPs, three DEPs have been always up-regulated under
the HT stress, and their increased accumulation in MS30 was
significantly higher than that in MS37. Considering the difference
in heat resistance of two varieties, we infer that these three
DEPs could be one of the key factors that determine the heat
resistance of alfalfa.

Antioxidant-Related Differentially Expressed Proteins
Here, we observed that HT stress altered the abundance of five
DAPs in the both comparable groups of MS30, and six DAPs in
the both comparable groups of MS37, which is mainly related to
glutathione (Supplementary Tables 8A,B). Among these DEPs,
two DEPs related to glutathione S-transferase co-exist in MS30
and MS37, and have always been up-regulated under the HT
stress (Figure 6). In addition, we also found two other DEPs
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FIGURE 5 | Venn diagrams of two alfalfa varieties. (A) Venn diagrams of MS30. (B) Venn diagrams of MS30. Venn diagrams show the number of common,
significantly up-regulated and down-regulated proteins in two alfalfa varieties under high temperature stress, up- and downward arrows represent up-regulated and
down-regulated proteins, respectively.

related to glutathione S-transferase in MS37, and they were also
up-regulated during the whole process of high temperature stress.
These results indicate that glutathione S-transferase could play a
positive role in alfalfa response to HT stress.

Different Expressed Heat Shock Proteins
The number of different expressed heat shock proteins (DEHSPs)
that were found in both comparison groups of MS30 is thirty-
six, which is more than the number of DEHSPs that were
found in both comparison groups of MS37 (Supplementary
Tables 9A,B). In additional, we found the DEHSPs in MS30
includes all classes of heat shock proteins, but the DEHSPs
in MS37 only includes five classes of heat shock proteins,
sHSP, HSP70, HSP90, HSP100, and FKBP. Comparing the
accumulation trends of the DEHSPs shared by MS30 and MS37,
we found that almost all DEHSPs were up-regulated with
increasing temperature, only ATP-dependent Clp protease ATP-
binding subunit (TRINITY_DN17376_c2_g3_Gene_31004) has
been changed in a fluctuating way, which is down-regulated in
the 35/20◦C comparable group and up-regulated in the 43/35◦C
comparable group (Figure 6). Moreover, the accumulations of the
DEHSPs that has always been up-regulated in MS30 are higher
than that in MS37 at 35◦C. These results indicate that under the
HT stress, the difference in HSPs between the two varieties largely
affects their heat resistance.

Metabolism-Related Differentially Expressed Proteins
There are twenty-three metabolism-related DEPs in both
comparison groups of MS30 (Supplementary Table 10A).
Among these DEPs, sixteen DEPs are related to primary
metabolism and seven DEPs are related to secondary metabolism
(Figure 7A). In both comparison groups of MS37, we found
thirty-seven metabolism-related DEPs, including twenty-eight
DEPs related to primary metabolism and nine DEPs related
to secondary metabolism (Figure 7B and Supplementary
Table 10B). Analyzing the DEPs shared by MS30 and MS37, we
found that under the HT stress, the accumulation trends of these
DEPs in the two alfalfa varieties are exactly the same (Figure 6).
All these results indicated that HT stress had an effect on the

metabolism of the two alfalfa varieties, but from the number of
metabolism-related DEPs and the metabolic pathways involved
in these DEPs, the HT stress has a greater impact on the MS37.

Validation of Candidate Functional
Protein Selections by Parallel Reaction
Monitoring
Among the DEPs in MS30 and MS37, those having predicted
annotations related to “photosynthesis,” “regulation,” “repair,”
and “metabolism” are most likely to be responsive to HT stress.
Therefore, we annotated the DEPs that shared by the two alfalfa
varieties, MS30 and MS37. In order to validate the TMT results,
14 DEPs were randomly selected for targeted parallel reaction
monitoring (PRM) assay, of which 11 proteins had quantitative
information and showed a good consistency with TMT results,
including one DEP related to oxidation-reduction, two DEPs
related to photosynthesis, four DEPs related to heat shock
proteins and four DEPs related to metabolism in both MS30 and
MS37 (Table 1).

DISCUSSION

The Change of Photosynthesis Under
Heat Stress
Photosynthesis is a process by which plants use light energy to
assimilate carbon dioxide (CO2) and water (H2O) to produce
organic substances and release oxygen, which is closely related
to plant growth and productivity (Yamamoto, 2001; Foyer
et al., 2017). However, when plants are exposed to heat stress,
photosynthesis is the most sensitive physiological process (Wahid
et al., 2007). In this study, we exposed alfalfa plants to periodically
increasing high temperature treatment as heat stress. Our data
showed that the photosynthetic system of both alfalfa materials
was affected, which was reflected in physiological level and
protein level. In terms of physiological changes, although the
Fv/Fm shows a downward trend in both materials, the decrease
of Fv/Fm in MS37 is significantly stronger than that in MS30.
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FIGURE 6 | The heatmap of key DEPs co-existed by both alfalfa varieties in response to HT stress. Heat map based on the expression leave of each protein in each
sample. The darker the color, the higher the protein expression, and the lighter the color, the lower the protein expression. Each row in the heat map represents the
levels of a DEP under different conditions. The DEP name were listed on the right side of the heat map.

And the chlorophyll content of MS37 also showed a decrease
trend with the increase of temperature, but that of MS30
showed fluctuating changes. These results revealed that the
photosynthesis of the MS37 was significantly stronger affected
than that of MS30 under the heat stress. Similar conclusions
have been reported in the study of heat resistance of wheat
(Sharma et al., 2015).

In terms of protein expression, our data found that
heat stress altered the abundance of ten proteins in MS30
and fifteen proteins in MS37 related to photosynthesis.
Of these, there are four DEPs co-existing in MS30 and
MS37, which is RuBisCO large subunit-binding protein
(TRINITY_DN17135_c0_g1_Gene_34667), oxygen-evolving
enhancer protein 2-1 (TRINITY_DN16844_c0_g3_Gene_8166),
ATP-dependent zinc metalloprotease FTSH protein (TRI
NITY_DN21254_c0_g1_Gene_19039) and magnesium-chelatase

subunit ChlI (TRINITY_DN12545_c0_g1_Gene_9459). The
RuBisCO large subunit-binding protein has two different
types of subunit, termed alpha and beta, and some studies
suggest this protein is implicated in the assembly of Rubisco in
higher plant chloroplasts (Musgrove and Ellis, 1986). Rubisco
plays an important role in plant growth, which catalyzes the
photosynthetic assimilation of CO2 into organic compounds
(Carmo-Silva et al., 2015). In this experiment, the RuBisCO
large subunit-binding protein has been up-regulated in the
two alfalfa materials, which could contribute to enhance
heat tolerance of alfalfa. Oxygen-evolving enhancer protein
2-1 reported in Arabidopsis thaliana and Nicotiana tabacum
may be involved in the regulation of photosystem II3. More
specifically, the function of oxygen-evolving enhancer protein

3https://www.uniprot.org/

Frontiers in Plant Science | www.frontiersin.org 11 December 2021 | Volume 12 | Article 75301119

https://www.uniprot.org/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-753011 December 3, 2021 Time: 17:40 # 12

Li et al. Alfalfa Responds to High Temperature Stress

FIGURE 7 | Metabolism-Related DEPs of two alfalfa varieties. (A) Metabolism-Related DEPs in MS30. (B) Metabolism-Related DEPs in MS37. These figures can be
divided into two parts, including primary metabolism and secondary metabolism. Each dot represents a protein, which plays a role in the corresponding metabolic
process. The green dots indicate proteins that have been down-regulated throughout the process of HT stress. The red dots indicate proteins that have been
up-regulated throughout the process of HT stress. The blue dots indicate the protein whose expression level rises first and then falls during the entire process of HT
stress. The yellow dots indicate proteins whose expression levels first decrease and then increase during the entire process of high temperature stress.

is related to photosynthetic oxygen evolution and it is thought
to optimize the manganese cluster during water oxidation
(Heide et al., 2004). Moreover, the oxygen evolution enhancer

protein could respond to heat stress and protects the reaction
center D1 protein (Yamamoto, 2001). Therefore, this protein
was up-regulated in two alfalfa materials could contribute
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TABLE 1 | Comparison between the isobaric tandem mass tag labeling (TMT) for relative quantitation and parallel reaction monitoring (PRM).
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MS3735/
MS3720

Ratio
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MS3735/
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Ratio
(TMT)

MS3743/
MS3735

Ratio
(TMT)

Photosynthesis TRINITY_DN12545_
c0_g1_Gene_9459

magnesium-chelatase subunit
ChlI

0.15 4.29 0.56 1.31 0.22 2.63 0.52 1.38

TRINITY_DN16844_
c0_g3_Gene_8166

oxygen-evolving enhancer
protein 2-1

3.07 2.54 1.82 1.68 3.30 2.11 1.68 1.59

Antioxidant activities TRINITY_DN18935_
c0_g3_Gene_24344

glutathione S-transferase,
amino-terminal domain protein

3.69 2.53 2.11 1.95 2.28 3.08 1.67 2.44

Heat shock proteins TRINITY_DN10929_c0
_g1_Gene_4083

heat shock protein 81-2 2.97 1.85 1.65 1.34 1.88 2.71 1.36 1.69

TRINITY_DN21025_
c0_g2_Gene_8907

70 kDa heat shock protein 1.57 2.08 1.56 1.77 1.56 2.42 1.47 1.48

TRINITY_DN17376_
c2_g3_Gene_31004

ATP-dependent Clp protease
ATP-binding subunit

0.65 2.39 0.79 1.22 0.63 2.08 0.67 1.36

TRINITY_DN14499_
c0_g1_Gene_14445

peroxisomal small heat shock
protein

1.44 2.38 1.27 1.34 1.90 2.11 1.27 1.49

Metabolism TRINITY_DN14955
_c2_g1_Gene_12704

cysteine protease 0.53 0.78 0.67 0.79 0.70 0.52 0.83 0.63

TRINITY_DN14760_c0
_g2_Gene_11432

rhamnose biosynthetic-like
enzyme

0.45 3.28 0.68 1.40 0.66 3.07 0.80 1.60

TRINITY_DN22711_c0
_g1_Gene_33078

1-O-acylglucose: anthocyanin
acyltransferase

0.55 0.52 0.72 0.63 0.38 0.60 0.59 0.61

TRINITY_DN10050_c0
_g2_Gene_32110

S-adenosyl-L-methionine:
caffeic acid
3-0-methyltransferase

0.50 2.20 0.78 1.30 0.64 2.79 0.83 1.63
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to enhance heat tolerance of alfalfa. ATP-dependent zinc
metalloprotease FTSH protein has been reported to play an
important role in plant heat resistance (Chen et al., 2006).
That is because FtsH plays a critical role in the biogenesis
of thylakoid membranes, quality control in the photosystem
II repair cycle and photosynthetic electron-transport pathways
(Kato and Sakamoto, 2018). In this experiment, the expression
and up-regulation trend of this protein in MS30 were significantly
higher than that of MS37, especially under the HT stress
of 43◦C. And it is noteworthy that in the MS30 we found
another ATP-dependent zinc metalloprotease FTSH protein
(TRINITY_DN21254_c0_g1_Gene_19039) has also been up-
regulated under the HT stress of 43◦C. Therefore, this DEP may
be one of the factors for the difference in heat resistance between
the two alfalfa varieties.

In MS37, we find the DEPs related to light-harvesting complex
I and photosystem I reaction center, which has been up-
regulated under the HT stress of 35◦C and down-regulated
under 43◦C. This result indicates that the MS37 has a certain
heat resistance ability under the high temperature stress of
35◦C, but under 43◦C, the heat resistance ability is obviously
reduced, and the structure and function of photosystem I are
destroyed. In addition, photosystem II reaction center PsbP
family protein (TRINITY_DN21665_c0_g1_Gene_23571) had
always been down-regulated during heat stress. PsbP protein
could stabilize and coordinate supramolecular organization and
function of PSII, which plays an important role in the dynamic
life cycle of PSII (Ifuku et al., 2011). And the expression of
PsbP protein is beneficial to the oxygen-evolving activity and
photoautotrophic growth of plants (Nishimura et al., 2017).
The other DEP related PSII is vitamin K epoxide reductase
family protein (TRINITY_DN17556_c0_g3_Gene_31603) in
MS37. Studies have shown that the deletion of vitamin K
epoxide reductase (VKOR) gene will reduce the photosynthetic
efficiency of plants and affect the stability of PSII assembly
(Du, 2015). In this experiment, VKOR protein was up-regulated
under the heat stress of 35◦C, but down-regulated under
43◦C, indicating that the protein could respond to a certain
intensity of heat stress. At the same time, we infer that
the Change in expression of photosystem II reaction center
PsbP family protein (TRINITY_DN21665_c0_g1_Gene_23571)
and vitamin K epoxide reductase family protein (TRINITY_
DN17556_c0_g3_Gene_31603) may be associated with the
significant decrease of Fv/Fm in MS37. Taken together, the
above results indicated that the effect made by HT stress to
Photosynthesis in MS37 is stronger than that in MS30. And
the physiological and proteomic data indicate that MS37 has
a certain degree of heat resistance under 35◦C heat stress, but
MS37 is severely affected by 43◦C heat stress, which explains the
difference in heat resistance of the two varieties.

The Change of Substance Metabolism
Under High Temperature Stress
It has been reported that heat stress, drought stress, salt stress,
etc., can cause damage to plant growth, and at the same time
induce the production of substances related to anti-oxidation

and osmotic adjustment to maintain the homeostasis in plants
(He et al., 2012; Rivero et al., 2014; Soltabayeva et al., 2021). In
this experiment, the results of MDA and EL indicate under HT
stress, the membrane systems of the two alfalfa varieties were
damaged, especially under 43◦C HT stress. And the membrane
system of MS37 is more severely damaged than that of MS30.
In terms of osmotic regulators substances, induced by HT stress,
the contents of proline, soluble protein and soluble sugar of
the two alfalfa varieties have all changed. But on the whole,
the osmotic adjustment substance of MS30 is significantly more
responsive to HT stress than that of MS37. In terms of antioxidant
systems, we get the same result that the activity of antioxidants in
both alfalfa varieties were affected by HT stress. Therefore, the
physiological results indicate heat stress affected the substance
content and activity in both alfalfa varieties, which involves
changes of the substances metabolism in alfalfa and is related to
the heat resistance of alfalfa.

The Change of Primary Metabolism Under High
Temperature Stress
We found that HT stress respectively altered the abundance of
twenty-three and thirty-eight proteins related to metabolism
in MS30 and MS37. There are sixteen DEPs related to primary
metabolism in MS30, of which DEPs related to carbohydrate
metabolism are the most numerous. It is noteworthy that we
found that carbohydrate metabolism involves the metabolism
of inositol. Inositol has important biological functions in
plants, which not only participates in the formation of cell
walls and cell membranes, but also plays an important role
in various life activities such as osmotic regulation, signal
transduction, and stress regulation (Zhang et al., 2013;
Johnen, 2021). Inositol monophosphatase (IMPase) is a
catalytic enzyme for the final step of inositol biosynthesis
(Goswami et al., 2018). Studies have shown that abiotic
stresses such as low temperature, drought and high salinity
can affect the activity of IMPase (Nourbakhsh et al., 2015).
In this experiment, inositol monophosphatase family protein
(TRINITY_DN9184_c0_g3_Gene_30850) is up-regulated under
43◦C HT stress, indicating that MS30 could promote the
inositol synthesis through carbohydrate metabolism pathway,
which could contribute to enhance heat tolerance of MS30.
We have also found DEPs, myo-inositol 1-phosphate synthase
(TRINITY_DN18700_c1_g2_Gene_12271) and myo-inositol-1-
phosphate synthases (TRINITY_DN21940_c0_g2_Gene_13532),
associated with inositol synthesis in MS37. Myo-inositol 1-
phosphate synthase (MIPS) is a key enzyme that catalyzes
D-Glucose-6-phosphate to form Myo-inositol-1-phosphate
(Yang et al., 2017). Studies have shown that MIPS genes from
different species play an important role in plant stress resistance
(Majee et al., 2004; Das-Chatterjee et al., 2006; Guo et al.,
2017). In this experiment, the DEPs related to inositol synthesis
in MS37 are up-regulated under 35◦C HT stress, but down-
regulated under 43◦C, indicating that MIPS contribute to the
heat resistance of alfalfa under a certain degree of heat stress.
Therefore, the results of MS30 and MS37 show that HT stress
can cause changes in inositol metabolism in alfalfa, thereby
affecting the heat resistance of alfalfa. In addition, among DEPs
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related to carbohydrate metabolism, we also found DEPs related
to plant cell walls. Rhamnose is an important component in
the cell wall and participates in many metabolic processes in
plants (Liu et al., 2019; Jiang et al., 2020). Rhamnose synthase
catalyze the initial step of the synthesis of rhamnose (Han, 2014).
In this experiment, we found that rhamnose biosynthetic-
like enzyme (TRINITY_DN14760_c0_g2_Gene_11432)
coexisted in two alfalfa varieties, both were down-regulated
at 35◦C high temperature stress, and up-regulated at 43◦C.
Moreover, there is another rhamnose biosynthetic-like enzyme
(TRINITY_DN17882_c0_g1_Gene_10641) showed the same
change trend in MS30, which indicates that high temperature
stress may affect the structure and function of alfalfa cell wall
through rhamnose metabolism pathway.

In this experiment, we also found that high temperature
stress affected the TCA cycle of MS30 and MS37. Thiazole
biosynthetic enzyme is not only related to plants growth and
development, but also plays an important role in stress resistance.
This is because thiazole biosynthetic enzyme is involved in
plant thiamine biosynthesis (Sun et al., 2018). Plant thiamine
could be response to oxidative stress by scavenging free radical
and involve in TCA cycle, pyruvate carboxylase, pyruvate
oxidase as an essential coenzyme (Zhou et al., 2012; Sun et al.,
2018). In this experiment, thiazole biosynthetic enzyme as a
DEP co-existed in both alfalfa varieties. In MS30, thiazole
biosynthetic enzyme (TRINITY_DN20649_c0_g2_Gene_9792)
was up-regulated at 43◦C, and its expression was significantly
higher than that at 20◦C. In MS37, thiazole biosynthetic enzyme
(TRINITY_DN11811_c1_g1_Gene_35054) has been always up-
regulated under high temperature stress. These results indicate
that high temperature stress can affect the TCA cycle and
heat resistance of alfalfa by affecting the expression of thiazole
biosynthetic enzyme.

The Change of Secondary Metabolism Under High
Temperature Stress
Plant secondary metabolites play important roles for plants to
improve defensive and competitive abilities as well as correspond
to the environments (Yan et al., 2007). In this experiment,
our data found that HT stress altered the abundance of seven
and nine proteins related to secondary metabolism in MS30
and MS37, respectively. In MS30, the seven DEPs are all
involved in the biosynthesis of phenolic compounds in plant
secondary metabolites. But in MS37, except for five DEPs
involved in the biosynthesis of phenolic compounds, there are
four DEPs involved in the biosynthesis of terpenoids. In the
biosynthesis of phenolic compounds, there are four DEPs coexist
in both alfalfa varieties. Of these, 1-O-acylglucose: anthocyanin
acyltransferase (TRINITY_DN22711_c0_g1_Gene_33078) and
pinoresinol-lariciresinol reductase-like protein (TRINITY_
DN16684_c0_g2_Gene_19375) have always been down-
regulated under the high temperature stress. 1-O-acylglucose:
anthocyanin acyltransferase has the function of acyltransferase,
which can catalyze the conversion of glycosylated anthocyanins
into acylated anthocyanins. Studies have shown that acylated
anthocyanins have higher thermal stability and can enhance
the antioxidant properties of purple cabbage (Yuan, 2018).

Pinoresinol-lariciresinol reductase (PLR) are enzymes involved
in the lignan biosynthesis after the initial dimerization of
two monolignols (Xiao et al., 2021). Some studies have also
shown lignans play a role in defense against oxidative stress
(Li et al., 2006; Markulin et al., 2019). In this experiment,
the accumulations of these two proteins were down-regulated
under the HT stress, indicating that the metabolic pathways
of anthocyanin and lignan were affected. Therefore, we
speculate that HT stress may cause damage to alfalfa by
reducing the effects of anthocyanins and lignan in plants. In
addition, the enzyme involved in the metabolism of lignin,
S-adenosyl-L-methionine: caffeic acid 3-0-methyltransferase
(TRINITY_DN10050_c0_g2_Gene_32110), has been down-
regulated at 35◦C and up-regulated at 43◦C in both
alfalfa varieties. S-adenosyl-L-methionine: caffeic acid 3-0-
methyltransferase (COMT) is involved in S lignin biosynthesis.
It is worth noting that 4-coumarate: CoA ligase-like protein
(TRINITY_DN17517_c0_g1_Gene_20937) in MS30 has been
down-regulated under HT stress. 4-coumarate: coenzyme A
ligase (4CL) converts 4-coumaric acid and its hydroxylated
derivatives into the CoA thiol esters, directing carbon flux into
various end-products of phenylpropanoid metabolism, such as
flavonoids and lignins (Wohl and Petersen, 2020). Studies have
shown that inhibiting the activity of COMT and 4CL could lead
to a decrease in lignin content (Awasthi et al., 2019; Wohl and
Petersen, 2020). Therefore, we speculate that HT stress could
also affect the heat tolerance of alfalfa by affecting the metabolic
pathway of lignin.

Terpenoids are the most abundant and diverse compounds
in plant secondary metabolites (Caputi and Aprea, 2011).
In this experiment, HT stress affected the metabolic of
terpenoids in MS37. Among the DEPs related to the
biosynthesis of terpenoids in MS37, lycopene beta-cyclase
(TRINITY_DN16506_c0_g1_Gene_6592) has been down-
regulated at 35◦C and up-regulated at 43◦C. Lycopene
beta-cyclase (LCYB) participates in the metabolic pathway
of carotenoids (Yamaguchi, 2012). Lots of studies have
shown that high expression of LCYB gene can significantly
increase carotenoid biosynthesis and enhance the tolerance
of plants to abiotic stress (Jia et al., 2011; Chen et al., 2018;
Li Y. et al., 2018). In this experiment, HT stress affected the
expression of LCYB, indicating that HT stress could affect
the photosynthesis and heat tolerance of alfalfa through the
metabolic pathway of carotenoids. The other DEPs related to
the metabolic of terpenoids is 1-deoxy-D-xylulose 5-phosphate
reductoisomerase (TRINITY_DN13041_c3_g1_Gene_16656)
and 1-deoxy-D-xylulose 5-phosphate reductoisomerase
(TRINITY_DN13041_c3_g1_Gene_16657). 1-deoxy-D-xylulose
5-phosphate reductoisomerase (DXR) catalyzes the second
step of the methylerythritol phosphate (MEP) pathway that
functions in several organisms and plants for the synthesis of
isoprenoids (Takahashi et al., 1998; Kesharwani and Sundriyal,
2020). Studies have shown that inhibiting or increasing the
DXR expression will affect the production of terpenes, thereby
affecting photosynthesis (Hasunuma et al., 2008; Wang et al.,
2018). Therefore, combined with MS37 photosynthesis results,
we speculate that a certain degree of HT stress will promote

Frontiers in Plant Science | www.frontiersin.org 15 December 2021 | Volume 12 | Article 75301123

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-753011 December 3, 2021 Time: 17:40 # 16

Li et al. Alfalfa Responds to High Temperature Stress

FIGURE 8 | Model shows the differential responses of two alfalfa varieties with contrasting heat tolerance to HT stress based on physiological and proteomic
changes.

the synthesis of terpenoids in MS37, so as to maintain the
photosynthesis of MS37. But excessive temperature will also
inhibit the synthesis of terpenoids, which may be one of the
factors leading to the decrease of the Fv/Fm ratio and the
chlorophyll content in MS37 under 43◦C HT stress.

The Change of Heat Shock Proteins
Under Heat Stress
Heat shock proteins are molecular chaperones fulfiling stress-
related and housekeeping functions, including protein folding,
assembly, degradation and translocation, thus playing a central
role in protein homeostasis (Fragkostefanakis et al., 2015). Here,
we observed thirty-six and thirteen HSPs in MS30 and MS37 were
differentially accumulated in response to heat stress, respectively.
These DEHSPs were almost up-regulated during the entire
high temperature stress, which indicated HSPs in both alfalfa
varieties were playing an active role to protect alfalfa from high
temperature stress. But it is noteworthy that compared with
MS37, MS30 has more HSP quantity and classes. These results
indicate that the difference in DEHSPs could be one of the reasons
why MS30 has better heat tolerance than MS37.

When plants are subjected to abiotic stress, a large number
of misfolded or unfolded proteins will accumulate in the
endoplasmic reticulum, which can trigger endoplasmic
reticulum stress (ERS). Studies have shown that ERS can induce
an increase in the expression of various molecular chaperones
and their auxiliary partners, such as HSPs, because they play
important functions in Endoplasmic reticulum quality control
(ERQC), unfolded protein response (UPR), and ER-associated
degradation (ERAD) (Zhao et al., 2007; Fu et al., 2016). In

this experiment, we found thirteen and five DEHSPs related
to Protein processing in endoplasmic reticulum (KEEG:
mtr04141) in MS30 and MS37, respectively. Among these, four
DEHSPs (TRINITY_DN11338_c0_g1_Gene_18098, TRINITY_
DN21025_c0_g2_Gene_8907, TRINITY_DN10929_c0_g1_Gene
_4083, TRINITY_DN17416_c0_g2_Gene_3822) co-exist in two
alfalfa varieties and have always been up-regulated under the HT
stress, which indicates that these four DEHSPs can protect alfalfa
from high temperature stress by regulating the endoplasmic
reticulum stress. In addition, compared with MS37, MS30 has
more DEHSPs involved in Protein processing in endoplasmic
reticulum under HT stress, which suggests that MS30 can more
actively respond to ERS to maintain the homeostasis and function
of the endoplasmic reticulum. We also found five HSP60s were
up-regulated in MS30 under the HT stress, which is absent in
MS37. It has been reported that overexpression of HSP60 could
improve plant stress resistance, while inhibiting the expression
of HSP60 could affect the normal growth and development of
plants (Hill and Hemmingsen, 2001; Cabiscol et al., 2002). These
results clarify the reasons for the strong heat resistance of MS30.
HSP100/ClpB (casein lytic proteinase B) could function in a
non-degradative pathway of protein renaturation to liberate
native functional proteins from aggregates, which is important to
reactivate heat aggregated proteins under demanding, stressful
conditions (Mishra and Grover, 2016). In this experiment, our
data found that HT stress altered respectively the abundance of
seven and six ClpB proteins in MS30 and MS37. Of these, we
found that three ClpB3 proteins shared by two alfalfa varieties
were up-regulated under HT stress. ClpB3 specifically targets
unstructured polypeptides and mediates the reactivation of
heat-denatured model substrates in an Hsp70-independent
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manner (Parcerisa et al., 2020). Therefore, we speculate that
ClpB3 proteins play an important role in the response of alfalfa
to HT stress, and ClpB3 proteins were up-regulated under HT
stress could contribute to enhance heat tolerance of alfalfa.

CONCLUSION

In summary, a model of HT-mediated stress response in
Medicago sativa L. was proposed by conducting a comprehensive
comparative analysis of two alfalfa varieties contrasting in
heat tolerance based on their physiological and proteomic
changes (Figure 8). HT induces the ROS accumulation
and osmotic pressure in alfalfa, which significantly weakens
the photosynthetic efficiency, destroys the cell membrane
structure and causes endoplasmic reticulum stress. Our results
demonstrated that MS30 was more tolerant to HT stress
than MS37, which was evidenced by the differences at the
physiological and proteomic levels. MS30 possessed higher
abilities of adjustment and repair to deal with damage than
those of MS37 under HT stress conditions. Meanwhile, the
proteomic analysis revealed the metabolic process of MS30 is
more conducive to maintaining its survival and growth than
MS37, especially at the later period of HT stress. All these
processes involve energy distribution and the maintenance of
homeostasis in alfalfa, which ultimately determines the heat
tolerance of alfalfa. These results provide basic information for
exploring the physiological and molecular mechanisms of alfalfa
adaptation or tolerance to HT stress. Nevertheless, a challenge for
future work will be to elucidate the complex regulation networks
of HT response and to identify key regulators and their function
in the context of high temperature, which could contribute to
accelerate the breeding progress of high-quality alfalfa varieties
with heat resistance.
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Heat stress in cotton reduces its productivity. The development of heat-tolerant cotton
varieties having resilience against changing climate is feasible. The purpose of this study
was to probe the genetic variability in upland cotton for heat tolerance, the association of
cell membrane thermostability (CMT), stomata, and trichome size with cotton adaptation
to high temperature and effective breeding strategy to advance the valued traits. Relative
cell injury percentage (RCI%) in studied genotypes ranged from 39 to 86%. Seventeen
genotypes were found heat tolerant on the basis of low RCI%, heat susceptibility index
(HSI<1), higher number of boll/plant, and seed cotton yield (SCY). Scanning electron
microscopy (SEM) of heat-tolerant genotypes revealed the presence of different size
of stomata (21.57 to 105.04 µm2) and trichomes (177 to 782.6 µm) on leaves of
selected genotypes. The regression analysis showed a strong and negative association
of RCI% and stomata size with SCY. However, no association was observed between
the trichome size, yield, and fiber traits. On the overall location basis, a significant
genotype × environment interaction was observed. All selected genotypes produced
a higher SCY as compared with check varieties. But the stability analysis showed that
the high yielding genotypes NIA-M-30, NIA-80, NIA-83, and CRIS-342 were also wide
adaptive with unit regression (bi∼1) and non-significant deviation from the regression line
(S2d∼0). The ability for the combination of some heat-tolerant genotypes was estimated
by using the line × tester method among nine hybrids along with their 3 testers (i.e.,
male) and 3 lines (i.e., females). Genotypes, CRIS-342 and NIA-Perkh, were observed
as best general combiners for SCY with a negative general combining ability effects for
RCI%. Five hybrids showed a positive specific combining ability and heterotic effects
for studied traits and also found lowest for HSI. RCI% and SCY/plant displayed higher
estimates of heritability and genetic advance, indicating the heritability due to additive
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gene effects and chances of effective selection. The identified heat-tolerant and wide
adaptive germplasm can be further advanced and utilized in cotton breeding programs
for developing heat-tolerant cultivars. Selection criteria involving CMT and stomata size
concluded to be an effective strategy for the screening of heat-tolerant cotton.

Keywords: breeding, cotton, high temperature, germplasm, physiology, stress tolerance

INTRODUCTION

Cotton (Gossypium hirsutum L.) is an international agricultural
product of which quality and quantity are subject to various
whims of nature. It occupies an important position in global
status of commercial crops with annual impact of >US$50
billion in the economy of the world (Organisation for Economic
Co-operation Development/Food and Agriculture Organization
[OECD/FAO], 2019). The lint quality in general, while the
quantity of produce, i.e., the seed cotton yield (SCY) particularly
is highly sensitive to climatic conditions. It can be seen in case of
Pakistan where it was grown across 2.3 million hectares during
2018–2019 with an average per hectare yield of approximately
707 kg/ha (Anonymous, 2018–2019)) compared with 2,320 and
1,765 kg/ha for Australia and China, respectively (International
Cotton Advisory Committee [ICAC], 2018). The quality of lint
produced is also inferior, having a short fiber length, coarse
fiber fineness, and lower uniformity, resulting in a higher import
of longer fiber and lower price of locally produced cotton lint
(Pakistan Central Cotton Committee [PCCC], 2014). The cotton
belt of Pakistan is mainly located in the high-temperature zone
where mean maximum temperature often exceed 48◦C during
the cotton-growing season. The optimum temperature for a
successful cotton production is about 35◦C, which may vary
among cultivars. However, temperatures above this threshold
level badly affect the peak time of cotton flowers and boll setting,
resulting in excessive evapo-transpiration and abscission/no boll
set at lower half of the plant (Bibi et al., 2003). Singh et al. (2007)
reported a strong negative correlation between high temperature
and the lint yield, resulting in a yield decrease of about 110 kg/ha
for each unit increase in maximum temperature.

Identification of genotypes that have a greater ability to
withstand the peaks of heat stress coupled with their limited
water use is important to enhance the cotton productivity
(Cottee et al., 2010). However, suitable selection standards
are required for measuring resilience of cotton germplasm
against heat stress. Plant phenological traits especially flowering
and boll retention capacity in high temperature environments
are effective in repeatable heat stress screening environments
(Ismail and Hall, 1999). But genotypes with significant G × Y
(genotype × year) and G × E (genotype × environment)
interaction in the field often compromise genetic advance.
Therefore, genetic gain in the cotton yield can be exploited
by targeting those traits that are closely associated with plant
adaptation to high-temperature environment (Singh et al., 2007).
Cell membrane thermostability (CMT) has been reported as
most relevant and suitable selection criteria for measuring
heat tolerance (Abro et al., 2015). The ratio of trichomes to
stomata is also found associated with the efficiency of water

use (Galdon-Armero et al., 2018; Lei et al., 2018). Slow progress
in development of heat tolerance in cotton cultivars due to its
polygenic inheritance has been reported in earlier findings (Jones
et al., 2014). A low heritability and time reliance of adaptive traits
in high-temperature environments have also been reported as
major obstacles (Singh et al., 2007; Jones et al., 2014). However,
combining morphological and plant physiological traits for the
elucidation of thermo tolerance in cotton is important and
expected to result in improved heat tolerance in cotton (Rana
et al., 2011). Better understanding of genetic, morphological,
and physiological traits conferring heat tolerance in cotton
is necessary, if climate change resilience, high yielding, and
fine fiber quality of cotton cultivars are to be developed. An
ability for the combination of genotypes in general (general
combining ability [GCA]) and specific combining ability (SCA),
heterotic effects and heritability of the traits coupled with genetic
advance are also important in devising an effective breeding
strategy for improving heat stress tolerance of cotton genotypes
(Azhar et al., 2005).

The present study investigates the genetic variability in upland
cotton for heat tolerance and identifies the association of CMT,
stomata, and trichome size with cotton adaptation to high
temperature and effects on yield and fiber quality parameters. The
line× tester analysis was also performed for deciding the effective
breeding strategy to advance the valued traits.

MATERIALS AND METHODS

Study Site and Experimental Material
The research work was conducted at Plant Breeding and Genetics
Division, Nuclear Institute of Agriculture (NIA), Tando Jam,
Pakistan, between the years 2015 and 2019. The experimental
material consisted of fifty-eight diverse cotton genotypes
including advance lines developed at NIA using hybridization
and radiation-induced mutagenesis. History of breeding material
used in the present study is given in Supplementary Table 1.

Evaluation of Cotton Genotypes for Heat
Stress Tolerance
Heat tolerance of the experimental material in terms of high
CMT, boll retention, SCY, ginning out turn percentage (GOT%),
and staple length was tested in two sowing dates (i.e., early and
normal) in a randomized complete block design (RCBD) with
three replications. The RCBD was used to evaluate the large
set of 58 genotypes because of the non-significant within-block
variability and also because we were using the same piece of land
every season for cotton breeding trials only. Further, the plot
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size used was smaller than the normal plot size being used for
advance line yield trials. One set of experimental material was
sown early (15 March, 2015) to expose the genotypes to high
temperature (up to 45◦C in the months June and July) at the peak
flowering and boll setting stage. Another set of same genotypes
was planted in normal sowing (15 May, 2015) to experience mild
temperature at the flowering and boll setting stage during late
August. Cultivars CRIS-134 and CIM-469 were included as heat
tolerant and susceptible check, respectively. Each genotype was
planted in a plot size of 6.1× 3.0 m in four rows with 30 cm plant-
to-plant and 75 cm row-to-row distance. Standard agronomic
and plant protection measures were performed throughout the
growing season. From each genotype, five random plants were
selected for data recording on number of bolls/plant. At maturity,
seed cotton was picked, and the data were recorded on SCY.
Further, seed cotton from each repeat of each genotype was
ginned using the ginning machine. The staple length (in mm) was
measured using the fibrograph by taking forty grams of lint from
each sample. GOT% was calculated by following formula.

GOT% =
Lint weight

Weight of seed cotton
× 100

Analysis of Cell Membrane
Thermostability
Relative cell injury percentage (RCI%), a measurement for CMT
under a high temperature stress, was determined according to
Sullivan (1972). RCI% was measured from fully developed green
leaves of 20–22 days during the peak flowering season. A steel
punch with a 10 mm inner diameter was used for collection of
two sets of leaf disc from both sides of the midrib of selected
leaves. One set was used for heat treatment, and other was kept
as control. Leaf discs were collected at about 1 pm to 3 pm,
and samples were immediately kept in glass vials having 2 ml of
deionized water. Leaf discs were thoroughly washed two times
with deionized water to rinse any electrolyte adhering on the
outside. After the final rinse, 2 ml of deionized water was added in
sterilized glass vials and covered with a lid to avoid evaporation
during heat treatment. One set of glass vials was kept at room
temperature and other at 50◦C in a water bath for 1 h. After heat
treatment, 10 ml of deionized water was added in vials and kept
at 10◦C for 24 h to allow diffusion of electrolytes. On the next
day, vials were kept at room temperature and shaken three times
for mixing of electrolytes. Initial electrical conductivity (EC)
was measured using the EC meter (Model HI-933300, Hanna
Instrument, United States). After the measurement of EC, the
samples were autoclaved for 10 min at 0.10 MPa pressure for
releasing all electrolytes. The same procedure for measurement
of EC was repeated. RCI% was calculated by using the following
formula:

RCI% = 1-[{1-(T1/T2)}/{1-(C1/C2)}]× 100
Where as

T1 and T2 = EC of sap at 50◦C before and after
autoclaving, respectively.

C1 and C2 = EC of sap at 25◦C before and after
autoclaving, respectively.

Measurement of Heat Susceptibility
Index
Heat susceptibility index (HSI), a measurement of a relative
decrease in yield influenced by non-favorable vs. favorable
environments, was determined according to Fischer and Maurer
(1978).

Heat susceptibility index = [(1-yh/yp)/H]
Where:

Yh = Average yield of genotypes under heat stress
Yp = Average yield of genotypes under non-stress condition or

potential yield
H = Heat stress intensity = 1-(average yh of all

genotypes/average yp of all genotypes).

Scanning Electron Microscopy of Leaves
for Stomata and Trichome Size
For scanning electron microscopy (SEM) study of selected heat-
tolerant genotypes along with the susceptible check, prepared
leaf specimens were mounted on the stubs of a double-
sided cellophane tape. The sputter was covered with Jeol,
JFC-1500 ion Sputter device with C-30–50 mm gold. The
sample specimens were observed, and pictures were taken by
SEM, Jeol, JSM T-200, and Jeol-T6380 at voltage of 5–15 KV
with a distinct magnification (Hayat, 1989). The stomata and
trichome measurements with 4–5 repetitions were carried from
an individual leaf using an SEM measuring bar. The SEM study
was conducted at Central Research Laboratory, University of
Karachi, Pakistan.

Multienvironment Field Trial of Selected
Heat-Tolerant Genotypes for the Stability
Analysis
Seventeen selected heat-tolerant genotypes along with one
susceptible check (CIM-469) were evaluated for their stability
analysis across five different locations of Sindh (i.e., Tando
Jam, Matiari, Shaheed Benazirabad, Dadu, and Khairpur) during
2016–2017. The multienvironment trials were conducted in the
RCBD with four replications. The plot size was 18 m2 (6 × 3 m)
with a row-to-row and plant-to-plant distance of 75 and 30 cm,
respectively. Standard agronomic and plant protection measures
were adopted throughout the growing season. At maturity, seed
cotton was picked, and data were recorded on SCY (kg/plot).

Population Development for Genetic
Studies of Heat Tolerance
To determine the pattern of inheritance and genetic variability,
three heat-tolerant cotton genotypes (i.e., CRIS-342, NIA-
Perkh, and CRIS-134) and three heat-susceptible genotypes (i.e.,
HariDost, Sohni, and NIA-148) were selected as parents for
population development. The genetic population was developed
by following the line × tester (3 × 3) method. Heat-tolerant
genotypes were used as testers (i.e., male), whereas heat-
susceptible genotypes were kept as lines (i.e., female). For
crossing, unopened flowers commonly known as candles or buds
were hand emasculated in the evening and covered with a butter
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paper bag. Male parent flowers were also covered with butter
paper bags to avoid insect-intervened pollen contamination.
Pollination of flowers was carried out in the morning (10:00
AM), and pollinated flowers were again covered with butter
paper bags. At maturity, seed cotton was picked from all
cross combinations. Ginning was performed, and F0 seeds were
collected for evaluation in F1 generation along with parents.

Evaluation of F1 and F2 Generations
Two sets of F1 genetic material (i.e., 9 hybrids) along with six
parents were planted in the field (i.e., normal) and glasshouse
(i.e., elevated temperature) in the RCBD with 3 replications. The
data were recorded on five random plants for RCI% and SCY
(g/plant) in each cross and analyzed for combining ability and
heterotic effects. Seeds harvested from F1 generation were again
evaluated in F2 generation along with parents. Again two sets
were planted, one in the field (i.e., normal) and other in the
glasshouse (i.e., elevated temperature) conditions. In F2, 10 and
20 plants were maintained in each cross under the glasshouse and
field experiment, respectively. The data on five random plants in
each cross along with parents were recorded for RCI% and SCY
(g/plant). Genetic variance, heritability, and genetic advance were
estimated from F2 data.

Statistical Analysis
The data collected were analyzed separately for each parameter
and subjected to analysis of variance (ANOVA) following
Steel et al. (1997). The means comparison (honest significant
difference [HSD] test at alpha 0.05) and correlation matrix
were computed using the STATISTIX R© VERSION 8.1 software.
The values presented are mean of three replicates ± standard
error (SE). The stability analysis of heat-tolerant genotypes
was carried out for SCY data from replicated trials at
multienvironments. The analysis comprised location-wise or
environmental ANOVA and the combined ANOVA for any
place/environment (Pooled ANOVA). Stability parameters were
calculated following the model by Eberhart and Russell (1966).
For the combining analysis, the mean squares of the line× tester
design, the overall ability of the combination (i.e., GCA),
and SCA variances and effects were calculated according to
the method proposed by Kempthorne (1957). Mid-parent
heterosis and better parent heterosis were worked out as
percent mean deviation of the mean F1 performance over
the mean performance of the mid-parent and better parent,
respectively. Genetic variance was calculated by following Singh
and Chaudhary (1999). Heritability was calculated by following
Cochran and Cox (1957), and genetic advance was estimated
according to Allard (1960).

RESULTS

Response of Different Genotypes of
Cotton to Heat Stress
The analysis of variance showed highly significant differences
among studied genotypes for RCI%, SCY, and number of

bolls/plant. Differences were also observed among sowing dates
for number of bolls/plant and SCY. Significant differences were
present among sowing dates for RCI%, staple length, and
GOT%. The sowing dates × genotypes interaction was also
found highly significant for number of bolls/plant and SCY
(Supplementary Table 2). The RCI% values of 58 genotypes are
presented in Table 1. RCI% in studied genotypes ranged from
39 to 86%. The RCI level was noted >70% in 22 genotypes,
while 60–70% in 20 genotypes and 50–60% in 08 genotypes.
Eight genotypes showed < 50% level of cell damage, i.e., 40–
50%. The tolerant genotypes, 50–60% levels of cell damage,
were Sadori, NIA-Perkh, NIAB-111, CRIS-134, and CRIS-342.
Whereas, some advance lines such as NIA-80, NIA-82, NIA-83,
NIA-84, NIA-Bt1, NIA-Bt2, NIA-M-30, NIA-M31, NIA-HM-48,
NIA-H-32, NIA-HM-327, and NIA-HM-2-1 had the lowest RCI
level < 50% (i.e., higher CMT). The genotypes NIA-86, NIA-
M2, NIA-M32, NIA-HM-1, NIA-H67, CRIS-121, and CIM-496
showed the highest RCI level (i.e., lower CMT). Out of 58,
17 genotypes were identified as more heat-tolerant because of
having a higher CMT.

The SCY of 58 genotypes are presented in Table 1. SCY in
studied genotypes ranged from 2,215 to 4,115 kg/ha under heat
stress and non-heat stress conditions. The selected seventeen
heat-tolerant genotypes performed well in both regimes. NIA-
M-30 had the highest SCY (4,115 kg/ha) followed by NIA-
HM-2 (3,936 kg/ha) and NIA-80 (3,912 kg/ha). NIA-HM-320
produced lowest SCY (2,215 kg/ha) under heat stress conditions.
The HSI based on SCY varied in different genotypes (Table 2).
In the present study, HSI values ranged between 0.32 and
10.85. Superior heat-tolerant genotypes gave the least values
of HSI < 1 and high yield under heat stress conditions.
Whereas, other genotypes, which were found as heat susceptible,
had a higher HSI.

For the determination of heat tolerance, the data for
bolls/plant in cotton genotypes were also considered. The
mean values of number of bolls/plant showed that both
heat stress and non-stress conditions had differently affected
the boll retention capacity of fifty-eight genotypes. The
heat-tolerant genotypes produced maximum bolls/plant
in both heat stress and non-stress regimes. While other
genotypes produced less number of bolls as a result of high
temperature (Table 1). Superior heat-tolerant genotypes
produced maximum bolls/plant under both sowing condition
indicating that these genotypes could be less affected by heat
stress (Table 2).

Table 1 represents the mean values of GOT% of studied
genotypes, which ranged from 30 to 40.56% as a result of early
and normal sowing dates. Less effects of high temperature stress
were recorded in terms of GOT% in NIA-M-30, NIA-HM-48,
NIA-H-32, NIA-Bt1, NIA-Perkh, CRIS-342, NIAB-111, CRIS-
134, and Sadori. Non-significant differences in mean values
were observed for the staple length (in mm). However, the
staple length for all genotypes ranged from 27 to 30 mm.
A decrease in fiber length can be attributed to high temperature.
But in the present study, eighteen genotypes showed less
reduction in the staple length and gave the lowest value of
HSI < 1 (Table 2).
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TABLE 1 | Mean performance of 58 cotton genotypes for relative cell injury percentage (RCI%), yield, and fiber traits.

Genotypes RCI% No. of bolls/plant Seed cotton yield (Kg/ha) Staple length (mm) GOT%

SD 1 SD 2 SD 1 SD 2 SD 1 SD 2 SD 1 SD2 SD 1 SD 2

NIA-80 45 ± 1.7 42 ± 1.2 39 ± 0.1 41 ± 0.1 3871 ± 7 3912 ± 7 28.0 ± 0.3 28.5 ± 0.1 36.0 ± 0.6 37.5 ± 0.3

NIA-81 57 ± 0.6 55 ± 0.6 35 ± 0.1 37 ± 0.1 3669 ± 6 3732 ± 18 28.0 ± 0.3 28.5 ± 0.1 38.5 ± 0.3 39.4 ± 0.3

NIA-83 55 ± 0.6 53 ± 0.6 35 ± 0.1 38 ± 0.1 3584 ± 2 3610 ± 6 27.8 ± 0.1 28.1 ± 0.1 36.0 ± 0.3 37.0 ± 0.6

NIA-84 57 ± 0.6 55 ± 0.6 38 ± 0.1 39 ± 0.0 3678 ± 6 3710 ± 6 28.2 ± 0.1 28.5 ± 0.2 36.5 ± 0.3 38.4 ± 0.2

NIA-85 78 ± 0.6 73 ± 1.6 31 ± 0.1 36 ± 0.0 2415 ± 9 2934 ± 12 27.0 ± 0.0 28.0 ± 0.0 34.5 ± 0.3 37.5 ± 0.3

NIA-86 77 ± 1.6 78 ± 1.6 24 ± 0.2 33 ± 0.1 2625 ± 14 3298 ± 6 27.2 ± 0.1 27.5 ± 0.1 35.1 ± 0.1 40.1 ± 0.5

NIA-M-30 40 ± 1.6 39 ± 0.6 34 ± 0.1 36 ± 0.1 4065 ± 6 4115 ± 9 28.2 ± 0.1 28.6 ± 0.2 37.5 ± 0.1 38.0 ± 0.6

NIA-HM-327 46 ± 1.6 44 ± 1.2 36 ± 0.2 38 ± 0.1 3788 ± 5 3850 ± 3 28.0 ± 0.3 28.5 ± 0.1 37.8 ± 0.1 39.5 ± 0.3

NIA-HM-329 73 ± 1.7 71 ± 0.6 26 ± 0.1 34 ± 0.1 2423 ± 13 3023 ± 13 28.3 ± 0.2 29.5 ± 0.1 33.5 ± 0.3 38.4 ± 0.4

NIA-HM-335 83 ± 0.6 79 ± 1.7 20 ± 10 36 ± 5.8 2230 ± 17 3121 ± 6 27.9 ± 0.1 28.6 ± 0.1 34.4 ± 0.2 36.0 ± 0.6

NIA-H-1 81 ± 0.6 79 ± 0.0 23 ± 0.1 33 ± 0.1 2869 ± 12 3454 ± 12 27.6 ± 0.1 28.6 ± 0.2 33.5 ± 0.0 37.5 ± 0.8

NIA-H-24 82 ± 0.6 80 ± 1.2 23 ± 0.1 34 ± 0.0 2551 ± 29 3209 ± 5 27.5 ± 0.0 27.6 ± 0.1 36.4 ± 0.0 38.4 ± 0.2

NIA-M31 50 ± 1.6 49 ± 0.6 36 ± 0.1 38 ± 0.1 3561 ± 1 3606 ± 3 28.0 ± 0.0 28.5 ± 0.1 37.5 ± 0.3 39.2 ± 0.1

NIA-M32 85 ± 0.6 83 ± 0.6 27 ± 0.1 30 ± 0.0 2320 ± 12 2855 ± 6 28.5 ± 0.1 20.4 ± 9.2 35.5 ± 0.7 38.3 ± 0.4

NIA-M33 69 ± 0.6 65 ± 0.6 27 ± 0.2 34 ± 0.1 2431 ± 18 2931 ± 18 28.9 ± 0.1 29.2 ± 0.1 36.6 ± 0.1 39.6 ± 0.6

NIA-M34 74 ± 0.6 71 ± 0.6 30 ± 0.1 36 ± 0.1 3054 ± 5 3356 ± 6 27.8 ± 0.1 28.5 ± 0.1 35.8 ± 0.3 39.4 ± 0.2

NIA-Perkh 51 ± 0.6 48 ± 1.2 32 ± 0.1 37 ± 0.1 3681 ± 6 3740 ± 3 28.0 ± 0.3 28.7 ± 0.2 36.6 ± 0.1 39.6 ± 0.1

NIA-H-13 68 ± 0.0 66 ± 0.6 21 ± 0.0 32 ± 0.0 2653 ± 30 3155 ± 6 27.0 ± 0.0 27.5 ± 0.1 37.5 ± 0.6 38.6 ± 0.1

NIA-HM-2 54 ± 0.6 53 ± 0.6 37 ± 0.1 40 ± 0.1 3898 ± 12 3936 ± 12 27.5 ± 0.1 28.1 ± 0.1 37.9 ± 0.6 38.7 ± 0.1

NIA-HM-48 51 ± 0.6 59 ± 0.6 36 ± 0.1 39 ± 0.1 3589 ± 6 3621 ± 12 28.7 ± 0.1 29.3 ± 0.1 36.2 ± 0.1 37.3 ± 0.6

NIA-M-2 84 ± 0.6 82 ± 1.2 22 ± 1.2 30 ± 0.7 2512 ± 7 3040 ± 23 27.8 ± 0.1 28.5 ± 0.1 33.3 ± 0.2 39.3 ± 0.8

NIA-HM-1 86 ± 0.6 83 ± 0.0 31 ± 2.7 35 ± 1.6 2456 ± 32 3470 ± 17 27.3 ± 0.1 27.5 ± 0.1 35.2 ± 0.1 38.6 ± 0.6

NIA-H-36 75 ± 0.6 77 ± 0.9 32 ± 1.0 39 ± 0.6 3132 ± 18 3441 ± 12 27.9 ± 0.1 28.5 ± 0.1 34.4 ± 0.1 37.4 ± 0.1

NIA-H-12 65 ± 0.6 63 ± 0.6 32 ± 0.1 33 ± 0.1 2923 ± 13 3255 ± 6 28.1 ± 0.1 28.4 ± 0.2 32.5 ± 0.6 39.2 ± 0.5

NIA-Bt-1 55 ± 0.6 50 ± 0.7 37 ± 0.1 36 ± 0.0 3768 ± 6 3820 ± 6 27.5 ± 0.1 28.2 ± 0.1 36.9 ± 0.6 38.5 ± 0.4

NIA-Bt-2 58 ± 0.6 55 ± 0.6 38 ± 0.2 40 ± 0.1 3526 ± 6 3690 ± 6 28.0 ± 0.0 28.3 ± 0.2 39.5 ± 0.3 40.3 ± 0.4

NIA-Bt-3 76 ± 0.6 76 ± 1.2 36 ± 0.1 39 ± 0.1 2959 ± 6 3415 ± 9 28.0 ± 0.1 28.5 ± 0.1 32.2 ± 0.6 37.4 ± 0.8

NIA-Bt-4 78 ± 0.6 80 ± 1.2 34 ± 0.1 37 ± 0.1 3046 ± 27 3570 ± 6 27.0 ± 0.0 27.9 ± 0.1 35.8 ± 0.6 37.9 ± 0.6

NIA-Bt-5 65 ± 0.6 65 ± 0.0 31 ± 0.1 38 ± 0.1 2427 ± 16 3254 ± 105 27.6 ± 0.1 28.0 ± 0.0 35.4 ± 0.2 37.5 ± 0.6

NIA-HM-320 79 ± 0.6 77 ± 0.0 30 ± 1.2 35 ± 0.7 2215 ± 9 3515 ± 9 28.2 ± 0.1 29.5 ± 0.1 33.4 ± 0.3 37.3 ± 0.2

NIA-HM-322 64 ± 0.0 60 ± 1.2 32 ± 0.2 35 ± 0.1 3022 ± 13 3356 ± 6 28.6 ± 0.1 29.0 ± 0.0 30.3 ± 0.2 32.6 ± 0.6

NIA-HM-323 78 ± 0.6 78 ± 0.0 31 ± 0.1 38 ± 0.1 2910 ± 6 3469 ± 6 28.0 ± 0.0 28.5 ± 0.1 32.5 ± 0.9 35.0 ± 0.6

NIA-HM-337 69 ± 0.6 67 ± 1.2 25 ± 0.1 35 ± 0.1 3041 ± 24 3445 ± 26 28.6 ± 0.1 29.0 ± 0.0 31.8 ± 0.6 34.9 ± 0.6

NIA-HM-338 65 ± 0.6 63 ± 1.7 22 ± 0.2 30 ± 0.1 3123 ± 13 3398 ± 6 28.2 ± 0.1 28.5 ± 0.2 36.2 ± 0.6 38.9 ± 0.1

NIA-HM-321 64 ± 0.6 64 ± 1.2 34 ± 0.1 37 ± 0.1 2236 ± 21 3236 ± 21 28.6 ± 0.2 29.0 ± 0.1 31.8 ± 0.6 34.1 ± 0.1

NIA-H-31 71 ± 0.6 70 ± 0.0 23 ± 0.1 30 ± 0.1 3240 ± 23 3523 ± 13 29.5 ± 0.1 30.0 ± 0.1 30.2 ± 0.1 32.5 ± 0.3

NIA-H-32 51 ± 0.6 50 ± 0.6 34 ± 0.1 37 ± 0.1 3439 ± 6 3539 ± 6 27.9 ± 0.1 28.5 ± 0.2 36.1 ± 0.6 38.1 ± 0.5

NIA-H-01 71 ± 0.6 70 ± 0.6 30 ± 0.1 35 ± 0.1 3144 ± 25 3463 ± 6 28.6 ± 0.1 29.3 ± 0.2 34.3 ± 0.1 35.5 ± 0.6

NIA-Okra-24 86 ± 0.6 84 ± 1.2 29 ± 0.2 39 ± 0.1 2229 ± 6 3433 ± 6 27.4 ± 0.1 28.5 ± 0.3 34.6 ± 0.6 35.3 ± 0.4

NIA-H-29 69 ± 0.6 67 ± 0.6 23 ± 0.8 33 ± 0.4 3022 ± 13 3687 ± 6 27.9 ± 0.1 28.1 ± 0.1 33.6 ± 0.6 38.5 ± 0.6

NIA-H-30 65 ± 0.6 68 ± 1.2 34 ± 0.6 36 ± 0.3 2918 ± 10 3332 ± 12 27.6 ± 0.1 28.3 ± 0.1 35.1 ± 0.6 37.2 ± 0.4

NIA-HM-311 74 ± 0.6 70 ± 0.6 32 ± 0.6 35 ± 0.3 2913 ± 8 3535 ± 20 27.0 ± 0.0 27.1 ± 0.1 33.3 ± 0.2 37.2 ± 0.1

NIA-H-67 73 ± 0.6 74 ± 0.6 24 ± 0.1 32 ± 0.1 2996 ± 6 3296 ± 2 27.5 ± 0.1 27.8 ± 0.1 33.5 ± 0.3 35.3 ± 0.4

CRIS-121 83 ± 1.2 81 ± 0.6 34 ± 0.6 36 ± 0.3 2763 ± 6 3301 ± 2 28.0 ± 0.3 28.1 ± 0.1 33.3 ± 0.4 36.5 ± 0.6

CRIS-9 65 ± 0.6 68 ± 0.0 33 ± 0.4 38 ± 0.3 3002 ± 1 3532 ± 18 28.2 ± 0.1 28.5 ± 0.1 35.6 ± 0.3 39.6 ± 0.6

Sindh-1 67 ± 0.6 69 ± 0.6 30 ± 0.1 36 ± 0.0 2650 ± 29 3201 ± 3 27.2 ± 0.1 27.5 ± 0.1 34.8 ± 0.6 38.1 ± 0.5

Hari Dost 75 ± 0.0 73 ± 0.6 22 ± 0.6 32 ± 0.3 3108 ± 5 3532 ± 18 27.8 ± 0.1 28.0 ± 0.0 33.6 ± 0.6 38.2 ± 0.1

Sohni 68 ± 0.6 64 ± 0.6 32 ± 0.2 34 ± 0.1 3021 ± 12 3444 ± 2 27.9 ± 0.1 28.0 ± 0.0 36.4 ± 0.7 39.3 ± 0.4

NIA-Ufaq 63 ± 1.7 62 ± 1.2 34 ± 0.5 36 ± 0.3 3420 ± 12 3520 ± 12 28.0 ± 0.0 28.4 ± 0.1 35.2 ± 0.1 38.5 ± 0.6

CRIS-342 62 ± 1.2 62 ± 1.2 31 ± 0.7 32 ± 0.4 3331 ± 18 3356 ± 6 27.5 ± 0.3 28.1 ± 0.1 35.5 ± 0.6 38.3 ± 0.2

Chandi-95 65 ± 0.6 62 ± 1.2 33 ± 0.6 37 ± 0.3 3118 ± 10 3630 ± 17 29.6 ± 0.1 31.2 ± 0.1 33.4 ± 0.2 36.4 ± 0.2

(Continued)
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TABLE 1 | (Continued)

Genotypes RCI% No. of bolls/plant Seed cotton yield (Kg/ha) Staple length (mm) GOT%

SD 1 SD 2 SD 1 SD 2 SD 1 SD 2 SD 1 SD2 SD 1 SD 2

Sadori 51 ± 0.0 50 ± 1.2 36 ± 0.2 37 ± 0.1 3542 ± 24 3570 ± 17 28.3 ± 0.1 28.8 ± 0.1 37.6 ± 0.6 38.5 ± 0.6

Shahbaz 72 ± 0.6 71 ± 0.6 28 ± 0.1 32 ± 0.0 2354 ± 31 3099 ± 1 28.0 ± 0.0 28.2 ± 0.1 34.5 ± 0.3 38.2 ± 0.1

IR-3701 65 ± 0.6 64 ± 0.9 32 ± 0.1 36 ± 0.1 3332 ± 6 3390 ± 6 27.5 ± 0.2 28.0 ± 0.0 34.2 ± 0.5 37.1 ± 0.5

NIAB-78 70 ± 1.2 65 ± 0.6 27 ± 0.1 33 ± 0.1 3053 ± 6 3420 ± 12 27.2 ± 0.1 27.6 ± 0.1 30.7 ± 0.6 34.8 ± 0.1

NIAB-111 64 ± 1.2 62 ± 1.2 34 ± 0.2 36 ± 0.1 3489 ± 6 3526 ± 6 28.0 ± 0.0 28.3 ± 0.1 35.6 ± 0.6 36.4 ± 0.6

CIM-469 80 ± 0.6 77 ± 0.6 29 ± 0.6 29 ± 0.3 3122 ± 6 3290 ± 3 27.6 ± 0.1 28.0 ± 0.0 34.4 ± 0.6 35.2 ± 0.1

CRIS-134 50 ± 1.2 47 ± 0.6 32 ± 0.1 34 ± 0.1 3556 ± 6 3590 ± 6 27.8 ± 0.1 28.0 ± 0.1 36.7 ± 0.5 37.6 ± 0.3

RCI%, relative cell injury percentage, GOT%, ginning out turn percentage, SD 1, sowing date 1 (15 March), SD 2, sowing date 2 (15 May).

TABLE 2 | Heat susceptible index (HSI) of 58 cotton genotypes for yield and fiber traits.

Genotypes NBP SCY SL GOT% Genotypes NBP SCY SL GOT%

NIA-80 0.59 0.31 0.56 1.19 NIA-HM-320 4.41 5.10 1.32 1.52

NIA-81 0.56 0.50 0.52 0.68 NIA-HM-322 3.05 2.97 1.54 2.06

NIA-83 0.32 0.20 0.32 0.84 NIA-HM-323 5.08 4.81 1.15 1.30

NIA-84 0.46 0.26 0.31 1.45 NIA-HM-337 8.48 3.50 1.03 1.80

NIA-85 2.72 2.39 1.07 1.56 NIA-HM-338 7.81 2.42 1.36 1.28

NIA-86 8.00 3.09 1.17 1.49 NIA-HM-321 2.41 4.53 1.44 1.56

NIA-M-30 0.34 0.36 0.42 0.38 NIA-H-31 6.78 2.40 1.19 2.09

NIA-HM-327 0.95 0.48 0.52 1.26 NIA-H-32 0.33 0.84 0.63 0.90

NIA-HM-329 7.33 3.29 1.21 1.44 NIA-H-01 4.31 2.75 1.32 1.07

NIA-HM-335 3.44 2.18 1.15 1.36 NIA-Okra-24 7.48 4.80 1.15 0.63

NIA-H-1 2.70 2.70 1.04 1.55 NIA-H-29 8.77 5.38 1.17 2.31

NIA-H-24 10.10 4.54 1.67 1.56 NIA-H-30 2.14 3.71 1.16 1.71

NIA-M31 0.86 0.37 0.52 1.29 NIA-HM-311 2.30 5.25 1.17 1.44

NIA-M32 3.48 4.71 1.03 2.14 NIA-H-67 7.97 2.72 1.35 1.58

NIA-M33 6.02 2.27 1.12 1.53 CRIS-121 2.23 4.87 1.06 1.74

NIA-M34 4.81 2.69 1.26 1.43 CRIS-9 4.05 4.48 1.05 1.48

NIA-Perkh 0.64 0.50 0.69 0.73 Sindh-1 4.61 5.14 1.27 1.02

NIA-H-13 10.85 4.75 1.57 0.85 Hari Dost 9.95 3.58 0.53 1.25

NIA-HM-2 0.60 0.29 0.64 0.59 Sohni 1.66 3.67 1.16 1.44

NIA-HM-48 0.54 0.26 0.61 0.86 NIA-Ufaq 1.80 0.85 0.42 1.76

NIA-M-2 7.66 4.35 0.73 4.56 CRIS-342 0.62 0.28 0.69 0.68

NIA-HM-1 3.46 5.17 1.26 2.59 Chandi-95 2.86 4.21 1.53 1.64

NIA-H-36 5.19 2.68 1.05 2.39 Sadori 0.64 0.23 0.52 0.70

NIA-H-12 1.44 3.04 1.14 5.08 Shahbaz 3.80 5.61 1.27 2.17

NIA-Bt-1 0.32 0.41 0.74 1.24 IR-3701 0.67 0.51 0.53 2.35

NIA-Bt-2 0.61 0.84 0.53 0.59 NIAB-78 6.02 3.20 1.15 1.88

NIA-Bt-3 2.00 3.99 1.26 1.75 NIAB-111 0.82 0.31 0.73 0.62

NIA-Bt-4 2.26 4.38 1.27 1.62 CIM-469 1.61 1.44 1.05 0.67

NIA-Bt-5 5.56 3.54 1.26 1.68 CRIS-134 0.64 0.32 0.43 0.75

NBP, no. of bolls/plant, SCY, seed cotton yield, SL, staple length (mm), GOT%, ginning out turn.

Scanning Electron Microscopy Study of
Stomata and Trichome Size of
Heat-Tolerant Cotton Genotypes
Highly significant and significant differences among genotypes
were observed for the stomata and trichome size, respectively
(Supplementary Table 3). The stomata and trichome size of
different genotypes examined with SEM are presented in Table 3,

and the difference in stomata and trichome size of heat-tolerant
and heat-susceptible genotypes is shown in Figures 1, 2. The
minimum value of the stomata size on the surface of cotton
leaf was recorded as 21.57 µm2, and the maximum stomata
size was recorded as 105 µm2 with ± 23.3 standard deviation.
The large size of stomata was observed in genotype CIM-
469 (105.0 µm2) followed by genotype NIAB-111 (87.0 µm2).
Whereas, two genotypes, namely, NIA-80 (21.6 µm2) and
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TABLE 3 | Mean stomata and trichome size of selected 18 cotton genotypes.

Genotypes Open stomata Trichome size (µm)

Length
(µm)

Width
(µm)

Size
(µm2)

Minimum
value

Maximum
value

Average

NIA-80 9.76 2.21 21.6 i 420 519 465.0 bc

NIA-81 15.2 4.77 72.5 e 725 823 782.7 a

NIA-83 14.8 4.96 73.4 c 234 790 419.3 bc

NIA-84 11.8 2.78 32.8 g 216 490 328.7 b-e

NIA-H32 11.9 3.64 44.3 f 89.6 510 348.2 b-e

NIA-M-30 7.81 2.89 22.6 i 147 372 257.0 c-e

NIA-HM-
327

16.7 6.29 39.2 f 109 322 184.7 de

NIA-M31 14.3 2.88 41.2 f 311 685 446.0 bc

NIA-Perkh 9.95 2.68 26.7 h 160 634 438.0 bc

NIA-HM-2-
1

11.1 3.18 35.3 g 73.5 584 256.8 c-e

NIA-HM-48 16.8 3.44 57.8 d 222 490 374.3 b-e

NIA-Bt-1 12.9 3.52 45.4 e 131 545 402.0 bc

NIA-Bt-2 11.8 5.01 59.1 d 176 471 317.7 b-e

NIAB-111 15.4 5.65 87.0 b 130 503 318.0 b-e

Sadori 12.7 3.65 46.4 e 317 557 468.0 b

CRIS-342 12.01 4.03 48.4 h 164 410 369.0 b

CIM-469 16.7 6.29 105.0 a 87 263 177.0 e

CRIS-134 13.2 4.47 56.0 d 143 565 388.0 b-d

Minimum
value

7.81 2.21 21.57 73.5 263 177

Maximum
value

16.8 6.29 105.04 725 823 782.7

Standard
deviation

±2.63 ±1.11 ±23.23 ±156.40 ±144.12 ±136.31

NIA-M30 (22.6 µm2), gave small size stomata. The results
of the electron micrograph obtained from the leaf epidermis
tissues showed that all genotypes were non-glandular single-cell
trichome. All the selected genotypes showed a high density of
trichomes and large trichome size as compared with susceptible
check. Among them, the highest average size and density of
trichome were recorded (782.7 µm) in genotype NIA-81 followed
by Sadori (468 µm) and NIA-80 (465 µm). Whereas, the average
lowest density and trichome size (177 µm) were observed in the
susceptible check (i.e., CIM-469). The standard deviation value
for the minimum trichome length of all genotypes was ± 156.40,
and maximum trichomes lengths were ± 144.12. The average
standard deviation was observed to be± 136.31.

Association of Relative Cell Injury
Percentage, Stomata, and Trichome Size
With Seed Cotton Yield and Ginning Out
Turn Percentage
Coefficient of determination (R2) depicted that the variation
in SCY was due to the effects of RCI% and stomata size
(Figure 3). This shows that a higher SCY among genotypes
was significantly associated with a lower RCI% and stomata
size. Therefore, the regression analysis illustrated that the RCI%
and stomata size had a strong negative effect on SCY, with

coefficients of determination (R2) 0.61 and 0.51, respectively. The
trichome size exhibited positive but non-significant relationships
with SCY. Relationships between RCI%, stomata size, and
trichome size with GOT% were observed to be weak or non-
significant.

G × E Interaction Study of Selected Heat
Tolerant Cotton Genotypes
Mean squares showed highly significant (P < 0.01) differences
for mean SCY among genotypes, environments, and the
G × E interaction (Supplementary Table 4). Highly significant
differences among locations indicated the presence of the
G × E interaction in this area. The stability analysis showed
the presence of significant G × E interactions for SCY in
this region. As per results, all selected genotypes showed
higher yield and stability as compare to susceptible check.
Among the genotypes, NIA-M30, NIA-80, and NIA-83
produced a high average yield (3.47, 3.47, and 3.31 tons/ha)
and wide adaptability with unit regression (bi∼1) and non-
significant deviation from the regression line (S2d∼0). These
genotypes are high yielding and stable (Table 4) and may
be tested over all environments to attain an additional
stable performance. Moreover, three genotypes, namely,
NIA-M31, NIA-HM48, and NIA-Bt2, were considered
suitable for the specific environment by way of expected
performance as they possess a high seed yield (ton/ha) with
increased regression average (bi > 1). Five other genotypes
viz., NIA-Perkh, NIA-Bt2, Sadori, CRIS-134, and CIM-
469 were found suitable to poor environments as they
showed good performance in the seed yield with regression
(bi < 1) and above average non-significant deviation from the
regression (Table 4).

Genetic Improvement Through
Hybridization for Heat Tolerance and
Genetic Analysis of Relative Cell Injury
and Seed Cotton Yield in F1 and F2
Generations
This research work was carried out to find out combining
ability variance effects of parents and their F1 hybrids of
cotton and their efficient use in the improvement of breeding
program. The ANOVA (Supplementary Table 5) reveals
that the mean squares for the interaction of temperature
regimes were highly significant (P < 0.01) for parents
and their crosses. A significant variation was identified
for RCI% in parents as well as their respective crosses
under field regimes. Parents vs. crosses mean square, an
indicator of average heterosis, was also significant under field
regimes (P < 0.01), indicating that the mean RCI% among
crosses deviated substantially from the mean of their parental
cultivars. ANOVA of combining ability for RCI% and SCY
(g/plant) was computed separately using two temperature
regimes (March and May) indicated a significant variation
for RCI% due to lines and testers (P < 0.01) under both
regimes in the field.

Frontiers in Plant Science | www.frontiersin.org 7 January 2022 | Volume 12 | Article 80431535

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-804315 December 28, 2021 Time: 17:2 # 8

Abro et al. Heat Tolerance in Upland Cotton

FIGURE 1 | Difference in stomata size of heat-tolerant (NIA-80) and heat-susceptible (CIM-469) cotton genotypes revealed through scanning electron microscopy
(SEM).

FIGURE 2 | Difference in trichome size of heat-susceptible (CIM-469) and heat-tolerant (NIA-81) cotton genotypes revealed through SEM.

Mean Performance of Parents and Their
Hybrids for Relative Cell Injury and Seed
Cotton Yield in F1
In the presents study, lower RCI was interpreted as higher
CMT due to heat sensitivity. The variation among parents
as well as hybrids was significant (P < 0.01) for RCI under

field and glasshouse regimes. The mean performance of parents
and their hybrids for RCI% and SCY (g/plant) is presented in
Table 5. Among parents, RCI ranged between 43 and 78% in
the glasshouse and between 42 and 75% in the field, whereas
tester NIA-Perkh, CRIS-342, and CRIS-134 showed minimum
RCI in glasshouse (i.e., heat stress) and field (i.e., non-stress)
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FIGURE 3 | Relationship of physiological traits with seed cotton yield (kg ha-1) and ginning out turn percentage (GOT%) of selected heat-tolerant cotton genotypes.

regimes, respectively; however, line NIA-148 showed maximum
RCI in both glasshouse and field temperature regimes. Among F1
hybrids, RCI ranged between 42 and 70% in the glasshouse and 42
and 67% in the field regime. NIA-Perkh, CRIS-342, and CRIS-134
among parents had lowest, while NIA-148, Haridost, and Sohni
had the highest relative cell injury percent. The crosses NIA-
148× NIA-Perkh, Sohni× CRIS-134, and NIA-148× CRIS-342
had lowest RCI%, which showed stability in the cell membrane
among hybrids was below average in both glasshouse and field
regimes. Hybrid NIA-148× CRIS-134 had maximum RCI%.

The results regarding stocktickerSCY (g/plant) are presented
in Table 5, which showed that the testers stocktickerCRIS-324,
NIA-Perkh, and stocktickerCRIS-134 produced the highest SCY,
whereas, three lines gave the lowest yield under both temperature
regimes. Among the crosses, HariDost × stocktickerCRIS-
342, NIA-148 × NIA-Perkh, NIA-148 × stocktickerCRIS-342,
Sohni × stocktickerCRIS-342, and Sohni × stocktickerCRIS-
134 showed better performance under non-heat stress and heat
stress regimes. The HSI for parents and F1 hybrids was ranged

from 0.32 to 2.0%. The parents and hybrids with a higher
stocktickerSCY performance have also shown lowest values of
HSI. The superior genotypes for heat tolerance gave the least
values of HSI (HSI < 1) and high yield under heat stress
conditions (Figure 4).

Combining Ability Variance and Effects
The effects of general combining ability associated with parental
varieties were computed for RCI% under glasshouse and field
conditions. The scatter diagram (Figure 5) revealed that CRIS-
342 and NIA-Perkh could be categorized in high CMT and high
GCA group under both temperature regimes, therefore, could
be used as a suitable parent in breeding programs aimed to
improve CMT in cotton. Cultivars CRIS-134, CRIS-342, NIA-
Perkh, and Sohni were recognized in low CMT and low GCA
group under both regimes. The variety CRIS-134, NIA-148, and
Haridost showed positive GCA effects. The varieties NIA-148
and Haridost were recognized in low CMT and low GCA group
under both temperature regimes, indicated that these cultivars
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TABLE 4 | Seed cotton yield (tons/ha) and stability parameters for SCY of 18 selected genotypes tested over different locations during 2017–2018.

Genotypes L1 L2 L3 L4 L5 Overall
genotypic
mean yield

b ± SE (b) S2d

NIA-80 3.668 3.570 3.240 3.054 3.055 3.317 b 1.186 ± 0.123 0.003

NIA-81 3.495 3.364 3.133 2.858 2.828 3.135 ef 1.240 ± 0.055 0.000

NIA-83 3.593 3.404 3.303 3.150 3.033 3.297 b 0.900 ± 0.091 0.002

NIA-84 3.343 3.186 2.779 2.447 2.481 2.847 h 1.684 ± 0.138 0.004

NIA-H32 2.943 3.559 2.915 2.547 2.788 2.950 g 0.964 ± 0.714 0.116

NIA-M-30 3.867 3.471 3.554 3.249 3.216 3.471 a 1.021 ± 0.242 0.013

NIA-HM-327 3.694 2.993 3.330 3.045 2.952 3.203 d 0.941 ± 0.523 0.062

NIA-M31 3.503 2.879 2.901 2.718 2.632 2.926 g 1.269 ± 0.379 0.033

NIA-Perkh 3.381 3.585 3.309 3.143 3.176 3.319 b 0.587 ± 0.263 0.016

NIA-HM-2-1 3.579 2.927 3.228 3.082 3.086 3.180 d-f 0.563 ± 0.501 0.057

NIA-HM-48 3.389 3.343 2.777 2.583 2.671 2.952 g 1.522 ± 0.300 0.020

NIA-Bt-1 3.570 3.466 3.131 2.957 2.814 3.187 de 1.335 ± 0.139 0.004

NIA-Bt-2 3.567 3.420 3.272 3.126 3.035 3.284 bc 0.897 ± 0.056 0.000

NIAB-111 3.145 3.153 2.954 2.855 2.762 2.974 g 0.697 ± 0.120 0.003

Sadori 3.476 3.360 3.267 3.069 2.977 3.230 cd 0.848 ± 0.083 0.002

CRIS-342 3.388 3.278 3.128 2.945 2.857 3.119 f 0.922 ± 0.063 0.000

CIM-469 2.927 2.774 2.660 2.501 2.439 2.660 i 0.831 ± 0.039 0.000

CRIS-134 2.962 2.971 2.856 2.684 2.664 2.827 h 0.592 ± 0.099 0.002

Overall site mean yield 3.416a 3.261b 3.096c 2.889d 2.859e

L1, location 1 (Tando Jam), L2, location 2 (Matiari), L3, location 3 (Shaheed Benazirabad), L4, location 4 (Khairpur), L5, location 5 (Dadu), b, variance due to regression
coefficient, SE, standard error, S2d, deviation from regression coefficient.

TABLE 5 | Mean performance of parents and their hybrids for RCI% and SCY (g/plant) in F1 and F2 generations.

Parents and hybrids F1 generation F2 generation

RCI% SCY (g/plant) RCI% SCY (g/plant)

Glasshouse Field Glasshouse Field Glasshouse Field Glasshouse Field

CRIS-342 51 49.3 118.4 125.4 50 49.3 116.73 118

NIA-Perkh 43 42.3 113.4 118.9 40 38.9 121.46 115

CRIS-134 52 51.7 108.5 111.9 48 50 109.52 118

Haridost 71 71 72.6 95.7 75.3 74.3 72.81 121

Sohni 70 71.7 76.7 108.2 76 75.1 72.92 97

NIA-148 78 78.4 81.2 118.8 80 82.3 62.88 116

Haridost × CRIS-342 45.1 45.2 130.3 140.9 38.3 37.5 145 145

Haridost × NIA-Perkh 50 48.1 102.9 138.5 44.4 42.6 134.79 140

Haridost × CRIS-134 55 56.7 109.3 138 51 51 128.12 142

Sohni × CRIS-342 51 49.2 129.1 135.9 47.6 46.6 166.63 167

Sohni × NIA-Perkh 44.1 42.6 135.4 146.1 50.8 48.2 113.57 133

Sohni × CRIS-134 51 51.4 96.5 122.9 60 58.7 132 132

NIA-148 × CRIS-342 43 43.3 133.3 144.5 42.6 41.1 144.99 148

NIA-148 × NIA-Perkh 42.1 42.4 129.5 140.6 51.1 50.1 139.63 142

NIA-148 × CRIS-134 70 67.2 89.6 129.2 72.9 72.7 81.99 124

will not be suitable as donor parents for CMT studies. For
SCY, the parents NIA-Perkh, CRIS-342, and Sohni displayed
the positive GCA (Figure 6). Three tolerant (based on CMT)
genotypes expressed differential patterns of GCA effects and
also show differential response (i.e., SCA effects) in different
cross combinations. The combinations NIA-148 × CRIS-342,

Haridost × CRIS-342, Sohni × CRIS-134, and NIA-148 × NIA-
Perkh had a negative RCI% value, which proved to be the best
indicator showing tolerance to heat stress in hybrids (based
on CMT) in both regimes. Three hybrids Sohni × CRIS-342,
Sohni×NIA-Perkh, and NIA-148× CRIS-134 showed a positive
RCI%, indicating susceptibility to heat stress. Sohni×NIA-Perkh
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FIGURE 4 | Heat susceptibility index (HSI) for SCY (g/plant) among parents
and their progenies in F1 and F2 generations.
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FIGURE 5 | Scatter diagram between RCI% and general combining ability
(GCA) effects in upland cotton genotypes (parents) in the glasshouse (up) and
field (down) data based on F1 generation.

and NIA-148 × CRIS-342 crosses proved as the best combiners
for SCY (Figure 7).

Heterotic Effects in F1 Generation
The heterosis values for RCI% and SCY (g/plant) expressed
as the percentage increase or decrease over mid-parent (i.e.,
relative heterosis or mid parent heterosis) and over better
parent (i.e., hetrobeltiosis) are presented in Table 6. Results
revealed that there was a general tendency of increase in the
cell membrane stability of hybrids over mid- and better parents,
respectively. Negative heterotic effects for RCI (%) indicated
less damage to cellular membranes and vice versa. In the

FIGURE 6 | Estimates of GCA effects for SCY (g/plant) in six parents data
based on F1 generation.

present study, maximum negative mid-parent and better parent
heterosis were observed in HariDost× CRIS-342, Sohni× CRIS-
342, NIA-148 × CRIS-342, and NIA-148 × NIA-Perkh, while
the maximum positive heterotic effects were produced by
hybrids NIA-148× CRIS-134 and HariDost× NIA-Perkh under
both temperature regimes. The results of heterosis for SCY
(g/plant) have shown maximum significant positive heterosis
and heterobeltiosis under both heat stress and non-heat stress
regimes in the crosses HariDost × CRIS-342, Sohni × CRIS-
342, Sohni × NIA-Perkh, NIA-148 × CRIS-342, and NIA-
148× NIA-Perkh. However, maximum negative heterotic effects
were observed in cross NIA-148 × CRIS-134 in heat stress
conditions (i.e., glasshouse).

Performance of Parents and Their
Hybrids for Relative Cell Injury and Seed
Cotton Yield in F2 Generation
The results for RCI and SCY in parents and F2 progenies are
presented in Table 5. Among parents, RCI ranged between 40 and
80% in glasshouse and between 38 and 82% in field conditions.
Tester NIA-Perkh, CRIS-342, and CRIS-134 showed minimum
RCI in both regimes, whereas line NIA-148 showed maximum
RCI in both glasshouse and field conditions. Among F2progenies,
RCI ranged between 38 and 72% in the glasshouse and 37 to 72%
in field conditions. NIA-Perkh, CRIS-342 and CRIS-134 among
parents had lowest, while NIA-148, Haridost, and Sohni had the
highest relative cell injury percent. The crosses NIA-148 × NIA-
Perkh, HariDost × CRIS-342, Sohni × CRIS-342, and NIA-
148× CRIS-342 had a lowest relative cell injury level percentage,
which showed the stability in cell membrane among hybrids
was below average RCI in both heat stress (i.e., glasshouse) and
non-stress (i.e., field) regimes. For SCY, the results showed that
the testers CRIS-324, NIA-Perkh, and CRIS-134 produced the
highest SCY, whereas, three lines gave the lowest SCY under both
temperature regimes. Among the crosses, HariDost × CRIS-342,
HariDost×NIA-Perkh, Sohni× CRIS-342, Sohni×NIA-Perkh,
and NIA-148 × NIA-Perkh showed better performance under
both temperature regimes.

Values of HSI in parents and F2 progenies (Figure 4) were
ranged between 0.2 and 2.3%. Genotypes NIA-Perkh, CRIS-
342, and CRIS-134 gave the lowest value for HSI. Among the
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FIGURE 7 | Estimates of SCA effects for RCI% and SCY (g/plant) in F1 generation of cotton genotypes in heat-stress (glasshouse) and non-heat-stress (field)
conditions.

nine crosses, five crosses HariDost × CRIS-342, Sohni × NIA-
CRIS-342, Sohni × NIA-Perkh, NIA-148 × NIA-Perkh, and
NIA-148× CRIS-342 gave the lowest value for HSI. The superior

TABLE 6 | Heterotic effects for RCI% and SCY (g/plant) in F1 generation.

Hybrids RCI% SCY (g/plant)

Glasshouse Field Glasshouse Field

MPH BPH MPH BPH MPH BPH MPH BPH

F1 Generation

Haridost × CRIS-342 −25 −7.8 −23 −8.4 36 10.1 27 12.3

Haridost × NIA-Perkh −15 14.6 −13 13.7 10 −9.3 29 16.5

Haridost × CRIS-134 −8 9 −5 9.7 21 0.7 33 23.4

Sohni × CRIS-342 −18 0.5 −14 −0.2 32 9.1 16 8.4

Sohni × NIA-Perkh −10 22.3 −4 21.3 42 19.4 29 22.8

Sohni × CRIS-134 −31 −18.1 −27 −17.5 4 −11.1 12 9.8

NIA-148 × CRIS-342 −32 −11.6 −27 −12.2 34 12.6 18 15.2

NIA-148 × NIA-Perkh −29 0.9 −25 0.1 33 14.2 18 18.2

NIA-148 × CRIS-134 3 29.2 10 30.0 −6 −17.4 12 15.5

MPH, mid-parent heterosis; BPH, better parent heterosis.

genotypes for heat tolerance gave the least values (HSI < 1) and
high yield under heat stress conditions.

Genetic Parameters of Relative Cell
Injury and Seed Cotton Yield in F2
Generation
As far as heritability and genetic advance for RCI% are concerned,
crosses HariDost × CRIS-342, Sohni × CRI-342, Sohni × NIA-
Perkh, and NIA-148 × NIA-Perkh displayed a high heritability
and moderate genetic advance under both temperature regimes,
while other crosses displayed a low heritability and low genetic
advance. Lowest heritability and genetic advance were recorded
in cross NIA-148× CRIS-134 (Table 7).

For SCY, out of nine crosses, five crosses showed a high
heritability along with high genetic advance. Sohni × CRIS-
342, Sohni × NIA-Perkh, NIA-148 × CRIS-342, and
HariDost × CRIS-342 displayed the highest heritability
coupled with genetic advance under both temperature regimes,
which is indicative of the additive type of gene action. However,
NIA-148 × CRIS-134 and Sohni × CRIS-134 displayed the low
heritability estimates coupled with low genetic advance (Table 7).
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TABLE 7 | Genetic studies of RCI% and SCY (g/plant) in F2 progenies.

Traits F2 Progenies Genetic variance (σ2g) Heritability broad sense (h2%) Genetic advance (GA)

Glasshouse Field Glasshouse Field Glasshouse Field

RCI% Haridost × CRIS-342 5.10 22.0 82.95 87.2 20.23 21.0

Haridost × NIA-Perkh 38.58 64.9 55.43 65.3 12.17 16.0

Haridost × CRIS-134 61.42 51.2 51.28 65.8 15.42 11.3

Sohni × CRIS-342 11.0 6.4 87.66 89.6 16.40 19.5

Sohni × NIA-Perkh 53.42 17.8 92.10 88.1 14.45 17.1

Sohni × CRIS-134 26.41 76.3 50.58 41.4 9.50 7.2

NIA-148 × CRIS-342 3.76 26.6 60.05 45.4 3.09 7.2

NIA-148 × NIA-Perkh 11.01 5.5 90.64 84.1 6.51 1.8

NIA-148 × CRIS-134 145.04 86.4 43.94 53.3 11.34 10.4

SCY (g/plant) Haridost × CRIS-342 783.45 237.8 88.67 84.4 54.29 41.2

Haridost × NIA-Perkh 330.52 539.7 44.48 59.4 12.32 19.9

Haridost × CRIS-134 1141.1 621.6 42.22 58.6 6.83 4.0

Sohni × CRIS-342 1571.2 364.2 95.23 75.4 59.69 54.1

Sohni × NIA-Perkh 1439.7 539.3 94.00 90.1 55.79 65.4

Sohni × CRIS-134 521.90 840.6 47.46 42.6 4.01 4.3

NIA-148 × CRIS-342 1116.6 1345.9 93.26 87.7 66.48 70.8

NIA-148 × NIA-Perkh 519.96 564.0 85.37 81.3 43.40 44.1

NIA-148 × CRIS-134 173.33 376.6 51.43 60.4 5.50 3.1

DISCUSSION

In the present study, the temperature at peak flowering in
early sowing (March) was high (44.2/32.2◦C) as compared with
normal sowing (39.8/28.4◦C) during the month of May. Both
temperature regimes in the field were able to expose the studied
genotypes to differential responses, resulting in significant sowing
the date × genotypes interaction. Previously, Rahman et al.
(2004) reported a highly significant genotype × temperature
interaction in field. The present study reports seventeen heat-
tolerant genotypes, identified on the basis of low RCI% (40–
50) and HSI (<1), higher boll retention, and SCY. Differential
responses of genotypes to heat in terms of RCI were consistent
under heat stress and non-stress regimes. RCI is an indicator
of cellular heat tolerance, i.e., high RCI (>70%) means low
CMT and vice versa (Khan et al., 2008). Heat-tolerant genotypes
produced a high SCY with high GOT% and staple length,
while susceptible genotypes were low yielding with inferior fiber
traits. Our results are in confirmation with the reports of Azhar
et al. (2009) and Karademir et al. (2012). HSI was also used
as an extent of relative decrease in yield influenced by non-
favorable vs. favorable environments. Results indicated the values
of HSI < 1 for heat-tolerant genotypes. Previously, Hafeez-ur-
Rahman (2006) measures the heat tolerance in cotton at the
whole-plant level using the heat-tolerant index. The SEM study
of heat-tolerant genotypes along with susceptible check revealed
a wide range of stomata and trichome size present on leaves
of these genotypes. Galdon-Armero et al. (2018) reported that
ratio of trichomes to stomata in cotton is associated with the
efficiency of water use. Lei et al. (2018) observed the linkage of the
efficiency of water use with variation between veins and stomata
under drought stress. In the present study, a strong negative

association of RCI% and stomata size with SCY suggested
that low RCI% and small stomata are reliable indicators of
genotypic heat tolerance response. This analysis indicated that
simultaneous selection of high SCY and heat tolerance would
be effective in the presence of heat stress. However, density and
length of trichomes on the leaf surface, which protect against
excessive radiation and reduce the effect of high temperature,
were found non-significant, and these results are in contradiction
with Celka et al. (2006) and Passos et al. (2009) who emphasized
that trichomes play an important role in reducing biotic and
abiotic effects. Another study was conducted for evaluating the
heat tolerance and stability in multienvironments. The results
showed that all selected genotypes were high yielding and stable
as compared with the susceptible check and may be tested over all
environments to attain an additional stable performance. These
findings are in confirmation with some previous reports (Killi
and Harem, 2006; Khan et al., 2007; Riaz et al., 2013), which
observed the stability and G × E interaction in genotypes of
cotton and the effect on SCY. The ability to the combination of
some heat-tolerant genotypes was also estimated by a line× tester
method among nine hybrids along with their 3 testers (i.e., male)
and 3 lines (i.e., females). Genotypes CRIS-342 and NIA-Perkh
were observed as best general combiners for SCY with negative
GCA effects for RCI%. This finding is in confirmation with the
reports of Jatoi et al. (2010) and Srinivas et al. (2014). Five hybrids
showed positive SCA and negative heterotic effects for RCI%
and also found lowest for HSI. This is in accordance with some
previous studies of Abro et al. (2009) and Nidagundi et al. (2012).
These findings suggested that the expression of RCI% under
field regimes was predominantly controlled by combining ability
because of additive genetic variability. Relative contribution of
lines or testers individually as compared with lines × testers was
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also high for RCI and SCY under both temperature regimes,
depicting a comparatively significant role of additive genetic
variability in the expression of RCI and SCY. In cotton heat
tolerance breeding programs, these results are important for
selection point of view from segregating populations (Baloch and
Bhutto, 2003). In the present study, RCI% and SCY/plant also
displayed higher estimates of heritability and genetic advance,
indicating the heritability due to additive gene effects and
chances of effective selection. Alike degree of heritability and
genetic advance were also got by Khan (2002) and Ahsan et al.
(2015). The combination of high heritability and genetic advance
provides clear picture of the trait in the selection process. The
results for additive gene action are in confirmation with the
results of Kumaresan et al. (2000) and Larik et al. (2000).

CONCLUSION

Selection criteria involving CMT and stomata size concluded
to be an effective strategy for the screening of heat-tolerant
cotton. Low RCI% and small stomata are good indicators of
heat tolerance in optimum as well as heat stress environment.
These traits have a good association with SCY. The line × tester
analysis revealed two best general combiners for SCY with
negative GCA effects for RCI% and five hybrids with positive
SCA and heterotic effects for studied traits. Vigilant and rigorous
selection of the developed segregating material recognized the
heat-tolerant progenies with improved reproductive traits. The
identified heat tolerant and wide adaptive germplasm can be

further advanced for the release of commercial heat-tolerant
cotton varieties.
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Salt stress results in the severe decline of yield and quality in wheat. In the present study, 
salt-tolerant Tritipyrum (“Y1805”) and salt-sensitive wheat “Chinese Spring” (“CS”) were 
selected from 121 wheat germplasms to test their physiological, antioxidant enzyme, and 
transcriptomic responses and mechanisms against salt stress and recovery. 56 
chromosomes were identified in “Y1805” that comprised A, B, and D chromosomes from 
wheat parent and E chromosomes from Thinopyrum elongatum, adding to salt-tolerant 
trait. Salt stress had a greater inhibitory effect on roots than on shoots, and “Y1805” 
demonstrated stronger salt tolerance than “CS.” Compared with “CS,” the activities of 
superoxide dismutase and catalase in “Y1805” significantly increased under salt stress. 
“Y1805” could synthesize more proline and soluble sugars than “CS.” Both the net 
photosynthetic rate and chlorophyll a/b were affected by salt stress, though the level of 
damage in “Y1805” was significantly less than in “CS.” Transcriptome analysis showed 
that the differences in the transcriptional regulatory networks of “Y1805” were not only in 
response to salt stress but also in recovery. The functions of many salt-responsive 
differentially expressed genes were correlated closely with the pathways “peroxisome,” 
“arginine and proline metabolism,” “starch and sucrose metabolism,” “chlorophyll and 
porphyrin metabolism,” and “photosynthesis.”

Keywords: wheat, salinity tolerance, growth, antioxidases, osmoregulators, molecular response

INTRODUCTION

Wheat is a global food crop that is fundamental to human civilization. Over 759 million 
metric tons were consumed in the 2020/2021 marketing year (Ahmad et  al., 2016). Soil salinity 
is one of the most serious types of abiotic stress, known for its detrimental effects on plant 
growth, development, and productivity, it leads to significant crop yield losses. Soil salinity is 
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one of the most damaging abiotic stresses and a major global 
problem in modern agriculture (Isayenkov and Maathuis, 2019). 
Among different factors, salt stress primarily induces higher 
osmotic pressure in soil solutions due to the accumulation of 
salt. This results in the impairment of crop growth, overall 
development, and production. Studies on plant abiotic stress 
management have shown that both seed germination and 
subsequent seedling emergence are inhibited by salt stress 
because of retarded water absorption (Sohrabikertabad et  al., 
2012; Shu et  al., 2017; Li et  al., 2020; Zeng et  al., 2021). 
Additionally, a reduction in leaf areas, stomatal conductance, 
plant heights, and shoot and root weights were observed under 
salt stress (Mahmood and Quarrie, 1993; Qureshi and Daba, 
2019). Globally, about 6% of the soil surface is affected by 
salt stress, especially in arid and semi-arid regions, where there 
is insufficient rainfall to filter salt from the upper layers of 
the soil (Rai et  al., 2018). Research has shown that 50% of 
the world’s arable land will be  lost by the middle of the 21st 
century due to increasing salinization (Goyal et  al., 2016). 
Therefore, the improvement and use of saline soil are considered 
important for the sustainable development of agriculture. This 
necessitates a search for plants that are tolerant to salt stress 
in addition to providing food.

Salt stress induces many physiological responses in plants, 
mainly through ion stress, osmotic stress, and oxidative stress 
(Yang and Guo, 2018; Sikder et  al., 2020). For instance, some 
initial responses, such as membrane rupture, accumulation of 
compatible solutes, and reduction of carbon assimilation, are 
stimulated by osmotic stress. Similarly, Na+ and Cl− are absorbed 
by plants through transporters and ion channels, resulting in 
ion toxicity and nutrient imbalance (Han et  al., 2015). In 
addition, the levels of reactive oxygen species (ROS) in plant 
cells increase, leading to oxidative stress, lipid peroxidation, 
membrane degradation, and damage to DNA and proteins (Arif 
et  al., 2020). Under salt stress, plants respond through osmotic 
regulation, ion homeostasis, hormone regulation, photosynthesis, 
and antioxidant defense systems (Mushtaq et  al., 2020; Zhu 
et  al., 2021). At the cellular level, the “salt overly sensitive” 
(SOS), “mitogen-activated protein kinase,” and “abscisic acid 
(ABA) signal transduction” pathways are considered to be related 
to plant salt tolerance (Mishra et  al., 2006; Huang et  al., 2012; 
Zhu, 2016). Transporters, such as SOS1, high-affinity K+ 
transporters, and Na+/H+ and K+/H+ exchangers, have been 
found to participate in K+ and/or Na+ homeostasis and stress 
tolerance in Arabidopsis (Shi et  al., 2000; Baxter et  al., 2010; 
Zhu, 2016). The molecular mechanism of plant salt tolerance 
is very complex, and a large amount of data is required to 
explore its regulatory network. Recently, genomic, transcriptomic, 
proteomic, and metabolomic methods have been used to predict 
regulatory genes and signal pathways in Arabidopsis and other 
species (Abdel-Farid et al., 2020; Han et al., 2020; Yan et al., 2021).

The E genome species (e.g., halophile wheatgrass Thinopyrum 
elongatum) of the Triticeae possess salt-tolerant properties, 
making them invaluable sources for genetic variation and the 
improvement of wheat crops (Jauhar, 1990; Munns and Tester, 
2008; Margiotta et al., 2020). Tritipyrum derived from the wide 
crosses of Triticum and Thinopyrum displays salt tolerance 

(Omielan et al., 1991; Yuan and Tomita, 2015). The amphiploid 
from a cross between common wheat “Chinese Spring” (“CS”) 
and salt-tolerant T. elongatum (Host) Löve, greatly outperformed 
“CS” in grain yield, biomass, and other characters under salt 
stress. The presence of the E genome of wheat was associated 
with the exclusion of Na+ and C1− and inclusion of K+ as 
well as retranslocation of K+. In the current work, the potential 
salt tolerance in salt-tolerant Tritipyrum (“Y1805”) was studied 
with an objective of understanding the physiological, biochemical, 
and molecular mechanisms of salt tolerance in Tritipyrum 
hybrids. The results of this work will provide valuable information 
for the breeding and improvement of salt-tolerant wheat.

MATERIALS AND METHODS

Plant Materials
A total of 121 germplasms were screened, including cultivars 
from common wheat, the progeny of wide cross and rye. Two 
wheat varieties, “Y1805” (salt-tolerant Tritipyrum) and “CS” 
(salt-sensitive common wheat “Chinese Spring”) were used in 
this investigation (Omielan et  al., 1991; Guo et  al., 2012; Yuan 
and Tomita, 2015). “Y1805” is a stable progeny from a wide 
cross between common wheat and T. elongatum.

Preliminary Screening of Materials
For the current work, complete and uniform wheat seeds were 
thoroughly selected, disinfected with 70% alcohol for 1 min, 
and then washed repeatedly with sterilized distilled water. The 
seeds were soaked in Petri dishes with two layers of wet filter 
paper. After germination, seedlings with the same growth vigor 
were selected and planted in a 24-hole tray with peat substrate. 
Five seedlings were planted in each hole (36 cm2 per hole), 
and three holes were sown for each germplasm. On the 7th 
day after germination, seedlings were subjected to salt stress 
treatment for 14 days by watering NaCl solution (180 mM), 
and sterilized distilled water was used as control. Plant growth 
was maintained at 24/18°C for a 16/8 h light/dark photoperiod 
with an irradiance of 400 μmol m−2  s−1. The experiment was 
repeated three times. The roots were cleaned to remove peat 
substrate and then extracted from the root–stem interface. Root 
fresh weight (RFW), shoot fresh weight (SFW), root dry weight 
(RDW), and shoot dry weight (SDW) were measured for all 
121 germplasms. RDW and SDW measurements were taken 
after that the roots and shoots were oven-dried at 90°C for 
48  h. We  evaluated RFW, SFW, RDW, and SDW of 121 
germplasms through membership function (Ding et  al., 2018), 
obtained the membership function value of each germplasm, 
and conducted cluster analysis based on within-group linkage 
and squared Euclidean distance (Hunter and Mccoy, 2004).

Sequential GISH-FISH Analysis
Genomic in situ hybridization (GISH) and fluorescence in situ 
hybridization (FISH) were performed as described by Kato et al. 
(2004) and Han et  al. (2006). The labeled genomic DNA of 
T. elongatum was used as a probe for GISH analysis. Oligo-pAs1-1, 

45

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Peng et al.	 Transcriptomic Responses of Salt-Tolerant Tritipyrum

Frontiers in Plant Science | www.frontiersin.org	 3	 January 2022 | Volume 12 | Article 800081

Oligo-pAs1-3, Oligo-pAs1-4, Oligo-pAs1-6, Oligo-AFA-3, 
Oligo-AFA-4 (red), Oligo-pSc119.2-1, and (GAA)10 (green) probes 
were used according to Du et al. (2017). Oligonucleotide probes 
were synthesized by Shanghai Invitrogen Biotechnology Co. Ltd. 
(Shanghai, China). The slides were mounted in Vectashield 
antifade solution containing 4′-6-diamino-2-phenylindole (DAPI; 
Vector Laboratories Inc., Burlingame, CA, United  States). A 
fluorescence microscope (BX60, Olympus Corp., Tokyo, Japan) 
fitted with a Spot CCD camera was used to capture hybridization 
signals. The images were compiled with CellSens Vers.1.5 Imaging 
software (Olympus Corp.).

Growth Conditions and Stress Treatment
The seeds of “Y1805” and “CS” were germinated in a growth 
chamber at 24/18°C and relative humidity of 75%. The seedlings 
were transferred to 1/2 Hoagland solution and incubated under 
16/8  h of light/dark with an irradiance of 400  μmol  m−2 s−1 
and germinated at the same temperature and humidity as in 
the chamber. The culture solution was refreshed every 3 days. 
On the 14th day (two-leaf stage), uniformed-sized roots and 
tops were collected as the first samples (T1 stage, no salt 
stress). Then, 250 mM NaCl salt stress treatment (NaCl +1/2 
Hoagland solution) was applied. The second and third samples 
were selected at 5 h (T2 stage) and 24 h (T3 stage) respectively 
after salt stress treatment. Afterward, salt stress was removed, 
and the materials were recovered. The fourth and fifth samplings 
were performed at 1 h (R1 stage) and 24 h (R2 stage) after 
recovery. These sampling stages were chosen according to typical 
phenotypic observations. Normal (1/2 Hoagland solution) 
cultured materials were used as parallel controls. All the samples 
were immediately frozen in liquid nitrogen after sampling and 
stored at −80°C for physiological and biochemical analysis, 
transcriptomic analysis, and confirmational qRT-PCR.

Analysis of Growth, Physio-Biochemical 
Parameters
Analysis of Growth
Root dry weight and shoot dry weight were determined after 
roots and seedlings were oven-dried at 90°C for 48 h. Seminal 
root length (RL) and shoot height (SH) of “Y1805” and “CS” 
samples were measured at each stage.

Analysis of Photosynthesis
The chlorophyll contents of leaves were measured according 
to an assay by Arnon (Jain and Gadre, 1997). Chlorophyll a 
(Chl-a) and chlorophyll b (Chl-b) were extracted by 80% 
acetone, and their contents were read at 645 and 663 nm, 
respectively. The net photosynthetic rate (Pn) of leaves was 
measured using an LI-6400 XT portable photosynthesis system 
(Li-Cor Inc., Lincoln, NE, United  States).

Analysis of Enzyme Activities
Enzyme Extraction
The subsequent biochemical and physiological parameters were 
measured using the roots of the wheat plants. Enzymes were 

extracted using the method of Xu et  al. (2021). Briefly, 0.50 g 
of roots were collected and ground in 6 mL of 50 mM phosphate 
buffer (pH 5.5) containing 5 mM mercaptoethanol, 1 mM EDTA, 
and 1% polyvinylpyrrolidone in an ice bath, and then centrifuged 
at 3,550 g and 4°C for 10 min. The supernatant was used as 
the extract.

Spectrophotometric Assay
SOD (EC1.15.1.1). Total SOD activity was assayed by monitoring 
the inhibition of nitro blue tetrazolium (NBT) photochemical 
reduction by using the method by Jiang and Zhang (2001). 
The 3 mL reaction mixture contained 50 mM potassium 
phosphate buffer (pH 7.8), 13 mM methionine, 75 μm NBT, 
2 μm riboflavin, 0.1 mM EDTA, and 100 μL enzyme extract. 
The reaction mixtures were illuminated for 15 min at a light 
intensity of 400 μmol m−2 s−1. One unit of SOD activity was 
defined as the amount of enzyme required to cause 50% 
inhibition to the NBT reduction as monitored at 560 nm.

CAT (EC 1.11.1.6). The CAT activity was measured by its ability 
to decompose H2O2 (Aebi, 1984). The 3 mL mixture consisted of 
50 mM potassium phosphate buffer (pH 7.0), 10 mM H2O2, and 
200 μL of enzyme extract. The absorbance was observed at 240 nm.

Analysis of Osmoregulators
The Proline Content. A modified method by Bates et  al. was 
used to measure the proline content (Bates et  al., 1973). Briefly, 
0.5 g of roots were extracted with 10 mL of 3% sulfosalicylic 
acid. After centrifugation of homogenate at 10,000 g for 10 min, 
0.5 mL of the supernatant was added into 0.5 mL of ninhydrin 
and 0.5 mL of glycol acetic acid. The reaction was carried out 
at 100°C for 30 min. After cooling in an ice bath, 1 mL toluene 
was added and the absorbance of the mixture was measured at 
520 nm. The proline content was determined according to a 
standard curve.

Soluble Sugar Content. The soluble sugar content was determined 
by the anthrone sulfuric acid method (Leyva et  al., 2008). 
About 0.1 g anthrone was dissolved in 100 mL of 98% sulfuric 
acid and stored away from light. Then, 150 μL anthrone reagent 
was added into 50 μL of sample extraction solution. The samples 
were incubated at 100°C for 20 min. After cooling to room 
temperature, the absorbance was measured at 620 nm.

Transcriptome Analysis
The data obtained from phenotypic, physiological, and 
biochemical analysis were used to choose the two key sampling 
stages (T2 and R1) of “Y1805” and “CS” for further transcriptome 
analysis. Total RNA from the roots was extracted using TRIzol 
reagent (Thermo Fisher Scientific, Waltham, MA, United States) 
following the manufacturer’s instructions, and then treated with 
TaKaRa RNase-free DNase I  for 30 min. NanoDrop  1000 
spectrophotometer was used to test the quantity and quality 
of the extracted RNA. A total of 20 μg RNA was used for 
cDNA library construction and transcriptome sequencing 
(BGISEQ-500) at the Beijing Genome Institute. After data 
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filtering, clean reads were obtained and then compared with 
the reference genome (wheat “CS,” AABBDD) by using HISAT2 
(version 2.1.0) software. Finally, fragments per kilobase of exon 
model per million mapped fragment (FPKM) values were 
calculated by RSEM (version 1.2.8), and the level of gene 
expression was quantified (Bates et  al., 1973).

DEG Identification and Bioinformatics 
Analysis
The FPKM method was used to detect differentially expressed 
genes (DEGs) among the treatment and control samples (Trapnell 
et  al., 2010). To compute the significance of the differences 
in gene expression levels, a false discovery rate (FDR) method 
was used to determine the threshold of the value of p. Then, 
the genes potentially regulated by treatment were identified 
using an FDR threshold <0.01, value of p < 0.001, and absolute 
log2fold change value (|log2FC|) > 1 between all three salt-treated 
and three salt-free samples using DESeq software (Anders and 
Huber, 2010). The Phyper function in the R package was used 
for enrichment analyses of Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG).

Quantitative Real-Time PCR Validation
The candidate DEGs were verified by qRT-PCR. Total RNA 
extracted from root tissue was reverse transcribed into cDNA 
using PrimeScript™ RT reagent Kit with gDNA Eraser (Perfect 
Real-Time, Takara Bio, Dalian, China). An ABI step-one 
fluorescent quantitative PCR system (Applied Biosystems, Foster, 
CA, United  States) was used to analyze the DEGs. The relative 
expression levels were calculated with the 2−ΔΔCt method in 
three biological replications and three technical replications 
(Depuydt and Hardtke, 2011), and actin-7 (Accession No. 
LOC123057740) was used as the internal control.

Data Analysis
A randomized complete block design with three replications 
was employed in the experiments. The results were expressed 
as the mean and standard deviation of three separate replicates. 
Statistical software (SPSS 20.0, IBM Corp., Armonk, NY, 
United  States) and graphics software (Origin 2018, OriginLab, 
Northampton, MA, United States) were used for the data analysis 
and subsequent representation. ANOVA and Duncan’s multiple 
range tests were used to compare means and determine the 
differences between means at a significance level of p < 0.05. 
Pearson’s correlation analysis of binary variables was performed, 
and two variables were considered significantly correlated at the 
p < 0.05 level. The cluster analysis was carried out by using the 
square Euclidean distance on the average linkage between groups.

RESULTS

Preliminary Salt-Tolerant Screening of 
Materials
We determined RFW, SFW, RDW, and SDW of 121 germplasm 
resources as indicators for salt tolerance. As shown in Figure 1, 

these germplasms were divided into three categories based on 
their salt tolerance indices (value for the sodium chloride 
treated plant/value for the control). Of these, “Y1805” was 
classified as salt-tolerant germplasm. “Y1805” is a distant hybrid 
of wheat, widely used in wheat breeding, and has been proven 
to be salt-tolerant. Whereas “CS” was classified as salt-sensitive 
germplasm (Figure 1), “CS” is considered an important variety 
in wheat genetics, and a proven salt-sensitive cultivar.

Sequential GISH-FISH Analysis of 
Tritipyrum “Y1805”
Using the labeled genomic DNA of T. elongatum as a probe, 
GISH analysis detected a group of chromosomes with a green 
signal in “Y1805” (Figure  2A), which confirmed that the alien 
chromosomes belonged to T. elongatum. “Y1805” chromosomes 
could be  effectively distinguished by FISH analysis. It was 
demonstrated that “Y1805” not only had A, B, and D 
chromosomes from wheat parent but also contained a set of 
alien chromosomes that originated from the E genome of T. 
elongatum (Figure  2). For the E genome chromosomes, the 
red fluorescence signals were greater than the green signals 
and had a different karyotype pattern compared with the A, 
B, and D chromosomes of common wheat. Thus, both GISH 
and FISH analysis demonstrated that “Y1805” not only had 
three sets of chromosomes from common wheat but also had 
an E genome of chromosomes from T. elongatum. “Y1805” 
and “CS” were selected for subsequent molecular 
biology experiments.

Growth Responses to Salt Stress and 
Recovery in Two Wheat Varieties
The growth of crops under salt stress depends on their salt 
tolerance and resilience after the recovery (Guo et  al., 2015). 
Our analysis of the growth indices indicated an inhibitory 
effect of salt stress in “CS” at the R2 stage, which was significantly 
less in “Y1805,” especially in roots (Figure  3). Salt stress had 
a greater inhibitory effect on the root than the leaves (Figure 3). 
RL of salt-tolerant “Y1805” at the T3, R1, and R2 stages was 
significantly greater than the “CS” under both salt stress and 
recovery conditions, and there was no significant difference 
between the treatments and controls at each stage (Figure 3A). 
Compared with the control, the RL of salt-sensitive “CS” was 
reduced at each stage. A reduction in RL of 10.84% was 
observed at the R2 stage after recovery (Figure  3A). At the 
R2 stage, the RDW of recovered “Y1805” tissues did not show 
a significant difference compared with the control (Figure  3B) 
whereas that of the “CS” decreased significantly by 22.35% 
(Figure  3B). Relative to controls, no significant differences 
were observed in SH of “Y1805” at each stage of the salt 
stress and recovery, except for a slight increase at the R2 stage 
(Figure 3C). On the other hand, the SH of “CS” was comparatively 
higher, yet exhibited no significant difference compared with 
the controls at each stage (Figure  3C). Similar results were 
noted for SDW. At the R2 stage, the SDW of “Y1805” and 
“CS” decreased by 11.30 and 13.83%, respectively (Figure 3D). 
At the R2 stage, the absolute values of RDW and SDW in 
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“Y1805” were less than those of the “CS” under normal and 
treatment conditions because of their different genotypes. Overall, 
RL, RDW, and SDW of “CS” were significantly lower than 
those of the controls at the R2 stage, whereas there was no 
significant difference in RL and RDW shown by “Y1805,” and 
an even slightly higher SH than that of the control, which 
may be  attributed to differences in their mechanisms toward 
salt stress and recovery.

Physio-Biochemical Responses to Salt 
Stress and Recovery in Two Wheat 
Varieties
Analysis of Antioxidant Enzyme Activities
Antioxidant enzyme activity is an important index to measure 
the ability of plants to resist salt stress. Superoxide dismutase 

(SOD) and catalase (CAT) enzymes help plants in the defense 
against possible oxidative damage (Agami, 2014). Here, 
we  assessed the activities of SOD and CAT in two wheat 
varieties subjected to salt stress and recovery. Compared 
with the controls, the activities of SOD and CAT sharply 
increased in “Y1805” during salt stress and recovery stages, 
whereas only CAT activity was dramatically increased in 
“CS” (Figure  4). The SOD activity of “Y1805” began to 
rise sharply at the T2 stage and peaked at the T3 stage 
under salt stress, which was ~2.16 and ~2.60-fold higher 
than the “CS” and control, respectively (Figure  4A). The 
SOD activity in “Y1805” was maintained at a higher level 
during the R1 and R2 recovery stages after a gradual decline. 
The SOD activity of “CS” increased slowly during salt stress, 
and the difference between the treatment and control was 
significant only at the T3 stage. The CAT activity of “Y1805” 

FIGURE 1  |  Clustering analysis based on salt-tolerant evaluation in wheat germplasms.
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increased significantly from the T2 stage and reached a 
peak at the T3 stage, and then decreased rapidly after 
recovery (Figure 4B). This trend demonstrated that “Y1805” 
enhanced CAT activity rapidly under salt stress to protect 
the cells from damage caused by ROS, and reduced quickly 
after recovery. In “CS,” the CAT activity increased slowly 
during salt stress, peaked at the R1 stage, and dropped 
afterward. The general trend of the two species was similar, 
the activities of antioxidant enzymes began to rise after salt 
stress, and began to decline during the recovery process, 
which indicated that wheat could cope with salt stress by 
adjusting the activities of antioxidant enzymes.

Analysis of Osmoregulation
Proline and soluble sugar are important regulators for the 
ability of plants to cope with osmotic stress caused by salt 
stress. Our results indicated that the salt stress and recovery 
responses of “Y1805” were stronger and faster than those 
of “CS.” During development under normal conditions, and 
under stress and recovery, levels of osmoregulants were 
generally higher in “Y1805” than in “CS” (Figure  5). Under 
salt stress, the contents of both proline and soluble sugar 
in “Y1805” increased significantly from the T2 stage, peaked 
at the R1 stage, and then gradually declined. The proline 
content of “Y1805” began to rise at the T2 stage under salt 

stress and reached maximum at the R1 stage, which was 
~2.00 and ~2.46-fold higher than “CS” and the control, 
respectively (Figure  5A). Similarly, the soluble sugar content 
in “Y1805” increased rapidly from the T2 stage, kept stable 
until the R1 stage, and returned to the control level at the 
R2 stage (Figure  5B). The soluble sugar content of the 
“Y1805” was ≥1.40-fold higher than the “CS” and control 
at the T2, T3, and R1 stages. In “CS,” the proline content 
increased from the T1 to T2 stages, suddenly declined to 
a slightly lower level than the control at the T3 stage, and 
increased at the R1 stage. In addition, the soluble sugar 
level of “CS” was generally lower than the control during 
the T2 and T3 stages but gradually increased at the R1 stage.

Analysis of Chlorophyll Content and 
Photosynthesis
Salt stress is harmful to the photosynthesis of plants (Mbarki 
et  al., 2018). In this experiment, we  studied the impact of 
salt stress and recovery on the photosynthetic activities of 
two wheat varieties by measuring the levels of Chl-a, Chl-b, 
and Pn (Figure 6). The results showed that salt stress greatly 
affected the photosynthesis processes of “Y1805” and “CS,” 
indicated by lower levels of Chl-a and Chl-b, and Pn than 
the control samples. However, the Chl-a content of “Y1805” 
was significantly higher than the “CS” after salt stress at 

A

C

B

FIGURE 2  |  Sequential GISH-FISH analysis of Tritipyrum (“Y1805”). (A) GISH patterns of chromosomes of “Y1805” using labeled genomic DNA of Thinopyrum 
elongatum as the probe (green). (B) FISH patterns of “Y1805” chromosomes using Oligo-pAs1-1, Oligo-pAs1-3, Oligo-pAs1-4, Oligo-pAs1-6, Oligo-AFA-3, Oligo-
AFA-4 (red), Oligo-pSc119.2–1 and (GAA)10 (green) probes, counterstained with DAPI (blue). (C) FISH karyotypes of “Y1805”.
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the T2 stage and recovered well at the R2 stage. The Pn 
of both wheat varieties started to decline at the T2 stage, 
reached a minimum level at the T3 stage, and started to 
recover during the R1 and R2 stages (Figure  6A). At the 
T2 stage, the respective Pn of “Y1805” and “CS” decreased 

significantly by 56.13 and 75.07% under salt stress compared 
with the controls. The Pn of “Y1805” was significantly higher 
than that of “CS” at the R1 and R2 stages showing that 
“Y1805” could maintain a higher Pn under salt stress, and 
recover more rapidly than “CS.” Similarly, the Chl-a content 

A B

C D

FIGURE 3  |  Effect of salt stress and recovery on growth parameters of two wheat varieties. (A) Root length. (B) Root dry weight. (C) Shoot height. (D) Shoot dry 
weight. Bars indicate means with SDs (n = 3). Values with different letters are significantly different at p < 0.05.

A B

FIGURE 4  |  Effect of salt stress on antioxidant enzyme activities in two wheat varieties. (A) SOD activity. (B) CAT activity. Bars indicate means with SDs (n = 3). 
Values with different letters are significantly different at p < 0.05.
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of both “Y1805” and “CS” fell during salt stress (T2 and 
T3). The Chl-a content of “Y1805” at the T2 stage was 
higher than that of “CS” and recovered well at the R2 stage 
(Figure  6B). At the T2 stage, the Chl-a content of “CS” 
decreased significantly by 26.07% compared with “Y1805” 
under salt stress. After recovery, Chl-a content in “Y1805” 
rapidly returned to the control level at the R2 stage; however, 
little change occurred in “CS.” These observations suggest 
that “Y1805” had a stronger Chl-a resilience ability after 
recovery, but “CS” suffered irreversible damage due to salt 
stress. Lastly, “Y1805” and “CS” showed a similar pattern 
of salt stress/recovery and Chl-b contents, that is, the Chl-b 
levels of both varieties dropped during salt stress and changed 
little after recovery (Figure  6C). The lower values of 
chlorophyll and Pn in “Y1805” and “CS” compare with those 
of the control under salt stress and the recovery period, 
indicating that salt stress inhibited the photosynthesis of 
the two wheat varieties, but “Y1805” was significantly less 
affected than “CS.”

DEG Identification in Two Wheat Varieties 
Under Salt Stress and Recovery
To identify salt stress-responsive DEGs, we  performed 
transcriptomic sequencing of root samples of salt-tolerant (“Y1805”) 
and salt-sensitive (“CS”) germplasms exposed to 250 mM NaCl 
solution (T2 stage) and after recovery (R1 stage). A total of 
112,454 unigenes were obtained from RNA-seq data and 44,886 
DEGs were found (Figure  7). Of these DEGs, 30,885 were 
identified in “Y1805” and 33,694  in “CS,” respectively. Venn 
diagram analysis indicated that 23,183 and 23,505 unigenes were 
differentially expressed in response to salt stress in “Y1805” and 
“CS,” respectively (Figure  7; DEGs at the T2 phase), and 17,804 
and 21,513 unigenes were expressed in response to recovery 
(DEGs at the R1 stage). In “Y1805,” there were 6,397 and 2,993 
genes unique to the salt stress and recovery response, respectively, 
whereas 1,802 “Y1805”-specific DEGs were co-regulated by both 
salt stress and recovery. Likewise, there were 6,608 and 4,384 
“CS”-specific DEGs, regulated under salt treatment and recovery 
only, while, 3,009 DEGs were co-expressed under both conditions.

A B

FIGURE 5  |  Effect of salt stress and recovery on osmoregulator levels in two wheat varieties. (A) Proline content. (B) Sugar content. Bars indicate means with SDs 
(n = 3). Values with different letters are significantly different at p < 0.05.

A B C

FIGURE 6  |  Effect of salt stress and recovery on chlorophyll contents and photosynthetic rate in two wheat varieties. (A) Net photosynthetic rate. (B) Chlorophyll a 
content. (C) Chlorophyll b content. Bars indicate means with SDs (n = 3). Values with different letters are significantly different at p < 0.05.
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Annotation and GO Enrichment Analysis of 
Salt/Recovery Responsive DEGs in Two 
Wheat Varieties
We conducted GO enrichment analysis to characterize the 
biological functions of the DEGs in “Y1805” and “CS” under 
salt stress and recovery. The results indicated that the most 
significantly enriched GO term was markedly greater in “Y1805” 
(87) than “CS” (69). The top functional terms significantly 
(p < 0.01) enriched in both “Y1805” and “CS” under salt stress 
or recovery included oxidoreductase, catalytic activity, and 
amino acid metabolism (Supplementary Tables S1 and S2). 
The GO terms exclusively enriched in “Y1805” were related 
to cell cycle, proliferation and differentiation, ion homeostasis, 
carbohydrate metabolism, nucleoside phosphate binding, protein 
binding, photosynthesis, ion transport, and protein refolding. 
The GO terms enriched in “CS” were phenylpropanoid 
metabolism, organic acid metabolism, amine metabolism, and 
cellular hormone metabolism.

Under salt stress (T2 stage), 39 GO terms belonging to 
functional categories of ion homeostasis (9), catalytic activity 
(7), cellular process (6), photosynthesis (5), homeostatic 
process (4), signaling (3), transporter activity (2), protein 
refolding, ion transport, and lipid metabolic activity were 
exclusively enriched in “Y1805” at value of Q < 0.01 
(Supplementary Table S3). Among the salt-responsive DEGs 
in “Y1805,” 138 were associated with “transferase/phosphatase/
dehydratase activity,” 86 with “cell wall organization” or 
“biogenesis/chaperone-mediated protein folding/microtubule 
bundle formation,” 85 with “ion transport,” followed by 
“cellular chemical homeostasis” (76), “inorganic/metal ion 
homeostasis” (40), “photosynthesis-specific metabolic 
processes” (19), “transporter activity” (11), “protein refolding” 
(11), “tetraterpenoid metabolic process” (10), and “cell–cell 
signaling” (3). In “Y1805”-specific DEGs, GO terms for “acid 

phosphatase activity,” “dihydroxy-acid dehydratase activity,” 
“S-malonyltransferase activity,” “plant-type secondary cell 
wall biogenesis,” “chaperone-mediated protein folding,” 
“microtubule bundle formation,” “chlorophyll metabolic 
process,” “carotenoid metabolic process,” “inorganic phosphate 
transmembrane transporter activity,” and “L-ascorbic acid 
transmembrane transporter activity” were enriched under 
salt stress. During the recovery process (R1 stage), the 
“organic substance metabolism” and RNA (LSU-rRNA/ncRNA/
tRNA) processing related GO terms were significantly enriched 
in “Y1805,” which indicated that “Y1805” had abundant 
gene expression pathways in response to salt stress compared 
to recovery response (Supplementary Table S4). The common 
DEGs of salt stress and recovery in “Y1805” were enriched 
in amino acid metabolism, oxidoreductase, catalytic activity, 
organic substance metabolism, and cellular process 
(Supplementary Table S5). There were fewer specific GO 
terms in “CS” than in “Y1805,” especially in response to 
salt stress. Under salt stress, 21 GO terms mainly involved 
in diverse functions of secondary metabolism (61 DEGs), 
oxidoreductase (83), ion binding (83), amino acid metabolism 
(26), amine metabolic process (25), structural molecule 
activity (14), organic substance metabolism (11), transcription 
(8), and catalytic activity (6) were observed in “CS” 
(Supplementary Table S6). During the recovery process, 
GO terms mainly involved in binding (single-stranded RNA 
binding/organic cyclic compound binding/DNA binding), 
cellular process, catalytic activity, and organic substance 
metabolism, were significantly enriched in recovery-specific 
DEGs of “CS” (Supplementary Table S7). The GO terms 
associated with oxidoreductase, phospholipid metabolism, 
amino acid metabolism, organic acid metabolism, and response 
to stimulus were enriched in “CS” responsive to both salt 
stress and recovery (Supplementary Table S8).

Analysis of KEGG Pathways in Salt/
Recovery Responsive DEGs in Two Wheat 
Varieties
Kyoto Encyclopedia of Genes and Genomes enrichment analysis 
revealed similar pathways in the DEGs of “Y1805” and “CS” 
under salt stress and recovery, but the number of genes in 
respective pathways differed (Supplementary Tables S9 and S10). 
Common pathways, namely, “transcription,” “lipid metabolism,” 
“folding, sorting, and degradation,” “transport and catabolism,” 
“signal transduction,” “metabolism of terpenoids and polyketides,” 
“glycan biosynthesis and metabolism,” “nucleotide metabolism,” 
“DNA replication and repair,” “metabolism of cofactors and 
vitamins,” “translation,” “amino acid metabolism,” and 
“biosynthesis of other secondary metabolites” appeared in both 
“Y1805” and “CS.” The most significantly (value of Q < 0.05) 
enriched KEGG pathways in “Y1805”-specific DEGs were 
associated with “folding, sorting, and degradation,” “transport 
and catabolism,” “carbohydrate metabolism,” and “glycan 
biosynthesis and metabolism.” There were multiple pathways 
in “replication and repair,” and their DEGs were more abundant 
in “Y1805” than “CS.” Compared with “Y1805,” the DEGs of 

FIGURE 7  |  Venn diagrams of DEGs under salt stress and recovery 
conditions. “Y1805” and “CS” are salt-tolerant and salt-sensitive wheat 
varieties, respectively. T2 and R1 indicate salt stress and recovery, 
respectively. False discovery rate (FDR) ≤ 0.01 and absolute log2fold change 
value (|log2FC|) > 1 are used as the thresholds to judge the significance of 
gene expression differences.
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“CS” were more abundant in pathways related to “metabolism 
of terpenoids and polyketides,” “energy metabolism,” “amino 
acid metabolism,” and “biosynthesis of other secondary 
metabolites” (Supplementary Table S10).

Furthermore, KEGG enrichment analysis of “Y1805”-DEGs 
identified under salt stress found that DEGs were significantly 
enriched in “metabolism” (carbohydrates, lipids, amino acids, 
nucleotides, terpenoids and polyketides, and cofactors and 
vitamins), “transcription,” “translation,” “replication and repair,” 
“signal transduction,” “environmental adaptation,” “biosynthesis 
of other secondary metabolites,” “folding, sorting, and 
degradation,” and “membrane transport” pathways 
(Supplementary Table S11). We  observed that pathways for 
“biosynthesis of secondary metabolites” and “synthesis and 
degradation of ketone bodies” were enriched exclusively in 
“Y1805” that were responsive to both salt stress and recovery 
(Supplementary Table S12). In addition to the activation of 
different “cellular processes” and “metabolism” pathways, the 
salt stress seemed to suppress autophagy-related genes in “CS” 
(Supplementary Table S13). During the recovery process, “lipoic 
acid metabolism” pathway was enriched solely in “CS” 
(Supplementary Table S14).

Participation of Key Genes in Salt Stress-
Related Pathways
We looked for key genes involved in antioxidant enzymes, 
osmoregulation, and photosynthesis related metabolic pathways 
under salt stress in “Y1805.” The “peroxisome” (ko04146), 
“arginine and proline metabolism” (ko00330), “starch and 
sucrose metabolism” (ko00500), “photosynthesis” (ko00195), 
and “chlorophyll and porphyrin metabolism” (ko00860) 
pathways were enriched under salt stress. There were three 
upregulated genes and four downregulated genes encoding 
CAT, four upregulated and five downregulated genes encoding 
SOD in the “peroxisome” pathway (Supplementary Table S15). 
In the “arginine and proline” pathway, three upregulated 
genes encoding 1-pyrroline-5-carboxylate synthetase (BGI_
novel_G009739, BGI_novel_G019140, and 
TraesCS3D02G357200), three downregulated genes encoding 
proline dehydrogenase (TraesCS1A02G209100, 
TraesCS1B02G223300, and TraesCS1D02G212400), and four 
upregulated genes encoding prolyl 4-hydroxylase (including 
TraesCS2B02G292200, TraesCS4B02G228600, and 
TraesCS4D02G229700) were found. In the “starch and sucrose” 
pathway, there were four upregulated genes (including 
TraesCS4D02G169800, TraesCS2D02G175600, and TraesCS4A02 
G140000) encoding sucrase synthase, six upregulated genes 
encoding sucrose-phosphate synthase (including TraesCS3A02 
G425500, TraesCS4A02G225100, and TraesCS4B02G091100), 
five downregulated MGAM (maltase-glucoamylase) genes 
(including TraesCS7D02G451800, TraesCS7A02G134500, and 
TraesCS7B02G364700) encoding maltase-glucoamylase, 15 
upregulated genes (including TraesCS2A02G588300, 
TraesCS2B02G595000, and TraesCS2D02G570000) encoding 
SacA of beta fructofuranosidase, 31 amyA genes (including 
TraesCS2A02G309400, TraesCS2B02G183400, and TraesCS6B02 

G349500) encoding alpha-amylase were downregulated. In 
the “photosynthesis” pathway, there was one upregulated PsbC 
gene (BGI_novel_G013282) encoding photosystem II CP43 
chlorophyll apoprotein, two upregulated PetA genes 
(TraesCS1D02G181700 and TraesCS5D02G200200) related to 
apocytochrome f, and one upregulated psb27 gene 
(TraesCS4D02G172800) encoding the photosystem II psb27 
protein. In the “chlorophyll and porphyrin” pathway, there 
were two downregulated chlG/bchG genes (TraesCS1B02G 
237700 and TraesCS1D02G226100) encoding Chl-a synthase, 
two upregulated genes (TraesCS3D02G103900 and TraesCS5D 
02G364100) encoding chlorophyllase, two upregulated NOL/
NYC1 genes (TraesCS3A02G151900 and TraesCS3D02G159800) 
encoding chlorophyll (ide) b reductase, three downregulated 
CAO genes (TraesCS3A02G506200, TraesCS3B02G574300, and 
TraesCS3D02G514100) encoding chlorophyllide a oxygenase, 
and nine upregulated SGR/SGRL (stay green rice/stay green 
rice like) genes (including TraesCS6B02G143000, TraesCS3A 
02G447000, and TraesCS5B02G320200) encoding magnesium  
dechelase.

Verification of DEGs by qRT-PCR
In total, 12 DEGs closely related to salt stress were selected 
for qRT-PCR analysis. All the gene amplification levels, as 
assessed by qRT-PCR, agreed well with the RNA-seq patterns, 
and the correlation between RNA-seq and qRT-PCR showed 
a positive correlation coefficient (r = 0.902, p = 6.16E−5; Figure 8).

DISCUSSION

Crop models, such as Tritipyrum, are essential tools for assessing 
the threat of salt stress to local and global food production 
crops including wheat. In this work, we  studied salt-tolerant 
mechanisms in Tritipyrum by assessing the growth, physiological, 
and antioxidant enzymatic responses of salt-tolerant Tritipyrum 
(“Y1805”) and a salt-sensitive common wheat variety (“CS”). 
Sequential GISH-FISH technique were used to determine the 
genome structure and genetic diversity of salt-tolerant hybrid 
germplasm. Moreover, RNA-seq analysis, GO annotation, KEGG 
pathway enrichment, and qRT-PCR analyses were used to 
identify key candidate genes and investigate the molecular 
mechanisms of salt tolerance and recovery in “Y1805.”

In recent years, RNA-seq analysis based DEGs and candidate 
gene identification has been used to study salt tolerance in 
numerous plants, including Arabidopsis (Sako et  al., 2021), 
rice (Chandran et  al., 2019), bread wheat (Amirbakhtiar et  al., 
2021), Chinese cabbage (Li et  al., 2021), drought/salt-tolerant 
Caragana korshinskii (Li et  al., 2016), a model halophytic 
Chenopodium quinoa (Ruiz et al., 2019), Cenostigma pyramidale 
(Frosi et  al., 2021), and Ricinus communis (Lei et  al., 2021). 
These studies have identified abundant DEGs, candidate 
upregulated genes, and the functional enrichment of GO terms 
and pathways related to salt stress responses in plants. 
Additionally, many physiological and biochemical genes have 
been verified experimentally to play key roles in the salt 
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tolerance mechanism of plants. Singh et  al. found that when 
the SbpAPX gene encoding peroxisome ascorbate peroxidase 
(APX) from Salicornia brachiata Roxb. was overexpressed in 
tobacco plants, the plants showed increased salt and drought 
tolerance compared to the wild type (Singh et  al., 2014). 
Surender et  al. (2015) found that the survival capability of 
transgenic Sorghum bicolor lines under salt stress was more 
enhanced when transformed with the mutated pyrroline-5-
carboxylate synthetase gene, which encodes a key enzyme for 
glutamate proline synthesis and protects photosynthetic and 
antioxidant enzyme activities. Transformation of sugarcane 
plants with the Vigna aconitifolia P5CS gene not only conferred 
salt tolerance in transgenic lines but also the higher gene 
expression was accompanied by higher proline content, reduction 
of malondialdehyde, low accumulation of Na+, and sustained 
photochemical efficiency of photosystem II compared with the 
control (Guerzoni et  al., 2014). This suggests that proline 
protects the photosynthetic system and prevents oxidative 
damage under salt stress. Ahmad et al. showed that the expression 
of the SOD, CAT, and APX genes in chickpea (Cicer arietinum 
L.) plants was upregulated, and the exogenous nitric oxide 
was also significantly increased under salt stress (Ahmad et al., 
2016). Studying transgenic wheat plants containing the mtlD 
gene, El-yazal et  al. found that transgenic plants had improved 
salt tolerance over non-transgenics, showing better growth traits, 
physio-biochemical attributes, and activities of antioxidant 
enzymes (El-Yazal et  al., 2016).

In the present study, salt-tolerant Tritipyrum hybrid and 
salt-sensitive common wheat (“CS”) were evaluated for growth 
parameters, various biochemical attributes, and transcriptomic 
responses against salt stress and recovery. We  found that salt 
stress inhibited the growth of the two cultivars as evidenced 
by examination of growth parameters. The RL and RDW of 
salt-tolerant “Y1805” showed no significant difference between 

the treatments and controls at each stage. Whereas those of 
salt-sensitive “CS” were significantly reduced by 10.84 and 
22.35% of the controls at the R2 stage after recovery, salt 
stress had more inhibitory effects on the roots than the rest 
of the plant. “Y1805” represented stronger salt tolerance than 
“CS” according to its RL and plant dry weight. These results 
were in accordance with those of Basal et  al. who observed 
a reduction in SDW and RDW with increasing salt levels in 
salt-tolerant and salt-sensitive cotton varieties (Basal et  al., 
2006). Moreover, the findings of Guo et  al. corroborate our 
results and state that under salt stress, the dry matter accumulation 
rate of cotton varieties decreases, but it can be  resumed in 
the salt-tolerant varieties after recovery (Guo et  al., 2015).

Photosynthesis is the basis for the efficient conversion of 
light energy into the growth and development of plants. Leaf 
photosynthetic rate is an important indicator of photosynthesis, 
and the chlorophyll content of leaves is closely related to 
photosynthetic rate. Salt stress can lead to the decrease of 
chlorophyll content in plants, but the degree of Chl-a/b 
reduction will differ among different varieties (Ehsanzadeh 
et  al., 2009; Sarwar and Shahbaz, 2019; Rehman et  al., 2021). 
In this work, both the Pn and Chl-a/b levels of “Y1805” 
and “CS” were significantly affected by salt stress, though, 
the level of damage in the former was significantly less than 
in the latter, and these changes were subsequently reversed 
in “Y1805” during the recovery process. It was also shown 
that Chl-a was more sensitive to salt stress than Chl-b. At 
the T2 stage, the Chl-a content of “CS” decreased significantly 
by 26.07% compared with that of “Y1805.” These results were 
in agreement with previous reports (Muhammad et  al., 2012; 
Abdellaoui et  al., 2017), where salt stress and subsequent 
Na+ accumulation resulted in the degradation of photosynthetic 
pigment and Pn reduction in cactus and Stipa lagascae plants, 
respectively.

FIGURE 8  |  Verification of RNA-seq results by qRT-PCR. The x- and y-axes show the relative expression levels analyzed independently by RNA-seq and qRT-PCR, 
respectively.
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Salt stress induces the overproduction of ROS, which causes 
redox imbalance and oxidative damage in cells (Demiral and 
Türkan, 2005; Hossain and Dietz, 2016; Zhang et  al., 2016; 
Ahmad et al., 2019). In response, antioxidant defense machinery 
is activated by various enzymatic and non-enzymatic antioxidants 
to alleviate this stress and scavenge ROS (Kakar et  al., 2016, 
2017; Vighi et  al., 2017; Fan et  al., 2020). SOD reacts with 
superoxide anion radical (O2−) to produce H2O2, while CAT 
is an H2O2 scavenging enzyme, which can decompose H2O2 
and avoid the accumulation of H2O2 in cells. The combination 
of SOD and CAT can effectively reduce the harm of ROS in 
plant cells. In this study, the SOD and CAT activities of the 
two wheat varieties were significantly upregulated under salt 
stress, which was consistent with the results of Esfandiari et al. 
(2007). Under salinity, salt-tolerant varieties are more likely 
to activate SOD and CAT than other varieties (Al Kharusi 
et  al., 2019). Here, “Y1805” enhanced the SOD and CAT 
activities rapidly under salt stress, and they were reduced 
quickly after recovery, indicating that its ROS scavenging ability 
was higher than in “CS.”

Cells accumulate free proline, soluble sugars, and other 
osmotic regulators under salt stress, which can regulate the 
osmotic potential of cells and maintain water balance. Proline 
accumulation is considered one of the important regulatory 
mechanisms for plants to adapt to saline and alkaline environment 
(Meena et  al., 2019; Sharma et  al., 2019), and its exogenous 
application has reportedly improved the salt tolerance of several 
crops (Sun and Hong, 2010; Nounjan et  al., 2012; Sobahan 
et  al., 2012; El Moukhtari et  al., 2020). Moreover, proline is 
also a metal chelator, an antioxidative defense molecule, and 
a signaling molecule (Hayat et  al., 2012). In this experiment, 
the ability of proline accumulation was different among the 
two varieties at different stages, where the proline in “Y1805” 
was accumulated at an increasing rate during each stage of 
salt stress, compared with “CS” that showed a zigzag trendline. 
Previously, Sivakumar et  al., showed that the proline content 
of a few tomato varieties did not increase significantly after 
24 h of short-term stress or under low salinity (Sivakumar 
et  al., 2019). The proline content of “Y1805” began to rise at 
the T2 stage of salt stress and peaked at the R1 stage, and 
was 2.00-fold higher than that of “CS.” These observations 
suggest that “Y1805” could synthesize more proline than “CS” 
to cope with salt stress damage. Soluble sugars, as osmotic 
regulators and signal molecules, participate in the response 
and adaptation of plants to environmental stress (Wang et  al., 
2018) and can be  used to identify salt tolerance in plants (Bai 
et  al., 2013). In a study conducted by Kerepesi and Galiba, 
the soluble sugar content of the salt-tolerant wheat variety 
“Sakha” was higher than that of “CS” under salt stress (Kerepesi 
and Galiba, 2000). Similar results were obtained in this study. 
The soluble sugar content in “Y1805” increased significantly 
from the T2 stage, and kept stable until the R1 stage, and 
returned to the control level at the R2 stage after recovery. 
In contrast, “CS” showed little change in soluble sugar content 
during salt stress and only showed an increase after recovery, 
indicating that “Y1805” had strong soluble sugar regulatory  
abilities.

In this study, we  used a sequential GISH-FISH technique 
to determine the genomic composition of salt-tolerant Tritipyrum 
“Y1805” and identified 56 chromosomes. It was revealed that 
the “Y1805” genome comprised A, B, and D chromosomes 
from wheat parents, but also contained the E genome of 
chromosomes that originated from T. elongatum, adding to its 
genetic diversity and suitability as a hybrid with salt-tolerant traits.

Comparison of the DEGs between the two cultivars directly 
reflects the mechanism of plant salt tolerance. In this study, 
a total of 112,454 unigenes were obtained by RNA-seq analysis, 
including 44,886 DEGs. Transcriptome analysis showed that 
the differences in the transcriptional regulatory networks of 
salt-tolerant and salt-sensitive germplasm are not only in 
response to salt stress but also in recovery. The number of 
DEGs in each variety and treatment varied. Among these DEGs, 
some were expressed solely against salt stress or recovery, while 
others were co-expressed mutually between “Y1805” and “CS.” 
The DEGs of “Y1805” at the T2 stage were enriched in several 
photosynthetic GO terms and KEGG pathways related to “fatty 
acid biosynthesis and metabolism.” The results of Luo et  al. 
showed that salt-tolerant wheat could enhance the photosynthetic 
system and improve the salt tolerance of wheat through pathways 
related to polyunsaturated fatty acid metabolism (Luo et  al., 
2019). In this experiment, it was found that there were more 
DEGs related to “fatty acid” and “photosynthesis” in “Y1805” 
under salt stress, but expression decreased rapidly after recovery. 
It may be  that “Y1805” increased salt tolerance through fatty 
acid synthesis and metabolism and ensured that the 
photosynthetic machinery of the cells was actively regulated 
under salt stress, and remained almost intact during the recovery 
process. “Y1805” was enriched in the metabolic pathway of 
“start and conquer metabolism” at the T2 stage, and in 
“glutathione metabolism” and “arginine and proline metabolism” 
at the T2 and R1 stages, respectively. Starch and sucrose 
metabolism is considered to determine the soluble sugar content 
in plants and affect osmotic regulation (Balibrea et  al., 2006). 
Differences in expression levels of related DEGs under salt 
stress will lead to differences in soluble sugar contents in the 
plant materials studied (Wei et  al., 2020). The transcriptional 
level of enzymes related to glutathione biosynthesis and 
glutathione content can alleviate the effects of salt stress on 
photosynthesis (Nazar et  al., 2015), maintain the dynamic 
balance of cell redox (Zhou et al., 2017), and reduce the toxicity 
of methylglyoxal induced by salt stress (Khunpon et  al., 2018). 
Amirbakhtiar et  al. (2019) also reported that DEGs in salt-
tolerant bread wheat were enriched in “transporters,” 
“phenylpropanoid biosynthesis,” “transcription factors,” 
“glycosyltransferases,” “glutathione metabolism,” and “plant 
hormone signal transduction” pathways during salt stress, which 
also support our results that these are significant pathways in 
the abiotic and biological stress response in plants.

“Arginine and proline metabolism” is the key pathway for 
proline accumulation in plants under salt stress, and as mentioned 
earlier, proline is an important osmotic regulator for salt 
tolerance (Sakr et  al., 2012). Here, the high abundance of 
DEGs at the T2 and R1 stages indicated that the expression 
of DEGs in “Y1805” may be  one of the important reasons 
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for its high salt tolerance. The KEGG pathway enrichment 
analysis of “Y1805” revealed that DEGs at the T2 stage were 
significantly enriched in “carbohydrates,” “lipids,” and “amino 
acids metabolism” along with “signal transduction,” 
“environmental adaptation,” “secondary metabolites biosynthesis,” 
and “membrane transport.” At the R1 stage, DEGs were enriched 
in “glycan biosynthesis and metabolism” and “carbohydrate 
metabolism.” There were significant differences in the metabolic 
pathways regulated by DEGs in “Y1805” under salt stress and 
recovery conditions, which indicated that there were differences 
in the regulatory mechanisms of “Y1805” in response to salt 
stress and recovery.

Lastly, the expression patterns of salt stress and recovery 
responsive DEGs in “Y1805” were determined. The results 
indicated that the functions of many salt stress and recovery 
responsive DEGs in “Y1805” were closely correlated with the 
levels of SOD and CAT activities, as well as the levels of 
sugar, proline, chlorophyll, and Pn. These DEGs played key 
roles in the KEGG pathways of “peroxisome” (ko04146), “arginine 
and proline metabolism” (ko00330), “starch and sucrose 
metabolism” (ko00500), “chlorophyll and porphyrin metabolism” 
(ko00860), and “photosynthesis” (ko00195), respectively. 
Functional analysis revealed that these genes are involved in 
specific metabolic pathways and mechanisms, which might have 
a unique significance in wheat salt tolerance. After recovery, 
some genes were potentially upregulated at the R1 stage, thus 
contributing to the recovery of wheat growth and development. 
Through transcriptome analysis, it was found that “Y1805” 
had many specific DEGs under salt stress and recovery. These 
DEGs were enriched in multiple related pathways, and their 
enrichment differed under salt stress and recovery conditions, 
showing that plants can regulate specific DEGs under different 
conditions. Finally, the patterns of the up/downregulated genes 
combined with the detection of related growth indicators 
prompted us to conclude that the function of many stress-
responsive DEGs is closely related to the activities of antioxidant 
enzymes and the levels of sugar, proline, chlorophyll, and Pn.

CONCLUSION

Salt-tolerant Tritipyrum (“Y1805”) and salt-sensitive wheat 
(“CS”) were chosen from 121 wheat germplasms using salt-
tolerant experiments. Overall, 56 chromosomes were identified 
in “Y1805” using sequential GISH-FISH analysis, which 
comprised A, B, and D chromosomes from common wheat 
parent and E genome chromosomes that originated from T. 
elongatum, which added to its genetic diversity and salt-tolerant 
traits. Growth parameters revealed that salt stress had a greater 
inhibitory effect on the roots than on the shoots, and “Y1805” 
demonstrated stronger salt tolerance than “CS.” “Y1805” could 
enhance the antioxidant activity more rapidly than “CS” under 
salt stress to protect the cells from damage caused by ROS. 
“Y1805” could synthesize more proline and soluble sugars 
than “CS’ to cope with salt stress damage. Both Pn and 
Chlorophyll a/b contents were affected by salt stress, although 
the level of damage in “Y1805” was significantly lesser than 

in “CS.” Using transcriptome analysis, the functions of many 
salt-responsive DEGs were closely correlated with “peroxisome,” 
“arginine and proline metabolism,” “starch and sucrose 
metabolism,” “chlorophyll and porphyrin metabolism,” 
“photosynthesis,” and “fatty acid biosynthesis and metabolism” 
KEGG pathways. The strong salt tolerance of “Y1805” may 
be  mainly attributed to ROS scavenging, osmoregulation, ion 
homeostasis, cell wall remodeling, and signal transduction. 
Some novel candidate genes related to antioxidase, 
osmoregulator, or photosynthesis pathways were also found 
under salt stress in “Y1805.” The outcomes of growth and 
physio-biochemical analyses were consistent with the 
transcriptome data. The nature of the salt tolerance mechanisms 
–per se- is already known in other plant species and but 
seems to be more quantitatively effective in the tolerant wheat 
genotype. These findings provide useful information for the 
cultivation and breeding of salt-tolerant wheat.
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Understanding the genetic basis of polygenic traits is a major challenge in agricultural
species, especially in non-model systems. Select and sequence (SnS) experiments
carried out within existing breeding programs provide a means to simultaneously
identify the genomic background of a trait while improving the mean phenotype for a
population. Using pooled whole genome sequencing (WGS) of selected and unselected
bulks derived from a synthetic outcrossing sugar beet population EL57 (PI 663212),
which segregates for seedling rhizoctonia resistance, we identified a putative genomic
background involved in conditioning a resistance phenotype. Population genomic
parameters were estimated to measure fixation (He), genome divergence (FST ), and
allele frequency changes between bulks (DeltaAF). We report on the genome wide
patterns of variation resulting from selection and highlight specific genomic features
associated with resistance. Expected heterozygosity (He) showed an increased level
of fixation in the resistant bulk, indicating a greater selection pressure was applied.
In total, 1,311 biallelic loci were detected as significant FST outliers (p < 0.01) in
comparisons between the resistant and susceptible bulks. These loci were detected in
206 regions along the chromosomes and contained 275 genes. We estimated changes
in allele frequency between bulks resulting from selection for resistance by leveraging
the allele frequencies of an unselected bulk. DeltaAF was a more stringent test of
selection and recovered 186 significant loci, representing 32 genes, all of which were
also detected using FST. Estimates of population genetic parameters and statistical
significance were visualized with respect to the EL10.2 physical map and produced
a candidate gene list that was enriched for function in cell wall metabolism and plant
disease resistance, including pathogen perception, signal transduction, and pathogen
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response. Specific variation associated with these genes was also reported and
represents genetic markers for validation and prediction of resistance to Rhizoctonia.
Select and sequence experiments offer a means to characterize the genetic base of
sugar beet, inform selection within breeding programs, and prioritize candidate variation
for functional studies.

Keywords: Beta vulgaris, sugar beet, Rhizoctonia resistance, synthetic populations, gene discovery

INTRODUCTION

The characterization of resistance sources for the genetic
improvement of beet (Beta vulgaris) is a long-standing challenge.
The USDA sugar beet germplasm is enriched for important
traits such as resistance to disease and adaptation to local
production regions. The pedigrees of this material suggest many
of these traits can be traced back to wide hybridizations between
sugar beet and wild beet (Beta maritima) (Doney, 1995; Panella
et al., 2015). Beet is an outcrossing species, wind pollinated and
generally self-incompatible. As a result, beet populations are
highly heterozygous. Historically, crop improvement has been
carried out via recurrent phenotypic selection and sib mating
(Doney and Theurer, 1978). Commercial sugar beets are hybrid,
and the production of hybrid seed relies on a narrow but well
characterized genetic base where the frequencies of cytoplasmic
male sterility (CMS) and CMS restorers are well understood. The
need to maintain the genetic backgrounds required for hybrid
seed production while breeding for multiple disease resistance
traits, local adaptation, and yield makes the utilization of novel
genetic variation a slow and resource-intensive process. Beet
reference genomes and sequencing technologies have increased
our ability to characterize genome variation within diverse beet
lineages and breeding lines (Funk et al., 2018; Galewski and
McGrath, 2020). The use of whole genome sequencing (WGS)
to inform traditional beet breeding programs provides a system
for “select and sequence” (SnS) experiments. These methods are
a powerful tool for detecting the genetic basis of phenotypic
selection in experimental populations (Schlötterer et al., 2015;
Burghardt et al., 2018) and is an efficient way to prioritize
candidate variation for functional studies and marker validation
in the future (Burny et al., 2020).

Advances in genomic resources, population genomic
methods and experimental design have improved the process
of gene discovery in agricultural species. Reference genomes
provide an anchor to link genetic variation with coding
sequences underlying phenotypic variation (Hufford et al.,
2012). Accurate gene models determined from ab-initio gene
prediction, transcript evidence, and gene ontology can help
to infer gene function and provide hypotheses for biological
mechanisms (Salzberg, 2019). The genome EL10.2 is a contiguous
chromosome level assembly (McGrath et al., 2020) with high
homology to other beet reference genomes such as RefBeet
(Dohm et al., 2014). Reference genomes have increased our
ability to rapidly catalog and compare variation within and
between populations using genome scans (Nielsen et al., 2005),
bulk segreant analysis (BSA) (Michelmore et al., 1991) and
mapping by sequencing approaches (Schneeberger et al., 2009).

WGS has also been used to provide a complete picture of genetic
variation within a population including structural variants (SV)
and presence-absence variation (PAV) (Pinosio et al., 2016;
Wang et al., 2018). Recent research has demonstrated the impact
of SV and PAV on important phenotypic variation observed
between cultivars and adaptative trait variation including
disease resistance (Zhou et al., 2019; Hämälä et al., 2021).
SnS experiments show potential to detect genetic variation
linked to selection and adaptation in experimentally generated
populations (Schlötterer et al., 2015). Additionally, numerous
methods to detect positive selection within populations have
been established (reviewed in Weigand and Leese, 2018) which
facilitates the adoption of SnS experiments within breeding
programs for agricultural crops such as beet.

Phenotypic variation in beets is often measured at the level of
the population due to difficulties inbreeding and fixing variation
in single plants, fostering comparisons between populations
rather than comparisons between individuals. Pooled sequencing
of populations is an effective way to capture and compare
causal genetic variation in beet, either by partitioning variation
according to phenotypes within a segregating population, or
by comparing different populations. The utility of pooled data
has been demonstrated (Schlötterer et al., 2014) and can
provide accurate estimates of allele frequency (Lynch et al.,
2014) and population genetic parameters (Ferretti et al., 2013).
Pooled sequencing increases the effective number of assayed
recombination events, improving our ability to resolve causal
variation vs. traditional mapping approaches. In beets, pooled
sequencing has been utilized to understand how diversity is
distributed in crop type lineages (Galewski and McGrath,
2020) and within selected breeding populations (Ries et al.,
2016). The later research used pooled data and a mapping
by sequencing approach to discover causal variation associated
with hypocotyl color, a monogenic trait. Our hypothesis is that
pooled sequencing could also be effective for resolving polygenic
traits with continuous phenotypes, which are more difficult to
detect with traditional marker-based approaches. For example,
disease resistance traits have been a major target of sugar beet
breeding for more than a century and the application of pooled
sequence data to inform polygenic traits such as Rhizoctonia
resistance is warranted.

Rhizoctonia solani Kühn is a soil borne pathogen which
can cause seedling dampening off and crown and root rot,
both of which can severely impact sugar yield for growers
(Gaskill et al., 1970). Various management practices are used
to mitigate R. solani infection in the field and maintain crop
profitability. This includes crop rotation, seed treatments and
fungicide applications (Bolton et al., 2010). Genetic resistances
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have been identified but appear to be derived from relatively few
sources (Panella, 2005) which highlights the need for identifying
new sources. Unfortunately, genetic resistance to rhizoctonia
is poorly characterized, and while no single germplasm source
can be attributed to Rhizoctonia resistance in beet, the long
history of selection for resistance to crown and root rot from
the USDA-ARS Ft. Collins, CO, United States germplasm
enhancement program likely represents the major resistance
source in commercial materials. Seedling resistance was identified
from these materials and from the USDA-ARS East Lansing,
MI, United States germplasm enhancement program (Panella
et al., 2015). Early reports describe resistance as polygenic with
many small-effect alleles (Hecker and Ruppel, 1975). Some major
resistance quantitative trait loci (QTL) have been described in
greenhouse studies (Lein et al., 2008) but the added complexity of
field conditions and year effects (Strausbaugh et al., 2013a), host
growth stage (Nagendran et al., 2009; Liu et al., 2019), cultivar
and pathogen interactions (Strausbaugh et al., 2013b), and
confounding infections from bacterial pathogens (Strausbaugh
et al., 2013a) suggest many genes contribute to rhizoctonia
resistance in sugar beet. Other research suggests the involvement
of additional compounds and proteins in rhizoctonia resistance,
such as reactive oxygen species (Taheri and Tarighi, 2010),
polygalacturonase-inhibiting proteins (Li and Smigocki, 2018),
and major latex protein-like proteins (Holmquist et al., 202).
Newly sequenced rhizoctonia genomes have further detailed the
complexity of host-pathogen interactions resulting from different
anastomosis groups, putative genes, enzymes, and effectors
molecules (Wibberg et al., 2016).

This research is focused on understanding plant host
resistance to seedling Rhizoctonia by sequencing bulks of
phenotypically distinct individuals derived from a synthetic
outcrossing population, EL57 (PI 663212). Using WGS, existing
reference genomes, and selection for resistance we highlight
a genomic background associated with seedling Rhizoctonia
resistance. In identifying the genetic determinants underlying
resistance we show how these methods can be used to
characterize polygenic traits in beet (B. vulgaris), inform future
experiments, and provide genetic solutions to long standing
challenges faced by sugar beet producers.

MATERIALS AND METHODS

Populations and Sequencing
The population EL57 is a unique synthetic population combining
mostly Eastern US germplasm traits in a self-fertile genetic
background, and is diploid, multigerm, and biennial. EL57 is
a very broad genetic base diploid combining genetics of 660
mother roots with the unique feature that 98% of the 133
parental used lines are self-fertile due to a dominant gene (Sf)
introgressed from C869 (PI 628754) or C869 CMS (PI 628755).
21% of the parents were derived from C869 CMS and thus
have the S-cytoplasm. Male sterility, both nuclear male sterility
from C869 and CMS, was used to capture pollen from open-
pollinated increases of a wide variety of pollinators from 1997
through 2007. Traits expected to be segregating in the population

include Aphanomyces seedling disease and Cercospora leaf spot
resistances contributed by sugar beet germplasms SP7622 (aka
SP6822, 20% of original pollinators), USH20 (8% of original
pollinators), and SP85303 (PI 590770, 6% of original pollinators),
Rhizoctonia resistance derived from EL51 (PI 598074, 13%
of original pollinators), curly top and rhizomania resistance
selections from C931 (PI 636340) and EL0204 (PI 655951) (5%
of original pollinators), a series of Aphanomyces resistant or
salt-tolerant germination breeding lines and selections (derived
from PI 165485, PI 271439, PI 518160, PI 546409, PI 562591,
PI 562599, and PI 562601) (20% of original pollinators in
total), a series of 17 nematode resistant breeding lines from
the Salinas, CA USDA-ARS breeding program (13% of original
pollinators), and a mixture of released and unreleased breeding
lines derived from high sucrose, smooth-root selections (23% of
original pollinators).

EL57 was planted in the SVREC seedling Rhizoctonia nursery
on May 15, 2017, as a large selection block of 161 plots and
inoculated with Rhizoctonia isolate RG2-2 on June 6. Seven
plots of EL57 were not inoculated as a control. Approximately
8 weeks later leaves were harvested from non-inoculated
and inoculated plots, representing three bulks. Resistant and
susceptible bulks were chosen from the inoculated plots, and
an unselected bulk was taken from non-inoculated plots. Leaf
material from 25 plants was harvested and pooled for each of the
three bulks. Pooled leaf material was homogenized, and DNA
was extracted using the Macherey-Nagel NucleoSpin Plant II
Genomic DNA extraction kit (Bethlehem, PA). One microgram
of DNA for each population was submitted to Admera Health,
LLC, where NGS libraries were constructed using TruSeq
bar-code adapters. The sequencing reactions were carried
out on the Illumina Hi-Seq 2500 in a 2 × 150 bp paired-end
format with a target coverage of 80x relative to the predicted
758 Mb genome size of beet (Arumuganathan and Earle,
1991). Post-sequencing read quality was assessed using FastQC
(Andrews, 2010). Library bar-code adapters were removed and
reads were trimmed according to a quality threshold using
TRIMMOMATIC (Bolger et al., 2014) invoking the following
options (ILLUMINACLIP:adapters.fa:2:30:10 LEADING:3
TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36). These
filtered reads were used for downstream analysis.

Alignment and Variant Detection
Reads from each population were aligned to the B. vulgaris
reference genome assembly EL10.2 (McGrath et al., 2020) using
BWA mem (Li, 2013). The resulting alignment files were
sorted and merged using SAMtools (Li et al., 2009). Variants
for each population were called simultaneously on all three
populations using the program Freebayes (Garrison and Marth,
2012). Variants were filtered for mapping quality, number of
variants detected and depth across sites. After the initial variant
detection step, the vcf file was filtered for genotype quality, GQ
≥ 20, and read depth, N < 300. Variants were then partitioned
into those that were detected as biallelic and those that were
multi-allelic. The biallelic sites were used for the estimation of
population genetic parameters and the multiallelic sites were
retained for consequence on phenotype after significant regions
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were determined. In addition, structural variants were cataloged
in each sample using the program Manta (Chen et al., 2016).

Genome Divergence—Allele Frequency, FST and
DeltaAF
A python program was used to count alleles for all biallelic
variants within the three populations. Allele frequency was
estimated for the resistant, susceptible, and unselected EL57
populations. Population genetic parameters were estimated using
the allele frequency within each population such that (p +
q = 1). The variable p was designated as the reference allele of
the EL10.2 reference genome and q as the alternate state. The
degree of fixation was estimated at all biallelic sites using the
expected heterozygosity (He) or 2pq. Global levels of fixation with
respect to selection were calculated as the average of He across
all sites. FST was used to calculate differentiation between the
resistant and susceptible populations at each locus (Eq. 1). The
parameter FST24 was estimated by calculating FST within a sliding
window of 25 biallelic variant sites, or 12 variant sites flanking a
single biallelic locus across the genome. Significant regions along
chromosomes were determined by loci that showed a significant
FST value at a given locus. Significance thresholds were defined by
P-values < 0.01, calculated using the empirical distribution of all
FST values.

FST =
σ2

s
σ2

T
=

σ2
s

p̄
(
1− p̄

) (1)

Equation 1: shows FST is defined as the ratio of variance in allele
frequency of the subpopulation (s) relative to the total population
(t), where p is the allele frequency of allele (p).

Delta allele frequency was calculated by using a series of
Boolean operators to determine the loci which pass allele
frequency thresholds in selected populations relative to the
unselected population. This provided a null distribution from
which to derive the genomic locations of large changes in allele
frequency with respect to selection for resistance.

DeltaAF(RS) = max(AFR,AFS)—min(AFR,AFS)
DeltaAF(RW) = max(AFR,AFS)—min(AFR,AFS)
DeltaAF(SW) = max(AFR,AFS)—min(AFR,AFS)
Delta AF = (DeltaAF(RS) > 0.8; DeltaAF(SW) < 0.15)

(2)

Equation 2: determines sites where the relative change in allele
frequency between resistant and susceptible bulks is > 0.8 and the
allele frequency change between susceptible and unselected bulks is
low, >0.15.

Genome Visualization
Visualization of significant genomic regions was carried out by
plotting FST24 along chromosomes with a density plot of all
significant FST values. Python was used for the manipulation of
data sets and estimation of population genetic parameters, while
R libraries were used for plotting the final data matrixes. DeltaAF
was also plotted across the genome, highlighting only those
regions where divergence in allele frequency between the resistant
and susceptible bulk was high and the susceptible and unselected

population was low. Regions along the chromosome of high
significance were determined by investigating a significant locus
and searching within a 50 kb window upstream to determine
the size and significance of a region with respect to selection.
All regions with significant FST or DeltaAF were visualized using
R. The density and distribution of variation was also considered
by plotting data relative to the physical map provided by the
EL10.2 genome assembly along with EL10 gene models and
annotations. SNPeff (Cingolani et al., 2012) was used to annotate
variants based on physical position and determine functional
consequences in terms of protein coding changes.

Determination of Resistance Genes Involved in
Resistance to Rhizoctonia solani
A combination of statistical analysis and genome resources were
leveraged to identify targets within or adjacent to significant
regions across the genome (e.g., FST, FST24, and DeltaAF).
Determination of putative gene loci involved in resistance were
based on all previous analysis as well as significant homology to
functional validated candidates in other species. Markers were
derived for use in predicting seedling rhizoctonia resistance by
extracting significant variation from .vcf files.

RESULTS

Nearly 3,500 plants from the synthetic, outcrossing sugar
beet population EL57 (PI 663212) were sown, inoculated with
Rhizoctonia solani isolate RG2-2, and allowed to grow for 8 weeks
before being evaluated for seedling dampening off. Rhizoctonia
symptoms became progressively worse throughout the growing
season: average stand counts prior to inoculation were 21.3
plants/plot (SD = 3.33) and post-inoculation at the end of
the season (October 17) were 4.9 plants/plot (SD = 1.74), or
approximately 77% plant death. This suggested that the disease
nursery provided a strong selection pressure for resistance to
Rhizoctonia solani infection and an opportunity to identify
a genetic basis for this important trait. Three bulks were
sampled for WGS each representing 25 plants (0.7% of the
total population). Susceptible individuals (S bulk) were selected
with respect to leaf symptoms and confirmed as showing root
symptoms as well. Resistant individuals (R bulk) showed no
visual leaf or root symptoms (Figure 1). An unselected bulk was
also sampled which helped to identify allele frequency changes
resulting from selection vs. historical population dynamics
and/or genetic drift.

An average of 259,888,506 reads were generated for each of
the three bulks, representing an average coverage of 80.3X per
sample. The raw reads were trimmed and mapped to the EL10.2
reference genome: 98.1% of bases were retained after filtering
and 95% of reads successfully aligned. The aligned reads were
used to identify sequence variation across the three populations.
A total of 3,235,162 variants were detected, consisting of biallelic,
multi-allelic, and structural variants (SV). Biallelic variation
accounted for 2,812,301 loci (86.93%) of the total variation and
multi-allelic variation accounted for 249,045 (7.70%). Biallelic
and multi allelic variation was further categorized by type,
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EL57 Resistant 

EL57 Susceptible 

FIGURE 1 | Phenotypic selection of EL57 bulks segregating for resistance to
seedling Rhizoctonia.

TABLE 1 | Summary of variant detection.

Number Percent (%)

Total variants 3,235,162 100.00%

Biallelic 2,812,301 86.93%

Multiallelic 249,045 7.70%

Structural variant (SV) 173,816 5.37%

SV insertion 26,837

SV deletion 68,922

SV translocations 78,057

Biallelic 2,812,301 100.00%

Single nucleotide polymorphism (SNP) 1,939,590 68.97%

Insertion 454,829 16.17%

Deletion 186,790 6.64%

Complex substitution 168,053 5.98%

Multi nucleotide polymorphism (MNP) 63,039 2.24%

Population Expected heterozygocity (2pq)

EL57 unselected bulk 0.304

EL57 resistant bulk 0.298

EL57 susceptible bulk 0.305

including insertions, deletions, single nucleotide polymorphisms
(SNP), multi nucleotide polymorphisms (mnp) and complex
substitutions (Table 1). The biallelic variation was used for
statistical analysis due to its ease in estimating allele frequency
and population genomic parameters. Expected heterozygosity
(He) showed the degree of fixation resulting from selection for a
resistance phenotype. A reduction in He was observed between
the unselected (0.304) and the resistant bulk (0.298). He for
the susceptible bulk (0.305) was closer to the unselected bulk
(Table 1). This is consistent with selection pressure applied
and the frequency that resistance was observed in the base
EL57 population. We also found 173,817 SVs (5.37%), which
were subcategorized as insertions (26,837), deletions (68,922),
and putative translocations (78,057) relative to the EL10.2
genome (Table 1).

Selection was investigated across the genome using the
parameters FST and DeltaAF. FST estimated the apportionment
of variation in allele frequency between bulks. The empirical
distribution of FST allowed us to assign significance values (p-
values) to all biallelic loci. At significance levels of p< 0.05, p<
0.01, and p< 0.001. FST values were equal to 0.22, 0.84, and 0.91
respectively. In total, 1,311 loci were detected with significant FST
(p < 0.01). Since FST shows divergence at a single site, it can be
hard to interpret if the divergence is the result of genetic drift
or selection. To address this issue, FST was also calculated in
a sliding window (FST24) which considered 24 adjacent variant
sites as a single entity. This could reduce noise from genetic drift
under the assumption that if selection was acting on a site, linkage
disequilibrium would cause adjacent sites to diverge along with
the causal variant. As expected, the FST24 analysis reduced the
number of significant regions associated with divergence between
the resistant and susceptible bulks (Figure 2 and Table 2).
Divergence between resistant and susceptible bulks, measured
by FST, occurred on all chromosomes but some chromosomes
contained more divergent loci than others. It was also noted that
divergent sites appeared to be within gene rich regions, and not
associated with centromeric or telomeric sequences.

Delta AF was used to test changes in allele frequency
between populations selected for resistance and susceptibility to
rhizoctonia vs. an unselected population. Our expectation for
DeltaAF was that large differences in allele frequency detected
between susceptible and resistant bulk would not be found
between susceptible and unselected bulks, given the frequency
of resistant individuals in the unselected bulk was estimated
at 23%. In terms of significant sites, DeltaAF was a more
stringent statistic. In total, 186 sites were detected as significant,
representing 42 genes. The complete table of all DeltaAF loci
are presented in Supplementary Table 2. Comparisons between
significant loci produced by FST, FST 24, and DeltaAF across the
chromosomes are present in Table 2.

Significant genomic regions were defined by taking all 1311
FST values which passed the significance threshold of 0.84 (p <
0.01) and looking for physical clusters of significant FST values
within 50 kb of a given locus. This produced a list of regions along
the chromosome which were the most diverged between the
resistant and susceptible bulks (Table 3). In total 206 regions were
identified and the size and magnitude of significance for each
region were evaluated. In total 83 of the regions were represented
by only one locus with significant FST . These appeared less likely
to reflect a selective sweep but represent potential functional
variants between pools and may contribute to the phenotype. The
remaining 43 regions were represented by more than a single
locus (3–17 loci) within 50 kb of another significant variant
site. The average size of a significant region was 27,624 bp,
with a range from 3 to 130,093 bp in length. The complete
table with FST values is presented in Supplementary Table 1.
Significant DeltaAF loci were associated with 136 regions across
the chromosome and were determined the same way as FST.

Genes that were associated with significant FST and DeltaAF
values were extracted by using a significance threshold and
determining their physical position relative to gene boundaries
(5′ URT and 3′ UTR) or the upstream promoter sequences,
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FIGURE 2 | Effects of selection on allele frequency across B. vulgaris chromosomes. (A) Distribution of FST 24 and FST (B) Distribution of DeltaAF.

defined as 3 kb flanking the gene. In total, 1,316 loci with high
FST were associated with 206 regions, containing 311 genes. These
could be further subdivided into variants associated with the gene

TABLE 2 | Accumulation of significant loci among chromosomes.

FST (p < 0.01) FST24 (p < 0.01) DeltaAF

Chromosome 1 314 153 37

Chromosome 2 204 18 32

Chromosome 3 145 0 25

Chromosome 4 79 4 13

Chromosome 5 117 26 14

Chromosome 6 50 0 7

Chromosome 7 235 112 48

Chromosome 8 69 0 5

Chromosome 9 103 52 5

sequences (275) (Supplementary Table 3) and those associated
promoter sequences of genes (36) (Supplementary Table 4).
In total, DeltaAF recovered 42 genes, and 32 were identified
as having high DeltaAF signals within the gene boundaries
(Supplementary Table 5) and 10 were identified in putative
promoter sequence (3 kb flanking the genes) (Supplementary
Table 6). All of the genes associated with Delta AF genes were
found within the larger FST gene set. The total biallelic variant
set was analyzed using SNPeff and produced 56,451 annotations
predicted to have high consequences on gene function. Only
11 of these coincide with loci determined to have significant
FST or DeltaAF.

We combined data from statistical tests for enrichment
(e.g., FST and DeltaAF) with custom visualization tools to
inspect regions of significance with respect to the EL10.2
physical map (Figure 3). A preliminary set of 41 candidate
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TABLE 3 | Comparison of regions derived from FST and Delta AF.

Number of
regions

Genes associated
with regions

Promoters associated
with regions

Average number
of loci in regions

Average size
of region (bp)

FST 206 275 36 6.39 14,998

DeltaAF 136 32 10 1.37 3,559

FIGURE 3 | Visualization of chromosome regions on the basis significant FST (p-value<0.01).

regions was generated based on their proximity and effect of
genetic variation relative to gene models. We queried publicly
available databases and the scientific literature to determine
the functional identity of the candidate genes to prioritize
targets of future research. This analysis revealed 18 genes with
known or putative function in pathogen resistance and six genes
likely involved in cell wall metabolism (Table 4). The pathogen
defense related genes included multiple representatives from
three classes: four chitinases (EL10Ac3g05998, EL10Ac3g06002,
EL10Ac3g06003, EL10Ac3g05996), three putative pathogen-
responsive Ser/Thr receptor kinases (EL10Ac4g07999,
EL10Ac3g06055, EL10Ac3g06056), and two genes involved
in defense-associated volatile ester catabolism (EL10Ac6g14646
and EL10Ac3g05812). The cell wall-related genes included
five metabolic genes (EL10Ac6g13717, EL10Ac6g13257,
EL10Ac5g13023, EL10Ac3g05157, and EL10Ac3g05159) as
well as one Myb-related transcription factor EL10Ac1g00142.
It is noteworthy that the Peroxidase 5 genes EL10Ac3g05157
and EL10Ac3g05159 are likely a single gene with a transposon
inserted into the coding region in the EL10.2 reference genome
(the transposon is recorded as EL10Ac3g05158 “Retrovirus-
related Pol polyprotein from transposon TNT1–94” in the
EL10.2 annotation). Unfortunately, the variant detection strategy
employed in this report cannot determine if this peroxidase
gene is intact in either the resistant or susceptible bulks.
However, the combination of FST, DeltaAF, and visualization
of variant positions was able to generate a plausible candidate
gene list for further investigation. Potential markers and their

significance were reported which could be used for the prediction
of resistance (Table 5). Subsequent rounds of the “Select and
Sequence” strategy would help to validate the markers generated
and inform how genomic prediction might be applied to beet
populations segregating for phenotypes of interest.

DISCUSSION

Identifying the genetic basis of quantitative traits is a
longstanding challenge in crop improvement. In this report, we
used a select and sequence (SnS) approach to identify contrasting
genetic variants between resistant and susceptible bulks drawn
from a synthetic breeding population segregating for resistance
to seedling rhizoctonia infection. Using pooled sequencing,
we estimated population genetic parameters to investigate
fixation (He), genome divergence (FST) and changes in allele
frequency (DeltaAF) resulting from selection and identified
candidate genomic variation underlying Rhizoctonia resistance.
We generated a list of putative candidate genes by visualizing
the population genetic data with respect to the EL10.2 physical
map. The candidate gene list was enriched for genes associated
with pathogen defense and cell—wall biosynthesis, both of
which are plausible components of rhizoctonia resistance.
Additional rounds of selection within the EL57 base population
or the advancement of generations in the presence of divergent
selection could further resolve causal genetic variation and
validate the genetic basis of Rhizoctonia resistance in beet.
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TABLE 4 | Candidate genes derived from FST, DeltaAF and proximity to chromosomal regions of high significance.

Data Chr Gene Scaffold Start Stop Strand Identity

FSTG 1 EL10Ac1g00142 lcl| Scaffold_4 62288988 62293643 − Myb-related protein Zm1
Region 3 EL10Ac3g05118 lcl| Scaffold_7 2505514 2508049 + Mitochondrial metalloendopeptidase OMA1
DAF/FSTG 3 EL10Ac3g05157 lcl| Scaffold_7 2964465 2988432 + Peroxidase 5 {ECO:0000250| UniProtKB:P22195}
Region 3 EL10Ac3g05158 lcl| Scaffold_7 2975394 2980297 − Retrovirus-related Pol polyprotein from transposon

TNT1-94
Region 3 EL10Ac3g05159 lcl| Scaffold_7 2986817 2992340 − Peroxidase 5 {ECO:0000250| UniProtKB:P22195}
FSTG 3 EL10Ac3g05812 lcl| Scaffold_7 11447524 11463930 − Probable carboxylesterase 1
FSTG 3 EL10Ac3g05814 lcl| Scaffold_7 11478272 11491769 + Putative disease resistance protein RGA1
FSTG 3 EL10Ac3g05956 lcl| Scaffold_7 13796358 13808136 − Cytosolic sulfotransferase 15
Region 3 EL10Ac3g05996 lcl| Scaffold_7 14499893 14502240 + Endochitinase CH25
Region 3 EL10Ac3g05998 lcl| Scaffold_7 14524198 14525516 + Endochitinase
Region 3 EL10Ac3g06002 lcl| Scaffold_7 14553565 14555809 + Endochitinase A
FSTG 3 EL10Ac3g06003 lcl| Scaffold_7 14553822 14558536 − Chitinase 9
FSTG 3 EL10Ac3g06012 lcl| Scaffold_7 14703412 14714093 − 3beta-hydroxysteroid-dehydrogenase/decarboxylase

isoform 3
FSTG 3 EL10Ac3g06014 lcl| Scaffold_7 14744397 14756713 − Calreticulin-3
Region 3 EL10Ac3g06055 lcl| Scaffold_7 15643877 15645017 + Wall-associated receptor kinase 1
FSTP 3 EL10Ac3g06056 lcl| Scaffold_7 15666223 15687673 + Wall-associated receptor kinase 2
Region 4 EL10Ac4g07999 lcl| Scaffold_3 6786108 6793448 − Probable leucine-rich repeat receptor-like

serine/threonine-protein kinase At5g15730
Region 5 EL10Ac5g12121 lcl| Scaffold_2 16531411 16538896 + zinc-binding in reverse transcriptase
FSTG 5 EL10Ac5g13023 lcl| Scaffold_2 787508 799504 − Oxysterol-binding protein-related protein 2A
FSTG 6 EL10Ac6g13257 lcl| Scaffold_1 69644352 69648601 − Endo-1,4-beta-xylanase F1
FSTP 6 EL10Ac6g13717 lcl| Scaffold_1 62821741 62829006 + Anthocyanidin 3-O-glucoside 2”-O-glucosyltransferase
NA 6 EL10Ac6g14646 lcl| Scaffold_1 22176769 22179875 − Valencene synthase
FSTG 6 EL10Ac6g15325 lcl| Scaffold_1 7486762 7502133 + transmembrane protein 184A
FSTG 6 EL10Ac6g15331 lcl| Scaffold_1 7409666 7416329 − Probable E3 ubiquitin-protein ligase HERC2
Region 6 EL10Ac6g15568 lcl| Scaffold_1 3124396 3127216 + hypothetical protein
FSTG 8 EL10Ac8g19585 lcl| Scaffold_5 30096389 30106598 + Cationic amino acid transporter 1
FSTG 3 EL10Ac9g21282 lcl| Scaffold_9 41429473 41431399 − Vacuolar amino acid transporter 1
Region 5 EL10As14g24073 lcl| Scaffold_2 14271095 14272339 + Protein SLE2 {ECO:0000303| Ref.3}
FSTP 5 EL10As14g24074 lcl| Scaffold_2 14288341 14294899 + Dynamin-related protein 1E

FSTG, significant FST loci within gene; FSTP, significant FST loci within promoter sequence; DAF, significant DeltaAF loci; Region, gene found within significant region;
NA, gene found within significant region.

SnS experiments using segregating populations provide a
system to study the underlying genetics of polygenic traits as part
of ongoing selection activities within a breeding program. Here
we show how pooled sequencing could be used for discovery
of key genetic variation when applied to polygenic traits within
a population with an extremely broad genetic base. In this
case, Rhizoctonia resistance stored within the synthetic EL57
population was derived from EL51, which can be traced to
FC701 as the likely source (Panella et al., 2015). Significant
signals of divergence as the result of selection were distributed
across the genome indicative of a polygenic trait. This is
consistent with previous reports of trait heritability (Hecker
and Ruppel, 1975). Expected heterozygosity (He) estimated
using all biallelic sites showed a greater level of fixation in
the resistant bulk, suggesting that the genetic background that
conditions resistance to Rhizoctonia could be selected and
identified within a highly heterozygous population. The fact that
only a few resistance sources have been identified even with
considerable effort suggests genome informed approaches may
be key to characterizing the source under study here as well
as identifying new sources for Rhizoctonia resistance in other
diverse populations.

FST and DeltaAF are complementary statistics that were both
able to identify the effects of selection across the genome. DeltaAF
was a more stringent statistic in terms of the number of significant
loci and putative genes detected, as evidenced by all significant
DeltaAF loci appearing as a subset of significant FST loci. It has
been shown that generating a null distribution of allele frequency
in an unselected population is important for separating signal
from noise when detecting selection (Galtier and Duret, 2007).
Therefore, DeltaAF could have an advantage in identifying causal
variation due to its ability to leverage unselected allele frequencies
to further distinguish significant loci resulting from selection,
as opposed to differences resulting from historical population
dynamics or genetic drift.

The final candidate gene list was strongly enriched for disease
resistance genes and cell wall biosynthesis genes, suggesting
complementary mechanisms involved in host resistance. To
better define the genomic background associated with the
putative EL51/FC701 resistance source, we specifically focused
on genes which can explain resistance and are documented in
the literature with known disease resistance functions, such as
pathogen perception, signal transduction and cellular response
to pathogens. The wide array of obvious defense genes such
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TABLE 5 | Marker variation — high consequence (SNPeff), FST, and DeltaAF.

Allele Frequency

Data EL10.2
Scaffold

Position Ref Alt Unseleted Resistant Suceptible FST EL10.1 Gene ID Gene Annotation

SNPeff lcl| Scaffold_1 10,879,102 TGG TGGG 0.00 0.00 1.00 1.00 EL10Ac6g15089 RNA recognition motif. (a.k.a. RRM,
RBD, or RNP domain)

SNPeff lcl| Scaffold_1 26,110,683 CAA CAAA 1.00 0.00 0.92 0.85 EL10Ac6g14526 Zinc finger CCHC domain-containing
protein 8

SNPeff lcl| Scaffold_2 56,034,911 GG GCA 0.88 1.00 0.16 0.72 EL10Ac5g11051 NEP1-interacting protein-like
2;TMhmm_ExpAA:32.25

SNPeff lcl| Scaffold_4 62,342,250 CTC CTTG 1.00 0.00 1.00 1.00 EL10Ac1g00136 Carboxymethylenebutenolidase
homolog

SNPeff lcl| Scaffold_7 52,713,203 TA TGG 0.92 0.00 1.00 1.00 EL10Ac3g07219 Nucleolar protein 10

SNPeff lcl| Scaffold_8 452,635 TT TAGGA 0.88 0.00 0.84 0.72 EL10Ac2g02429 Histidine kinase 5

SNPeff lcl| Scaffold_9 48,328,478 AGA AGGG 0.92 0.00 1.00 1.00 EL10Ac9g21727 Probable receptor-like
serine/threonine-protein kinase
At4g34500;TMhmm_ExpAA:23.97

SNPeff lcl| Scaffold_9 52,891,057 TA TGGC 0.80 0.00 1.00 1.00 EL10Ac9g22099 GATA transcription factor 12

SNPeff lcl| Scaffold_9 53,136,509 GAG GAAC 0.68 1.00 0.16 0.72 EL10Ac9g22117 MADS-box transcription factor 27

DAF/FST lcl| Scaffold_4 63,029,953 C T 0.08 1.00 0.00 1.00 EL10Ac6g15080 Protein FAR-RED ELONGATED
HYPOCOTYL 3

DAF/FST lcl| Scaffold_4 63,029,962 A G 0.08 1.00 0.00 1.00 EL10Ac6g14731 Probable inactive receptor kinase
At5g10020;TMhmm_ExpAA:41.51

DAF/FST lcl| Scaffold_4 53,504,844 T C 0.00 1.00 0.00 1.00 EL10Ac6g14670 Replication factor C subunit 1

DAF/FST lcl| Scaffold_4 40,900,804 TGGGGGGGG GGGGGGGA TGGGGGGGGGG GGGGGGA 0.04 0.96 0.00 0.92 EL10Ac6g14562 Importin-9;TMhmm_ExpAA:27.48

DAF/FST lcl| Scaffold_4 1,904,674 CA AG 0.00 0.84 0.00 0.72 EL10Ac6g13913 Sugar transport protein 14

DAF/FST lcl| Scaffold_4 1,904,696 T A 0.00 0.88 0.00 0.79 EL10Ac5g12073 Putative disease resistance protein
RGA3

DAF/FST lcl| Scaffold_8 2,814,345 A G 0.00 1.00 0.00 1.00 EL10Ac5g12061 Transcription factor MYB39

DAF/FST lcl| Scaffold_8 3,930,082 G A 0.00 0.88 0.00 0.79 EL10Ac5g11572 Metallothionein

DAF/FST lcl| Scaffold_7 1,850,367 A T 0.16 1.00 0.12 0.79 EL10Ac4g08331 Putative ribonuclease H protein
At1g65750

DAF/FST lcl| Scaffold_7 2,965,251 AT ATACAGT 0.00 1.00 0.00 1.00 EL10Ac4g09188 Guanine deaminase

DAF/FST lcl| Scaffold_7 2,965,294 C T 0.00 1.00 0.00 1.00 EL10Ac4g09998 Protein kri1

DAF/FST lcl| Scaffold_7 14,304,193 GAA GA 0.00 1.00 0.00 1.00 EL10Ac1g02366 Heptahelical transmembrane protein
4;TMhmm_ExpAA:151.43

DAF/FST lcl| Scaffold_7 15,181,123 GTAAACTAGTAAC GGCCAG 0.00 1.00 0.00 1.00 EL10Ac1g02366 Heptahelical transmembrane protein
4;TMhmm_ExpAA:151.43

DAF/FST lcl| Scaffold_7 15,643,326 A G 0.08 1.00 0.00 1.00 EL10Ac1g02366 Heptahelical transmembrane protein
4;TMhmm_ExpAA:151.43

DAF/FST lcl| Scaffold_7 15,665,864 G A 0.00 1.00 0.00 1.00 EL10Ac1g01440 Small RNA degrading nuclease 5

DAF/FST lcl| Scaffold_7 15,665,870 GTAAGAAAGTGACAT GTAAGAAAGTGACATA
AGAAAGTGACAT

0.00 1.00 0.00 1.00 EL10Ac1g00071 ABC transporter E family member 2

DAF/FST lcl| Scaffold_7 16,724,330 GGATC AGATT 0.00 1.00 0.00 1.00 EL10Ac1g00071 ABC transporter E family member 2

DAF/FST lcl| Scaffold_7 16,724,391 TATC AATT 0.00 1.00 0.00 1.00 EL10Ac8g18254 BNR repeat-like domain

(Continued)

Frontiers
in

P
lantS

cience
|w

w
w

.frontiersin.org
9

January
2022

|Volum
e

12
|A

rticle
785267

68

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-785267
January

13,2022
Tim

e:10:9
#

10

G
alew

skietal.
H

ostR
esistance

to
S

eedling
R

hizoctonia

TABLE 5 | (Continued)

Allele Frequency

Data EL10.2
Scaffold

Position Ref Alt Unseleted Resistant Suceptible FST EL10.1 Gene ID Gene Annotation

DAF/FST lcl| Scaffold_7 16,724,418 A C 0.00 1.00 0.00 1.00 EL10Ac8g18254 BNR repeat-like domain

DAF/FST lcl| Scaffold_7 25,250,059 AGTGGTTGTGGTTGTG
GTTGTGGTTGTGGTTG
TGGTTGTGGTTGTGGT

TGTGGTTGTGGTTGTGG
TTGTGGTTG

AGTGGTTGTGGTTGTGG
TTGTGGTTGTGGTTGTG
GTTGTGGTTGTGGTTGT

GGTTGTGGTTG

0.08 0.92 0.04 0.78 EL10Ac8g20189 U4/U6.U5 tri-snRNP-associated
protein 2

DAF/FST lcl| Scaffold_7 52,512,965 TG GG 0.00 1.00 0.00 1.00 EL10Ac7g17584 Major allergen Pru ar 1

DAF/FST lcl| Scaffold_3 19,694,86 G A 0.00 1.00 0.04 0.92 EL10Ac3g05987 Lysine–tRNA
ligase;TMhmm_ExpAA:77.60

DAF/FST lcl| Scaffold_3 15,282,274 GGG AAA 0.00 1.00 0.00 1.00 EL10Ac3g06032 Hypothetical
protein;TMhmm_ExpAA:36.46

DAF/FST lcl| Scaffold_3 48,281,437 A C 0.00 1.00 0.00 1.00 EL10Ac3g06055 Wall-associated receptor kinase 1

DAF/FST lcl| Scaffold_3 56,318,571 TTATATATATATATATATATA
TATATATATATATATATATATATA

TATATATATATATATAT

TTATATATATATATATA
TATATATATATAT

0.04 1.00 0.08 0.85 EL10Ac3g06056 Wall-associated receptor kinase
2;TMhmm_ExpAA:46.88

DAF/FST lcl| Scaffold_3 60,769,635 G C 0.00 0.84 0.00 0.72 EL10Ac3g06056 Wall-associated receptor kinase
2;TMhmm_ExpAA:46.88

DAF/FST lcl| Scaffold_2 35,363,747 GTTTTTTTTTTTTTTG GTTTTTTTTTTTTTTTTTTTG 0.16 0.96 0.08 0.78 EL10Ac3g06056 Wall-associated receptor kinase
2;TMhmm_ExpAA:46.88

DAF/FST lcl| Scaffold_2 18,141,331 A T 0.00 1.00 0.00 1.00 EL10Ac3g06056 Wall-associated receptor kinase
2;TMhmm_ExpAA:46.88

DAF/FST lcl| Scaffold_2 17,790,729 T A 0.00 1.00 0.00 1.00 EL10Ac3g06102 Protein FAM136A

DAF/FST lcl| Scaffold_2 15,093,093 C T 0.00 1.00 0.00 1.00 EL10Ac3g06102 Protein FAM136A

DAF/FST lcl| Scaffold_1 54,208,817 AAGGGTTAGGGTTT AAGGGTTAGGGTTAGGGTTT 0.08 1.00 0.08 0.85 EL10Ac3g06102 Protein FAM136A

DAF/FST lcl| Scaffold_1 24,987,470 CGGGGGGGGGGGGT CGGGGGGGGGGGGGGT 0.16 1.00 0.12 0.79 EL10Ac3g06102 Protein FAM136A

DAF/FST lcl| Scaffold_1 21,263,551 TAAAAAG TAAAAAAG 0.00 0.88 0.00 0.79 EL10Ac3g06102 Protein FAM136A

DAF/FST lcl| Scaffold_1 19,398,911 C A 0.00 1.00 0.00 1.00 EL10Ac3g06102 Protein FAM136A

DAF/FST lcl| Scaffold_1 19,217,784 G A 0.00 1.00 0.00 1.00 EL10Ac3g06102 Protein FAM136A

DAF/FST lcl| Scaffold_1 11,698,071 C A 0.12 1.00 0.12 0.79 EL10Ac3g06102 Protein FAM136A

DAF/FST lcl| Scaffold_1 11,468,948 A T 0.00 1.00 0.00 1.00 EL10Ac3g06102 Protein FAM136A

DAF/FST lcl| Scaffold_1 2,848,411 GAA GAAA 0.00 1.00 0.00 1.00 EL10Ac3g05053 Hypothetical protein

DAF/FST lcl| Scaffold_6 33,124,391 AATATATATATATATAT
ATATATATATATA

AATATATATATATATATA
TATATATATATATA

0.00 0.92 0.08 0.71 EL10Ac3g06365 Light-mediated development protein
DET1

DAF/FST lcl| Scaffold_5 61,709,065 GT AC 0.00 1.00 0.00 1.00 EL10Ac3g05157 Peroxidase 5 {ECO:0000250|
UniProtKB:P22195}

DAF/FST lcl| Scaffold_5 61,709,075 G A 0.08 1.00 0.00 1.00 EL10Ac3g05157 Peroxidase 5 {ECO:0000250|
UniProtKB:P22195}

DAF/FST lcl| Scaffold_5 48,904,484 C T 0.00 1.00 0.08 0.85 EL10Ac3g07201 Two-component response regulator
ARR9

DAF/FST lcl| Scaffold_5 42,132,982 C A 0.04 1.00 0.00 1.00 EL10Ac2g02580 Cytochrome b-c1 complex subunit 7

DAF/FST lcl| Scaffold_5 7,244,134 GCC GC 0.08 0.88 0.00 0.79 EL10Ac2g02645 Hypothetical protein

DAF/FST lcl| Scaffold_9 34,647,812 GCTGGACTGGAC GCTGGACTGGACTGGAC 0.12 1.00 0.12 0.79 EL10Ac9g21035 Exosome component 10

DAF/FST lcl| Scaffold_9 45,146,825 G T 0.00 1.00 0.00 1.00 EL10Ac9g21479 Calmodulin-binding transcription
activator 1
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as Ser/Thr kinases, resistance gene analogs, chitinases, and
peroxidases is in line with our expectations of how plants
could defend themselves against a generalist pathogen such
as Rhizoctonia. Other members of the candidate gene list
do not have established roles in plant defense. These are
genes with plausible but speculative roles, such as transcription
factors and putative cell membrane-associated proteins. The
combination of known defense genes along with additional genes
of unknown function provides direction for developing testable
hypotheses regarding the mechanisms of defense. In addition
to genes involved in host-pathogen interactions, variation in
cell wall biosynthesis could make some plants more resistant to
infection. Previous studies have identified seedling resistance in
comparisons between susceptible (USH20) and resistant (EL51)
varieties (Nagendran et al., 2009). Resistant plants showed a
durable resistance including the ability to limit the spread of
infection beyond the epidermis, including maintenance of cell
wall integrity in the presence of pathogen-derived enzymes that
varied with respect to plant age. For this reason, identifying
numerous cell wall-related genes among our significant loci adds
evidence to the importance of cell wall biosynthesis in limiting
Rhizoctonia infection, especially at the seedling stage.

In conclusion, this research provides a genomic perspective to
seedling Rhizoctonia resistance in beets, a complex polygenic trait
with agricultural importance. We think it is a useful exercise to
develop methods and generate lists of candidate genes involved
with important traits in order to validate results and prioritize
candidate variation for functional studies. A better understanding
of the limitations of these experiments and our ability to detect
significant variation is warranted. The detection of PAV in pooled
data is perhaps the most visible limitation of this experiment.
If PAV is causal and not represented in the genomic data then
we rely on linkage, which is not a strength of pooled sequencing
designs. Future experiments should address the ability of pooled
assemblies to represent the genomes of populations under
investigation with respect to PAV, and whether PAV frequency
can be measured. Starting with the best possible catalog of
variants for population genetic parameters represents the highest
degree of resolution for the identification of causal variation.
Select and sequence experiments have the potential to explore
the genetic base of beet through the identification of alleles
in wild material as well as characterize existing germplasm for
agriculturally important traits. Using this approach, beet breeding
programs can simultaneously generate markers and improve the
genetic base of populations using phenotypic selection.
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Root system architecture (RSA) is an important agronomic trait with vital roles in
plant productivity under water stress conditions. A deep and branched root system
may help plants to avoid water stress by enabling them to acquire more water and
nutrient resources. Nevertheless, our knowledge of the genetics and molecular control
mechanisms of RSA is still relatively limited. In this study, we analyzed the transcriptome
response of root tips to water stress in two well-known genotypes of rice: IR64, a
high-yielding lowland genotype, which represents a drought-susceptible and shallow-
rooting genotype; and Azucena, a traditional, upland, drought-tolerant and deep-rooting
genotype. We collected samples from three zones (Z) of root tip: two consecutive 5 mm
sections (Z1 and Z2) and the following next 10 mm section (Z3), which mainly includes
meristematic and maturation regions. Our results showed that Z1 of Azucena was
enriched for genes involved in cell cycle and division and root growth and development
whereas in IR64 root, responses to oxidative stress were strongly enriched. While the
expansion of the lateral root system was used as a strategy by both genotypes when
facing water shortage, it was more pronounced in Azucena. Our results also suggested
that by enhancing meristematic cell wall thickening for insulation purposes as a means
of confronting stress, the sensitive IR64 genotype may have reduced its capacity for
root elongation to extract water from deeper layers of the soil. Furthermore, several
members of gene families such as NAC, AP2/ERF, AUX/IAA, EXPANSIN, WRKY, and
MYB emerged as main players in RSA and drought adaptation. We also found that HSP
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and HSF gene families participated in oxidative stress inhibition in IR64 root tip. Meta-
quantitative trait loci (QTL) analysis revealed that 288 differentially expressed genes were
colocalized with RSA QTLs previously reported under drought and normal conditions.
This finding warrants further research into their possible roles in drought adaptation.
Overall, our analyses presented several major molecular differences between Azucena
and IR64, which may partly explain their differential root growth responses to water
stress. It appears that Azucena avoided water stress through enhancing growth and
root exploration to access water, whereas IR64 might mainly rely on cell insulation to
maintain water and antioxidant system to withstand stress. We identified a large number
of novel RSA and drought associated candidate genes, which should encourage further
exploration of their potential to enhance drought adaptation in rice.

Keywords: rice, root tip, water stress, root system architecture, RNAseq, transcriptome

INTRODUCTION

Rice (Oryza sativa L.) is a staple food for nearly half of the
world’s population (Bhuiyan, 1992). Drought, estimated to affect
a large portion of the world’s rice production (Lesk et al.,
2016), is defined as a decrease in water input into an ecosystem
over time and being sufficient to result in soil water deficit
(Gilbert and Medina, 2016; Abdirad et al., 2020). Water-deficit
stress limits crop growth and development, eventually leading
to a sharp decline in productivity (Michaletti et al., 2018).
Therefore, developing plants capable of tolerating conditions of
water deficit while maintaining a high yield is of great interest
(Salekdeh et al., 2009).

Root system architecture (RSA) is an important agronomic
trait with vital roles in plant adaptation and productivity in water-
limited environments. A deep, thick, and branched root system
may help plants to avoid water stress by enabling them to acquire
more water and nutrient resources (Ye et al., 2018). Deep rooting
is a complex trait affected by growth angle and root length (Araki
et al., 2002; Uga et al., 2013). Other deep-rooting determinants
include root thickness and penetrability, with thicker roots
penetrating deeper through soil-layers (Yu et al., 1995; Zheng
et al., 2000). Also, branched and proliferate rooting, mainly
determined by the number and length of adventitious and lateral
roots (LRs), is considered as an important contributor to water
uptake efficiency under water-deficit conditions (Ye et al., 2018).

From a developmental biological perspective, a developmental
gradient is apparent at the growing root tips from meristematic
to mature zones, with each responding differentially to water
stress and performing specific functions during RSA formation.
The major longitudinal regions of a typical root include: The
meristematic region wherein cell division and cell production
originate; the elongation zone wherein the growing cells elongate
and lose the power of division; the zone of maturation with
completely differentiated cells wherein the root hairs and LRs
initiate and emerge, and specialized tissues are differentiated.

Lowland rice, accounting for 80% of the total rice produced
worldwide, is generally grown under flooded conditions, and
is susceptible to drought due to its shallow root distribution
and limited capacity to extract water from deep soil layers

(Kondo et al., 2003). Upland rice, however, is mainly planted
in unbounded fields without irrigation facilities, and thus by
being exposed to drought has accumulated a relatively greater
morphological and genetic variations contributing to its drought
resistant traits, including the development of deeper roots for
enhanced water uptake (Bernier et al., 2008).

A strategy envisaged to enhance drought resistance in lowland
rice cultivars would be to introduce the deep rooting traits
of the upland rice into the commercial lowland rice cultivars.
Such cultivars would also be better suited to the Alternate
Wetting and Drying irrigation systems, wherein the field is
not continuously flooded. This involves periodic introduction
of unsaturated soil conditions during the growing season, and
has been shown to decrease water demand for irrigation up to
30%, and reduce greenhouse gas emissions without reducing crop
yields (Carrijo et al., 2017).

Progress has been made in detecting large effect quantitative
trait loci (QTL) conferring the ratio of deep roots in rice (Uga
et al., 2011; Lou et al., 2015). The root transcriptomes of the
extreme shallow or deep-rooting genotypes, surveyed under
abiotic stresses have led to the identification of numerous stress-
responsive genes and pathways (Mehra et al., 2016; Singh et al.,
2016; Sinha et al., 2018; Subudhi et al., 2020; Tiwari et al., 2020).
However, our knowledge of the genetics and molecular control
mechanisms of deep rooting in rice is still relatively limited as
only a few genes involved in RSA traits have been identified.
In addition, these studies by applying hydroponic media have
ignored the impact of soil texture on RSA development (Mehra
et al., 2016; Singh et al., 2016; Subudhi et al., 2020; Tiwari
et al., 2020). Furthermore, by using whole roots, the important
signaling events localized to particular areas, such as the root tips,
go undetected. Root tips, by encompassing the root cap, apical
meristem and elongation zones, are considered to be of great
functional significance as these regions determine the fate of root
traits (Uga et al., 2013; Wu et al., 2016).

The integration of RSA Meta-QTLs analysis with
transcriptome profiling may assist in generating a more
reliable list of potential candidate genes involved in RSA. Meta-
analysis of QTLs is a powerful statistical technique for reducing
the confidence interval of QTL position through refining and
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confirming QTL positions on a consensus map via mathematical
models. In Meta-QTL analysis, a number of independent QTL
studies performed across different genetic backgrounds and
environments are combined to determine the number of true
QTLs enabling researchers to reduce the intervals and the
number of candidate genes (Coudert et al., 2010; Comas et al.,
2013; Daryani et al., 2021).

Here we aimed at monitoring the transcriptome response
to water stress of three different root regions in two well-
known genotypes of rice, namely IR64, a high-yielding,
lowland, drought-susceptible, and shallow-rooting genotype, and
Azucena, a traditional, upland, drought-tolerant and deep-
rooting genotype. The transcriptome data were collected from
two consecutive 5 mm sections and the following next 10 mm
section starting from the distal tip, namely Z1–Z3, aimed to be
enriched for undifferentiated, differentiating and differentiated
cells, respectively. Z1, containing meristematic and elongating
cells, is the region of cell division, and elongation, and is enriched
for root traits such as length, thickness and angle. In zones 2
and 3, root tissues are gradually differentiating and enriched for
LR production (Takehisa et al., 2012). We then integrated the
transcriptome data into Meta-QTLs, resulting in identification of
a large number of novel RSA/drought associated candidate genes.

MATERIALS AND METHODS

Sample Preparation
Seeds of two genotypes of rice (Oryza sativa L.), Azucena (a
japonica-type, traditional, upland, and deep-rooting genotype)
and IR64 (an indica-type, cultivated, lowland, and shallow-
rooting genotype) (Yadav et al., 1997; Shashidhar et al.,
1999) were provided by the IRRI International Rice Genebank
Collection in the Philippines. Sterilized seeds were germinated
on water-soaked filter paper, and uniformly sized 7-day-old
seedlings were cultured hydroponically in Yoshida solution
(Yoshida, 1976) at 22–25◦C, relative humidity of 85% and a
photoperiod of 16 h for 2 weeks. Then, 20-day-old seedlings were
transferred to 400 root boxes (two plants in each box) filled with a
mix ratio of 1:1:2 of clay, pit, and sand, respectively (Figure 1A).
The root boxes were made of plexiglass sheets with a thickness
of 5 mm (the root box dimensions: 25 cm × 3 cm × 40 cm
L × W × H) and placed in a greenhouse of ABRII (Agricultural
Biotechnology Research Institute of Iran) (Figures 1A,C). In a
randomized design (100 root boxes and 200 plants per each
treatment), water stress was imposed on 35-day-old plants by
withholding water for 14 days till the level of field capacity was
reduced to 25–35%. The control plants were watered regularly.
Field capacity was measured twice a day during the treatment
period for at least 40 root boxes, randomly (Puértolas et al., 2017).
The Soil moisture of the 40 root boxes were also monitored using
a Soil Moisture Sensor SM150 (Delta-T Devices, Cambridge,
United Kingdom). Relative water content (RWC) of fresh leaves
(the last expanded leaf) was measured 14 days after water
withholding using the following formula (Martinez et al., 2004):
RWC = (FW – DW) 100/(SW – DW) × 100, where FW
corresponds to the leaf fresh weight, DW to the leaf dry weight

(determined after 48 h in an oven at 80◦C), and SW to the
leaf water-saturated weight measured after 24 h of saturation on
deionized water in the dark.

To assay the dry weight, shoots and roots were separated and
dried in an oven at 110◦C for 2 days (Morant-Manceau et al.,
2004). Also, the length of the longest root was measured. The
collected data (six biological replicates) were subjected to analysis
of variance (ANOVA), and the mean differences were compared
using Duncan’s range test at P values ≤ 0.05. All calculations were
performed using SPSS software, version 19.

Fourteen days after stress initiation, crown root tips were
dissected from both well-watered and stressed 50-day-old plants
and were immediately snap-frozen in liquid nitrogen, and then
stored at −80◦C. Root tip samples were collected from three
zones: two consecutive 5 mm sections (Z1 and Z2) and the
following next 10 mm section (Z3) (Figure 1B). Only the root tips
located in one third of the bottom of root boxes, were considered
for sampling. Three biological replicates were considered for each
genotype/zone/condition. Biological replicates were collected on
different dates (12 days) and pooled, separately, to allow for day-
to-day variation within each genotype/zone/condition and other
environmental variables. Approximately root tip sections of 70
plants were pooled as a biological replicate.

Microscopic Analysis
Root samples were cut into small pieces of 2.5 mm (serial
sections), fixed in 4% glutaraldehyde (in PBS buffer), dried under
vacuum for 3 h, shaken for 2 h, washed in PBS buffer (pH 7.2,
100 mM) six times and then kept in PBS buffer at 4◦C overnight.
The fixed samples were post fixed in 1% osmium tetroxide
(OsO4) (in PBS buffer) for 2 h, and washed in PBS buffer and
distilled water, three times each, respectively. Then, they were
dehydrated stepwise in 5, 10, 30, 50, 70, 80, 90, 95, and 100%
acetone for 15 min in each step and then twice in 100% acetone
again for 20 min. Finally, the samples were embedded stepwise
in different mixtures of Spurs resin/100% acetone, 25%/75%,
50%/50%, 75%/25% for 4, 1, and 4 h, respectively, followed by
pure Spurs resin, three times and for 4, 12, and 24 h and oven-
cured at 65◦C for 48 h. For light microscopy, serial semi thin
transverse and longitudinal sections (1–2 µm) were obtained
from resin blocks cutting. Then the sections were mounted
on glass slides, stained with 0.05% methylene blue (w/v), and
observed and recorded with a light microscope (Olympus BX53,
Tokyo, Japan). For transmission electron microscopy (TEM), the
blocks were cut into ultrathin sections of 40–50 nm thick with an
RMC MT-7000 Ultramicrotome (Tucson, AZ, United States) by a
glass knife, and then stained with 2% uranyl acetate and 2% lead
citrate, respectively (Bozzola and Russell, 1999). Ultimately, the
ultrastructural analysis and photography were performed using
a Zeiss EM900 Transmission Electron Microscope (Carl Zeiss,
Oberkochen, Germany).

RNA Extraction, RNA-Seq Library
Construction and Sequencing
A total of 24 root samples were collected for RNAseq profiling
from three different zones of the two contrasting genotypes of
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FIGURE 1 | Root sampling and phenotypic responses of two contrasting rice genotypes, Azucena and IR64, to water stress. (A) Soil-filled root boxes containing rice
plants in the greenhouse; (B) root tip sampling; (C) the root length of IR64 (top panel, IRn and IRs) and Azucena (bottom panel, AZn and AZs) under well-watered
(Left panel, IRn and AZn) and 14-day water withholding (right panel, IRs and AZs) conditions, shown in the transparent root boxes; 14-day-treated root boxes were
watered prior to taking photos for a better resolution; (D) relative water content (RWC); (E) shoot dry weight; (F) root dry weight; and (G) length of the longest root of
two contrasting genotypes of rice, IR64 (IR), the shallow rooting and sensitive genotype and Azucena (AZ), the deep rooting and tolerant genotype, grown in
soil-filled root boxes in response to a 14-day water-deficit stress compared to well-watered samples. Values represent mean ± SE from six independent samples.
The different letters indicate significant difference (p ≤ 0.05) by Duncan’s test. (E) DW, dry weight; IRn, IR64 genotype under normal condition; IRs, IR64 genotype
under water-deficit stress condition; AZn, Azucena genotype under normal condition; AZs, Azucena genotype under water-deficit stress condition.
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rice under two different growth conditions with two independent
biological replicates for each treatment. Total RNA was isolated
from 100 mg root tissue using the Invitrogen TRIzol Reagent
(Thermo Fisher Scientific, Waltham, MA, United States) as
previously described (Mardi et al., 2015).

The RNA was analyzed for quality and concentration
determination using a Nanodrop 2000 spectrophotometer (NP80
NanoPhotometer, IMPLEN, Munich, Germany) and an Agilent
Technologies 2100 Bio Analyzer. All the RNA samples had
A260/A280 nm ratios between 2 and 2.1 and RNA integrity
number (RIN) between 9 and 10.

RNA-Seq Data Processing
RNA-seq (Illumina Hiseq 2500 system with 150-bp paired end
reads, Beijing Genomics Institute, BGI) were performed on
24 samples, and approximately 15–22 million read pairs were
collected for each sample (a total of 70 Gb data). The sequencing
data has been submitted to SRA of NCBI with accession
no. PRJNA716593.

Quality assessment of the raw sequencing reads using
FASTQC tool showed that all data were clean and did not require
trimming. The clean reads were aligned to the O. sativa cv.
Nipponbare (ssp. japonica) reference genome sequences IRGSP
1.01 using Hisat2 (Kim et al., 2015; Pertea et al., 2016). Then,
for assembly, Cufflinks utility (Trapnell et al., 2012) was used on
the Hisat2-generated alignment and the transcriptome assembly
was performed by cuffmerge meta-assembler. The Cuffcompare
utility was used to identify novel transcripts.

Raw read counts were normalized by library size and
accounted for the effect of extremely differentially expressed
genes using the trimmed Mean of the M-values (TMM)
normalization approach (Robinson and Oshlack, 2010) to give
counts per million reads mapped (CPM) values for each gene in
each sample. CPM values were then normalized by gene coding
sequence (CDS) lengths to give fragments per kilo base of exon
per million reads (FPKM) values.

The silent genes were selected where there were no doublet
sets of biological replicates with FPKM values of more than one
in all 24 samples. The expressed genes were detected where at
least both replicates of one doublet set had FPKM values of
more than one. The constitutive, intermediate frequency and low
frequency genes were identified from expressed genes as having
FPKM > 1 in more than 80%, between 20 and 80%, and less
than 20% of samples, respectively. Genes actively expressed in all
replicates of the three zones of one genotype, but not expressed
in the other, were referred to as genotype-specific genes. Similar
approaches were used to determine-zone specific and condition-
specific genes.

Identification of Differentially Expressed
Genes
Genes with differential expression between control and stress
(stress vs. control) were identified for each zone in each genotype
using Cuffdiff (FDR adjusted p-value < 0.05) (Trapnell et al.,
2012), and the fold changes (FC) were calculated for each gene

1https://plants.ensembl.org/info/data/ftp/index.html

in response to stress. Differentially expressed genes (DEGs)
were further classified into different fold-change categories
(i.e., 2 > FC, 4 > FC > 2, 8 > FC > 4, 16 > FC > 8,
FC > 16) considering their directions for upregulation and
downregulation. An upset plot (showing the intersections of
DEGs sets), generated by Upset package in R, was performed
on total DEGs to identify general, zone-specific and genotype-
specific DEGs.

Gene Ontology Enrichment Analysis
Gene Ontology (GO) enrichment analysis was performed using
Cytoscape software (version 3.8.2) with the ClueGO V2.5.7 plug-
in (Bindea et al., 2009). The P-value was calculated by two-sided
hypergeometric tests, and Benjamini–Hochberg adjustment was
used for multiple test correction. GO terms with a P-value < 0.05
were considered significant.

Finding Gene Family Members and
Genes Known to Be Involved in Root
Development
The members of 24 important gene families, NAC domain
transcription factor (TF), APETALA2/Ethylene-Responsive
Factor (AP2/ERF), Auxin/Indole-3-Acetic Acid (Aux/IAA),
auxin response factor (ARF), WRKY TF (WRKY), MYB TF,
MYB-Related TF, EXPANSIN, GRAS TF, late embryogenesis
abundant (LEA) protein, heat-shock protein (HSP), heat shock
factor (HSF) TF, ARID, basic helix-loop-helix (bHLH) TF, basic
leucine zipper (bZIP), lateral organ boundaries domain (LOB),
WUSCHEL-related homeobox (WOX) TF, ethylene insensitive3-
like (EIL) TF, growth-regulating factor (GRF) TF, golden 2-like
(G2-like) TF, TIP, and PIP aquaporins, SWEET, response regulator
(RR), and MADS-box were collected by searching through the
following databases: fun rice genes2, oryza base3, Rapdb4, Rice
phylogenomics5, and uniprot6.

An expanded list of previously reported genes involved in root
elongation, lateral root formation, root growth and development,
and root cell wall biogenesis and modification was also prepared
from the literature and by searching through the same databases
using relevant keywords.

To identify gene family members with significant interactions
between genotypes and conditions, the expression level of
members was extracted from the transcriptome profiling data
followed by the statistical analysis of their expression pattern
using a two-way analysis of variance (ANOVA) for each zone,
separately (p-value cutoff of <0.05).

Quantitative Trait Loci Meta-Analysis
Collection and Projection of Related Quantitative
Trait Loci
Quantitative trait loci controlling rice RSA traits (based on RFLP,
AFLP, SSR, and SNP genetic markers and including the RIL,

2https://funricegenes.github.io/
3https://shigen.nig.ac.jp/rice/oryzabase/
4https://rapdb.dna.affrc.go.jp/
5http://planttfdb.gao-lab.org/index.php
6https://www.uniprot.org
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F2, DH, and NIL populations) were collected from reviewing
of 20 independent experiments that studied two sets of bi-
parental populations: IR64 × Azucena population (8 articles)
and Azucena (the tolerant and deep-rooting genotype) × other
rice genotypes population (12 articles) under drought and
normal conditions. The root traits considered were included
maximum root length (MRL), deep rooting weight (DRW),
root number (RN), root length (RL), root thickness (RTHK),
root volume (RV), root dry weight (RDW), deep rooting ratio
(DRR), root to shoot ratio (RSR), drought stress (DS), root
surface area (RSAr) and root growth angle (RGA). Afterward,
the chromosome number, trait type, proportion of phenotypic
variance explained by the QTL (R2), logarithm of odds ratio
(LOD score), QTL confidence interval (CI), QTL chromosomal
position and population size were also extracted.

A high-density marker integrated genetic map (Daryani et al.,
2021) was used as a reference map for Meta-QTL analysis.
The primary QTLs were projected on the consensus map based
on a simple scaling method using flanking markers. Using a
Gaussian distribution, new confidence intervals of the primary
QTLs were approximated based on their original genetic map
before the QTLs projection on the consensus map. Based on the
population type, the 95% CI for each QTL position was calculated
according to Daryani et al. (2021).

Meta-Analysis and Identification of Candidate Genes
Within the Meta-Quantitative Trait Loci Regions
Applying BioMercator V4.2 (Arcade et al., 2004) contained
algorithms from the MetaQTL software (Sosnowski et al., 2012),
meta-analysis was performed according to the QTL clusters on
each chromosome following QTL projection on the consensus
map for both sets of IR64 × Azucena and Azucena × other rice
genotypes populations, separately).

To identify candidate genes, the flanking markers of the
positional CIs belonged to the extracted Meta-QTLs were applied.
As the reference genome, the genome assembly of cultivated rice
(Oryza sativa L.) was considered (Temnykh et al., 2001)7 and
the flanking markers were mapped. Then, the physical positions
were also calculated. Lastly, the identification of candidate
genes was performed using BioMart data mining tools from
the Ensembl Website Gramene8. A total of 5787 and 3511
genes were obtained for IR64 × Azucena and Azucena × other
rice genotypes populations, respectively which 1047 genes were
common between them. To narrow down the candidate genes,
only the 1047 common genes were considered for integration
with RNAseq data.

Integrating Transcriptome Profiling and
Meta-Quantitative Trait Loci Analysis
The expression level of the 1047 selected candidate genes (see
the pervious section) were extracted from the transcriptome
profiling data for all samples (the genes with FPKM values
less than one in more than 80% of samples were removed)
and their significance was analyzed by a two-way ANOVA

7http://archive.gramene.org/markers/microsat/
8https://plants.ensembl.org/biomart/martview/

for each zone, separately (with a p-value cutoff of < 0.05) to
identify genes with significant interactions between genotypes
and conditions.

Quantitative Real-Time PCR Analysis
Total RNA was extracted as described above. Quantitative real-
time PCR (qRT-PCR) was performed as previously described
(Taheri et al., 2011). Briefly, cDNA was synthesized from 2 µL
of each RNA sample (iScript cDNA Synthesis kit, Bio-Rad). The
sequence information from our RNA-seq data was utilized for
primer design using the Oligo 7.0 software (National Bioscience
Inc., Plymouth, MA, United States), and the primer sequences
were double-checked by IDT-oligo analyzer tool9. The qRT-
PCR with three independent biological replicates was performed
using a LightCycler 96 Real-Time PCR System (Roche Life
Science, Germany) and TB SYBR Premix Ex Taq II based on the
manufacturers’ protocol.

The expression level of each target mRNA and the
housekeeping gene (UBQ) were determined in parallel for each
sample. Results were expressed as the normalized ratio of the
mRNA level of each gene of interest over that of UBQ using
the difference between the threshold cycle values, or 11Ct
method. Ct values for individual target genes were calculated
and the 1Ct average for the housekeeping gene (UBQ) was
treated as an arbitrary constant and used to calculate 11Ct
values for all samples. Three independent biological replicates
were used for qRT-PCR.

RESULTS

Phenotypic Responses of Two
Contrasting Rice Genotypes to Water
Stress
Following exposure to a 14-day water stress treatment, RWC
of the susceptible and shallow-rooting genotype, IR64, dropped
to 72%, while Azucena, the tolerant and deep-rooting genotype,
maintained 80% of its RWC (Figure 1D and Supplementary
Tables S1, S2). A significant reduction in shoot dry weight was
evident in Azucena (24%), and to a greater extent in IR64 (34%)
(Figure 1E and Supplementary Tables S1, S2). Changes in the
root dry weight also showed a similar trend, with 36 and 13%
reduction in IR64 and Azucena, respectively (Figure 1F and
Supplementary Tables S1, S2).

In addition, Azucena had significantly longer roots
compared to IR64 under both control and stress conditions
(Figures 1C,E and Supplementary Tables S1, S2), and
the rates of root elongation induced by water stress were
significantly higher in Azucena (58%) compared to IR64 (23%)
(Supplementary Table S2).

Lateral roots expansion, evident in both genotypes in response
to stress, was more significant in Azucena (Figure 2A). The
number of macroscopic lateral roots was counted along a 30-cm
section (from tip) of the longest crown roots of both genotypes

9https://www.idtdna.com/pages/tools/oligoanalyzer
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FIGURE 2 | Lateral root expansion and structural and ultrastructural studies of Azucena and IR64 root tips in response to water stress. (A) Lateral root expansion in
Azucena and IR64 under normal and stress conditions; Yellow arrows indicate lateral roots. (B) Tissue structural studies of root (zone3) in both genotypes under
normal and stress conditions shows the number of lateral root primordia. (C) Ultrastructural studies of root meristematic cells in both genotypes under normal and
stress conditions shows cell wall thickening in IR64 in response to stress. IRn, IR64 genotype under normal condition; IRs, IR64 genotype under water-stress
condition; AZn, Azucena genotype under normal condition; AZs, Azucena genotype under water-stress condition; Z1, Root Z1; Z2, Root Z2; Z3, Root Z3; CW, cell
wall; N, nucleus; NS, nucleolus; DS, dictyosome; LRP, lateral root primordium.
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under both conditions (Supplementary Figure S1). The number
of lateral roots were increased 4.5 fold in Azucena under water
stress while in IR64 it was only 2.5 fold. Structural studies
revealed different numbers of LR primordia in a 2 mm section
of Z3. Our transverse serial sections showed no LR primordia
in the two genotypes grown under well-watered conditions
(Figure 2B). However, under water stress, LR primordia were
observed in both genotypes with Azucena having a greater
number. These observations may be reflective of the role of LR
growth and development in assisting the tolerant genotypes to
cope with water shortage.

Furthermore, cellular ultrastructural studies of meristematic
root zone (Z1) revealed cell wall thickening of meristematic
cells in IR64 roots, in response to water stress, with no change
in those of Azucena (Figure 2C). Plant cells are surrounded
by plasma membrane and cell wall, with the former appearing
dark, after fixation in osmium tetroxide and staining with uranyl
acetate and lead citrate, due to their lipid structure, and the
latter appearing white due to its polysaccharide content (Alberts,
2018). The very thin cell wall surrounding a typical meristematic
cell makes it barely detectable, as shown in Azucena under both
conditions and IR64 under the normal condition. However, in
IR64 samples exposed to stress, it presented in the form of a white
boundary, possibly indicating an increase in the thickness of the
cell wall (Figure 2C).

Transcriptome Profiling of Root Zones
Under Control and Water Stress
Conditions
RNAseq profiling was performed on three consecutive root tip
zones in the two contrasting genotypes of rice under two different
conditions and approximately 15–22 million read pairs were
obtained for each sample (A total of 452,452,035 read pairs;
Supplementary Table S3 and Supplementary Figure S2). Reads
were aligned to the O. sativa cv. Nipponbare (ssp. japonica)
reference genome sequences IRGSP1.010 using Hisat2 (Kim
et al., 2015). The percentage of mapping rates and unique
mapping rates for all samples were between 94–96% (with an
average of 95.17%) and 84–90% (with an average of 88.57%),
respectively (Supplementary Table S3 and Supplementary
Figure S2). Expression levels for the transcripts were calculated
by quantifying the reads according to the FPKM method
(Trapnell et al., 2010).

A total of 37846 annotated genes were identified, 65% of
which (24742 genes) were actively expressed (FPKM > 1 in at
least two biological replicates of one sample), whereas, about
35% (13104 genes) were not expressed (FPKM = 0) or expressed
at very low levels (1 > FPKM > 0) and thus considered as
silent genes. Among all expressed genes (24742), there was
evidence of expression for 18364 genes (48% of all annotated
genes) in at least 80% of all samples (referred to constitutive
expression), 5580 genes (15% of all annotated genes) in 20–80%
of all samples (intermediate frequency), and 798 genes (2% of all
annotated genes) in less than 20% of all samples (low frequency)

10https://plants.ensembl.org/info/website/ftp/index.html

(Figure 3A). The enriched biological processes (BPs) terms for
the identified gene sets are shown in Supplementary Table S4.

There were 1053 and 1675 genes specifically expressed in
IR64 and Azucena, respectively (referred to genotype specific),
and 1723 and 916 genes expressed specifically in control and
stress conditions, respectively (referred to condition specific). In
the zone-specific category, 661, 250, and 503 genes were only
expressed in Z1, Z2, and Z3, respectively (Figure 3B). These
results suggest substantial differences in expression patterns in
all genotypes, conditions, and the zones examined here. The
enriched BPs terms for these identified gene sets are shown in
Supplementary Table S5.

Principal component analysis (PCA) on the 24742 expressed
genes illustrated the clustering of samples by zones, genotypes
and conditions. Pearson correlation coefficients based on gene
expression levels (FPKMs) between each pair of samples
are shown as a heatmap, indicating the consistency between
biological replicates of each sample (Supplementary Figure S3).
The first two PC dimensions, accounting for 91% of the variation,
was sufficient for clear separation of the genotypes and conditions
(Figure 3C and Supplementary Figure S3). The PCA analysis
clearly presented the distinct expression patterns between stress
and normal conditions. Furthermore, Z1 grouped separately
from Z2 and Z3 (Figure 3C and Supplementary Figure S3).

Differential Expression Analysis
Differentially Expressed Genes Between Control and
Stress Conditions
Differentially expressed genes for each genotype and zone were
identified and the fold change was calculated by dividing the
expression level under stress conditions by control conditions.
An Upset plot was used for visualization of the number of
up- (red boxes) and down- (blue boxes) regulated DEGs across
different genotypes and zones (Figure 3D). The data on DEGs in
Z1, Z2, and Z3 of IR64 and Azucena identified a fraction of nearly
35–45% with modest levels of change (less than twofold change),
while the remainder showed greater levels of change (more than
twofold change) in transcript abundance. Interestingly, about
5–10% of DEGs showed 8- to 16-fold change (Figure 3D).

The intersections of DEGs across these six groups, labeled
C1-C40, indicated their dynamic patterns in different zones
and genotypes, as shown in the vertical bar graph (Figure 3E).
The significantly enriched BPs of eleven important intersections
representing zone-, genotype-, and zone and genotype-specific
responses are shown in bar plots (based on –log10 adjusted
p-values) at the bottom panel (Figure 3F) while the remains
are exhibited in the Supplementary Table S6. The results from
zone and genotype-specific DEGs revealed the enrichment of
different BPs by IR64 and Azucena: In Z1 of Azucena roots
(C07), six BPs were specifically enriched, such as those involved
in cell cycle and division and ATPase activity (Figure 3F).
In IR64 (C04), on the other hand, of the six enriched BPs,
four were related to signaling, and transporting (Figure 3F).
The BPs specifically enriched in Z2 of Azucena (C09) included
peptidyl-proline modification and regulation of mRNA metabolic
processes, while, in Z2 of IR64 (C12) different BPs were enriched
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FIGURE 3 | Transcriptome profiling of Azucena and IR64 root zones under control and water stress conditions and the intersections of DEGs across 6 interaction of
genotypes, zones and conditions. (A) The number of genes not expressed in any sample (the silent group) (FPKM < 1 in none of the doublet sets of replicates),
expressed in less than 20% of samples (Low frequency), expressed in 20–80% of samples (Intermediate frequency), and expressed in more than 80% of samples

(Continued)
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FIGURE 3 | (Constitutive). (B) The number of genes expressed in only one genotype (All replicates of three zones; Genotype specific), one condition (All replicates of
the condition; Condition specific), and one zone (All replicates of the zone; Zone specific). (C) Principal component analysis (PCA) visualization of all 24 samples in a
2D space. PCA were used on Log2 transformed FPKM values of a set of 24742 genes (about 65% of all identified annotated genes) expressed in at least one set of
doublet replicates (FPKM > 1) in this analysis. The color indicates genotype and condition (IRn, IR64 under normal condition; AZn, Azucena under normal condition;
IRs, IR64 under stress condition; AZs, Azucena under stress condition) and the shapes indicates root zones. (D) Horizontal bar graph represents the number of up-
(Red boxes) and down- (Blue boxes) regulated DEGs (FDR adjusted p-value cut-off of ≤ 0.05) based on their fold changes. (E) The intersections of DEGs across the
six gene lists in the vertical bar graph (40 out of 62 intersections presented and the information on the others can be found in Supplementary Table S6). Sections
colored in red/blue depict genes up/down regulated synchronously, while the gray sections are the ones upregulated in one and downregulated in the other and vice
versa. The circles below each bar with black color indicate which sets are in the intersection. (F) The significantly enriched BPs are shown as barplots in the bottom
panel based on their –log10 adjusted p-values. The proportion of gene numbers included in each BP in annotated gene numbers of the cluster (white text) along with
the proportion of total gene numbers included in each BP in annotated gene numbers of the background (yellow text) were mentioned in the bars. IRsnZ1,
expression changes in zone1 of IR64 (Stress vs. Control); IRsnZ2, expression changes in zone2 of IR64 (Stress vs. Control); IRsnZ3, expression changes in zone3 of
IR64 (Stress vs. Control); AZsnZ1, expression changes in zone1 of Azucena (Stress vs. Control); AZsnZ2, expression changes in zone2 of Azucena (Stress vs.
Control); AZsnZ3, expression changes in zone3 of Azucena (Stress vs. Control).

including the regulation of post-embryonic development and
organelle fusion (Figure 3F). Genes specifically expressed in
Z3 of Azucena (C06) corresponded to BPs including cyclin-
dependent protein serine/threonine kinase activity, production of
miRNAs involved in gene silencing, carbohydrate transport and
oxidoreductase activity. In contrast, no significantly enriched BPs
were detected in Z3 of IR64 (C16) (Figure 3F).

To present an overview of data and identify major co-
expressed clusters across both genotypes and all root zones in
response to water stress, a hierarchical clustering was performed
on DEGs based on the fold-change values by complete method
and Euclidean distance measurement (Figure 4). The matrix
was included the FC values of those genes that were DEG in at
least one zone (the non-differentially expressed FC values were
set to zero.). The 11 main clusters (C1–C11) were considered
for GO enrichment analysis. Supplementary Table S7 shows
the significantly enriched GO terms belonged to the clusters 1–
5 and 9–11 (C1–C5 and C9–C11) however, no enriched GO
terms were obtained for the clusters 6, 7, and 8. Interestingly,
the genes belonged to C5 strongly upregulated in zone one of
Azucena, were enriched for generation of precursor metabolites
and energy, electron transport chain, and cell cycle BPs while the
C11 containing genes with upregulation patterns in zone 1 and
2 of IR64 root were enriched for response to water stress and
polysaccharide catabolic process (Supplementary Table S7 and
Figure 4).

Differentially Expressed Genes With a
High Fold Change Between Control and
Stress Conditions
To analyze highly up- and down-regulated DEGs, transcripts
with more than fourfold change between control and stress
conditions were filtered. The filter was applied to all DEG
groups belonging to all three root zones of the two genotypes,
and the values of each list in the other zones and other
genotype were determined. To find the genotype-specific
responsive genes, only those genes with more than fourfold
change differences between genotypes were kept. The collective
list (1440 genes) was clustered based on fold changes in
different zones and genotypes by average linkage method and
Euclidean distance measurement (Figure 5A). We observed
six distinct clusters corresponding to up- or down-regulated

genes in response to stress. Cluster 3 consisted of genes
highly upregulated in Z1 of Azucena, and included a total
of 375 genes, 194 of which had functional annotation
according to rice databases. Interestingly, a total of 40
genes, listed in Figure 5B, are involved in root development
(18 genes) and drought tolerance (22 genes). These were
included genes with important roles in rice RSA, such as
OsbHLH120 (root thickness), OsNAC10 (root thickness and
drought tolerance), OsPHR3 (LR development), PIP1;3/RWC3
(root length and water stress avoidance), OsMADS18 (root
elongation), and OsNLA1 (root length and growth), as well as
those with key roles in enhancing drought tolerance such as
DIP3, CIPK10, CIPK17, CIPK29, OsERF101, OsWRKY11, and
ONAC58/OsNAP.

Gene ontology enrichment analysis was performed on all six
clusters in Figure 5A, and the significant BPs (p-value < 0.05)
are presented in Figure 5C based on their –log10 (p-value).
Interestingly, cluster 3 (C3) containing highly up-regulated genes
in zone 1 of Azucena, was specifically enriched for transcripts
involved in regulation of transcription, and terpenoid, lipid
and monocarboxylic acid metabolic processes, while cluster 1
(C1) containing highly up-regulated genes in zone 1 of IR64,
was specifically enriched for response to oxidative stress and
isoprenoid metabolic process. Response to oxidative stress was
also enriched for cluster 6 (C6), which containing a gene set with
upregulation patterns in all three zones of IR64 but only in zone
1 of Azucena (Figure 5C).

Differentially Expressed Genes Involved
in Root Elongation, Lateral Roots
Expansion and Meristematic Cell Wall
Thickening
The main goal of this study was identification of genes involved
in rice RSA traits. To find more associated candidate genes,
an expand literature review was performed to prepare a list of
related genes reported previously in the research articles and
the rice databases. According to the results of our phenotypic
observations indicating induced root elongation, LR expansion
and meristematic cell wall thickening in response to stress,
three lists of 230, 154, and 581 genes affecting root length,
LR development and cell wall formation and modification,
respectively, were considered for surveying of their expression
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FIGURE 4 | An overview of DEGs and co-expressed clusters across rice genotypes and root zones in response to water stress. Heatmap representing the
hierarchical clustering of DEGs based on the fold-change values (clustering method: complete; clustering distance: euclidean). The color bar depicts the gradient of
fold changes in response to water stress. The matrix was included the FC values of those genes that were DEG in at least one zone (the non-differentially expressed
FC values were set to zero.). The 11 main clusters (C1–C11) were marked. Please see the enriched GO terms belonged to each cluster in Supplementary Table S7.

patterns using our dataset (Supplementary Table S8). Of these,
a total of 186, 113, and 403 genes with FPKM values of more
than one in at least 20% of the samples, respectively, were
selected for further analysis. The two-way ANOVA led to the
identification of interesting DEGs with significant interactions
for genotypes and conditions.

Our phenotypic analysis revealed Azucena roots were longer
than those of IR64 under both well-watered and water-deficit
conditions (Figures 1C,G). In addition, stress-induced increase
in root elongation rate was about 2.5 fold higher in Azucena
than in IR64 (Supplementary Table S2). Out of 186, 34 DEGs
with significant interactions for genotypes and conditions were
detected in Z1, the region including meristematic and elongation
regions responsible for cell division and cell expansion, the two
major determinants in root growth and elongation (Krizek, 2009)
(Supplementary Figure S4A). Among them, 17 DEGs were
upregulated in Azucena (Figure 6A), including OsRBG1, OsRMC,
and OsERF2/OsWR4.

Since Azucena had longer roots than IR64 under both
conditions, to identify DEGs between the two genotypes,
irrespective of the treatment, a t-test analysis was performed on

the genes with insignificant differences according to the ANOVA
analysis. Eleven genes (Supplementary Figure S4B) showed
significant differences (p-value < 0.05) between genotypes under
both normal and stress conditions, of which seven were over-
expressed in the Azucena genotype, including OsDEL1/OsPLL12
and OsDOF7/11 (Figure 6B).

Also, we detected LR expansion in both genotypes in
response to water stress, though to a greater level in Azucena
(Figures 2A,B). The analysis revealed 48 (out of 113) DEGs
(Supplementary Figure S4C) significantly induced (significant
at least in one zone) of which 18 were upregulated in the
Azucena roots (Figure 6C), included OsACS, OsARF16, OsPTR9,
OsMADS27, OsHO1/OsSE5, OsRAA1, and OsAUX/LAX1
(Figure 6C). It is interesting to note that all 18 DEGs were
significantly induced in response to stress in both zones 2 and 3,
enriched for lateral root growth and development (Figure 6C).

Meristematic cell wall thickening was observed in IR64
in response to stress (Figure 2C). Out of a total of 58
DEGs with significant interaction between genotype and
condition in Z1 (Supplementary Figure S4D), 32 genes
were upregulated in IR64 (Figure 6D) including three
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FIGURE 5 | Differentially expressed genes with a high fold change between control and stress conditions in two contrasting genotypes of rice. (A) Heatmap
representing the DEGs with high fold changes (more than fourfold) between control and stress in the six clusters with distinct expression patterns across the three
root zones of two contrasting genotypes of rice. The color bar depicts the gradient of fold changes in response to water stress. (B) Heatmap representing a subset
of 40 genes extracted from cluster 3 with roles in root development and water stress tolerance. (C) BPs enriched in clusters 1–6 (C1–C6). The color bar depicts the
gradient of –log10 (adjusted P-value) where P-value is the significance of individual GO-BPs enriched with each cluster. The proportion of gene numbers included in
each BP in annotated gene numbers of the cluster (on top) along with the proportion of total gene numbers included in each BP in annotated gene numbers of the
background (at bottom) were mentioned in the boxes. IRsnZ1, expression changes in zone1 of IR64 (Stress vs. Control); IRsnZ2, expression changes in zone2 of
IR64 (Stress vs. Control); IRsnZ3, expression changes in zone3 of IR64 (Stress vs. Control); AZsnZ1, expression changes in zone1 of Azucena (Stress vs. Control);
AZsnZ2, expression changes in zone2 of Azucena (Stress vs. Control); AZsnZ3, expression changes in zone3 of Azucena (Stress vs. Control).

members of the CAD gene family (OsCAD3, OsCAD8D,
and OsCAD9) along with OsMYB52/54, OsSUS3, OsPRX1, and
BSH1/OsCYP96B4.

Gene Family Studies Across Contrasting
Genotypes
To maximize the benefit of transcriptome analysis, the expression
pattern of 24 important gene families with roles in RSA growth
and development and drought stress response were further
analyzed including NAC, AP2/ERF, AUX/IAA, EXPANSIN,
WRKY, MYB, MYB-related, ARF, EXPANSIN, GRAS, LEA,
HSP, HSF, ARID, bHLH, bZIP, LOB, WOX, EIL, GRF, G2-
like, TIP and PIP, SWEET, RR, and MADS (Hu et al., 2009;
Dal Santo et al., 2013; Janiak et al., 2016; Yoon et al.,
2020). A complete list of the members, collected by searching
through four databases, along with their IDs, names, and
descriptions is presented in the Supplementary Table S9. By

performing a two-way ANOVA for each zone, separately, we
searched for genes with significant interactions for genotypes
and conditions (at least in one zone). The expression patterns
of DEG members (p-value < 05) in two genotypes in response
to water stress are shown in Supplementary Figures S5–S7.
It should be emphasized that the majority of the 24 families
showed dynamic expression patterns, however, we have focused
on six important families, namely NAC, AP2/ERF, AUX/IAA,
EXPANSIN, WRKY, and MYB, while the information on the
remaining families is shown in Supplementary Figures S6, S7.
These six families are involved in a wide range of BPs such
as plant life cycle, root growth and development and water
deficit tolerance.

Out of the 121, 164, 31, 103, 120, and 56, members detected
of NAC, AP2/ERF, AUX/IAA, WRKY, MYB TF, and EXPANSIN
gene families, respectively, 69, 103, 27, 70, 81, and 39 had FPKM
values of more than one at least in 20% of the samples considered
for two-way ANOVA.
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FIGURE 6 | The expression pattern of DEGs involved in root elongation, LR expansion and meristematic cell wall thickening across two contrasting genotypes under
water stress. (A) Heatmap showing the expression patterns of genes affecting root length and significantly upregulated in Z1 of Azucena roots under stress
conditions. The asterisks indicate significant interactions between genotypes and conditions (p-value cut-off ≤ 0.05) analyzed by a two-way ANOVA test. (B) Genes
affecting root length were expressed at much higher levels (p-value cut-off of ≤0.05, analyzed by t-tests between genotypes in both conditions) in Z1 of Azucena
roots under both conditions compared to IR64. (C) Heatmap showing the expression pattern of genes involved in lateral root formation, growth and development,
induced and upregulated in response to stress only in Azucena root zones. The asterisks indicate significant interactions between genotypes and conditions (p-value
cut-off ≤ 0.05) analyzed by two-way ANOVA test. (D) Heatmap showing the expression pattern of genes involved in cell wall biogenesis and modification induced
and upregulated in Z1 of IR64 roots under stress. The asterisks indicate significant interactions between genotypes and conditions (p-value cut-off ≤ 0.05) analyzed
by two-way ANOVA test. IRnZ1, root Z1 of IR64 under normal condition; IRnZ2, root Z2 of IR64 under normal condition; IRnZ3, root Z3 of IR64 under normal
condition; IRsZ1, root Z1 of IR64 under stress condition; IRsZ2, root Z2 of IR64 under stress condition; IRsZ3, root Z3 of IR64 under stress condition; AZnZ1, root
Z1 of Azucena under normal condition; AZnZ2, root Z2 of Azucena under normal condition; AZnZ3, root Z3 of Azucena under normal condition; AZsZ1, root Z1 of
Azucena under stress condition; AZsZ2, root Z2 of Azucena under stress condition; AZsZ3, root Z3 of Azucena under stress condition.

Of the 33 DEGs identified of the NAC family (Supplementary
Figure S5B), 19 showed significant upregulation in Azucena root
in response to water stress while they did not change significantly
in IR64 (Figure 7A) and included those involved in RSA
development [OsNAC10, OsNAC5, ONAC54 (RIM1), ONAC58
(OsNAP), and ONAC3 (SNAC3)]. Of the 45 DEGs detected
of the AP2/ERF gene family (Supplementary Figure S5A), 16
were upregulated in Azucena in response to water stress, with
no significant changes in IR64 (Figure 7B). The roles of six of
them in water-stress tolerance and rice root development
have previously been reported; OsERF50 (OsDREB6),
OsERF48, OsERF101, OsERF95 (OsSta2), OsERF93/ERF1,
and OsERF2/OsWR. Fourteen members of AUX/IAA gene
family showed differential expression under water stress at
least in one zone (Supplementary Figure S5E). Of these,
a total of 6 indicated significant upregulation under stress
only in the Azucena genotype including OsIAA26, OsIAA2,
OsIAA18, OsIAA20, OsIAA14, and OsIAA24 (Figure 7D). Also,

22 DEGs were detected of WRKY gene family (Supplementary
Figure S5C) in which seven DEGs were upregulated in Azucena
under water stress with no significant changes in IR64. These
include OsWRKY51, OsWRKY72, OsWRKY3, OsWRKY9,
OsWRKY11, OsWRKY28, and OsWRKY62 (Figure 7C). The
analysis led to the identification of 33 DEGs of the MYB TF family
(Supplementary Figure S5F). Six genes (OsMYB12, OsMYB20,
OsDLN31, OsMYB10, OsMYB1/ARM1, and Os01g0685400)
showed significant upregulation in Azucena roots in response
to water stress while they did not change significantly in IR64
(Figure 7F). Thirteen DEGs were detected of the EXPANSIN
gene family (Supplementary Figure S5D). Despite the ten
DEGs downregulated in both genotypes the expression level of 3
members (EXPA2, EXPB11, and EXPA5) only increased only in
Azucena roots, especially in Z1 in response to water stress with
no significant changes in IR64 (Figure 7E).

In addition, our results revealed that the members
of two HSP (heat shock protein) and HSF (heat shock
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FIGURE 7 | Gene family studies across contrasting genotypes in response to water stress. Heatmaps showing the expression pattern of members of (A) NAC,
(B) AP2/ERF, (C) WRKY, (D) AUX/IAA, (E) EXPANSIN, (F) MYB gene families, upregulated in Azucena roots in response to water stress compared to IR64 genotype.
The color bar depicts the gradient of FPKM mean (Z-score) for each sample. The asterisks indicate genes with significant interactions between genotypes and
conditions (p ≤ 0.05) by two-way ANOVA test. IRnZ1, root zone 1 of IR64 under normal condition; IRnZ2, root zone 2 of IR64 under normal condition; IRnZ3, root
zone 3 of IR64 under normal condition; IRsZ1, root zone 1 of IR64 under stress condition; IRsZ2, root zone 2 of IR64 under stress condition; IRsZ3, root zone 3 of
IR64 under stress condition; AZnZ1, root zone 1 of Azucena under normal condition; AZnZ2, root zone 2 of Azucena under normal condition; AZnZ3, root zone 3 of
Azucena under normal condition; AZsZ1, root zone 1 of Azucena under stress condition; AZsZ2, root zone 2 of Azucena under stress condition; AZsZ3, root zone 3
of Azucena under stress condition.

factor) gene families were strongly upregulated in IR64
root in response to water stress, compared to Azucena.
Out of 25 and 39 members detected for HSF and HSP
gene families, respectively, 19 and 24 members showed
significant interactions for genotypes and conditions at
least in one zone. Of these 14 HSF genes (including
OsHSFA2a, OsHSF-16, OsHSFB2b, OsHSFC1b, OsHSFA2c,
OsHSFA3, OsHSFB2a, OsHSFB4a, OsHSFB2c, OsHSFA7,
OsHSFA2d, OsHSFA9, OsHSF15, and OsHSFA2b) and 19 HSP
genes (including OsHSP70-4, OsHSP18.6, OsHSP70CP1,
OsHSP101, OsHSP18.0-CIII, OsHSP90.1, OsHSP17.9B,
OsHSP26, OsHSP74.8, OsctHSP70-1, OsHSP17.3, OsHSP17.7,
OsHSP70CP2, OsHSP90-1, OsHSP16.9C, OsHSP17.9A,
OsHSP24.1, OsHSP16.9A, and OsHSBP2) were significantly
upregulated in IR64, the sensitive and lowland genotype, while
they did not change significantly in Azucena (Supplementary
Figures S7A,B). These results may suggest the important

roles of HSP and HSF families in IR64 to cope with
water-deficit stress.

Collectively, several RSA associated genes were identified
as drought responsive genes in both gene family and root
elongation, LR expansion and meristematic cell wall thickening
studies (from sections “Differentially Expressed Genes Involved
in Root Elongation, Lateral Roots Expansion and Meristematic
Cell Wall Thickening” and “Gene Family Studies Across
Contrasting Genotypes”) which their roles in response to
drought have not been reported yet. For example, we found
two subsets of 17 (OsPHR3, OsMADS18, OsACS, OsARF16,
OsHO1, OsPTR9, OsRAA1, OsRMC, OsDOF11, OsERF2, OsDEL1,
ONAC52/RIM1, OsEXPA2, OsIAA20, OsIAA26, and OsWRKY72)
and 7 (OsCAD3, OsCAD8D, OsCAD9, OsMYB52/54, OsSUS3,
OsPRX1, and BSH1/OsCYP96B4) genes with positive and
negative roles in RSA formation and modification, respectively.
Considering their induction in response to water deficit stress,
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their potential roles in adaptation of rice to water stress needs to
be further investigated.

Integrating Transcriptome Profiling and
Meta-Quantitative Trait Loci Analysis
Many QTLs related to rice RSA traits were identified by
linkage analysis from different populations across different water
conditions, so far, which are valuable resources for integrating
with transcriptome profiling and finding novel candidate genes.
In this study, 20 independent experiments (Supplementary
Table S10 and Figure 8A) based on bi-parental populations
were reviewed included two sets of IR64 × Azucena and
Azucena × other rice genotypes populations (with emphasis
on Azucena, the tolerant and deep-rooting genotype). A total
of 132 QTLs controlling RSA traits under drought and normal
conditions (including 82 and 50 from the two mentioned
population sets, respectively) were collected (Figure 8A and
Supplementary Table S11). The RSA traits included were
MRL, DRW, RN, RL, RTHK, RV, RDW, DRR, RSR, DS,
RSAr, and RGA. Meta-QTL analysis were performed on both
sets of collected QTLs separately. It led to identification of
31 and 23 significant Meta-QTLs with confidence interval
(CI) of 0.11–17.67 cM and 0.055–5.2 cM which were 2.52
and 3.07 times narrower than the mean CI of the original
QTLs for IR64 × Azucena and Azucena × other rice
genotypes populations, respectively. They were located on
all 12 rice chromosomes (Figure 8A and Supplementary
Table S12) and were included a total of 5787 and 3511 genes
(Figure 8B and Supplementary Table S13). Among them,
1047 common genes were detected located on chromosomes
1, 2, 3, 4, 7, and 9. To narrow down the candidate genes,
only the 1047 common genes (Figure 8B), were considered
for integrating with RNAseq data. The locations of these
genes along with the information about the associated Meta-
QTLs are shown in Supplementary Figure S8. A two-way
ANOVA analysis of the expression levels in 1047 common
genes across the two genotypes and two conditions showed
that the expression level of 121, 159, and 130 genes changed
significantly (p < 0.05) in zones 1, 2, and 3, respectively
(Figure 8C and Supplementary Table S14). Of these, some
were common between all three zones while others were
zone-specific. Subsets of 22, 48, 64, and 33 genes overlapped
between all zones, zones 1 and 2, zones 2 and 3, and zones
1 and 3, respectively (Figure 8C). The expression patterns
of the DEGs in Z1 (the region enriched for root traits such
as length, thickness and angle) are shown in Figure 8D,
while those in Z2 and Z3 are shown in Supplementary
Figure S9. In zone one 14, 7, 18, 18, 46, and 18 genes were
differentially expressed in chromosomes 1, 2, 3, 4, 7, and
9, respectively (Figure 8D and Supplementary Figure S8).
These genes, in particular those induced in the tolerant and
deep-rooting genotype Azucena, may represent novel candidate
genes potentially involved in RSA modification and response
to water stress conditions. Some of them had functional
descriptions, while others lacked. For example, in obtained
Meta-QTLs on chromosome 9 (which control DRR trait),

three annotated genes, CYP76L1 (Cytochrome P450 76L1),
OsFbox490 and ACO1, along with a set of six unannotated
genes adjacent to each other (surrounded by orange lines)
were detected which were co-upregulated significantly in
Azucena (Figure 8D).

As shown in Figure 8D, two another co-expressed regions
(surrounded by orange lines) on chromosomes 4 and 7 were
observed upregulated significantly in Z1 of Azucena. They may
be considered as important regions including key candidate genes
involved in RSA traits and tolerance to water stress. Due to
the importance of these regions, their expression patterns were
also examined in zones 2 and 3. The majority of which were
found to be insignificant (Figure 9). Only 2, 3, and 2 genes
on chromosomes 4, 7, and 9, respectively, showed significant
differential expression in zones 2 and 3, while the remainder
were zone 1-specific, the zone enriched for deep-rooting traits
(Figure 9). Collectively, these results may be indicative of the
potential roles of these genes in determining RSA traits.

The co-expressed region on chromosome 4 included a total
of nine genes: Os04g0108300, Os04g0110100 [GO-Molecular
function (MF): carbohydrate binding], Os04g0111500 (GO-
BP: exocytosis and protein transport), PIC22 (resistance
gene analog PIC22/Os04g0111900; GO-BP: defense response;
GO-MF: ADP binding; NB-ARC domain), Os04g0112100
(GO-MF: ADP binding; NB-ARC domain), OsFbox179 (F-
box protein 179/Os04g0113000), Os04g0115200, OsAMI1/2
(Amidase2/Os04g0117900; GO-BP: response to abscisic
acid, IAA biosynthesis; GO-MF: amidase activity), and
Os04g0128300. These genes were extracted by overlaying
Meta-QTL 4.1 (IR64 × Azucena population) and Meta-QTL 4.1
(Azucena × other rice genotypes population) which control the
RDW and RN traits (Figure 9 and Supplementary Figure S8).

The region on chromosome 7 contains the following 8
genes: Os07g0642100 (GO-BP: DNA repair; GO-MF: DNA
binding), Os07g0642600, Os07g0643100 (putative esterase;
GO-MF: hydrolase activity), Os07g0645200, Os07g0648300,
Os07g0649300, Os07g0650100 (transmembrane helix, integral
component of membrane), and Os07g0653900. They were
identified by the overlap between two Meta-QTLs (Meta-QTL
7.4 and 7.4) controlling the RSR and DRW traits (Figure 9 and
Supplementary Figure S8).

Moreover, six genes were included in the region on
chromosome 9, namely Os09g0436000, Os09g0436300,
Os09g0436400, Os09g0436500 (GO-BP: branched-chain amino
acid biosynthesis, isoleucine and valine biosynthesis; GO-MF:
oxidoreductase activity, ketol-acid reductoisomerase activity),
Os09g0437500, and Os09g0442400. This region was obtained
by overlaying of two Meta-QTLs which control DRR traits
(Meta-QTL 9.3 and 9) (Figure 9 and Supplementary Figure S8).

Considering the lack of functional annotation for the majority
of these transcripts, they are reported here as novel candidate
genes potentially involved in RSA modification and response to
water stress conditions.

Validation by qRT-PCR
Technical and biological variations in the data were checked
by performing qRT-PCR of 3 independent biological replicates
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FIGURE 8 | The expression patterns of the genes extracted from integrating transcriptome profiling and Meta-QTL analysis which had significant interactions
between genotypes and conditions. (A) Barplot showing the number of reviewed articles, collected QTLs, and the identified Meta-QTLs across the populations.
(B) Venn diagram for extracted genes belonged to Meta-QTLs identified across the populations and their overlaps. (C) Venn diagram showing the number of genes
with significant interactions (with a p-value cutoff of <0.05) between genotypes and conditions (a two-way ANOVA was performed on 1047 genes detected from the
overlapping of the populations) in three zones and their overlaps. (D) The expression pattern of the DEGs belonged to Z1, on their chromosomal regions; three
subsets of genes on chromosomes 4, 7, and 9 showing co-upregulation in response to water stress in Azucena were surrounded by orange lines. IRnZ1, root Z1 of
IR64 under normal condition; IRsZ1, root Z1 of IR64 under stress condition; AZnZ1, root Z1 of Azucena under normal condition; AZsZ1, root Z1 of Azucena under
stress condition.
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FIGURE 9 | The expression pattern of the co-expressed regions on
chromosome 4, 7, and 9 across all three root zones revealing they are zone
1-specific. Three subsets of genes on chromosomes 4, 7 and 9
co-upregulated in zone 1 of Azucena in response to water stress, and their
expression pattern in Zones 2 and 3. Gray color depicts no significant change
under stress. The genes co-localized with cluster 3 in the Figure 4A (highly
upregulated DEGs in Z1 of Azucena) were labeled as C3. IRn, IR64 under
normal condition; IRs, IR64 under stress condition; AZn, Azucena under
normal condition; AZs, Azucena under stress condition.

on 17 DEGs. These include six genes from integrating Meta-
QTLs and RNAseq data (Os04g0110100, Os07g0650100,
Os07g0637300/OsHRK1/PDK, Os09g0437500, Os07g0591800,
and Os09g0436000), three genes from NAC gene family
(Os11g0126900/OsNAC10, Os07g0566500/ONAC010, and
Os01g0104200/OsNAC16), five genes with a high-fold change
in expression levels (Os07g0605200/OsMAD18, Os02g0139000
/OsPHR3, Os09g0455300/OsbHLH120, Os05g0247100/DIP3,
and Os11g0126900/OsNAC10), and four randomly selected
DEGs (Os01g0757200/OsGA2ox3, Os03g0198600/OsHOX12,
Os08g0499300/OsWRKY30, Os06g0141200/OsZFP1). The
qRT-PCR results were highly consistent with those of RNA
sequencing in all three root zones in both genotypes in response
to water-deficit stress (Figure 10A). The small variations in
Log2FC values are probably due to a combinatorial effect of
biological variation and the different mathematical models

used to calculate expression levels from either qRT-PCR or
RNA-Seq data (Kyndt et al., 2012). Scatter plots showed
simple linear regression, and the R-squared (r2) between
relative expression, based on log2FC obtained by FPKM
values of RNAseq data (X), and the analyzed values from
qRT-PCR (Y) (Figure 10B). The coefficient of variation was 0.79
for all samples.

DISCUSSION

In this study we investigated the transcriptomic response to
water stress of three parts of root tips in two contrasting rice
genotypes; Azucena, with a deep-rooting system, and IR64,
with a shallow-rooting system. The aim of this was to develop
a better understanding of RSA, an important developmental
and agronomic trait with vital roles in plant adaptation and
productivity under water-limited environments.

As expected, Azucena maintained a higher level of leaf
RWC, less reduction in root and shoot dry weight, and
a higher growth rate of roots in response to water stress,
when compared to IR64. The transcriptomics analysis of the
three consecutive root tip zones identified thousands of genes
differentially expressed in the two genotypes under normal
and stress conditions. A major challenge of big data is how
to analyze and translate it into new biological knowledge,
and generate a short list of the most important differentially
expressed genes. Here we discuss several approaches we utilized
to maximize the benefit of transcriptome analysis of root tips in
our contrasting rice genotypes.

Differentially Expressed Genes Between
Control and Stress Conditions:
Differentially Expressed Genes in Z1 of
Azucena Root Are Specifically Enriched
for Root Growth Maintenance Biological
Processes
The results revealed different BPs which were enriched in
zones 1, 2, and 3 of Azucena and IR64. Of great interest
was Z1 of Azucena, as it was the only group enriched for
genes involved in cell cycle and division and ATPase activities
and energy generation. This may suggest intrinsic differences
between Azucena and IR64, used to maintain root growth under
water stress condition. Cell cycle regulation which plays key
roles in maintaining plant growth at times of stress must be
balanced with adoption to dynamic environmental conditions
(Qi and Zhang, 2020). The ATPases extrude protons from cells to
generate an electrochemical proton gradient which has a major
role in providing the energy for physiological functions such
as cell growth (Falhof et al., 2016). Activation of the ATPases
is important in auxin-mediated cell elongation during wheat
embryo development (Rober-Kleber et al., 2003). In Arabidopsis,
auxin induces hypocotyl elongation through phosphorylation
and activation of the ATPases (Takahashi et al., 2012). Also,
ATPase activities are responsible for water maintenance, osmotic
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FIGURE 10 | Validation by qRT-PCR. (A) Validations of selected genes using qRT-PCR in all three root zones of both genotypes, Azucena and IR64, in response to
water stress. Data points are represented as log2fold change values. (B) Linear regression analysis between qRT-PCR and RNA-seq results (R2 = 0.7883) for 17
genes. X-axis numbers represent the log2fold-change values of mRNA-seq results. Y-axis numbers represent the log2fold-change values of qRT-PCR results.

regulation and other adaptive mechanisms under drought stress
(Ober and Sharp, 2003; Liu et al., 2005).

Highly Upregulated Differentially
Expressed Genes in Z1 of Azucena Are
Enriched for Genes Involved in Root
System Architecture Development While
in IR64, Response to Oxidative Stress Is
Enriched
Interestingly, about 2000 DEGs showed more than a fourfold
change in response to stress across different genotypes and
zones, and these clustered in 6 expression groups, labeled

C1 to C6. Among them, C3 included 375 genes highly
upregulated, specifically in Z1 of Azucena. Our GO enrichment
analysis revealed that the C3 group was specifically enriched
for transcripts involved in the regulation of transcription
processes, as well as terpenoid, lipid and monocarboxylic acid
metabolic processes. Terpenoids and their derivatives play
essential roles in plant growth and development, and represent
specialized metabolites mediating environmental adaptation
(Tholl, 2015). Their functions in water stress response have
also been reported (Vaughan et al., 2015; Savoi et al., 2016).
Lipids are important components of cell membranes, and a
change in their composition may help maintain membrane
integrity and preserve cell compartmentation under water
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stress conditions (Gigon et al., 2004). Drought-tolerant plants
have reaction mechanisms to maintain cellular homeostasis
by lipid metabolism, and can regulate metabolic homeostasis
(De Paula et al., 1990).

The C3 cluster was also enriched for genes involved in RSA
development and water stress tolerance. These included the
five key genes OsNAC10, OsbHLH120, OsPHR3, PIP1;3/RWC3,
OsMADS18, and OsNLA1. Rice root-specific overexpression
of OsNAC10 increases root thickness and improves drought
tolerance and grain yield under field drought conditions (Jeong
et al., 2010). OsbHLH120, is known to control root thickness
and length in upland rice genotypes, and is strongly induced
by drought and salt stress (Li et al., 2015). OsPHR3 is involved
in root hair formation. Loss-of-function mutations in OsPHR3
impair root hair growth and elongation (Guo et al., 2015).
Overexpression of PIP1;3/RWC3 in lowland rice exhibited higher
levels of drought avoidance (Lian et al., 2004) and in Arabidopsis
showed longer roots under stress conditions (Mosa et al., 2016).
OsMADS18, strongly expressed in root meristems, causes a
reduction in the number and elongation rate of adventitious root
primordia when mutated (Fornara et al., 2004).

The C3 was also included several key genes involved in
drought adaptation such as DIP3, CIPK10, CIPK17, CIPK29,
OsERF101, OsWRKY11, and ONAC58/OsNAP. DIP3, annotated
as a stress-induced protein, codes for a chitinase III, and is
involved in the regulation of drought stress response in upland
rice (Guo et al., 2013). OsCIPK17 seems to participate in cross-
talk among drought, salt stress and ABA treatment signaling
pathways (Xiang et al., 2007). Rice plants overexpressing
OsERF101, an important positive regulator in the adaptive
response to water stress, are relatively more tolerant toward
water stress (Jin et al., 2018). Overexpression of OsWRKY11
confers heat and drought tolerance in rice seedlings (Wu et al.,
2009), and its ectopic expression induces constitutive expression
of drought-responsive genes in rice (Lee et al., 2018). Finally,
the upregulation of ONAC58/OsNAP in rice in response to
ABA and abiotic stresses, including high salinity, drought and
low temperature, have been reported, and plants overexpressing
ONAC58/OsNAP show enhanced tolerance and improved yield
under drought stress (Chen et al., 2014).

In addition, our result showed that the cluster 1 (C1),
containing genes highly upregulated in zone 1 of IR64, was
enriched for genes involved in oxidative stress response.
Response to oxidative stress was also enriched for cluster 6
(C6) which containing a gene set with upregulation patterns
in all three zones of IR64. An important consequence of water
stress is the closure of stomata which leads limits CO2 fixation
and causes excessive production of reactive oxygen species (Das
and Roychoudhury, 2014). When plants are exposed to water
limitation and dehydration, oxidative or secondary stress occurs,
thereby plants have to adjust their signaling pathways and
metabolisms to ensure their growth and development (Scarpeci
et al., 2008). It appears that IR64 is incapable of avoiding long-
lasting water stress (Uga et al., 2013), shows an oxidative-stressed
status while the upland Azucena genotype is in a water deficit
avoidance stage. The enriched pathways of growth maintenance
along with the increase in root length, observed in Azucena, is in

accordance with the strategy of plants coping with water stress
through root exploration to access water in deeper soil layers
(Gilbert and Medina, 2016). IR64 probably resists water stress by
limiting the growth rate and starting antioxidant system to deal
with excess reactive oxygen species. It has been reported that,
under severe stress, the oxidative stress markers and enzymes
revealed a significant and strong upregulation by drought in IR64
(Melandri et al., 2021). However, there are studies that claimed
that the inefficient antioxidant defense system in IR64 made it
susceptible to water stress (Nahar et al., 2018; Sevanthi et al.,
2021).

To cope with environmental stresses, plants have developed
different adaptive strategies in a genotype-dependent manner
(Rosa et al., 2009). Differential adaptation strategies to water
stress in upland and lowland genotypes of rice have been
previously reported (Xia et al., 2019; Abdirad et al., 2020;
Luo et al., 2020).

Molecular Mechanisms Associated With
Enhanced Root Elongation in Azucena
Under Stress Conditions
Root length, a contributing trait to RSA, strongly fluctuated
between the two genotypes under the two conditions. Azucena
not only had significantly longer roots than did IR64 under
the two conditions, but also an increased rate of root growth
and elongation induced by stress. With the onset of drought
and drying of soil surface, plants capable of accessing water
from deeper layers of soil by expanding their root systems
can adapt more readily to water deficit stress, and maintain
osmotic pressure. Root elongation is an important strategy used
by tolerant genotypes to reach the moist layers of the soil (Comas
et al., 2013). The root apical meristem, along with the elongation
region, are responsible for root elongation, and are located in
zone 1 of the plants in the present study.

Our expression analysis led to the identification of 17 genes
upregulated in Z1 of Azucena including OsRBG1, OsRMC, and
OsERF2/OsWR4. Ectopic expression of OsRBG1, preferentially
expressed in meristematic tissues, increases auxin accumulation
and facilitates crown root development. OsRBG1 overexpression
increases root length, primarily due to elevated cell numbers
rather than cell enlargement. Also, OsRBG1 co-localizes with
microtubules known to be involved in cell division, which may
account for the increase in organ size (Lo et al., 2020). Rice lines
with OsRMC silenced had shorter primary roots and showed
reduced total length of adventitious root (Jiang et al., 2007).
OsRMC-overexpressing rice seedlings under Fe-deficient showed
higher total root length than those of the wild types (Yang et al.,
2013). Finally, OsERF2/OsWR4 is required for the control of
root architecture by regulating the expression of pivotal genes
involved in rice root development. Its mutant lines showed
shorter roots (Xiao et al., 2016).

Moreover, seven over-expressed genes (under both
conditions) were found in the Azucena, including
OsDEL1/OsPLL12 and OsDOF7/11. Elongation of roots
does not occur in transgenic rice seedlings with mutations in
OsDOF7/11 due to a reduced sucrose uptake (Wu et al., 2018).
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OsDEL1/OsPLL12 is expressed predominantly in elongating
tissues and is also involved in the maintenance of normal
cell division. Mutation in OsDEL1/OsPLL12 exhibited a
clear 50% reduction in root length relative to the wild type
(Leng et al., 2017).

Water Stress Enhances Lateral Roots
Formation in Both Genotypes, but More
So in Azucena
It appears that expansion of the LR system is used as a strategy
by both genotypes in facing water shortage, but it is employed to
a greater extent by Azucena. LRs constitute a large proportion of
the root system in total length and number, and are responsible
for the greatest amount of water and nutrient uptake from
the soil (Gowda et al., 2011). LR formation is influenced by
the soil environment, and exhibits a high level of plasticity
(Wangenheim et al., 2020). Proliferative roots have a relatively
high-water uptake efficiency in water deficient soils (Ye et al.,
2018). Although there are few studies on root branching patterns
under abiotic stresses, increased lateral root density in response
to drought has previously been reported in an article examining
11 Egyptian rice genotypes (Hazman and Brown, 2018).

Our transcriptomic approach revealed 18 genes significantly
upregulated in Azucena roots that are related to LR growth and
development, included OsACS, OsARF16, OsPTR9, OsMADS27,
OsHO1/OsSE5, OsRAA1, and OsAUX/LAX1. Interestingly, all
18 DEGs were significantly induced in both zones 2 and 3,
which are enriched for LR growth and development. Rice OsACS
mutants fail to promote LR growth and elongation especially
in response to inorganic phosphate deficiency, however, the
most common morphological changes in response to inorganic
phosphate deficiency was the increase in LR growth (Lee et al.,
2019). Rice ARF16, along with several other genes involved
in auxin biosynthesis and transport, control the phosphate-
dependent LR formation (Shen et al., 2013). OsPTR9, when
overexpressed in transgenic rice, results in promotion of LR
growth and development and enhanced ammonium uptake,
while its mutant lines have a lower number of LRs (Fang
et al., 2013). OsMADS27 strongly induces proliferation and the
length of LRs when overexpressed (Liu et al., 2020) while under
constitutive expression it significantly enhances the formation of
lateral roots in a nitrate-dependent manner (Chen et al., 2018b).
Overexpression of OsHO1/OsSE5 enhances LR formation in rice
(Chen et al., 2012). OsRAA1 is expressed in LR primordia and
the pericycles of the branch zones. Its overexpression led to
longer LRs (Han et al., 2008). OsAUX/LAX1 was upregulated
in Azucena roots in response to stress. In Arabidopsis, auxin
influx via AUX1, and its close homologs LAX1, LAX2 and
LAX3, three transmembrane proteins with a highly conserved
permease activity, participate in LR formation and emergence
(Ugartechea-Chirino et al., 2009).

Cell Wall Thickening in IR64 Under
Stress May Reduce Root Growth
Cell wall thickening occurred in meristematic cells of IR64
roots in response to water stress. Cell wall dynamics and

modifications under abiotic stress are variable depending on
the genotype, the organ, the tissue, and the intensity of the
stress (Le Gall et al., 2015). Cell wall thickening, by granting
further rigidity to the wall, limits water loss. It also promotes
water transport and maintains cell turgor pressure, in addition
to restricting cell movement, elongation and enlargement by
reducing cell wall flexibility (Yamaguchi et al., 2010; Liu et al.,
2018). Thus, by enhancing cell wall thickening for insulation
purposes as a mean of mitigating stress, the sensitive IR64
genotype may have reduced its capacity for root elongation
to extract water from deeper layers of the soil. To strengthen
this hypothesis, a list of genes known to take part in cell wall
growth and development was prepared and their expression
patterns were surveyed in our transcriptomic data. This led
to the identification of 32 genes upregulated in Z1 of IR64
including three members of the CAD gene family (OsCAD3,
OsCAD8D, and OsCAD9) along with OsMYB52/54, OsSUS3,
OsPRX1, and BSH1/OsCYP96B4. CADs are an important group
of enzymes which catalyzed lignin biosynthesis. In particular,
the involvement of OsCAD3 in lignin biosynthesis was recently
reported in loss-of-function mutants with reduced levels of lignin
(Tobias and Chow, 2005; Park et al., 2018). OsMYB52/54, is
a secondary wall-associated gene. Its product acts downstream
from CEF1/OsMYB103L, a master switch that regulates the
regulatory cascade of secondary wall biosynthesis in rice. Loss-
of-function mutation in CEF1/OsMYB103L reduces cellulose
content and decrease thickness of the cell walls (Ye et al., 2015).
OsSUS3 participates in carbon-partitioning regulation for the
direct biosynthesis of cellulose and callose. Overexpression of
OsSUS3 reduces cellulose crystallinity and increases cell wall
polysaccharide deposition and thickness in transgenic rice (Fan
et al., 2020). OsPRX1, a class III peroxidase, catalyzes a variety
of reactions in cell wall formation and modification, including
the cross-linking of structural polysaccharides, oxidative lignin
polymerization, and ROS production, all of which are involved
in modulation of the mechanical properties of cell walls (Passardi
et al., 2004). BSH1/OsCYP96B4 encodes a cytochrome P450
monooxygenase that functions mainly in secondary cell wall
formation and thickening. bsh1 mutants have been shown to
have reduced levels of cell wall components such as cellulose and
xylose (Wang et al., 2016; Jiang et al., 2020).

Members of the NAC, AP2/ERF,
AUX/IAA, EXPANSIN, WRKY, and MYB
Gene Families May Play Important Roles
in Root System Architecture and Drought
Adaptation
Differential expression of members of a gene family across three
root zones of both genotypes under both normal and stress
conditions suggested their potential roles in RSA and drought
adaptation. For example, 19 members of the NAC gene family
were upregulated in Azucena roots in response to stress, five of
which are known to be involved in rice RSA and drought stress
response and tolerance. Overexpression of OsNAC5 (Jeong et al.,
2013) and OsNAC10 (Jeong et al., 2010) in rice roots enlarge
root diameter and enhance drought tolerance and grain yield
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under field conditions. Overexpression of ONAC3 (SNAC3) in
rice enhances tolerance to drought and oxidative stress while
its suppression increases sensitivity to stress (Fang et al., 2015).
ONAC106 plays roles in osmotic stress-responsive signaling and
plant architecture (Sakuraba et al., 2015). Mutation in ONAC54
(OsRIM1) leads to shorter roots in rice (Yoshii et al., 2010).
ONAC58 (OsNAP)-overexpressing rice enhances tolerance to
drought (Chen et al., 2014) and shows longer roots (Zhou et al.,
2013). Downregulation of ONAC58 lead to reduction in root
growth and total root length, and fewer root tips (Lu et al., 2017).

Sixteen members of the AP2/ERF were significantly
upregulated in Azucena in response to stress, among which
six members are known to play roles in water stress tolerance and
rice root development. Overexpression of OsERF50 (OsDREB6,
AP2/EREBP113) increases tolerance to osmotic stress in
transgenic rice, whereas, OsERF50 RNAi knockdown lines are
more sensitive to stress than the wild type (Ke et al., 2014).
Overexpression of OsERF48 produces a longer and denser root
phenotype. Under drought condition the transgenics exhibit
a more vigorous root growth and a higher grain yield (Jung
et al., 2017). The role of OsERF101 in improving rice yield under
drought, and its predominant expression in reproductive tissues
have been reported (Jin et al., 2018) while in the present study
OsERF101 expression was detected in all 3 root zones in both
genotypes and was induced by stress in Azucena. OsERF95
(OsSta2)-overexpressing lines show more tolerance to osmotic
stress (Kumar et al., 2017). OsERF93 (ERF1) is involved in the
induction of RSOsPR10 [root specific Oryza sativa pathogenesis-
related (PR) protein 10] which plays a role in protecting the inner
vascular system in the root during drought stress (Takeuchi et al.,
2011). OsERF2/OsWR4 controls root architecture and affects
primary root growth in rice, and mutant lines of the same gene
have shorter roots (Xiao et al., 2016).

The expression level of three genes EXPA2, EXPB11, and
EXPA5 increased significantly in response to water stress in
Azucena roots. OsEXPA2 has been shown to be linked to a QTL
for seminal root length under water deficit conditions (Yang et al.,
2004). The specific expression of OsEXPA2 in the pericycle in the
root-hair zone and the lateral and adventitious root primordia
has also been reported (Cho and Kende, 1998).

We observed a significant upregulation of 6 members of this
family under stress in Azucena. Of these, OsIAA18 participates
in tolerance against drought stress in rice (Song et al., 2009).
A recent study in rice seedlings revealed OsIAA26 and OsIAA20
functioning in the reduction of inhibitory effects of ethylene on
root growth and elongation (Chen et al., 2018a). OsIAA20 and
OsIAA23 participate in the maintenance of the root quiescent
center during the primary, lateral and crown root development
(Jun et al., 2011).

Six and seven members of MYB and WRKY gene families were
upregulated in the Azucena roots. In rice roots, the expression
of OsWRKY11 is highly upregulated under mild drought stress,
implying a role in drought avoidance (Kakar et al., 2016).
OsWRKY11 may also play a role in stimulating root growth,
enhancing the plants ability to extract water from soil in water
stress condition (Nuruzzaman et al., 2014). A reduction in the
expression level of OsWRKY72 in del1 rice mutants leads to a

reduction in root length and number (Leng et al., 2017). The
constitutive expression of OsWRKY72 in transgenic Arabidopsis
also affects root growth and stress tolerance (Song et al., 2010).
OsWRKY3 has previously been identified as a drought responsive
gene in rice (Berri et al., 2009; Yu et al., 2017).

Our results showed that HSPs and HSFs were specifically
abundant in IR64 root in response to a 14-day water withholding
compared to Azucena. It reveals the important roles of HSP
and HSF families in IR64 adaptive strategies when confronting
water-deficit stress. Plant HSPs as chaperones and HSFs as HSPs’
transcriptional regulators have been identified for playing a
vital role in protecting proteins that might lose their potential
functional conformation during biotic and/or abiotic stress
(Khan et al., 2019). Also, HSPs and HSFs detoxify the reactive
oxygen species by positively regulating the antioxidant enzymatic
system and thus enhance membrane stability when plants face
oxidative stress (Khan et al., 2019). Consequently, HSPs and HSFs
might be considered as the main components of IR64 adaptation
strategy against oxidative stress. A study on chickpea reported
that HSPs were down-regulated in drought-tolerant genotypes
while they were abundant in drought-sensitive genotypes (Sato
and Yokoya, 2008). Theses finding might suggest that HSPs
respond to drought in a genotype specific manner.

Integrating Transcriptome Profiling and
Meta-Quantitative Trait Loci Analysis:
Identification of Novel Root System
Architecture-Associated Candidate
Genes
Many QTLs related to rice RSA traits were identified so far,
including a number of genes which their expressions were not
studied yet under different genotypes and conditions. They may
be valuable resources for integrating with transcriptome profiling
of RSA-contrasted genotypes and finding novel associated
candidate genes. Meta-analysis of QTLs is a powerful statistical
technique for reducing the confidence interval of QTL position
through refining and confirming QTL positions on a consensus
map via mathematical models. In Meta-QTL analysis, a number
of independent QTL studies performed across different genetic
backgrounds and environments, are combined to determine
the number of true QTLs enabling researchers to position
consensus QTLs with a greater precision, and to further reduce
the intervals and the number of candidate genes (Coudert
et al., 2010; Comas et al., 2013; Daryani et al., 2021). QTL
meta-analysis method was initially developed by Goffinet and
Gerber (2000) using maximum likelihood estimation and was
then improved by Veyrieras et al. (2007). The integration of
RSA Meta-QTLs analysis with transcriptome profiling may assist
in generating a more reliable list of potential candidate genes
involved in RSA. In this study, a total of 132 QTLs controlling
RSA traits under drought and normal conditions, including
82 and 50 from IR64 × Azucena and Azucena × other rice
genotypes populations, respectively, were collected and 31 and
23 significant Meta-QTLs were identified according to Daryani
et al. (2021) method. The confidence interval (CI) of the
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identified M-QTLs was obtained as 0.11–17.67 cM and 0.055–
5.2 which were 2.52 and 3.07 times narrower than the mean CI
of the original QTLs belonged to IR64 × Azucena populations
and Azucena × other rice genotypes populations, respectively.
Also, the physical intervals of most of the obtained M-QTLs
(14 M-QTLs and 10 M-QTLs belonged to IR64 × Azucena
populations and Azucena × other rice genotypes populations,
respectively) were below 1 Mb.

To narrow down the candidate genes, only the 1047 common
genes between two sets of populations (see section “Materials and
Methods”) were considered for searching in our transcriptome
data, with 291 of these corresponding to DEGs in our study.
These included 125, 159, and 130 DEGs in zones 1, 2, and 3,
respectively. Some were common between all three zones while
others were zone-specific, some had functional descriptions,
while others lacked functional annotations and thus represent
novel candidates with potential roles in RSA related pathways.

OsACO1, a highly upregulated gene in Z1 of Azucena roots
in response to water stress, was located on meta-QTLs on
chromosome 9 which controls the deep-rooting ratio trait. This
gene is known to be involved in ethylene biosynthesis and salt
stress response. Despite a lack of information on the role of
ACO1 in root traits, its positive role in internode elongation
in rice has been reported (Iwamoto et al., 2010). OsFbox490
(Os09g0449600), an F-box domain protein, was also found
on chromosome 9, upregulated in Z1 of Azucena. A number
of QTLs, related to maximum root length, are associated
with a small region on chromosome 9 in rice. Containing
three genes encoding F-box domain proteins, one Meta-QTL
with a confidence interval of 20 kb were detected on rice
chromosome 9 from resolving 14 QTLs for maximum root length
(Courtois et al., 2009).

Interestingly, genes (adjacent to each other) located on three
regions on chromosomes 4, 7, and 9 showed significant specific
co-upregulation in Z1 of Azucena root. The regions belonged
to the overlapped Meta-QTLs which control several root traits
under drought (chromosome 4: RDW and RN; chromosome 7:
RSR and DRW; chromosome 9: DRR). It was also noteworthy
that only 2, 3 and 2 genes on chromosomes 4, 7, and 9,
respectively, showed differential expression in zones 2 and 3, with
the rest being specific to Z1. Specific expression of these genes in
Z1, encompassing meristematic and elongating cells, reinforces
the hypothesis on their roles in RSA trait determination. For
example, OsAMI1/2, found on chromosome 4, encodes an
enzyme involved in the biosynthesis of indole-3-acetamide to
indole acetic acid. Auxins, as plant root forming hormones,
promote root initiation, growth, development and branching
(Overvoorde et al., 2010). Auxins are also involved in the control
of cell division and elongation in root tips (Takatsuka and
Umeda, 2014). Moreover, the role of OsAMI1/2 in rice root
hair development has also been reported (Wang et al., 2017).
Os09g0436500, which is also located on chromosome 9, which
controls the deep rooting ratio, is involved in the biosynthesis
of isoleucine and valine. Reduction in the rate of isoleucine
biosynthesis has been reported to lead to defects in both cell
division and expansion processes during root development in
Arabidopsis. Reduction in the number of root meristematic cells

and the length of roots and root hairs has also been associated
with mutations in isoleucine biosynthesis genes (Yu et al., 2013).
The lack of functional annotation for the majority of these genes
would represent them as potential novel candidates involved in
RSA modification and response to water stress condition.

It was interesting to note that 17 of the highly
upregulated DEGs in Z1 of Azucena (cluster 3, Figure 5A)
were also co-localized with Meta-QTLs including
Os01g0253800, Os01g0257300 (OsRAA1), Os01g0259966,
Os04g0110100, Os04g0117900 (OsAMI1/2), Os04g0108300,
Os04g0111900 (PIC22), Os04g0113000, Os07g0591700,
Os07g0637300 (OsHRK1/PDK), Os07g0648300, Os07g0650100,
Os07g0594400, Os09g0436000, Os09g0442400, Os09g0447300
(CYP76L1/Cytochrome P450 76L1), and Os09g0437500. The
expression pattern of five of these (Os04g0110100, Os07g0650100,
Os07g0637300, Os09g0437500, and Os09g0436000) was also
confirmed by qRT-PCR. These 17 candidate genes are located
on meta-QTLs of chromosomes 1, 4, 7, and 9, controlling
several root traits under drought stress (chromosome 1: RN,
chromosome 4: RDW and RN; chromosome 7: RSR and DRW;
chromosome 9: DRR).

CONCLUSION

Detailed analyses of the transcriptome responses of three
consecutive root tip zones to water stress in two contrasting
genotypes of rice, IR64 (a susceptible and shallow-rooting
genotype) and Azucena (a tolerant and deep-rooting genotype)
lead to the identification of a number of DEGs and differential
pathways involved in RSA and water stress adaptation. Our
results revealed that Z1 of Azucena was specifically enriched
for genes involved in cell cycle and division while in IR64
root, responses to oxidative stress were strongly enriched. It
may suggest main intrinsic differences between Azucena and
IR64 to maintain root growth under water stress condition.
Also, a number of highly upregulated DEGs were identified
in Z1 of Azucena involved in RSA development and water-
stress adaptation. Our phenotypic analysis revealed that Azucena
not only had significantly longer roots than IR64 under the
two conditions, but also an increased rate of root growth
and elongation induced by stress. It appears that expansion
of the LR system is used as a strategy by both genotypes in
facing water shortage, and to a greater extent by the upland
tolerant genotype Azucena. By enhancing meristematic cell wall
thickening for insulation purposes as a means of confronting
stress, the sensitive IR64 genotype may have reduced its capacity
for root elongation to extract water from deeper layers of the soil.
In this study 28, 18, and 32 DEGs which may be involved in root
elongation, lateral root development and cell wall formation and
modification, respectively, were introduced. Furthermore, several
members of gene families such as NAC, AP2/ERF, AUX/IAA,
EXPANSIN, WRKY, and MYB emerged as main players in RSA
and drought adaptation, while in IR64 root tip, members of
HSP and HSF gene families were enriched. Integrating Meta-
QTL analysis and transcriptome profiling revealed that 288
DEGs were co-localized with RSA QTLs previously reported
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under drought and normal conditions from two bi-parental
populations. Considering the lack of functional annotation for
the majority of these transcripts, they are reported here as novel
candidate genes potentially involved in RSA modification and
response to water stress conditions. We also found three co-
expressed regions on Meta-QTLs on chromosomes 4, 7, and 9
(controlling the RDW and RN, the RSR and DRW, and DRR
traits, respectively) specifically upregulated in Z1 of Azucena
including 9, 7, and 9 genes, respectively. Lastly, it was interesting
to note that 13 of the highly upregulated DEGs in Z1 of Azucena
were also co-localized with Meta-QTLs. This finding warrants
further research into their possible roles in drought adaptation
and RSA. Overall, our analyses presented several major molecular
differences between Azucena and IR64, which may partly explain
their differential root growth responses to water stress. It appears
that Azucena avoided water stress through enhancing growth and
root exploration to access water, whereas IR64 with a shallow
root system might mainly rely on cell insulation and antioxidant
system to resist stress.
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Salt stress is a major factor limiting the growth and yield of soybean (Glycine max).
Wild soybeans (Glycine soja) contain high allelic diversity and beneficial alleles that can
be re-introduced into domesticated soybeans to improve adaption to the environment.
However, very few beneficial alleles have been identified from wild soybean. Here,
we demonstrate that wild soybean is more salt tolerant than cultivated soybean and
examine dehydration responsive element-binding (DREB) family transcription factor
genes to look for advantageous alleles that might improve drought tolerance in cultivated
soybean. Our genome-wide analysis identified 103 DREB genes from the Glycine max
genome. By combined RNA-sequencing and population genetics of wild, landrace,
and cultivated soybean accessions, we show that the natural variation in DREB3a and
DREB3b is related to differences in salt tolerance in soybean accessions. Interestingly,
DREB3b, but not DREB3a, appears to have undergone artificial selection. Soybean
plants carrying the wild soybean DREB3b allele (DREB3b39Del) are more salt tolerant
than those containing the reference genome allele (DREB3bRef ). Together, our results
suggest that the loss of the DREB3b39Del allele through domestication of cultivated
soybean may be associated with a reduction in salt tolerance. Our findings provide
crucial information for improving salt tolerance in soybean through molecular breeding.

Keywords: artificial selection, DREB, natural variation, salt tolerance, cultivated soybean, wild soybean

INTRODUCTION

High salt levels in soil cause stress that affects plant growth and salinization of farmland restricts
global agricultural production (Flowers, 2004; Munns and Tester, 2008; Ondrasek et al., 2011).
Soil salinization is exacerbated by natural and human activities, including irrigation (Munns et al.,
2020). Under salt stress, plants experience dehydration, metabolic toxicity, nutrient deficiencies,
and membrane dysfunction, leading to tissue damage and early senescence (Essah et al., 2003). To
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adapt to various environmental stresses, plants have evolved
many complexes signaling networks, and the molecular basis of
these pathways is currently being studied (Zhu, 2001).

Soybean [Glycine max (L.) Merr.] is an economically
important crop for oil and protein (Graham and Vance, 2003).
It is classified as a moderately salt-sensitive crop; under salt
stress, soybean yields may be reduced by up to 40% (Papiernik
et al., 2005; Munns and Tester, 2008). Moreover, soybean
cultivars show variation in their salt sensitivity: under saline
conditions, salt-sensitive cultivars have a 37% decrease in yield
compared with salt-tolerant cultivars (Parker et al., 1983). This
natural variation in salt tolerance provides opportunities to
increase soybean production under saline conditions (Guan et al.,
2014; Qi et al., 2014). However, few salt-tolerant variants have
been identified (Guan et al., 2014; Qi et al., 2014). This lack
of knowledge has greatly inhibited attempts to improve salt
tolerance in crops.

Cultivated soybean was domesticated from its wild
counterpart Glycine soja Sieb. & Zucc. 6,000–9,000 years ago
(Hymowitz, 1970; Carter et al., 2004). Due to artificial selection
and population/genetic bottlenecks, cultivated soybeans have
much lower genetic diversity than their wild relative (Hyten et al.,
2006; Lam et al., 2010). This reduced variation may have led to
the loss of some genes or alleles that are important for adapting
to different environments. Therefore, wild soybean, with its
high allelic diversity, may be a good source for beneficial alleles
that can be re-introduced into domesticated soybean cultivars
through breeding.

The dehydration responsive element-binding (DREB) family
is a subgroup of the APETALA2/ethylene-responsive factor
(AP2/ERF) transcription factor (TF) superfamily; in multiple
plants, DREB genes respond to a wide variety of abiotic stresses,
such as drought, high salt, cold, and heat (Xu et al., 2011; Kudo
et al., 2017; Ali and Hadi, 2018; Eckardt, 2019). Some DREBs
are involved in the salt stress response in soybean (Gao et al.,
2005; Li et al., 2005; Chen et al., 2007). However, the variation in
the DREB family in wild soybean remains to be explored. To fill
this gap, we combined genome-wide analysis, association studies,
population genetics, and RNA-sequencing to identify candidate
causal DREB genes for salt tolerance. Our results show that
DREB3b contributes to salt tolerance and may have undergone
natural and artificial selection. In addition, the DREB3b39Del

allele from wild soybean improves salt tolerance compared to
the DREB3bRef allele from cultivated soybean. The identification
of these DREB3b alleles provides important information for
improving the yield of soybean and other crops.

MATERIALS AND METHODS

Plant Materials, Salt Treatment, and
Primers
The soybean cultivar Williams 82 (W82) and 424 soybean
varieties (Lu et al., 2020) were used in this study. 424 soybean
accessions were grown in a greenhouse using vermiculite as
the growth medium, and maintained at 25◦C and 70% relative
humidity with a 16 h light/8 h dark. Fifteen days after planting,

seedlings at the first-node stage (V1; Fehr et al., 1971) were
subjected to 200 mM NaCl treatment. After being treated
for 2 weeks, salt tolerance index was determined with two
independent experiments. Briefly, five to eight plants of each
accession in each replication were scored for salt tolerance. A salt-
tolerance rating for each of the accession was assigned by the
respective level of leaf chlorosis (Liu et al., 2020). The salt-
tolerance ratings ranged on a scale from 1 (normal green leaves)
to 5 (complete death). All primers used for vector construction,
PCR, and quantitative reverse transcription (qRT)-PCR assays for
all target genes are listed in Supplementary Table 3.

Identification and Bioinformatic Analysis
of DREB Genes in Soybean Genome
The soybean genome in Phytozome1 was used to identify all
members of DREB family genes. A database search was carried
out against all the genome-coded soybean proteins with the
BLASTP program (E-value < 1e–20 and coverage >75%) in
TBtools (Chen et al., 2020) using 56 full-length amino acid
sequences of DREB homologs from A. thaliana (Sakuma et al.,
2002). Multiple alignment of the protein sequences of 159
DREB genes (56 from A. thaliana and 103 from soybean) were
aligned by ClustalW. A neighbor-joining phylogenetic tree was
generated using MEGA_X with bootstrap repeated 1,000 times.
The expression data of 103 DREB genes in different tissues
(leaf, stem, root, flower, seed, pod, and cotyledon) of soybean
were obtained from RNA-seq database (Machado et al., 2020).2

Location ofDREB genes was visualized using the soybean genome
generic feature format (.gff) using TBtools.

RNA Extraction, Transcriptome
Sequencing, and Quantitative Reverse
Transcription–PCR
For RNA-sequencing, the W82 seedlings were grown in a growth
chamber maintained at 25◦C and 70% relative humidity with
a 16-h light/8-h dark. Fifteen days after planting, seedlings
at the first-node stage (V1; Fehr et al., 1971) were subjected
to 200 mM NaCl treatment. The control plants were treated
with water. After being treated for 2 weeks, total RNA was
isolated using TRIzol reagent kit (Invitrogen, Carlsbad, CA,
United States). cDNA synthesis was conducted using an M-MLV
reverse transcriptase kit (Takara, Dalian, China) according to
the manufacturer’s protocol. The cDNA fragments were purified
using a QiaQuick PCR extraction kit, and ligated to Illumina
sequencing adapters. The ligation products were size-selected by
agarose gel electrophoresis, PCR amplified, and sequenced using
an Illumina HiSeq 2500 system by Gene Denovo Biotechnology
Co. (Guangzhou, China).

Haplotype Network Construction
The full-length coding sequence of DREB3a and DREB3b in 1295
soybean accessions were retrieved from the 1295 resequencing
data (Lu et al., 2020). The resequencing data of 1295 accessions

1https://phytozome.jgi.doe.gov/pz/portal.html
2http://venanciogroup.uenf.br/cgi-bin/gmax_atlas/index.cgi
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were deposited into the NCBI database under accession number
PRJNA394629, and the GSA database in BIG Data Center
under accession numbers PRJCA000205 and PRJCA001691.
Only haplotypes found in ≥3 soybean accessions were recorded.
A haplotype network was constructed based on polymorphic
sites of the whole coding sequences of DREB3a and DREB3b
using the Median-Joining method in the NETWORK version
4.6.1.2 software (Fluxus Technology Ltd., Sudbury, Suffolk,
United Kingdom) with data preparation using DNASP version
5 (Librado and Rozas, 2009).

Nucleotide Diversity of DREB3a and
DREB3b
A 20-kb sequence set (Chr01:48411780.48452989 and
Chr15:1392382. . .1433465) centered on the candidate genes
(DREB3a and DREB3b) were obtained from the 1295 soybean
accessions whole-genome dataset. Nucleotide diversity (π) of
each accession was estimated using the script vcftools with
parameters–window-pi 20000–window-pi-step 10000.

Plasmid Construction and Soybean Hairy
Root Transformation
The coding sequence of DREB3b was obtained from W82 and
GDW013 (wild soybean variety) by KOD-Plus-Neo (TOYOBO)
with the primer in Supplementary Table 3. The coding
sequence of DREB3b was cloned into plant expression vector
pCAMBIA3301 with gene-specific primers. Transgenic soybean
hairy roots were generated by Agrobacterium rhizogenes-
mediated transformation as described by Graham et al. (2007)
and Kereszt et al. (2007) with some modifications. The cotyledons
were cut into rough triangles and immediately placed in Petri
dishes containing 0.6% agar medium to keep them moist. The
cut surface was treated with 20 µl A. rhizogenes suspension. The
dishes were sealed with Parafilm and placed in an incubator at
25◦C. Transformed hairy roots were abundant along a callus
ridge on the inoculated cotyledons after approximately 3 weeks.
Overexpression of the target gene in transgenic hairy roots was
tested via quantitative PCR (qPCR) and GUS staining.

Molecular Marker Development
The sequences of the DREB3b39Del allele and DREB3bRef allele
were obtained by sequencing. Primers were designed using
Primer Premier 5.0, with a product size < 200 bp. The InDel
marker was developed on the basis of the variation in DREB3b.
Supplementary Table 3 lists the InDel markers that were
used in this study.

Statistical Analyses
In this study, for 424 accessions phenotypic evaluation, at least
6 individual plants were analyzed. all values were presented as
mean ± s.e.m. and numbers (n) of samples or replicates are
indicated in figure legends. Data were analyzed with GraphPad
Prism 8 (ver. 8.0.1). Significance levels of differences were
calculated by one-tailed, two-sample Student’s t-tests or one-way
ANOVA with GraphPad Prism 8 (ver. 8.0.1).

RESULTS

Genetic Diversity and Salt Tolerance
Index in Soybean Accessions
Owing to “domestication syndrome” through artificial selection
for traits to increase yield, cultivated soybean has lost substantial
genetic diversity (Qiu et al., 2013; Li et al., 2014). Here, we
examined a panel of 424 previously described accessions (Lu
et al., 2020), which comprised 85 wild soybeans, 153 landraces,
and 186 cultivars. To assess the genetic diversity in this panel,
we compared the shapes of the wild, landrace, and cultivated
soybean seeds (Figure 1A) and estimated the number of single-
nucleotide polymorphisms (SNPs) and the nucleotide diversity
across chromosome 1 in the 424 accessions. The number of SNPs
and the nucleotide diversity are lowest in cultivated soybean
and highest in wild soybean (Figures 1B,C). These results are
consistent with a previous preliminary report (Lam et al., 2010).

We also measured the salt tolerance indexes of the 424-
accession panel. Phenotype was evaluated in a growth chamber
at 25◦C, revealing significantly reduced salt tolerance in landrace
and cultivated soybean compared to wild accessions in two
biological replicates (Figures 1D,E). These results suggest that
artificial selection may have had a strong effect on the genetic
diversity in the cultivated soybeans.

Genome-Wide Identification and
Annotation of the DREB Gene Family
The DREB family plays an important role in plant responses
to abiotic stresses (Gao et al., 2005; Chen et al., 2007; Ali and
Hadi, 2018; Eckardt, 2019), so it would be meaningful to identify
the genes encoding DREB TFs in soybean. In this study, 56
Arabidopsis thaliana DREB sequences (Sakuma et al., 2002) were
used as a query to search the soybean database. This identified
103 DREB genes from the Glycine max genome (Supplementary
Table 1), 73 of which have been reported previously (Zhou et al.,
2020b). The DREB genes were distributed on all chromosomes of
soybean, with 8, 3, 4, 5, 6, 8, 4, 3, 4, 5, 7, 7, 8, 9, 3, 2, 8, 2, 5, and
2 DREB genes on chromosome 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12,
13, 14, 15, 16, 17, 18, 19, and 20, respectively (Supplementary
Figure 1). Phylogenetic analyses based on previously reported
Arabidopsis DREB sequences (Sakuma et al., 2002) classified
these genes into six subgroups: 14 genes in A-1 group, 35 genes
in A-2 group, 19 genes in A-3 group, 2 genes in A-4 group, 21
genes in A-5 group, and 12 genes in A-6 group (Figure 2A and
Supplementary Table 1).

Expression Analysis of DREB Genes in
Different Tissues
The transcript levels of 103 DREB genes in different soybean
tissues were analyzed using the Phytozome database.3 The A-
1 subgroup was highly expressed in stem and flower; the A-2
subgroup was highly expressed in root, flower, pod, and leaves;
the A-3 subgroup was highly expressed in stem, root, and flower;
the A-4 subgroup and the A-6 subgroup were highly expressed

3https://phytozome-next.jgi.doe.gov/
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FIGURE 1 | The morphologic characteristics and salt tolerance of wild, landrace and cultivated soybean. (A) The morphologic characteristics of wild, landrace, and
cultivated soybean. (B) Number of SNPs of 424 accessions in chromosome 1 genomic region. (C) Nucleotide diversity of 424 accessions in chromosome 1 genomic
region. (D,E) Comparison of the salt tolerance index of 424 accessions (85 wild soybeans, 153 landraces and 186 improved cultivars); two biological replicates in
greenhouse.

in seed and cotyledon; the A-5 subgroup was highly expressed
in stem (Figure 2B). These data suggest that DREB genes of the
same subgroup may have similar functions, whereas DREB genes
of different subgroups may have functional differentiation.

Expression Analysis of DREB Genes
Under Salinity Stress
As a few DREB genes have been shown to be induced by salinity
stress (Chen et al., 2007, 2009; Zhou et al., 2020a), we asked
whether other DREB family members also control salt tolerance
and whether these homologs could be used in agricultural
applications. We thus performed RNA-sequencing experiments
with three biological replicates, comparing the cultivated soybean
Williams 82 (W82) grown under control conditions (W82-
Water) with W82 treated with 200 mM NaCl for 15 days (W82-
NaCl). The differentially expressed genes (DEGs) were identified
by a pairwise comparison of the transcriptome datasets (W82-
Water vs. W82-NaCl). As expected, the gene expression patterns
were similar between three biological replicates but differed
significantly between the control and salt treatments (Figure 3A).

We identified 24 differentially expressed DREB genes in the
W82-water vs. W82-NaCl comparison. There were nine up-
regulated genes in the A-2 subgroup, one up-regulated gene each
in the A-3 and A-5 subgroups, three up-regulated genes in the
A-6 subgroup, four down-regulated genes in the A-2 and A-3
subgroups, and two down-regulated genes in the A-5 subgroup
(Figures 3B,C and Supplementary Table 2).

The gene structures of the 24 differentially expressed DREB
genes were diagrammed, including the untranslated regions
(UTRs) and the locations of exons and introns (Supplementary

Figure 2). Among the up-regulated DREB genes, nine genes had
no introns and five genes contained one intron (Supplementary
Figure 2A). Among the down-regulated DREB genes, nine
genes had no introns and only one gene contained one intron
(Supplementary Figure 2B). This observation is consistent with
the structural characteristics described by Zhou et al. (2020b).

The Natural Variation of DREB3a and
DREB3b Affects Salt Tolerance
Some DREB genes positively regulate tolerance to abiotic
stress in soybean (Chen et al., 2007, 2009; Zhou et al., 2020a);
therefore, we focused on the 14 up-regulated DREB genes.
To systematically study natural variation of DREB genes, we
investigated the variation of all 14 up-regulated DREB genes
in the 424-accession panel and found that only nine DREB
genes arose through natural variation: Glyma.01G147600,
Glyma.15G018400, Glyma.04G084000, Glyma.08G035000,
Glyma.16G023800, Glyma.09G233800, Glyma.08G137600,
Glyma.12G103100, Glyma.06G301300 (Figures 4A,B and
Supplementary Figures 3–6).

We then measured the salt tolerance indexes of the population
to determine if salt tolerance is associated with any of the
nine genes. After correcting for population structure (at least
ten individual plants were analyzed per accession), two out
of the nine DREB genes were significantly correlated with
the salt tolerance index (p < 0.05): Glyma.01G147600 and
Glyma.15G018400 (Figures 4A,B).

Phylogenetic investigation indicated that Glyma.01G147600
and Glyma.15G018400 are orthologs of DREB3 in other plants.
The two orthologs were thus named DREB3a and DREB3b,
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FIGURE 2 | Phylogenetic tree of the DREB genes of Arabidopsis thaliana and soybean, and gene expression profile of soybean DREB genes in different tissues.
(A) The NJ tree was constructed using MEGA_X based on alignment of a total of 159 DREB proteins, including 56 Arabidopsis DREBs and 103 Glycine max DREBs.
DREB subfamilies are divided into six groups (A-1 to A-6). (B) The normalized microarray expression data of 103 Glycine max DREBs was downloaded from PLEXdb
(http://www.plexdb.org/). The heatmap was produced using TBtools.

respectively (Figure 4C). To determine whether DREB3a and
DREB3b respond to salt stress, we performed qRT-PCR to
examine their expression profiles under salt stress. The results
showed that DREB3a and DREB3b were up-regulated under
salt stress (Figures 4D,E), consistent with RNA-sequencing
data (Figure 3C).

Interestingly, Hap. 2-4 of DREB3a harbored a 15-bp InDel
predicted to insert 5 amino acids, and Hap. 2–3 of DREB3b
lacked a 6-bp InDel predicted to lack 2 amino acids (hereafter
referred to as DREB3a167Ins and DREB3b39Del, respectively).
We then compared the phenotypic differences of the accessions
carrying either the reference genome DREB3a allele (DREB3aRef )
or DREB3a167Ins allele, and the two accessions carrying
either the reference genome DREB3b allele (DREB3bRef ) or
DREB3b39Del allele. The salt tolerance indexes of DREB3a167Ins

and DREB3b39Del allele accessions were significantly higher than
DREB3aRef andDREB3bRef accessions in two biological replicates
(Figures 4F–I). These results strongly suggest that DREB3a and
DREB3b are excellent candidate genes that respond to salt stress.

DREB3b, but Not DREB3a, Has
Undergone Artificial Selection in the
Domestication Process
To gain further insight into the evolutionary history of DREB3a
and DREB3b, we examined the variation in the DREB3a and
DREB3b coding sequences in our previously described collection
of 1295 resequenced accessions (Supplementary Figure 7A), of
which four (Hap. 1, 2, 3, and 4) are described above (Figure 4A),
and identified five haplotypes in DREB3b (Supplementary
Figure 7B), of which three (Hap. 1, 2, 3) are described

above (Figure 4B). The residues of Hap. 2 for both DREB3a
and DREB3b are identical to all other homologs in legume
(Supplementary Figures 8A,B), suggesting that Hap. 2 is
the original haplotype in the soybean species. Median-joining
network analysis of DREB3a showed that Hap. 5 is derived from
Hap. 2, Hap. 1, and Hap. 3 are derived from Hap. 5, and Hap.
4 is derived from Hap. 3 (Supplementary Figure 9A). Median-
joining network analysis of DREB3b showed that Hap. 1, 3, and
5 are derived from Hap. 2, and Hap. 4 is derived from Hap. 3
(Supplementary Figure 9B).

We then analyzed the percentage of DREB3a167Ins and
DREB3b39Del alleles in 1295 resequenced soybean accessions.
Surprisingly, the most common allele DREB3bRef was present in
the vast majority of improved cultivars (507/515) and in most
landraces (418/485) (Figure 5A), indicating that the DREB3bRef
allele is nearly fixed in the landrace population. This dramatic
increase of the DREB3bRef allele in the soybean population
indicates that the DREB3bRef allele might have been under strong
artificial selection during domestication.

To examine whether selection has acted on DREB3bRef ,
we analyzed the nucleotide diversity of the 20-kb region
flanking DREB3bRef in domesticated and wild soybean lines.
Landraces carrying the DREB3b39Del allele retained 84.16% of
the nucleotide diversity of their wild counterparts, and improved
cultivars retained 47.38% of the nucleotide diversity of landraces
(Figure 5C). Whereas, landraces carrying the DREB3bRef allele
retained only 33.77% of the nucleotide diversity of wild lines,
and improved cultivars retained only 2.18% of the nucleotide
diversity of landraces (Figure 5C). We identified strong evidence
of selection in a region of 380 kb around the DREB3b gene
(Figure 5D). These results suggest that the DREB3bRef allele

Frontiers in Plant Science | www.frontiersin.org 5 March 2022 | Volume 13 | Article 821647103

http://www.plexdb.org/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-13-821647 February 28, 2022 Time: 18:53 # 6

Hou et al. DREB3b Improves Salt Tolerance in Soybean

FIGURE 3 | Identification of differentially expressed DREB genes in NaCl-treated W82 vs. mock treated. (A) Heat map of differentially expressed genes in W82-Water
and W82-NaCl; n = 3 for each group. Relative transcript level is indicated on a color scale from purple (high) to blue (low). (B) Overlap between W82-Water,
W82-NaCl and DREB genes. (C) Heat map of differentially expressed 24 DREB genes under NaCl treatment.

was targeted by selection, thereby causing its rapid accumulation
in domesticated soybeans. This is also supported by similar
negative values of Tajima’s D statistic for DREB3b in domesticated
soybeans (Supplementary Table 5), indicating that DREB3b (and
in particular the DREB3bRef allele) experienced selection during
the transition from wild soybean to landrace.

Given that salt tolerance is not considered a soybean
domestication trait, it is not clear why DREB3bRef was selected
during early domestication. We propose that the DREB3b
region is a hotspot for many domestication and agronomic
traits. Consistent with expectation, the DREB3bRef allele

improves flowering, increases seed size, and decreases plant
height relative to the DREB3b39Del allele (Supplementary
Figures 10A–C). Therefore, DREB3bRef may have been
selected for an effect on flowering time, seed size and plant
height, and the change in salt tolerance was a correlated
response. Considering the enrichment of the DREB3b39Del

allele in wild soybeans, and the higher salt tolerance
index of the DREB3b39Del allele compared to that of the
DREB3bRef allele, the DREB3b39Del allele may be undergoing
strong natural selection to facilitate the response of wild
soybeans to salt stress.
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FIGURE 4 | Natural variation of DREB3a and DREB3b are significantly associated with the salt tolerance. (A) Boxplots for salt tolerance index based on the
haplotypes of Glyma.01G147600 among 424 soybean accessions. The Glyma.01G147600 haplotypes (Hap1–Hap4) were categorized by the four significant
variants. (B) Boxplots for salt tolerance index based on the haplotypes of Glyma.15G018400 among 424 soybean accessions. The Glyma.15G018400 haplotypes
(Hap1–Hap3) were categorized by the two significant variants. The experiment was performed using two biological replicates in (A,B). The same lowercase letters
above the histogram bars in (A,B) denote non-significant differences across the two panels (P > 0.05). One-way ANOVA was used to generate the P-values.
(C) Phylogenetic tree of DREB proteins in plants. Red indicates DREB3a and DREB3b protein. (D) The transcription levels of DREB3a under salt stress (200 mM
NaCl). (E) The transcript levels of DREB3b under salt stress (200 mM NaCl). All data were given as mean ± s.e.m. (n = 3 biological replicates). (F,G) GmDREB3aRef

and DREB3a167Ins alleles associated with salt tolerance index. (H,I) DREB3bRef and DREB3b39Del alleles associated with salt tolerance index. One-tailed Student’s
t-test was used to generate the P-values in (D–I).

For DREB3a, the DREB3aRef allele was the most abundant
in landraces (274/360) and in improved cultivars (230/401)
(Figure 5A). However, landraces carrying the DREB3a167Ins

allele retained 30.08% of the nucleotide diversity of their wild
counterparts, and improved cultivars retained 18.90% of the

nucleotide diversity of landraces (Figure 5B). Whereas, landraces
carrying DREB3aRef allele retained 29.22% of the nucleotide
diversity of wild, and cultivated retained 33.05% of the nucleotide
diversity of landraces (Figure 5B). We identified no strong
evidence of selection in a region of the DREB3a gene (Figure 5D,
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FIGURE 5 | DREB3b underwent artificial selection but DREB3a did not. (A) Proportions of DREB3a and DREB3b alleles and their co-occurrence with each of the
three germplasm groups (wild, landrace, and cultivar). (B) Nucleotide diversity analysis of the region surrounding DREB3a in wild, landrace, and cultivated soybean.
(C) Nucleotide diversity analysis of the region surrounding DREB3b in wild, landrace, and cultivated soybean. (D) Selective sweep in the 380-kb DREB3b genomic
region.

Supplementary Figure 11, and Supplementary Table 5). This
implies that DREB3b, but not DREB3a, has undergone artificial
selection during in the domestication process.

DREB3b39Del Enhances Salt Tolerance in
Soybean
We next focused on the function of DREB3b. To further
characterize the potential contribution of DREB3b to
salt tolerance in different soybean varieties, we generated
DREB3bRef -overexpressing and DREB3b39Del-overexpressing
transgenic soybean hairy roots by high-efficiency A. rhizogenes-
mediated transformation (Graham et al., 2007; Kereszt et al.,

2007). We examined the DREB3bRef -overexpressing and
DREB3b39Del-overexpressing transgenic hairy roots by GUS
staining and qRT-PCR (Figures 6A,B). Under normal conditions
(0 mM NaCl), all soybean hairy roots grew well, with no
noticeable difference (Figure 6C). Under 100 mM NaCl
stress, the average root length of DREB3b39Del-overexpressing
soybean hairy roots was much longer than that of DREB3bRef -
overexpressing transgenic hairy roots and much longer than that
of non-transgenic hairy roots (Figures 6C,D).

Many positive and negative regulators of salt tolerance in
soybean have been identified (Zhou et al., 2008; Wang et al., 2015;
Shi et al., 2018; Li et al., 2019). To test whether DREB3b can
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FIGURE 6 | DREB3b39Del improves salt tolerance more than DREB3bRef in transgenic soybean hairy roots. (A) Schematic diagram of overexpression vector and
GUS staining of overexpressing DREB3b39Ref and DREB3b39Del in soybean hairy roots. (B) The transcript levels of DREB3b in W82 and two independent
DREB3b39Ref and DREB3b39Del transgenic lines grown under normal growth conditions. (C,D) Phenotype of the transgenic lines overexpressing DREB3b39Ref and
DREB3b39Del with or without 100 mM NaCl treatment. The lengths of soybean hairy roots were obtained from at least seven roots. (E–J) DREB3b regulates the
expression of salt stress-tolerant gene in soybean with or without 100 mM NaCl treatment. Experiment was performed using three biological replicates. The same
lowercase letters above the histogram bars denote non-significant differences across the two panels (P > 0.05). One-way ANOVA was used to generate the
P-values.
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FIGURE 7 | Model of artificial selection in DREB3b in soybean and the underlying mechanism. A large number of potentially advantageous alleles were lost during
domestication and cultivar improvement, resulting in lower salt tolerance of cultivated soybean than wild soybean. The DREB3bRef allele underwent artificial selection
in cultivated soybean. The DREB3bRef allele reduced the salt tolerance of cultivated soybean. DREB3b up-regulates positive regulators of salt tolerance and
down-regulates negative regulators of salt tolerance.

regulate the expression of these genes, we performed qRT-PCR
analysis in DREB3bRef -overexpressing and DREB3b39Del-
overexpressing soybean hairy roots under mock and NaCl
treatment (100 mM). DREB3bRef and DREB3b39Del up-regulated
the expression of the positive regulators of salt tolerance
SIN1, WRKY27, and WRKY54, and down-regulated the
expression of negative regulator of salt tolerance NAC29, but
could regulate the expression of WRKY12 and SOS1 under
mock and NaCl treatment (Figures 6E–J). Interestingly,
the transcript levels of SIN1, WRKY27 and WRKY54
were higher in DREB3b39Del soybean hairy roots than in
DREB3bRef soybean hairy roots, and the transcript level of
NAC29 was lower in DREB3b39Del soybean hairy roots than
in DREB3bRef soybean hairy roots under NaCl treatment
(Figures 6E–J). These results show that the DREB3b39Del

allele enhances salt tolerance more than the DREB3bRef
allele in soybean.

Genetic markers are an important and effective tool for
identifying mutant alleles in molecular-assisted studies, and could
accelerate the genotyping procedure in future generations. We
thus developed an InDel marker to identify the DREB3b39Del

allele. After PCR amplification using DREB3b-specific primers
(Supplementary Table 3), the DREB3bRef allele produced
106-bp amplicons, whereas the DREB3b39Del allele produced
100-bp amplicons, and the differences could be detected by
electrophoresis (Supplementary Figure 12). We used this
InDel marker to detect the genotypes of soybean accessions at
random, and the results were consistent with the sequencing
results (Supplementary Figure 12 and Supplementary Table 4).

Therefore, this InDel marker can be used to improve the breeding
efficiency of salt tolerant soybean varieties in molecular breeding.

DISCUSSION

Soybean is a leguminous plant that is capable of closed
flower fertilization (closed flower pollination). This feature
may be helpful for maintaining genomic homogeneity and
reducing genomic variation, which may have been further
intensified by the domestication process (Lam et al., 2010).
Due to bottlenecks and artificial selection, some genes that
play important roles for adaptation to different environments
have been lost during the soybean domestication process. Wild
soybean (Glycine soja) may have high allelic diversity at certain
loci, including advantageous alleles that can be re-introduced into
domesticated soybeans via breeding to improve their adaption to
the environment (Zhang et al., 2017). Consistent with a previous
report (Lam et al., 2010), we show that the SNPs number of
both landrace and improved cultivars were significantly lower
than that of wild soybeans (Figure 1B), and wild soybeans
have retained higher genetic diversity, but have been lost in
cultivated soybeans (Figure 1C). We also show that the salt
tolerance index of wild soybeans was much higher than that
of improved cultivars (Figures 1D,E). These data indicate that
a large number of useful alleles and genes from wild soybeans
may be great significance for improving the salt tolerance
of soybean. Importantly, to explore the variation in excellent
alleles in wild soybeans, we combined genome-wide analysis

Frontiers in Plant Science | www.frontiersin.org 10 March 2022 | Volume 13 | Article 821647108

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-13-821647 February 28, 2022 Time: 18:53 # 11

Hou et al. DREB3b Improves Salt Tolerance in Soybean

and RNA-sequencing and identified an excellent allele from wild
soybean, which could be useful in breeding for improved salt
tolerance in soybean.

Farmlands worldwide are increasingly affected by soil
salinization, and most crops are sensitive to salt stress (Ren
et al., 2005; Munns et al., 2012; An et al., 2017). Therefore, salt
tolerance is an ecologically significant trait for crop breeding.
Previous studies have confirmed that genetic variation in salt
tolerance exists widely within and among major crops, providing
an opportunity to use salt tolerance variation to improve crop
salt tolerance (Wu et al., 2012; Qi et al., 2014; Zhang et al.,
2018). For example, natural variation in SALT3/CHX1, a cation
H+ exchanger gene, could modulate salt tolerance in soybean
(Guan et al., 2014; Qi et al., 2014). Moreover, the DREB
family is one of the most important TF families in vascular
plants, and DREB TFs are involved in salt stress responses
(Li et al., 2005; Xu et al., 2011; Kudo et al., 2017; Ali and
Hadi, 2018; Eckardt, 2019). For example, DREBa, DREBb, and
DREBc are up-regulated under salt stress conditions (Li et al.,
2005); GmDREB2, a soybean DRE-binding transcription factor,
confers drought- and salt-tolerance in transgenic Arabidopsis
and tobacco (Nicotiana tabacum) plants (Chen et al., 2007).
However, the natural variation of DREB genes has not been
examined in soybean. Here, we have identified one DREB
gene in soybean, DREB3b, which conferred salt tolerance in
soybean (Figure 4B). The molecular footprint showed strong
selection at DREB3b during domestication (Figure 5D). The
DREB3b39Del allele was highly abundant in wild soybeans (about
95%), and the DREB3bRef allele was highly abundant in improve
cultivar (about 98%, Figure 5A). Together, the data suggest that
the DREB3bRef allele may have undergone artificial selection
during domestication. We also demonstrate that, compared
to DREB3bRef overexpression, DREB3b39Del overexpression led
to (i) better salt tolerance in soybean hairy root, and (ii)
stronger up-regulation of positive regulators of salt tolerance
and stronger down-regulation of a negative regulator of salt
tolerance. Therefore, the loss of the DREB3b39Del allele in the
domestication of improved cultivar may be a reason for its
reduced salt tolerance.

Based on our data, we propose a model (Figure 7) describing
how the artificial selection of the DREB3bRef allele occurred in
cultivated soybean, thereby reducing salt tolerance. According to
this model, wild soybeans contain a large number of alleles in
DREB3b but the DREB3bRef allele underwent artificial selection
in the domestication of cultivated soybean, resulting in the
reduction of salt tolerance. Overexpression of DREB3b could
improve salt tolerance by up-regulating positive regulators
of salt tolerance and down-regulating negative regulators
of salt tolerance.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories
and accession number(s) can be found at: NCBI
BioProject, PRJNA797227.

AUTHOR CONTRIBUTIONS

QC and BL designed and interpreted the results. QC, BL, DZ,
and NF coordinated the projects. QC, LD, FK, HD, TL, YC,
YL, and ZH performed the experiments. LD, QC, YL, and ZH
performed the data analysis. QC and ZH wrote the manuscript.
WL revised the manuscript. All authors contributed to the article
and approved the submitted version.

FUNDING

This work was supported by the National Natural Science
Foundation of China (Grant Nos. 32090065 and 32001508 to LD,
32090064 and 31725021 to FK, 31930083 to BL, and 31901568 to
QC) and the Major Program of Guangdong Basic and Applied
Research (Grant No. 2019B030302006 to FK and BL).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.
821647/full#supplementary-material

Supplementary Figure 1 | Distribution of 103 DREB genes on 20
chromosomes in soybean.

Supplementary Figure 2 | Gene structures of 24 DREB genes. (A) Gene
structures of up-regulated DREB genes. (B) Gene structures of down-regulated
DREB genes. The exon-intron organization and UTRs of DREB genes were
analyzed by aligning the DNA sequences using the GSDS 2.0 server
(http://gsds.gao-lab.org/index.php). Introns and exons are shown as black lines
and orange boxes, respectively. Green boxes at 5’ and 3’ ends represent
untranslated regions (UTRs).

Supplementary Figure 3 | Boxplots for salt tolerance index based on the
haplotypes of salt-induced DREB genes from the A-2 subgroup. The experiment
was performed using two biological replicates. The same lowercase letters above
the histogram bars denote non-significant differences across the two panels
(P > 0.05). One-way ANOVA was used to generate the P-values.

Supplementary Figure 4 | Boxplots for salt tolerance index based on the
haplotypes of salt-induced DREB gene from the A-3 subgroup. The experiment
was performed using two biological replicates. The same lowercase letters above
the histogram bars denote non-significant differences across the two panels
(P > 0.05). One-way ANOVA was used to generate the P-values.

Supplementary Figure 5 | Boxplots for salt tolerance index based on the
haplotypes of salt-induced DREB gene from the A-5 subgroup. The experiment
was performed using two biological replicates. The same lowercase letters above
the histogram bars denote non-significant differences across the two panels
(P > 0.05). One-way ANOVA was used to generate the P-values.

Supplementary Figure 6 | Boxplots for salt tolerance index based on the
haplotypes of salt-induced DREB genes from the A-6 subgroup. The experiment
was performed using two biological replicates. The same lowercase letters above
the histogram bars denote non-significant differences across the two panels
(P > 0.05). One-way ANOVA was used to generate the P-values.

Supplementary Figure 7 | Haplotypes of DREB3a and DREB3b. (A) Haplotypes
of DREB3a. (B) Haplotypes of DREB3b. Haplotype was extracted from the 1,295
panel of 146 wild soybeans, 575 landraces and 574 improved cultivars.

Supplementary Figure 8 | Comparison of the amino acid sequences of DREB3a,
DREB3b and its homologs in plants. (A) Protein sequence comparisons of
DREB3a alleles and its homologs in plants. (B) Protein sequence comparisons of
DREB3b alleles and its homologs in plants.
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Supplementary Figure 9 | Haplotype origins of DREB3a and DREB3b.

Supplementary Figure 10 | Boxplots for yield-related traits based on the
haplotypes of DREB3b gene. (A) Flowering time. (B) Plant height. (C) 100-grain
weight. One-tailed Student’s t-test was used to generate the P-values.

Supplementary Figure 11 | Selective sweep in the DREB3a genomic region.

Supplementary Figure 12 | Development of functional genetic markers for
DREB3bRef and DREB3b39Del alleles. Lines 1–7, soybean plants harbor
DREB3bRef allele. Lines 8–13, soybean plants harbor DREB3bRef allele.
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of Sciences, Chengdu, China, 9 Chuanshanqu Agricultural and Rural Bureau, Suining, China

The shading of maize is an important factor, which leads to lodging and yield loss
of soybean in the maize–soybean strip intercropping system, especially in areas with
low solar radiation. This study was designed to explore how shade-tolerant soybean
reduces yield loss by regulating its canopy structure and stem characteristics in the
maize–soybean strip intercropping system. The soybean cultivars Tianlong No.1 (TL-
1, representative of shade-tolerant plants) and Chuandou-16 (CD-16, representative
of shade-intolerant plants) were grown in monocropping and intercropping systems
from 2020 to 2021 in Chongzhou, Sichuan, China. Regardless of shade-intolerant or
shade-tolerant soybean, the canopy and stem of soybean in strip intercropping were
weaker than those of the corresponding monoculture. But compared with shade-
intolerant soybean, the shade-tolerant soybean slightly changed its spatial structure
of canopy and stem morphology and physiology in maize–soybean strip intercropping
system, especially in the later growth stages. On the one hand, the canopy of shade-
tolerant soybean showed relatively high transmission coefficient (TC) and relatively low
leaf area index (LAI) and mean leaf angle (MLA). On the other hand, the stem of
shade-tolerant soybean was obviously stronger than that of shade-intolerant soybean
in terms of external morphology, internal structure, and physiological characteristics.
Additionally, compared with shade-intolerant soybean, shade-tolerant soybean showed
higher APnWP (the average net photosynthetic rate of the whole plant) and seed yield
in the strip intercropping. The results showed that shade-tolerant soybean increased
light energy capture and photosynthesis in the different canopy levels to promote the
morphological and physiological development of the stem and ultimately reduce the
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yield loss of the strip intercropping system. However, the molecular mechanism of low
radiation regulating soybean canopy structure (LAI, TC, and MLA) needs further in-depth
research to provide theoretical guidance for cultivating plants with ideal canopy shape
that can adapt to changing light environment in intercropping system.

Keywords: canopy structure, intercropping, lodging, soybean, photosynthesis

INTRODUCTION

Intercropping of maize (Zea mays L.) and soybean (Glycine
max L.) has been practiced on a large scale in the world,
especially in China (Du et al., 2018; Iqbal et al., 2019). This
planting pattern can harvest an extra-season of soybean seeds
without reducing the yield or slightly reducing the yield of
maize (Hussain et al., 2020a). However, soybean plants suffer
severe shading stress from maize during the intergrowth in
maize–soybean intercropping systems (Zhou et al., 2019a,b;
Hussain et al., 2020b), which reduces the red-to-far-red ratio
of light inside the soybean canopy (Yang et al., 2014, 2020;
Fan et al., 2018). These plants in this shaded environment
show strong shade avoidance responses, which include reduced
stem thickness, longer stem length, and petiole length and also
lower photosynthetic capacity and biomass (Yang et al., 2014;
Liu et al., 2016; Fan et al., 2018). In the maize–soybean strip
intercropping system, similar shade avoidance responses occur in
the middle and later stages of growth, which results in lodging
and yield loss of soybean (Chen et al., 2020). Fortunately, the
phenotypes and physiology of soybean cultivars with a different
shade tolerance have corresponding shade-avoiding strategies
and plasticity under shade stress.

Light is one of the essential abiotic factors for crop growth, and
its intensity and quality (spectral composition) can regulate the
spatial structure of canopy and photosynthesis of leaves (Huber
et al., 2021; Paradiso and Proietti, 2021). In the low radiation
or shading environment, the net photosynthetic rate (Pn) of
soybean decreases due to the reduction in light energy captured
by the soybean canopy (Yang et al., 2020), which results in the
decrease of photosynthate in the whole plant (Liu et al., 2006;
Fan et al., 2018). However, because of the different overlapping
degrees of leaves at different canopy levels, the photosynthetic
capacity of leaves at the corresponding canopy levels is also
different (Jiang et al., 1993). Compared with the leaves inside
the canopy, those leaves exposed to the outside can receive
more light radiation (Klich, 2000), which results in an increase
in Pn of leaves (Zhou et al., 2019a,b). In addition, the Pn
of soybean leaves decreases with the increase in self-shading
degrees, among which the Pn of the lower leaves decreases
faster, which results in the accelerated aging and shedding of
the lower leaves and consequently yield loss (Miyaji and Tagawa,
1979). However, the soybean cultivars differ significantly in Pn in
different environments (Dornhoff and Shibles, 1970), especially
in a shady environment (Hussain et al., 2020b).

The canopy spatial structure of crops can be quantitatively
visualized by leaf area index (LAI), transmission coefficient
(TC) and mean leaf angle (MLA). The LAI, as an important
indicator of crop development, can be used to show different
canopy structures (Kross et al., 2015) and plant foliage density

(Walthall et al., 2004). The TC is closely related to the content
and composition of pigments in the crop canopy, which can
be used to comprehend spatial and temporal dynamics of
photosynthetically active radiation (PAR), photosynthesis, and
vegetation productivity (Gitelson et al., 2019). Increasing the
MLA in the upper canopy can increase the interception of
PAR (IPAR), which improves lodging resistance of stalk while
increasing grain yield of maize (Xue et al., 2021). In addition,
soybean cultivars with a different shade tolerance show different
shade avoidance responses in intercropping systems, especially
in canopy spatial structure (Gong et al., 2015). Based on the
above understanding, how to improve the canopy structure
of intercropping soybean to intercept more light energy has
become the focus of many scholars (Keating and Carberry,
1993; Feng et al., 2018, 2019; Ren et al., 2021). Consequently,
in the maize–soybean strip intercropping system, what are
relationships between the spatial structure of soybean canopy
and the establishment of plant morphological structure and the
formation of seed yield?

Regardless of the aggravation of shade degree or long-term
exposure to shade, plant is prone to lodging under the external
forces such as wind (Liu et al., 2019; Hussain et al., 2020a).
The phenotype and physiology of stems change when plants are
subjected to shade stress, such as slender stems and lower content
of structural carbohydrates (Liu et al., 2019; Hussain et al.,
2021). Some studies showed that the stem strength of soybean
was negatively correlated with lodging, but positively correlated
with lignin content (LC) and the activity of phenylalanine
ammonia lyase (PAL) and 4-coumaric acid: CoA-ligase (4CL)
(Cheng et al., 2020). Cotton (Chen et al., 2014) and soybean
(Liu et al., 2019) had lower LC in stems, which results in
a decrease in lodging resistance index (LRI) of plants, which
in turn increased lodging risk. In addition, the characteristics
of stem anatomical structure are closely related to the LRI of
plant stems (Hussain et al., 2021). Moreover, intercropping with
low-light environment makes soybean stem slender, and the
areas of xylem, phloem, and pith decrease, which further leads
to the decrease of stem strength (Liu et al., 2019). However,
the characteristics of stem anatomical structure are different in
different soybean cultivars (Yao et al., 2018). In short, high-
strength stem can reduce the lodging risk and yield loss of
soybean in low-light environment.

Soybean morphology changes significantly in shading
environment, which is used to describe by shading-tolerance
coefficient (STC) (Li et al., 2014). The plant height (PH), stem
diameter (SD), seed yield, branch, and canopy structure can
be regarded as the target trait of soybean (Chen et al., 2003).
Moreover, the comprehensive shading-tolerance coefficient
(CSTC) is used to carefully and objectively evaluate the shade
tolerance of soybean in intercropping systems (Li et al., 2014).
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In this study, Tianlong No. 1 (TL-1) with high yield and
Chuandou-16 (CD-16) with low yield represent shade-tolerant
and shade-intolerant soybean cultivars, respectively, which had
been proved by the previous research (Zhao et al., 2014; Cheng
et al., 2020). The suitable density (20 plants/m2) with higher yield
was selected for this study, according to the previous research
(Cheng et al., 2020, 2021). Additionally, the strip intercropped
soybean in this study was shaded by maize, which results in
lodging after 49 days of sowing (V5 stage), which was proved
by early study (Cheng et al., 2020, 2021). The objectives of
this study are to explore how shade-tolerant soybean reduces
yield loss by regulating its spatial structure of canopy and stem
characteristics in the maize–soybean strip intercropping system.
The results can provide theoretical reference for phenotypic
modeling and soybean breeding research in maize–soybean
intercropping systems.

MATERIALS AND METHODS

Site Description
The experiment was conducted from 2020 to 2021 at Chongzhou
experimental site of Sichuan Agricultural University, Sichuan,
China (30◦33′N, 103◦39′E). The daily average maximum and
minimum temperature from sowing to harvest were 27.0 and
19.0◦C in 2020, respectively (Figure 1A). The daily average
maximum and minimum temperature from sowing to harvest
were 26.8 and 17.8◦C in 2021, respectively (Figure 1B).
The annual sunshine and precipitation were 1,161.5 h and
1,012.4 mm, respectively. The field soil was a light loam
with pH 7.1, 24.3 g/kg organic matter, 1.6 g/kg total N,
1.3 g/kg total P, 15.2 g/kg total K, 299.5 mg/kg available-P, and
169.4 mg/kg available-K.

Experimental Design
The field experiment was conducted using the two-factor
randomized block design, with planting patterns (maize–soybean
strip intercropping and monocropping) as the main factor
whereas soybean cultivars as the secondary factor. The variety
of maize was zhenghong-505 (ZH-505, semicompact plant)
and soybean cultivars included Chuandou-16 (CD-16, shade-
intolerant plant) and Tianlong No. 1 (TL-1, shade-tolerant plant).
The classical wide and narrow row planting was adopted in
maize–soybean strip intercropping system (Yang et al., 2014;
Cheng et al., 2020), with 2 m of each strip width and 6 m of each
strip length (Figures 2A,C). Regardless of strip intercropping or
monoculture, the planting density of TL-1 and CD-16 was 20
plants/m2, and the planting density of ZH-505 was 10 plants/m2.
In the monocropping system, the same planting way as strip
intercropping soybean without maize strip was conducted as
the control (Figures 2B,D). The maize and soybean with few
differences in growth period were directly broadcast in the field
in the form of seeds. The area of each individual treatment
plot was 12 m2 for both strip intercropping and monocropping,
with a row × plant spacing of 40 cm × 20 cm for maize and
a row × plant spacing of 40 cm × 10 cm for soybean. Each
treatment that includes six biological repetitions was randomly

planted in the whole experimental field. As base fertilizer for
maize, 80 g/m2 of compound fertilizer (N: P: K = 15: 15: 15)
was applied before sowing. The urea (N ≥ 46%) of 7.8 g/m2

and 13.2 g/m2 was applied at jointing stage and heading stage,
respectively (Cheng et al., 2020), whereas soybean did not
apply fertilizer in the whole growth period because of fertile
experimental site.

Sampling Time and Measurements
After 35 days of sowing, the samples of nine soybean plants
with uniform and continuous growth for each treatment were
collected every 14 days until harvest, with a total of five times.
These samples were used for physiological and biochemical
analyses. The collecting data information included the lodging
rate (LR), LRI, PH, SD, LC, and activity of 4CL and PAL,
canopy structure parameters that include LAI, MLA, and
TC. Additionally, the Pn of the inverted trifoliate (PnIT, net
photosynthetic rate), the average Pn of the whole plant (APnWP),
and also stem anatomical structure that includes vascular,
phloem, xylem, and pith were measured at R1 stage (early
blooming stage). Grain yield and yield composition that include
seed yield, full-pods, non-full-pods, and branches were measured
at mature stage.

Lodging Rate and Lodging Resistance
Index
Lodging rate (Eq. 1) was calculated by randomly investigating
a soybean strip without damage for each treatment according
to the previous method (Cheng et al., 2020). LRI (Eq. 2) from
the third to fifth internodes at the base of soybean stem, as
an important and comprehensive stem strength index, was
measured as reported earlier (Hussain et al., 2020a,b).

LR (%) =
TNLSP
TNSP

∗100 (1)

where the LR represents the lodging rate of soybean in a plot, the
TNLPP represents the total number of lodging soybeans in a plot,
and the TNPP represents the total number of soybeans in a plot.

LRI =
SBR

MSL∗AGW
(2)

where the LRI represents the lodging resistance index of soybean
stem, SBR represents soybean stem bending resistance, the MSL
represents the main stem length of soybean, and the AGW
represents the above-ground biomass fresh weight of soybean.

Leaf Area Index, Mean Leaf Angle, and
Transmission Coefficient
The LAI, MLA, and TC of soybean canopy of each treatment were
measured by Digital Plant Canopy Imager (CI-110, Zealquest
Scientific Technology Co., Ltd., China), which measured four
uniform measuring points in every treatment between two rows
of soybean and took three more diagonal cells for repetition.
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FIGURE 1 | Daily maximum and minimum temperatures above the soybean canopy from sowing to harvest in 2020 (A) and 2021 (B) in Chongzhou, Sichuan, China.
Orange lines and boxes represent the daily maximum temperature, whereas green lines and circles represent the daily minimum temperature. DAS represents the
number of days after sowing.

FIGURE 2 | The patterns of maize–soybean strip intercropping system (A,C) and monoculture (B,D) in 2020 and 2021. Regardless of Chuandou-16 (CD-16) (A,B)
or Tianlong NO. 1 (TL-1) (C,D), the soybean plant spacing is 10 cm and the row spacing is 40 cm. The maize plant spacing is 20 cm and the row spacing is 40 cm.
In monoculture, the row spacing between each soybean strip is 160 cm.
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Pn of the Inverted Trifoliate and Average
Net Photosynthetic Rate of the Whole
Plant
Between 9:00 a.m. to 11:00 a.m. on a sunny day, the PnIT
and APnWP were measured with the portable photosynthetic
analyzer LI-COR 6400 (Li-Cor Inc., Lincoln, NE, United States)
at R1 stage of soybean. Totally, five plants with uniform
growth were selected from each treatment and three repetitions,
according to the earlier reported research (Cheng et al., 2020).

Vascular, Phloem, Xylem, and Pith of
Soybean
The stem anatomical structure that includes vascular, phloem,
xylem, and pith were measured according to the previous method
(Rajput et al., 2018) with slight modification. The third internode
of soybean stem was kept in FAA fixing solution for one month
to soften. According to the following Table 1, the stem samples
were dehydrated and transparent. Next, the stem samples were
processed according to the following steps. À Soaking wax: the
paraffin wax (melting point: 57–63◦C) was put into a beaker and
melted it in a water bath pan (DXY-5H, Shenzhen Dingxinyi
Experimental equipment Co., Ltd., China), in which the samples
were soaked for about 8 h. Á Slicing: the wax block with stem
samples was fixed on the slicer (RM 2245, Leica Microsystems
Ltd., Wetzlar, Germany), and the slice thickness was set to 10 µm
and sliced automatically (the blade was changed frequently). Â

Exhibition: the cut samples were unfolded in a water bath pan
(40◦C), then placed on the slide glass (marked), and put the
slide glass on the baking machine (HI 1210, Leica Microsystems
Ltd., Germany) at 40◦C for drying. Ã Dewaxing: in a ventilated
place, the slide glasses containing the samples were dissolved in
a container containing xylene for 30 min and dried. Ä Dyeing:
the safranin was dropped on the stem samples for 10 min,
slowly removed by distilling water, and dried naturally. Then, the
fixed o-fast green dye was dropped on the treated samples for
10 s, slowly removed by distilling water, and dried naturally. Å

Decolorization and observation: the slide glasses containing the
samples were put in 75% alcohol to remove the residual dye and
observed with a microscope (M205 FA, Leica Microsystems Ltd.,
Wetzlar Germany) after dried naturally. The final result is shown
in Figure 3.

Seed Yield and Yield Composition
A total of 15 soybean plants with uniform and continuous
growth were selected for each treatment. The number of

TABLE 1 | Proportion of mixed chemical reagents and treatment time.

Mixed chemical reagent Time

50% ethanol + 50% distilled water 6 h

50% ethanol + 30% n-butanol + 20 distilled water 5 h

40% ethanol + 50% n-butanol + 10% distilled water 4 h

30% ethanol + 80% n-butanol 3 h

10% ethanol + 90% n-butanol 2 h

100% n-butanol 1 h

full-pods, non-full-pods, and branches per plant, and also grain
yield per unit area of soybean, were measured after natural
drying. Likewise, 15 maize plants with uniform and continuous
growth after natural drying were selected to measure grain
yield per unit area.

Plant Height, Stem Diameter, Lignin
Content, and Activity of 4CL and
Phenylalanine Ammonia Lyase
The stem length of soybean plant was regarded as PH, which was
measured with flexible rule. The SD in the middle of the third
internode of the stem was measured with the Vernier caliper. The
LC, 4CL, and PAL from the third to fifth internode of the stem
were determined by the test kits (Lignin, 4CL and PAL Test Kits,
Suzhou Grace Biotechnology Co., Ltd., China) according to the
previous methods (Cheng et al., 2020).

The Shading-Tolerance Coefficient and
Comprehensive Shading-Tolerance
Coefficient
Shading-tolerance coefficient (Eq. 3) was used to describe the
changes in target traits value of soybean between intercropping
and monocropping, respectively. The CSTC (Eq. 4) was used
to objectively evaluate the shade tolerance of soybean in
intercropping systems (Li et al., 2014).

STCj = 1−
|TTV i − TTVm|

TTVm
(3)

where the STC represents shading-tolerance coefficient. The j
represents different target traits of soybean. The TTVi and TTVm
represent target traits value of soybean in monocropping and
intercropping, respectively. When the value of STC is large, which
means the target trait of soybean is less affected by shading;
otherwise, it is more affected by shading.

CSTC =
1
n

n∑
j = 1

STCj (4)

where the CSTC represents CSTC. The n represents the number
of target character of soybean. The j represents different target
traits of soybean. When the value of CSTC is large, which means
in the low-light environment, soybean shows a strong shade
tolerance; otherwise, it possesses a weak shade tolerance (Liang
and Li, 2004; Li et al., 2014).

Statistical Analysis of Data and Graphing
All data were collected and stored by Microsoft Excel 2019
software. The Adobe Photoshop 2020 software was used to draw
the maize and soybean plants and image typesetting. The Image
Pro Plus software was used to process and calculate the areas
of stem cross-section, vascular, phloem, xylem, and pith, etc.
The LRI, LC, Pn, and the areas of stem cross-section, vascular,
phloem, xylem, and pith and also seed yield, full-pods, non-full-
pods, and branches were subjected to two-way ANOVA using the
Origin Pro 2021 software. Significant differences among means of
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FIGURE 3 | The anatomical structure of soybean stem, whole section (left), and local section (right). The xylem in the stem is dyed pink by turning safranin, using to
characterize the LC. The phloem in the stem is dyed light blue by fixed o-fast green dye, using to characterize the cellulose content. In the local section, the white
bundle structure is the vascular bundle.

every treatment were separated according to Fisher’s LSD at the
level of p≤ 0.05. The t-test at p≤ 0.05 was applied for correlation
analysis. The LR, PH, SD LAI, MLA, and TC were subjected to
one-way ANOVA to assess the effects of shading of maize and
variety difference in this study.

RESULTS

Seed Yield and Yield Composition
In the strip intercropping condition, the seed yield, the number
of full-pods, and branches of CD-16 and TL-1 were significantly
lower than those of monoculture, whereas the number of non-
full-pods was the opposite (Table 2). The seed yield of TL-1 was
13.5% higher than that of CD-16 in the monocropping, whereas
21.8% higher than that of CD-16 in the strip intercropping
(average of 2 years) (Table 2). A number of full-pods, non-full-
pods, and branches of TL-1 were 16.6, 17.0, and 9.0% higher than
those of CD-16, respectively, in the monocropping (Table 2).
Similarly, in the strip intercropping, a number of full-pods, non-
full-pods, and branches of TL-1 were 26.6, 22.4, and 29.6% higher
than those of CD-16, respectively (Table 2). However, there was
no significant difference between monoculture and intercropping
in maize yield. The result showed that, compared with CD-16, the
low decrease in grain yield of TL-1 in strip intercropping was due
to its relatively high the number of full-pods and branches.

Lodging Rate and Lodging Resistance
Index
Different soybean cultivars and planting patterns had significant
impacts on LR (Figure 4A) and LRI (Figure 4B) of soybean. We
noticed that whether CD-16 or TL-1, the lodging only occurred
in the strip intercropping system, and with the development

of soybean and maize growth, the LR increased continuously
(Figure 4B). However, the LR of TL-1 was significantly lower
than that of CD-16 (38.2% lower on average), and the lodging
time of TL-1 in the field was approximately 14 days later than
that of CD-16 (Figure 4B). To explain these phenomena, we
further measured the LRI of soybean and found that the LRI of
soybean in the strip intercropping was significantly lower than
that of monocropping regardless of CD-16 or TL-1 (Figure 4A).
Furthermore, the LRI of TL-1 was 30.0% lower than that of
CD-16 in monocropping; however, but it was 15.1% higher
than that of CD-16 in the strip intercropping (Figure 4A).
This phenomenon could be explained according to the Eq. 2.
Consequently, in the maize–soybean strip intercropping system,
TL-1, a shade-tolerant plant, had relatively strong stem strength
compared with CD-16, which was beneficial to maintain the
upright growth of the plant.

Canopy Structure of Soybean
There was no significant difference in the LAI between TL-1
and CD-16 before soybean shaded by maize (0–49 days after
sowing) in the strip intercropping (Figures 5A,B). Thereafter, the
LAI of TL-1 was significantly lower than that of CD-16 during
the whole later growth period of soybean, irrespective of the
cropping system (Figures 5A,B). Notably, the LAI of TL-1 in the
monocropping was 20.01% lower than that of CD-16, whereas
that of TL-1 in the strip intercropping was only 16.0% lower
than that of CD-16 (average of the last four sampling times).
Additionally, the peak time of LAI of TL-1 and CD-16 in strip
intercropping (63 days after sowing) was approximately 14 days
earlier than that in monoculture (77 days after sowing), due to the
shading stress of maize on soybean (Figures 5A,B).

Irrespective of the cropping system, the TC of TL-1 was
significantly higher than that of CD-16 during the whole growth
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TABLE 2 | The seed yield and composition of soybean and maize yield response to soybean cultivars and patterns in 2020 and 2021.

Years Treatments Soybean Maize

Seed yield Full-pods Non-full-pods Branches Seed yield

g/m2 Numbers/plant Numbers/plant Numbers/plant g/m2

2020 Inter. CD-16 119.72d 23.00d 12.67b 1.33d 1248a

TL-1 163.86c 31.33c 16.33a 1.89c 1260a

PSV ** ** ** ** n.s.

Mono. CD-16 288.21b 61.33b 7.67d 4.33b 1105a

TL-1 323.86a 73.51a 9.24c 4.76a

PSV * ** ** ** –

PPP * ** ** ** –

PSV∗PP ** ** * * –

2021 Inter. CD-16 98.45d 15.4d – – 1470a

TL-1 115.32c 23.87c – – 1432a

PSV ** ** – – n.s.

Mono. CD-16 308.2b 75.26b – – –

TL-1 365.54a 88.83a – –

PSV ** ** – – –

PPP ** ** – – –

PSV∗PP ** ** – – –

Plants are grown in the strip intercropping (Inter.) and monocropping (Mono.). SV represented soybean variety. PP represents planting pattern. Data are average of three
replicates. Different lowercase letters in the same column indicate significant differences among different cultivars (p < 0.05). p-Value is the result from two-way ANOVA.
The * and ** indicate significant differences among different cultivars and planting patterns at the levels of p < 0.05 and p < 0.01, respectively. The n.s. means not
significant at the level of p ≥ 0.05. The – indicates no data here.

FIGURE 4 | Effects of different cultivars and planting patterns on LR (A) and LRI (B). The ∗∗ and ∗∗∗ indicate significant differences between CD-16 and TL-1 at the
levels of p < 0.01 and p < 0.001, respectively. The *** on the black short line indicates extremely significant differences between intercropping and monocropping at
the levels of p < 0.001. Data are average of three replicates. Error bars represent standard errors. Mono. and Inter. are the abbreviation of monoculture and strip
intercropping, respectively. DAS represents the number of days after sowing.
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FIGURE 5 | Effects of different cultivars and planting patterns on LAI (A,B), TC (C,D) and MLA (E,F). The ∗ and ∗∗ indicate significant differences between CD-16
and TL-1 at the levels of P < 0.05 and P < 0.01, respectively. The n.s. means not significant at the level of p ≥ 0.05. The vertical black dotted line indicates that the
maize begins to shade the intercropping soybean at this time. Data are average of three replicates. Error bars represent standard errors. The solid line indicates strip
intercropping, and the dashed line indicates monoculture. The Mono. and Inter. are the abbreviation of monoculture and strip intercropping, respectively. DAS
represents the number of days after sowing.

period of soybean (Figures 5C,D). After shaded soybean by
maize, the TC of TL-1 and CD-16 in the strip intercropping
was lower than that of in monocropping (Figures 5C,D). It was
noteworthy that the TC of TL-1 in the monocropping was 10.91%
higher than that of CD-16, but the TC of TL-1 was 11.42% higher
than that of CD-16 (average of the last four sampling times) in
the late maize shading.

Whether it was in strip intercropping or monoculture, the
MLA of TL-1 was significantly higher than that of CD-16 from
0 to 49 days after sowing, whereas that of TL-1 in the strip
intercropping was lower than that of CD-16 from 49 to 63 days
after sowing (Figures 5E,F). Immediately, the MLA of T-1L and
CD-16 decreased rapidly in the strip intercropping after the 63rd
day of sowing, but the decreasing rate of TL-1 was faster as

compared to CD-16 (Figures 5E,F). What should be of concern
was that the MLA of TL-1 in the monocropping was 20.55% lower
than that of CD-16, whereas the MLA of TL-1 was only 4.15%
lower than that of CD-16 (average of the last four sampling times)
in the late maize shading.

In a word, the shading of maize decreased the LAI and TC, but
increased the MLA of intercropping soybean canopy, regardless
of CD-16 or TL-1; however, the variation range of these canopy
parameters of TL-1 were lower as compared to CD-16. The result
showed that in the strip intercropping system, the canopy spatial
structure of shade-tolerant plants (TL-1) was slightly changed by
the shading stress, which was conducive to increasing light energy
capture and the photosynthesis of leaves at different canopy levels
in a low-light environment.
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Photosynthetic Efficiency
Regardless of CD-16 or TL-1, the PnIT and APnWP of strip
intercropping soybean were significantly lower than those of
monoculture soybean at R1 stage (Figures 6A,B). Furthermore,
the PnIT of TL-1 was obviously lower than that of CD-16 (14.0%
lower on average), irrespective of planting patterns (Figure 6A).
However, compared with CD-16, most of the leaves of TL-1
in both strip intercropping and monocropping maintained a
relatively high level of Pn, which led to a higher APnWP of TL-1
(12.3% higher on average) (Figure 6B). The result showed that
in the strip intercropping system, the shade-tolerant plant (TL-1)
which was not easy to change in spatial structure could maintain
the relatively high Pn of leaves at different canopy levels.

Morphology and Anatomical Structure of
Stem
Compared with monoculture, maize shading reduced the SD but
increased the PH of strip intercropped soybean regardless of CD-
16 or TL-1, but the change range of SD and PH of TL-1 was
smaller than that of CD-16 (Figures 7A–D). However, the SD
of TL-1 in the strip intercropping was even higher than that of
CD-16 as compared to monocropping (Figure 7A).

Anatomical structure of stems showed that planting patterns,
soybean cultivars, and their interactions have significant effects
on the number of vascular bundles and the area ratio of
vascular/stem, phloem/stem, xylem/stem, and pith/stem at R1
stage (Table 3 and Figure 3). The number of vascular bundles
and the area ratio of phloem/stem and xylem/stem of TL-1 in
the monocropping were significantly lower than those of CD-16
(Table 3 and Figure 3). In addition, for TL-1, the percentage of
decline in the number of vascular bundles between monoculture
and intercropping was 4.08%, whereas for CD-16, the percentage
of decline was 19.50% (Table 3). In contrast, those anatomical
structure parameters of TL-1 in the strip intercropping were
significantly higher than CD-16 (Table 3 and Figure 3).

Consequently, in the maize–soybean strip intercropping
system, there were relatively high number of vascular bundles

and the area of vascular, phloem, xylem, and pith in shade-
tolerant plant (TL-1) compared with CD-16, which was beneficial
to maintain a relatively thick stem.

Lignin Content and Related Enzyme
Activity
As compared to monoculture, regardless of CD-16 or TL-
1, maize shading decreased the activity of PAL (Figure 8A)
and 4CL (Figure 8B) of strip intercropped soybean, which led
to the LC of intercropping soybean decreasing (Figure 8C).
Furthermore, compared with CD-16, the TL-1 had lower PAL
and 4CL activities and lower LC in monoculture (lower than 22.1,
21.4, and 21.0%, respectively), but it was opposite in the strip
intercropping (higher than 116.4, 30.6, and 12.0%, respectively)
(Figures 8A–D). Consequently, in the maize–soybean strip
intercropping system, there was a relatively high activity of PAL
and 4CL in shade-tolerant plant (TL-1) compared with CD-16,
which was beneficial to maintain a relatively high LC of stem.

Correlation Analysis
To demonstrate the effect of plant canopy structure on stem
morphology and yield components of soybean, we further
analyzed the correlation between the canopy structure of plants
and the key morphological and physiological parameters of stem
and also yield, etc. (Figure 9). The result showed that the LAI
was significantly and positively correlated with seed yield, full-
pods, and branches, but significantly and negatively correlated
with PH and non-full-pods (Figure 9). Additionally, the TC
significantly and positively correlated with LRI, PnIT, APnWP,
LC, PAL, 4CL, seed yield, full-pods, and branches, whereas
significant negative correlation existed between the TC and
MLA (Figure 9). Additionally, there was significant and negative
correlation between the MLA and SD, LC, PAL, seed yield, full-
pods, and branches (Figure 9). Consequently, these parameters,
such as LAI, TC, and MLA, could be potentially used to evaluate
canopy structure of plants and reflect the growth status of plants
and final yield formation.

FIGURE 6 | Effects of different cultivars and planting patterns on the PnIT (A) and the APnWP (B) at R1 stage. The ∗ and ∗∗ indicate significant differences between
CD-16 and TL-1 at the levels of p < 0.05 and p < 0.01, respectively. The ∗∗∗ on the black short line indicates extremely significant differences between intercropping
and monocropping at the levels of p < 0.001. Data are average of three replicates. Error bars represent standard errors. Mono. and Inter. are the abbreviation of
monoculture and strip intercropping, respectively.
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FIGURE 7 | Effects of different cultivars and planting patterns on SD (A,B) and PH (C,D). The ∗, ∗∗, and ∗∗∗ indicate significant differences between CD-16 and TL-1
at the levels of p < 0.05, p < 0.01, and p < 0.001, respectively. The n.s. means not significant at the level of p ≥ 0.05. The vertical black dotted line indicates that
the maize begins to shade the intercropping soybean at this time. Data are average of three replicates. Error bars represent standard errors. The solid line indicates
strip intercropping, and the dashed line indicates monoculture. Mono. and Inter. are the abbreviation of monoculture and strip intercropping, respectively. DAS
represents the number of days after sowing.

TABLE 3 | The number of vascular bundles and the area ratio of vascular/stem, phloem/stem, xylem/stem, and pith/stem response to planting patterns and soybean
cultivars at R1 stage.

Treatment Vascular Vascular/stem Phloem/stem Xylem/stem Pith/stem

Unit/mm2 % % % %

Mono. CD-16 57.00a 0.96c 17.17b 41.49a 40.35c

TL-1 49.00b 1.28b 15.40c 22.64d 43.72a

PSV * * * ** *

Inter. CD-16 25.00d 0.90c 18.73b 30.23c 41.96b

TL-1 47.00c 1.59a 42.71a 36.80b 42.71ab

PSV ** * * ** **

PPP ** ** ** ** **

PSV∗PP ** * ** ** **

Plants are grown in the strip intercropping (Inter.) and monocropping (Mono.). SV represented soybean variety. PP represents planting pattern. Data are average of three
replicates. Different lowercase letters in the same column indicate significant differences among different cultivars (p < 0.05). p-Value is the result from two-way ANOVA.
The * and ** indicate significant differences among different cultivars and planting patterns at the levels of p < 0.05 and p < 0.01, respectively. The – indicates no data here.

Evaluation of Shading-Tolerance Target
Traits in Soybean
The STC of shading-tolerance target traits in TL-1 (e.g., LAI,
MLA, SD, PH, APnWP, seed yield, and branches) significantly

larger than those of CD-16 (Figures 10A–E,G–I). The STC of
PnIT was not significant in TL-1 and CD-16 (Figure 10F).
The possible reason is that the decrease of PnIT caused by
shading stress is roughly the same, regardless of CD-16 or
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FIGURE 8 | Effects of different cultivars and planting patterns on PAL (A), 4CL (B), and LC (C,D). The ∗, ∗∗, and ∗∗∗ Proportion of mixed chemical reagents indicate
significant differences between CD-16 and TL-1 at the levels of p < 0.05, p < 0.01, and p < 0.001, respectively. The ∗∗ and ∗∗∗ on the black short line indicate
significant differences between intercropping and monocropping at the levels of p < 0.005 and p < 0.001, respectively. The vertical black dotted line indicates that
the maize begins to shade the intercropping soybean at this time. Data are average of three replicates. Error bars represent standard errors. The solid line and
dashed line indicate strip intercropping and monoculture, respectively. Mono. and Inter. are the abbreviation of monoculture and strip intercropping, respectively. DAS
represents the number of days after sowing.

TL-1. Moreover, compared with CD-16 (CSTC = 0.608), TL-1
(CSTC = 0.716) had a higher CSTC, which indicated that it had a
stronger shade tolerance in strip intercropping system.

DISCUSSION

Photosynthesis and Yield in Strip
Intercropping Enhanced by Regulating
the Canopy Structure
In the maize–soybean strip intercropping system, soybean was
vulnerable to shading stress from maize during the intergrowth,
which thus affected its canopy structure and photosynthesis
(Hideki et al., 2005; Feng et al., 2019). A large number of studies
have shown that crop canopy structure was closely related to
interception and utilization of photosynthetic active radiation
(Yang et al., 2014; Feng et al., 2016; Charbonnier et al., 2017). In
this study, the LAI, MLA, and TC of strip intercropped soybean
were significantly lower than those of monoculture (Figure 5).
Consequently, a serious impact was that the PnIT and APnWP
of strip intercropped soybean were significantly lower than those
of monoculture soybean at R1 stage (Figures 6A,B). In addition,

the photosynthetic rate of intercropped soybean had been proved
to be weaker than that of monoculture soybean (Su et al., 2014;
Yao et al., 2017; Fan et al., 2018; Raza et al., 2019), which
provided additional evidence to support that the intercropped
soybean with lower the PnIT and APnWP experienced a shaded
environment. Another important evidence showed that the low-
light intensity aggravated senescence of leaves, which results in a
decrease in leaf numbers (Lim et al., 2007; Zhou et al., 2019a,b),
which in turn weakened canopy structure and photosynthesis of
strip intercropped soybean (Figures 5, 6).

Variations in leaf area distributions of different soybean
cultivars in the field grown were largely determined by differences
in the light intensities at the lower canopy levels, but independent
of the angle of leaf inclination (Blad and Baker, 1972). In
this study, the shade-tolerant soybean TL-1 had high STC
of canopy structure (STCLAI = 0.799, STCTC = 0.839, and
STCMLA = 0.949) (Figures 10A–C), which was conducive
to maintaining the relative stability of spatial structure of
the canopy in low-light environment. Importantly, compared
with the shade-intolerant soybean CD-16, the shade-tolerant
soybean TL-1 had a more perfect canopy structure such
as higher TC and lower LAI and MLA (Figure 5), which
would allow greater penetration of light to the lower canopy
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FIGURE 9 | Correlation analysis of LAI, TC, MLA, LR, LRI, the PnIT, the APnWP, SD, PH, LC, PAL, 4CL, seed yield, full-pods, non-full-pods, and branches by using
the t-test at p ≤ 0.05 for both TL-1 and CD-16 in the strip intercropping. Orange means positive correlation, and green means negative correlation. The darkness of
the color represents strength of correlation. The numbers in the boxes indicate p-value, and a box without numbers indicates a strong correlation.

levels (Blad and Baker, 1972; Sakowska et al., 2018). Therefore,
compared with shade-intolerant soybean CD-16, the shade-
tolerant soybean TL-1 had a higher APnWP (Figure 6B), even
though its PnIT was lower (Figure 6A). As a result, a good canopy
structure of soybean is the prerequisite for maintaining high
APnWP in low-radiation areas. However, in the intercropping
system, the molecular mechanism of low-light environment
regulating soybean canopy structure (LAI, TC, and MLA) was
still unclear, which needs further research.

Most crops in the intercropping system showed yield
advantages as compared to the corresponding monoculture (Li
et al., 2001, 2020a; Ghosh, 2004; Chen et al., 2019; Feng et al.,
2019). In this study, the soybeans in the strip intercropping
system showed no yield advantages as compared to monoculture,
irrespective of cultivars, across the two years in field experiments
(Table 2). One possible explanation was that the canopy
morphological formation of strip intercropped soybean was
severely inhibited during the intergrowth with maize, which
results in plant lodging (Figure 4B) and yield reduction (Table 2).
Correlation analysis showed that the canopy structure of strip
intercropped soybean was significantly correlated with LR and
yield (Figure 9). A compact-type canopy structure was beneficial
to intercept more light energy to promote stem morphogenesis
and yield formation (Wang et al., 2017; Li et al., 2020b). In

addition, the low dry matter allocation index limiting the yield of
strip intercropped soybean might be another reason, because in
the reproductive stage, the dense canopy structure with relatively
low PAR reduced the number of full-pods and branches (Table 2),
which increases the allocation of dry matter to leaves and stems
and thus decreases the allocation of photosynthetic products
to seeds (Board, 2000; Liu et al., 2010; Cheng et al., 2020).
In contrast, the shade-tolerant soybean TL-1 with high STC
(STCSeedyield = 0.526 and STCBranches = 0.397) (Figures 10H,I)
had relatively high seed yield, full-pods, and branches in the strip
intercropping system (Table 2). This was one of the important
strategies to increase the yield of shade-tolerant soybean in areas
with low-light radiation.

Stem Morphological and Physiological
Responses to Canopy Structure
Crops with the perfect canopy structure were propitious to
intercept more light energy to promote stem morphogenesis and
yield formation (Board, 2000; Wang et al., 2017; Cheng et al.,
2020; Li et al., 2020b), especially in the condition of intercropping.
Some studies have shown that crops in intercropping showed
strong shade avoidance responses, which include thinner stem
thickness, longer stem, and petiole and also lower PAR inside
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FIGURE 10 | Evaluation of shade-tolerance target traits such as LAI (A), TC (B), MLA (C), SD (D), PH (E), the PnIT (F), the APnWP, (G), seed yield (H), and
branches (I) in soybean at the levels of p ≤ 0.05.

the canopy and photosynthetic capacity (Yang et al., 2014; Liu
et al., 2016; Fan et al., 2018). In this study, regardless of shade-
intolerant soybean CD-16 or shade-tolerant soybean TL-1, The
stem of strip intercropped soybean was obviously weaker than
that of monoculture in terms of external morphology (lower SD
and higher PH) (Figure 7) or internal structure (less vascular
bundles and smaller area ratio of vascular/stem, phloem/stem,
xylem/stem, and pith/stem) (Table 3 and Figure 6), which
provided additional evidence to support that there was less
PAR inside the canopy of intercropped soybean. In addition,
regardless of soybean cultivars, some studies (Cheng et al., 2020;
Hussain et al., 2021) were consistent with the observations that
the strip intercropped soybean with an unfilled canopy showed
a lower activity of PAL and 4CL (Figures 8A,B), and also LC
(Figures 8C,D) compared with monocropping. Regardless of
planting system or cultivars, the stem with low LC was one of
the key factors for plant lodging and yield reduction (Lourenco
et al., 2016; Hussain et al., 2020a; Figures 4, 8C,D). Additionally,
the cellulose content in soybean stem was also closely related to
plant lodging in intercropping (Liu et al., 2016). In this study, the
canopy structure, LC, stem morphology, leaf photosynthesis, and

yield components were also closely correlated (Figure 9). Thus,
it could be seen that improving the canopy structure and the LC
in the stem during intercropping was beneficial to decrease the
lodging risk of soybean.

Fortunately, soybean cultivars of different genotypes had
different responses to various shade environments. The shade-
tolerant soybean (CSTC = 0.713) slightly changed its spatial
structure of canopy and stem morphology and physiology in
maize–soybean strip intercropping system (Figures 3, 5, 7). Some
studies showed the morphology of shade-tolerant plants had
lower plasticity (Gong et al., 2015; Chmura et al., 2017), so as
to maintain the canopy structure stability of the plant in low-
light conditions. Therefore, compared to the shade-intolerant
CD-16, the shade-tolerant TL-1 with a relatively perfect canopy
had the stronger external morphology (Figure 7) and internal
structure (Table 3 and Figure 3) in the strip intercropping, in
favor of increasing LRI and reducing the LR of soybean in the
field (Figure 4). Interestingly, for TL-1, the percentage of decline
in the number of vascular bundles between monoculture and
intercropping was 4.08%, whereas for CD-16, the percentage
of decline was 19.50% (Table 3), which shows that the TL-1
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could slightly reduce the number of vascular bundles in the
stem and maintain the stem strength in strip intercropping
(Hussain et al., 2021). Besides, high-light intensity was one
of the important abiotic factors to improve photosynthesis of
plants (Yang et al., 2014; Xue et al., 2016; Feng et al., 2019;
Zhou et al., 2019a,b). As compared to shade-intolerant CD-
16, most of the leaves of shade-tolerant TL-1 in both strip
intercropping and monocropping maintained a relatively high
level of APnWP (Figure 6B), which led to a higher accumulation
of photosynthetic outcome in stem (Figures 3, 7, 8 and Table 3)
and grains (Table 2). Finally, intercropping could improve
the microclimate conditions of coffee plants, such as lowering
temperature and irradiance level and increasing air relative
humidity (Partelli et al., 2014). Thus, what is the relationship
between soybean field microclimate and plant lodging resistance
and yield formation in the maize–soybean strip intercropping
systems? Which needs to be further explored.

CONCLUSION

Our results demonstrated that compared with shade-intolerant
soybean, the shade-tolerant soybean (CSTC = 0.713) slightly
changed its spatial structure of canopy and stem morphology
and physiology in maize–soybean strip intercropping system,
especially in the middle and later growth stages. On the one
hand, the canopy structure of shade-tolerant soybean showed
relatively high TC and relatively low LAI and MLA. Importantly,
the shade-tolerant soybean had high STC of canopy structure
(STCLAI = 0.799, STCTC = 0.839, and STCMLA = 0.949), which
was conducive to maintaining the relative stability of spatial
structure of the canopy in low-light environment. On the
other hand, the stem of shade-tolerant soybean was obviously
stronger than that of shade-intolerant plant in terms of external
morphology (shorter PH and thicker stem), internal structure
(more vascular bundles and higher area ratio of vascular/stem,
phloem/stem, xylem/stem, and pith/stem), and physiological
characteristics (higher LC and enzyme activity of PAL and 4CL).
In brief, shade-tolerant soybean increased light energy capture
and the photosynthesis of the different canopy levels to promote
the morphological and physiological development of the stem
and ultimately reduce the yield loss of the strip intercropping
system. This study provided new insights into the mechanism
of soybean lodging resistance in the strip intercropping system,

which was of great significance for understanding the potential
mechanism of how shade-tolerant plants reduce soybean yield
loss in the strip intercropping system by regulating its spatial
structure and the morphology and physiology of stems, especially
in areas with low solar radiation. Moreover, the spatial structure
of canopy with high TC and low LAI and MLA could be used as
one of the important bases for screening soybean cultivars with
shade resistance and lodging resistance in the future, especially
in low radiation areas. However, the molecular mechanism of
low-light regulating soybean canopy structure (LAI, TC, and
MLA) needs further study, to provide theoretical guidance for
cultivating plants with ideal canopy shape that can adapt to
changing light environment in intercropping system.
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The brown planthopper (Nilaparvata lugens Stål, BPH) is one of the most devastating
insect pests of rice (Oryza sativa L.), but BPH populations have varying degrees
of virulence to rice varieties carrying different resistance genes. To help efforts to
characterize these variations we applied bulked segregant RNA sequencing (BSR-seq)
to identify differentially expressed genes (DEGs) and genetic loci associated with BPH
virulence to YHY15 rice plants carrying the resistance gene Bph15. BPHs that are
highly virulent or avirulent to these plants were selected from an F2 population to form
two contrasting bulks, and BSR-seq identified 751 DEGs between the bulks. Genes
associated with carbohydrate, amino acid and nucleotide metabolism, the endocrine
system, and signal transduction were upregulated in the avirulent insects when they fed
on these plants. The results also indicated that shifts in lipid metabolism and digestive
system pathways were crucial for the virulent BPHs’ adaptation to the resistant rice.
We identified 24 single-nucleotide polymorphisms (SNPs) in 21 genes linked with BPH
virulence. Possible roles of genes apparently linked to BPH virulence are discussed.
Our results provide potentially valuable information for further studies of BPH virulence
mechanisms and development of robust control strategies.

Keywords: brown planthopper, rice, insect virulence, biotype, bulked segregant RNA sequencing (BSR-seq)

INTRODUCTION

The brown planthopper (Nilaparvata lugens Stål, BPH) is a monophagous piercing-sucking
herbivore that has become the most destructive insect pest of rice (Oryza sativa L.) (Sogawa, 1982;
Hibino, 1996; Guo et al., 2018). BPHs occur widely throughout Asia and can migrate several 100 km
across national borders (Jing et al., 2017). When feeding on rice plants, BPH nymphs and adults
ingest phloem sap by inserting a stylet into their vascular tissues, thereby directly damaging the
plants (Sogawa, 1982). They can also directly damage the plants by transmitting pathogenic viruses
(Jena and Kim, 2010; Guo et al., 2018). Rice varieties that are resistant to BPH can inhibit the
pest’s feeding, growth, and fecundity (Zheng et al., 2021). In recent decades, many BPH resistance
genes and QTLs have been detected in cultivated rice and wild species (Guo et al., 2018; Shi et al.,
2021; Zhou et al., 2021). However, new BPH biotypes may evolve that are virulent to resistant rice
varieties (Claridge and Den Hollander, 1980; Saxena et al., 1991). A virulent biotype is defined
as a BPH population that can damage a rice variety that was previously resistant (Claridge and
Den Hollander, 1980; Jena and Kim, 2010). The first BPH-resistant variety (IR26 carrying the
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Bph1 resistance gene) was developed by the International Rice
Research Institute (IRRI) in 1973. However, within several years
BPH biotype 2 had adapted and become virulent to IR26
in the field (Jena and Kim, 2010). Rice varieties resistant to
biotype 2, carrying Bph2, were subsequently widely deployed
in the field, but BPH biotype 3, which can overcome Bph2-
mediated resistance, was detected in 1981 (Pathak and Heinrichs,
1982; Jena and Kim, 2010). Several additional BPH biotypes
have been developed by rearing biotype 1 insects on specific
resistant rice varieties in the laboratory (Claridge and Den
Hollander, 1982). Analyses of various biotypes have clearly
shown that BPH’s virulence to resistant rice varieties is a genetic
trait (Kobayashi, 2016), but the mechanisms underlying BPH
virulence are poorly understood.

Previous studies have shown that BPHs exhibit distinct
responses to feeding on resistant plants carrying different
resistance genes (Kobayashi, 2016; Yue et al., 2019). For instance,
their responses to the resistant rice variety Mudgo, which carries
the Bph1 resistance gene, include activation of various metabolic,
digestive, and absorption pathways (Ji et al., 2013). Wang et al.
(2015) also found that feeding on the resistant rice variety B5
induced significant changes in expression of genes involved in
metabolism of lipids, amino acids, carbohydrates, nucleotides,
and TCA cycle intermediates in the salivary glands of BPH
insects. Zhang et al. (2019) showed that expression levels of
genes related to detoxification and starvation responses were
significantly upregulated in BPHs that fed on resistant Bph6-
transgenic rice. In addition, Zheng et al. (2020) observed stronger
expression of genes involved in lipid metabolism in BPHs fed
on NIL-Bph6 and NIL-Bph9 resistant rice plants than in insects
fed on susceptible wild type rice. These studies have provided
valuable insights. However, most data on BPH responses have
been obtained by temporarily feeding avirulent insects on
different rice varieties, and there have been few comparisons of
virulent and avirulent BPHs fed on resistant varieties.

Various techniques have been used to study plant-insect
interactions (Zogli et al., 2020). For instance, genome sequencing
of the pea aphid showed that most chemosensory genes had
undergone rapid expansion in the genome under positive
selection (Smadja et al., 2009). Genome sequencing has detected
the expansions of detoxification gene families in Tetranychus
urticae (Grbić et al., 2011). The genome-wide analysis found
the expansion of Cytochrome P450 (CYP) genes in the rice
striped stem borer in response to rice defense secondary
metabolites (Wang et al., 2014). MS/MS de novo peptide
sequencing has found several enzymes responsible for digesting
carbohydrates, proteins, and lipids in the midgut lumen of the
cotton bollworm (Pauchet et al., 2008). In addition, insects
have evolved effectors to adapt to host plants (Chen et al.,
2019). The functional genomics approach has found effectors
required for thrips to reproduce on tomatoes (Abd-El-Haliem
et al., 2018). Additionally, some insect avirulence genes have
been identified in Hessian fly associated with virulence to wheat
R genes H6 and H13 by bulked segregant analysis (BSA)-seq
analysis (Navarro-Escalante et al., 2020). A useful approach for
studying disease resistance in plants is BSA, initially developed
by Michelmore et al. (1991). BSA is based on the theory

that different genotypes are likely to have differing phenotypic
extremes, which can be used to rapidly identify genetic markers
linked to genomic regions related to targeted traits (Michelmore
et al., 1991; Wang et al., 2013). However, due to complications
caused by repetitive genomic sequences and high genome
sequencing depth requirements, BSA is not suitable for analyses
of populations with numerous mutants and large genomes (Liu
et al., 2012). Another approach, RNA sequencing (RNA-seq),
is widely applied in next-generation sequencing (NGS) efforts
to quantify relative quantities of specific transcripts from read
counts (Górczak et al., 2020). RNA-seq reads can also be used to
identify DNA sequence polymorphisms, such as single nucleotide
polymorphisms (Chepelev et al., 2009). Bulked segregant RNA-
seq (BSR-seq) couples BSA with RNA-seq (Liu et al., 2012) and
can be used not only to identify differentially expressed genes
(DEGs) but also single-nucleotide polymorphisms (SNPs) that
are tightly linked to targeted traits (Du et al., 2017). BSR-seq
has been successfully applied in analyses of many species. For
instance, BSR-seq has identified 1,255 DEGs between catfish that
are resistant and susceptible to enteric septicemia, and 56,419
SNPs of 4,304 unique genes of the fish (Wang et al., 2013). In
addition, it has identified 18 high-probability SNPs and six genes
that may be involved in responses to waterlogging stress in maize
(Du et al., 2017), as well as the maize glossy13 gene, which encodes
a putative ABC transporter and is crucial for accumulation of
epicuticular waxes (Li et al., 2013). As it combines advantages of
BSA and RNA-seq it is highly efficient for analyses of complex
traits involving multiple genes (Du et al., 2017; Li et al., 2020).

The BPH resistance gene Bph15 was introduced into O. sativa
from the wild rice species Oryza officinalis (Yang et al., 2004;
Lv et al., 2014). Rice variety YHY15 is a recombinant inbred
line (RIL) selected from the RI93 × TN1 F2 population and
carries a single resistance gene Bph15 (Yang et al., 2004). BPH
population, designed biotype Y, was developed by rearing biotype
1 BPHs on YHY15 from January 2007 (Jing et al., 2012). Biotype
Y can overcome the resistance conferred by Bph15, grow and
reproduce normally on YHY15 plants. Thus, this combination of
insects and plants provides a suitable model system for examining
virulence mechanisms, and in this study we applied BSR-seq to
identify DEGs and SNPs associated with BPH virulence to rice.
Comparison of virulent and avirulent BPH extreme bulks after
feeding on resistant YHY15 rice plants for 48 h identified 751
DEGs, with illuminating differences in transcriptomic profiles.
Moreover, we identified 24 polymorphic SNPs related to BPH
virulence located on six chromosomes, and 21 genes that may
play key roles in virulence mechanisms. The results may facilitate
further study of the mechanisms that enable BPH to overcome
host resistance.

MATERIALS AND METHODS

Insect and Plant Materials
The brown planthopper biotype 1 insects were reared on the
susceptible rice variety Taichung Native 1 (TN1), which does
not contain any BPH resistance gene. BPH biotype Y was
developed by forcing biotype 1 BPHs to feed and reproduce on
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the resistant rice variety YHY15 for multiple generations (Jing
et al., 2012). YHY15 is a RIL carrying the Bph15 resistance
gene (Yang et al., 2004). The BPHs used in the experiments
reported here were reared on 1-month-old rice seedlings growing
in 24 × 19 cm plastic buckets in controlled environmental
conditions (26 ± 1◦C, 16 h light/8 h dark cycles) at Wuhan
University Institute of Genetics.

Brown Planthopper Weight Gain and
Honeydew Excretion Assay
The brown planthopper weight gain and honeydew excretion
were measured as previously described (Shi et al., 2021).
Newly emerged female adults were weighed using an
AUW120D electronic balance (AUW120D, Shimadzu, Japan)
then introduced into separate pre-weighed parafilm sachet
(2× 2.5 cm) fixed to leaf sheaths of a 4-week-old rice plant. After
48 h the insects were carefully removed from the sachets, and
then the insect and the honeydew in each sachet were weighed.
Each insect’s weight gain was determined from its weight before
and after ingestion, and its weight gain ratio was calculated by
dividing its weight gain by its initial weight. Both BPH weight
gain and honeydew excretion assays were repeated three times
with 25 BPHs for each replicate.

Brown Planthopper Survival Rate
The brown planthopper survival rates were determined as
previously described (Shi et al., 2021). Briefly, rice plants were
grown in plastic pots (12 cm tall, 9 cm diameter, one plant
per pot). When they were 1-month-old the pots were covered
with plastic cages and 10 third-instar nymphs were released into
each cage to infest the plants. The number of surviving BPH
nymphs in each cage was recorded every day until 10 days after
their introduction, and survival rates were calculated by dividing
the number of surviving nymphs in each cage by the number
initially released. The experiment was repeated three times, with
20 BPHs per replicate.

Formation of Brown Planthopper
Extreme Bulks
An extremely virulent BPH female biotype Y adult, which gained
2.06 mg weight in the weight gain assay described above, was
mated with an avirulent male adult of biotype 1. The F1 offspring
were allowed to intermate and female F2 adults resulting from
their mating, with similar body sizes, were subjected to the assay.
Forty that gained 1.89–2.8 mg weight were classified as virulent to
YHY15, and 40 that lost 0.4–1.04 mg were classified as avirulent.
These sets were used to form a Bph15-virulent bulk (vB15) and
a Bph15-avirulent bulk (aB15), respectively, which were used to
prepare bulked RNA samples for the BSR-seq analysis.

Illumina cDNA Library Construction and
RNA Sequencing
Each BPH individual in the extreme bulks was dissected into
two parts under an Olympus stereoscopic microscope, the heads
with intestines and the remaining carcasses. The two resulting
bulks from the sets of 40 virulent and avirulent F2 individuals

were each randomly divided into four replicates, with parts of 10
insects in each replicate. The tissue samples in each replicate were
mixed, and total RNA was extracted from them using a mirVana
miRNA Isolation Kit (Ambion-1561, Austin, TX, United States).
After testing its integrity using a 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, United States), sequencing
libraries were constructed using a TruSeq Stranded mRNA
LTSample Prep Kit (Illumina, San Diego, CA, United States)
following the manufacturer’s instructions. The cDNA library
preparations were then sequenced using an Illumina HiSeq
4000 sequencing platform. Raw reads were processed using
Trimmomatic (Pérez-Rubio et al., 2019). To obtain clean data,
reads containing poly-n and low-quality reads were removed.
Then the clean reads were used for the BSR-seq analysis.

SNP Calling and Bulked Segregant
RNA-Seq Analysis
The reads were mapped to the latest chromosome-level BPH
reference genome (BioProject accession no. PRJNA591478) (Ma
et al., 2021) using Burrows–Wheeler Aligner (BWA, v. 0.7.5a)
(Rajan-Babu et al., 2021). The bwa index command and BWA–
MEM were used to create reference genome index and map the
reference genome, respectively. Then, the mapped reads were
sorted and indexed by SAMtools (v. 1.3.1) (Danecek et al., 2021),
following recommended procedures.1 SNPs were called using
SAMtools and BCFtools (v. 1.3.1) (Lam et al., 2020). The Variant
Call Format (VCF) files are shown in Supplementary Materials.
Then SnpEff v. 4.1g (Cingolani et al., 2012) was used to annotate
and predict the effects of genetic variants on genes. And SNP
index was calculated at each SNP position to indicate the
proportion of reads harboring SNPs that differed from the
reference sequences (Abe et al., 2012). SNP positions with SNP
index less than 0.3 were eliminated, and those with depth less than
four were excluded, as these SNPs may be due to sequencing or
alignment errors (Hisano et al., 2017; Feng et al., 2020; Li et al.,
2020). After filtration, 1SNP-index value (Takagi et al., 2013;
Li et al., 2020) was calculated for each position by subtracting
the SNP index of the aB15-bulk from that of the vB15-bulk.
The average 1SNP-index was calculated using a sliding window
analysis with a window size of 3-Mb and a slide size of 1-Mb. We
computed confidence intervals of 1SNP-index values for all SNP
positions under the null hypothesis that no QTLs were present.

Differential Expression Gene Analysis
The clean reads were mapped to the BPH reference genome
(Ma et al., 2021) using Hisat2 (v. 2.2.1.0) software2 (Kim et al.,
2015). To quantify gene expression levels, fragments per kilobase
of transcript per million mapped reads (FPKM) values (Roberts
et al., 2011) were calculated using Cufflinks (Trapnell et al., 2010),
and read counts of each gene were determined by htseq-count
(Srinivasan et al., 2020). DEGs were clustered using the DESeq
package (Anders and Huber, 2012) with thresholds of log2FC≥ 1
and P < 0.05 for significantly differential expression. The DEGs’
expression patterns were explored by hierarchical cluster analysis

1http://samtools.sourceforge.net/mpileup.shtml
2https://daehwankimlab.github.io/hisat2/
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FIGURE 1 | Bph15-mediated resistance verification and virulence assessment of BPH biotype Y. (A) Photo showing the difference in TN1 and YHY15 rice plants’
BPH resistance. (B) BPH-resistance scores of TN1 and YHY15 plants (negatively related to BPH resistance) obtained from observations 7 days after BPH infestation
(n = 3 independent experiments, each with 15 rice plants). (C) Mortality of BPH insects fed on TN1 and YHY15 plants after 48 h. Weight gain (D) and growth rate (E)
of BPH biotypes 1 and biotype Y feeding on YHY15 rice plants for 48 h. Three independent experiments were repeated with 25 BPHs per replicate. (F) Amounts of
honeydew excreted by newly emerged female adults of biotype 1 and biotype Y on YHY15 plants after 48 h. Three independent experiments were performed with
25 BPHs per replicate. All data presented are means ± SE of three replicates. In the box charts, the bottom and top edges of the box charts represent the 25th and
75th percentiles, respectively, and center values are medians. The whiskers mark ranges of the data, excluding outliers. **, *** on the bars indicate significance at P <
0.01, and P < 0.001 (according to Student’s t-test), respectively.

and they were functionally annotated by comparing with entries
in the Nr, eukaryotic orthologous groups (KOG), Swiss-Prot,
Gene ontology (GO), Pfam, and Kyoto Encyclopedia of Genes
and Genomics (KEGG) databases (with P ≤ 0.05 as the threshold
in GO term and KEGG pathway enrichment analyses).

Real-Time Quantitative PCR Analysis
For expression analyses of candidate genes in Bph15-virulent
(Vr-B15) and Bph15-avirulent (Avr-B15) BPHs. The weight gain
of newly emerged female adults from biotype Y was measured
after feeding on YHY15 for 48 h. The virulent insects (average
weight gain in 2.0 mg) and the avirulent (weight gain –0.4 mg)
were used for qRT-PCR, respectively. Total RNA was isolated
from the insects using a RNAiso Plus kit (Takara, Kyoto, Japan)
following the manufacturer’s instructions. RNA samples were
reverse-transcribed into cDNA using a PrimeScript RT Reagent
Kit with gDNA Eraser (Takara, Kyoto, Japan). The resulting
sequences were then used in qRT-PCR analysis with a CFX96
TouchTM Real-Time System and iTaq Universal SYBR Green
Supermix Kit (Bio-Rad, Hercules, CA, United States) according
to the manufacturer’s protocols. Relative expression levels were
calculated using the 2−11Ct method with the BPH housekeeping
gene actin serving as an internal control. Three independent
biological replicates were employed in each experiment.

Statistical Analysis
The significance of differences in recorded variables was assessed
using Student’s t-test or Tukey’s honestly Significant Difference
test implemented in IBM SPSS Statistics v. 23.0. Differences were
considered significant, very significant and highly significant
(indicated by ∗, ∗∗, ∗∗∗ in the figures) if P < 0.05, P < 0.01, and
P < 0.001, respectively.

RESULTS

The Performance of Brown Planthopper
Insects on YHY15 Rice Plants
To verify the BPH resistance conferred by Bph15, YHY15 plants
carrying Bph15 were used for seedling stage insect resistance
analysis, with susceptible TN1 plants as controls. After infestation
by biotype 1 BPHs for 7 days, the TN1 plants were dead, but
the YHY15 plants survived well, proving YHY15’s resistance to
biotype 1 BPHs (Figures 1A,B and Supplementary Figure 1).
Moreover, the mortality rate of biotype 1 insects was also
significantly higher on YHY15 (24.44%) than on TN1 (7.22%)
plants (Figure 1C). These results clearly indicate that the YHY15
plants were resistant to BPH.
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FIGURE 2 | Construction of the two extreme BPH bulks. (A) Frequency distribution of weight gain of 504 biotype Y BPHs after feeding on YHY15 plants for 48 h.
A single extremely virulent BPH female, with 2.06 mg weight gain (indicated by the red asterisk), was selected. (B) Frequency distribution of weight gain of F2 BPHs
(n = 1202) fed on YHY15 plants for 48 h. The histogram shows the BPHs’ weight gain. The chart above it shows the range of BPH weight gain, with 25th and 75th
percentiles (excluding outliers) indicated by right and left edges of the box, respectively, and the median within the box. Panels (C–E) show the weight gain, weight
gain ratio, and honeydew excretion, of the two bulks after feeding on YHY15 for 48 h (three independent experiments were performed). vB15-bulk and aB15-bulk
refer to BPHs extremely virulent and extremely avirulent to YHY15, respectively. ***P < 0.001 (Student’s t-test).

To further investigate the virulence of BPH biotype Y to
YHY15 rice, we observed the performance of adult female biotype
1 and Y insects (with similar initial body weight, ranging from
1.8 to 2.7 mg) on YHY15 plants. After feeding on YHY15 plants
for 48 h, the biotype Y and 1 insects had average weight gain
of 1.08 and 0.03 mg, respectively (Figure 1D), with average
growth rate of 51.58 and 2.24%, respectively (Figure 1E). In
addition, the biotype Y and 1 BPHs had average honeydew
excretion of 42.78 and 3.55 mg, respectively (Figure 1F). These
results indicate that the biotype Y has adapted to the resistant
YHY15 rice plants.

Construction of Extremely Virulent and
Avirulent Brown Planthopper Bulks
To construct the virulent and avirulent BPH bulks, 504 BPH
female adults of biotype Y were randomly selected and we
recorded the weight gain of each insect after feeding on
YNY15 plants for 48 h. Their weight gain of BPH insects was
continuously distributed in range of –0.79–2.06 mg (Figure 2A),
indicating significant heterogeneity in virulence in the biotype
Y population. Therefore, a virulent female with 2.06 mg
weight gain from biotype Y (indicated by the red asterisk in
Figure 2A) was selected and crossed with an avirulent male
of the biotype 1 population. The emerging male and female

offspring were then intercrossed to breed a F2 generation for
bulk construction.

In total, the virulence of 1202 newly emerged F2 female
adults was assessed by allowing them to feed on resistant YHY15
plants for 48 h and recording their weight gain, which ranged
from –1.04 to 2.8 mg (Figure 2B), clearly showing that their
virulence widely varied. We selected 40 extremely virulent and
40 avirulent BPHs with weight gains ranging from 1.89 to 2.8 mg
and weight losses ranging from 0.4 to 1.04 mg, respectively
(Figure 2C), and average weight gain ratios of 96.49 and –
22.27%, respectively (Figure 2D). In addition, BPH honeydew
excretion is a reliable indicator of BPH feeding activity. It has
been applied to determine the virulence of the biotypes (Claridge
and Den Hollander, 1980). The virulent BPHs produced 25.62–
94.45 mg honeydew, and the avirulent 0–0.77 mg honeydew,
respectively (Figure 2E). Hence, the 40 extremely virulent F2
insects and 40 extremely avirulent counterparts were designated
the Bph15-virulent (vB15) bulk and Bph15-avirulent (aB15) bulk,
respectively (Supplementary Figure 2).

Transcriptome Annotation of the
Assembled Unigenes
We subjected the two extreme BPH bulks to deep RNA-
sequencing. For this, the 40 F2 individuals in each extreme
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TABLE 1 | Summary of the RNA sequencing data.

Sample Raw bases Clean bases Q30 (%) GC (%) Total mapped reads Mapping ratio (%)

aB15_1 7.14G 6.61G 91.94 42.33 38742958 85.87

aB15_2 7.38G 6.83G 91.89 42.42 40139950 86.03

aB15_3 7.41G 6.84G 91.58 42.67 40055545 85.69

aB15_4 7.76G 7.20G 92.13 42.16 40356826 82.09

vB15_1 7.35G 6.81G 92.08 41.37 38729806 83.34

vB15_2 7.46G 7.04G 93.51 42.16 39970460 83.47

vB15_3 7.38G 7.01G 93.91 40.40 39937855 83.91

vB15_4 7.72G 7.33G 94.05 40.97 41755631 83.82

Total 59.6G 55.67G – – – –

bulk were randomly divided into four replicates with 10 insects
in each replicate, and each insect was divided into two parts
(heads + intestines and remaining carcasses). RNA transcripts
were extracted from the pooled pairs of tissue samples of each
set of 10 BPHs then sequenced using an Illumina HiSeq 4000
sequencing platform, generating eight transcriptome libraries
with 59.6 G raw data in total. After filtering out low-quality
sequences, incorrect adapters, and redundant sequences, 55.67
G clean data were obtained. In addition, 82.09–86.03% of
clean reads were mapped to the latest chromosomal-level BPH
reference genome (Ma et al., 2021), and the Q30 percentage
exceeded 91.58% (Table 1).

Results of the correlation analysis showed that the gene
expression profiles of the four biological replicates of each
bulked RNA sample correlated well (Supplementary Figure 3
and Supplementary Table 1). Principle component analysis
(PCA) showed that the first two principal components (PC1
and 2) explained 61 and 12.7% of the variance, respectively.
Samples within each group clustered together (Supplementary
Figure 4). In particular, 18,559 unigenes were identified based
on the clean reads obtained from the two BPH extreme bulks.
Based on the sequence homology, 10,450 unigenes were
assigned to KOG functional classifications. These included 25
KOG categories, most commonly general function prediction
only (21.48%), followed by: signal transduction mechanisms
(14.08%); post-translational modification, protein turnover,
chaperones (8.871%); transcription (6.134%); intracellular
trafficking, secretion, and vesicular transport (5.33%); lipid
transport and metabolism (4.813%); amino acid transport and
metabolism (4.584%); and translation, ribosomal structure
and biogenesis (3.962%) (Figure 3). Transcripts of numerous
genes involved in basic processes such as translation and
transcription, as well as functions including lipid transport,
signal transduction, and post-translational modification
mechanisms were detected.

Transcriptomic Profiles of Avirulent and
Virulent Brown Planthoppers
Transcriptomic profiles of the vB15- and aB15-bulks were
compared to identify DEGs with fold-change (FC) ≥ 2 and
P < 0.05 (Supplementary Figure 5). In total, 751 DEGs
were detected (Supplementary Table 2), of which 418

were more strongly expressed in the aB15-bulk and 333
in the vB15-bulk (Figure 4A). These findings indicate that
feeding on the YHY15 plants induced stronger transcriptomic
changes in the avirulent BPHs than in the virulent BPHs.
We subsequently subjected to the DEGs to gene ontology
(GO) analysis to identify the key processes that were
enriched in each extreme bulk. The GO analysis (level 2)
illustrated that GO terms that were mainly enriched in both
aB15 and vB15-bulks were involved in single-organism,
cellular, metabolic, binding, and catalytic activity processes
(Supplementary Figure 6 and Supplementary Table 3).
Additionally, KEGG analysis (level 2) revealed that the
418 DEGs more strongly expressed in the aB15-bulk were
mainly involved in: carbohydrate, amino acid and nucleotide
metabolism; signal transduction; the endocrine system;
and protein folding, sorting and degradation (Figure 4B).
These changes indicate that Bph15-mediated resistance
mechanisms induced substantial changes in diverse physiological
processes of avirulent BPHs. The 333 DEGs more strongly
expressed in the vB15-bulk were mainly assigned to lipid
metabolism and digestive system categories (Figure 4B),
suggesting that these pathways are crucial for BPH adaption to
Bph15-mediated resistance.

We also subjected the DEGs to KEGG enrichment analysis
(with a P < 0.05 threshold) to further pinpoint key pathways
in each bulk. The 418 more strongly expressed in the aB15-
bulk were mainly involved in: purine, carbohydrate, and amino
acid metabolism; longevity regulation; and MAPK signaling
pathways. Genes associated with six amino acids (Gly, Ser,
Thr, Val, Leu, and Ile) were more strongly expressed in
the aB15-bulk after feeding on resistant YHY15 rice plants.
Genes of the glycolysis/gluconeogenesis, citrate cycle (TCA
cycle), and pentose phosphate pathways of carbohydrate
metabolism categories were significantly enriched in the
avirulent BPHs (Figure 4C and Supplementary Table 4).
In contrast, assignations of the 333 DEGs more strongly
expressed in the vB15-bulk indicated significant enrichment of
lipid metabolism (including steroid hormone and unsaturated
fatty acid biosynthesis, fatty acid elongation, arachidonic acid
metabolism, and glycerophospholipid metabolism pathways) in
the virulent insects. Pancreatic secretion, vitamin digestion and
absorption, and protein digestion and absorption pathways of
the digestive system category were also significantly enriched
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FIGURE 3 | Histogram of numbers of genes in orthologous group classes. In total 10,450 unigenes were annotated into 25 KOG categories and the number of
unigenes in each specific functional clump is indicated on the y-axis.

in the vB15-bulk (Figure 4D and Supplementary Table 4).
These results indicate that the virulent BPHs’ adaption to
YHY15 is related to lipid metabolism, protein digestion, and
absorption pathways.

Verification of Differentially Expressed
Genes in Key Pathways
To verify the reliability of the RNA sequencing data, we
validated 30 randomly selected DEGs by quantitative reverse
transcription-PCR (qRT-PCR) analysis with gene-specific
primers (Supplementary Table 5). Expression levels of these 30
randomly selected DEGs (13 and 17 that were more strongly
expressed in the vB15-bulk and aB15-bulk, respectively)
were determined in both bulks, normalized with respect to
actin expression, and then compared with the corresponding
transcript read counts. Their expression levels according to
the RNA-seq and qRT-PCR analyses correlated extremely well,
with an R2 value of 0.9574 (Figure 5A), clearly confirming the
credibility of our RNA-seq data.

We also analyzed nine DEGs in the lipid metabolism pathway
that were significantly enriched using qRT-PCR (Supplementary
Table 5). These nine DEGs’ annotations indicate that they
are UDP-glucuronosyltransferases (Supplementary Table 2),
which play diverse roles, including detoxification (Bock, 2016),
by catalyzing the transfer of sugar molecules to lipid and
protein acceptors (Zielinski et al., 2016). Expression levels of
these genes were examined, by qRT-PCR, in representatives
of the Bph15-virulent (Vr-B15) and Bph15-avirulent (Avr-
B15) insects of biotype Y, with 2.0 mg weight gain and
0.4 mg weight loss after feeding on YHY15 plants for 48 h,
respectively. The results showed that all these genes were
expressed significantly more strongly in the Vr-B15 insect than
the Avr-B15 insect (Figure 5B). These results are consistent

with the pathway enrichment results, indicating that lipid
metabolism pathways were regulated differentially in the virulent
and avirulent insects in response to rice plants carrying the Bph15
resistance gene.

Identification of Single-Nucleotide
Polymorphisms Linked to Virulence
In total, 63127 SNPs with high confidence were obtained from
the transcriptomic data of the two bulks. Application of the
1SNP-index method identified 24 SNPs localized in 21 genes on
six chromosomes at a significance level of 99% (Supplementary
Table 6; Feng et al., 2020; Li et al., 2020; He et al., 2022). Moreover,
two chromosome regions harboring SNPs were identified on
chromosome 3 (73413752-83702207 and 88874910-94058321), as
shown in Figure 6 and Supplementary Figure 7. In addition,
33 of the 751 DEGs were located near identified SNPs linked to
virulence (Supplementary Table 7). These results clearly suggest
that multiple loci control BPH virulence to plants with Bph15-
mediated resistance.

Putative functions of the 21 genes hosting the 24 identified
SNPs were annotated (Supplementary Table 8). One of these
genes, LOC111057305, encodes a fatty acyl-CoA reductase (FAR),
which plays a crucial role in insect pheromone biosynthesis
(Teerawanichpan et al., 2010). Another, LOC111052455, encodes
a member of the aldo–keto reductase 6 (AKR6) family
involved in channel trafficking and membrane localization
(Barski et al., 2009). One of these genes, LOC111054236,
encodes a dipeptidyl peptidase 4 (DPP 4) protein, a vital
digestive peptidase in Tenebrio molitor larvae (Tereshchenkova
et al., 2016). Another, LOC111046750, encodes a peroxidasin
homolog protein involved in basement membrane biogenesis,
tissue development, and innate immune defense (Nelson
et al., 1994). And LOC120354300 encodes a zinc finger
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FIGURE 4 | Functional analyses of the differentially expressed genes (DEGs). (A) Volcano plots of DEGs (P < 0.05 and log2FC = 1.) between the vB15- and
aB15-bulks, based on log2FC and FDR values. Green and red scatterpoints indicate DEGs more strongly expressed in the aB15-bulk and vB15-bulk, respectively.
The results are based on comparison of expression of genes in vB15-bulk and aB15-bulk. (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) classification of
the DEGs more strongly expressed in the aB15- and vB15-bulks, respectively. The DEGs were assigned to KEGG pathways associated with: (A) Cellular processes;
(B) Environmental information processing; (C) Genetic information processing; (D) Human diseases; (E) Metabolism; (F) Organismal systems. The DEGs more strongly
expressed in the aB15-bulk were assigned to 42 KEGG categories, and those more strongly expressed in the vB15-bulk were assigned to 36 categories. (C,D) The
20 most highly enriched KEGG pathways in the aB15 and vB15 bulks, respectively.

protein, which has diverse functions, including lipid binding,
transcriptional activation, regulation of apoptosis, and protein
folding and assembly (Laity et al., 2001). Others include
LOC111055290, an integrator complex subunit implicated in

adipose differentiation (Otani et al., 2013), and LOC111048257,
encoding a basement membrane specific heparan sulfate
proteoglycan core protein. These candidate genes encode
enzymes, zinc finger proteins, and other functional proteins
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FIGURE 5 | (Continued)
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FIGURE 5 | Validation of the transcriptome sequencing quality. (A) Correlation of the RNA-seq and RT-qPCR results. Expression levels of 30 randomly selected
DEGs, including 13 and 17 more strongly expressed in the vB15-bulk and aB15-bulks, according to analyses of the RNA samples (normalized with respect to the
BPH β-actin gene; three biological replicates). Fold-change values of these genes obtained from the RNA-seq and RT-qPCR analyses are strongly positively
correlated. (B) Expression levels of nine DEGs related to lipid metabolism in Avr-B15 and Vr-B15 (avirulent and virulent BPHs with 0.4 mg weight loss and 2.0 mg
weight gain after feeding on a YHY15 plant for 48 h, respectively). Presented data are means ± SE of three replicates. Error bars indicate SEM, n = 3 independent
experiments. Asterisks above the bars indicate significant differences, according to Student’s t-test (*P < 0.05; **P < 0.01; ***P < 0.001).

FIGURE 6 | Distribution of polymorphic SNPs on chromosomes. The horizontal lines indicate positions of SNPs with a significance level of 99%. The green blocks
indicate chromosome regions linked to BPH virulence.

that may participate in BPH virulence to plants with Bph15-
mediated resistance.

DISCUSSION

Previous studies have revealed significant genetic variations in
virulence within BPH populations (Den Hollander and Pathak,
1981; Tanaka, 1999). Accordingly, this study found substantial
variation in the virulence of randomly selected individuals of
BPH biotype Y (Figure 2A). Thus, direct comparison of wild
BPH populations may not readily identify genetic factors of BPH
virulence (Via, 1990; Kobayashi, 2016). The heterogeneity of the
parental BPH population also reportedly complicates inheritance
of BPH virulence (Sogawa, 1981). Therefore, we mated a virulent
female and an avirulent male to produce a F1 generation, and
F1s were intermated to produce the F2 generation. Two BPH
extreme bulks were constructed from the F2 population by
the BSR approach. Virulence assessment validated these two
extreme bulks (Figure 2), then 751 DEGs and 24 SNPs in 21
candidate genes were identified by BSR-seq analysis, confirming
its suitability for studying BPH biotype Y’s virulence to rice plants
with Bph15-mediated resistance. To our knowledge, this is the
first reported use of the BSR-seq method to identify candidate
genes involved in BPH virulence to rice resistance.

Functional analyses of the identified DEGs showed that
feeding on plants with Bph15-mediated resistance induced
more extensive transcriptomic changes in the avirulent BPHs
than in the virulent insects. Carbohydrates are the main
chemical components in the phloem sap of rice and essential
nutrients for phloem-sucking insects (Foyer et al., 2007). In
this study, we detected 42 DEGs associated with carbohydrate
metabolism in the two BPH bulks. More of these were
expressed more strongly in avirulent BPHs than in virulent
BPHs (Figure 4B). The expression patterns also showed that
the glycolysis/gluconeogenesis, citrate cycle (TCA cycle), and
pentose phosphate pathways were significantly enriched in the
avirulent BPHs after feeding on resistant YHY15 rice plants
(Figure 4B). These findings indicate that feeding on YHY15
plants induces upregulation of carbohydrate metabolism in
avirulent BPH. We also found that it induced significant
increases in expression of genes involved in synthesis of six
amino acids (Gly, Ser, Thr, Val, Leu, and Ile) in the avirulent
BPHs (Figure 4C). This has clear physiological implications
as amino acids are the raw materials for protein synthesis
and participate in myriads of fundamental processes in insects,
including energy provision (Hargrove, 1976), sclerotization of
newly formed cuticle (Andersen, 2007), and detoxification of
harmful exogenous substances (Novoselov et al., 2015). Similarly,
Peng et al. (2017) found that levels of six amino acids (Val, Leu,
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Ser, Thr, Pro, and Gln) were higher in BPHs fed on resistant
YHY15 rice plants than in counterparts fed on susceptible
TN1 rice. Moreover, Liu et al. (2017) found that levels of
19 amino acids were lower in BPH nymphs after feeding
on YHY15 rice than after feeding on TN1 plants for 12 h.
These results suggest that the higher amino acid levels may
contribute to the feeding and survival of avirulent BPHs on
resistant YHY15 rice. MAPK signaling, purine metabolism,
and longevity regulating pathways were also enriched in the
avirulent BPHs after feeding on the resistant rice (Figure 4C).
Collectively, these findings suggest that feeding on rice with
Bph15-mediated resistance may perturb diverse physiological
processes in avirulent BPHs.

In contrast, feeding on the YHY15 plants more specifically
altered lipid metabolism in virulent biotype Y BPHs, in
accordance with previous findings that lipid mobilization in their
bodies is crucial for BPHs feeding on resistant rice plants (Yue
et al., 2019). In this study, we found that it induced stronger
expression of lipid metabolism-related pathways in virulent BPHs
than in avirulent BPHs. Biosynthesis of steroid hormones and
unsaturated fatty acids, fatty acid elongation, arachidonic acid
metabolism, and glycerophospholipid metabolism pathways were
significantly enriched in the virulent-BPH bulk (Figure 4D).
These results indicate that lipid metabolism pathways are
important for BPH virulence to Bph15 resistance, and are
consistent with previous reports that lipid metabolism in
BPH fat bodies is activated when the insects feed on
rice plants carrying Bph6 or Bph9 resistance genes (Zheng
et al., 2020). In addition, efficient digestion and nutrient
uptake are vital for insects to acquire essential nutrients
from their diet (Holtof et al., 2019). Comparative analysis
of salivary gland transcriptomes of two BPH populations
derived from TN1 and Mudgo has revealed that genes
related to “digestion and absorption” might be associated
with BPH virulence (Ji et al., 2013). Results presented
here indicate that feeding on the resistant plants induced
stronger expression of pathways involved in the digestive
system, including pancreatic secretion, as well as the digestion
and absorption of vitamins and proteins in virulent BPHs
(Figures 4B,D). These findings corroborate the importance
of the digestive system’s importance in BPH virulence. In
sum, the findings indicate that lipid metabolism and digestive
system pathways are strongly involved in BPHs’ adaptation to
resistant YHY15 plants.

Previous studies showed that the polygenic system controls
BPH virulence (Claridge and Den Hollander, 1980; Tanaka,
1999; Jing et al., 2017). For example, BPH virulence to
rice plants with Bph1-mediated resistance is influenced by a
recessive gene located on linkage group 10 (Kobayashi et al.,
2014), a gene on chromosome 7 influences the preference
for Bph1 plants, and two major QTLs on chromosomes 5
and 14 influence the insect’s growth rates on resistant rice
plants (Jing et al., 2014). The BSR-seq approach in this study
extended these findings by identifying 24 SNPs linked with
BPH virulence on six chromosomes. Most of these SNPs are
located on chromosomes 3, followed by chromosomes 13,
4, 7, 8, and 14 (Supplementary Table 6). Furthermore, two

chromosome regions (Chr3, 73413752-83702207 and 88874910-
94058321) were identified (Figure 6). All the results suggest
that the mechanism underlying BPH virulence is complex
and involves multiple genes. In this analysis, we crossed a
virulent female from biotype Y and an avirulent male from
biotype 1 to produce an F2 population and performed a BSR-
sequencing between the two extreme bulks. In the future,
more BPH crosses and repeated BSR-sequencing analysis should
be carried out to confirm and fine map the identified loci.
Loci harboring the SNPs and candidate genes are expected
to greatly facilitate determination of mechanisms involved
in BPH virulence.

CONCLUSION

We identified 751 DEGs between the virulent and avirulent
BPHs and mapped 24 SNPs linked to BPH virulence to rice
plants with Bph15-mediated resistance by BSR-seq analysis.
Functional analysis of 418 DEGs highly expressed in the avirulent
insects showed that BPH upregulates carbohydrate, amino
acid, and nucleotide metabolism, endocrine system, and signal
transduction pathways in response to feeding on these plants.
Lipid metabolism and digestive system pathways may play roles
for BPH adaption to resistant rice. We expect the identification
of relevant genetic loci and genes presented here to facilitate
further research on BPH virulence mechanisms and responses to
resistant plants.
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Under global climate change, high-temperature stress is becoming a major threat to
crop yields, adversely affecting plant growth, and ultimately resulting in significant yield
losses in various crops, including chickpea. Thus, identifying crop genotypes with
increased heat stress (HS) tolerance is becoming a priority for chickpea research.
Here, we assessed the response of seven physiological traits and four yield and
yield-related traits in 39 chickpea genotypes grown in normal-sown and late-sown
environments [to expose plants to HS (>32/20◦C) at the reproductive stage] for two
consecutive years (2017–2018 and 2018–2019). Significant genetic variability for the
tested traits occurred under normal and HS conditions in both years. Based on
the tested physiological parameters and yield-related traits, GNG2171, GNG1969,
GNG1488, PantG186, CSJ515, RSG888, RSG945, RVG202, and GNG469 were
identified as promising genotypes under HS. Further, ten heat-tolerant and ten heat-
sensitive lines from the set of 39 genotypes were validated for their heat tolerance
(32/20◦C from flowering to maturity) in a controlled environment of a growth chamber. Of
the ten heat-tolerant genotypes, GNG1969, GNG1488, PantG186, RSG888, CSJ315,
and GNG1499 exhibited high heat tolerance evidenced by small reductions in pollen
viability, pollen germination, and pod set %, high seed yield plant−1 and less damage to
membranes, photosynthetic ability, leaf water status, and oxidative processes. In growth
chamber, chlorophyll, photosynthetic efficiency, pollen germination, and pollen viability
correlated strongly with yield traits. Thus, GNG1969, GNG1488, PantG186, RSG888,
CSJ315, and GNG1499 genotypes could be used as candidate donors for transferring
heat tolerance traits to high-yielding heat-sensitive varieties to develop heat-resilient
chickpea cultivars.
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INTRODUCTION

Plants have an optimum temperature range where they perform
best based on their genetic makeup; exposure to temperatures
beyond the threshold is considered heat stress (HS; Hatfield
and Prueger, 2015). Extreme temperature adversely affects crop
growth by damaging morphological, physiological, biochemical,
and molecular characteristics and ultimately reducing yield
(Hemantaranjan et al., 2014; Sehgal et al., 2018; Jameel et al.,
2021). At the sub-cellular level, HS impairs vital processes
such as photosynthesis, respiration, membrane functioning,
and water relations, affecting the functioning of enzymes,
proteins, hormones, and primary and secondary metabolites
(Bita and Gerats, 2013; Chaudhary et al., 2020). Additionally,
HS can induce the accumulation of reactive oxygen species,
cause organelles to malfunction, alter phytohormone production
and signaling, and induce transcriptomic re-programming and
metabolomic changes (Hasanuzzaman et al., 2013). Heat stress
is frequently associated with reduced water availability; thus,
crops grown in tropical and sub-tropical environments should
be evaluated for their HS response (Barnabás et al., 2008;
Krishnamurthy et al., 2011).

Temperatures are rising globally due to climate change
and anthropogenic reasons (Mukherjee et al., 2018), posing a
serious threat to various agricultural crops, including cool-season
legumes such as chickpea. Heat stress at critical stages during
plant development, especially the reproductive stage, severely
constrains chickpea production. Chickpea performs well when
the reproductive stage coincides with average temperatures of
20–28◦C (Devasirvatham et al., 2013). However, temperatures
(>32◦C) during flowering and pod filling lead to various
anomalies in reproductive organs resulting in flower drop, pollen
sterility, pod abortion, and substantial losses in seed yield (Singh
et al., 2016; Gaur et al., 2019; Pareek et al., 2019; Jha et al., 2021).
Therefore, it is vital to develop heat tolerance in chickpea under
the prevailing HS conditions.

Substantial reductions in chickpea yield have been observed
for even a 1◦C rise in temperature beyond the threshold (Kalra
et al., 2008). Canci and Toker (2009) reported large-scale genetic
variation in a field evaluation of 377 chickpea germplasm lines
and 68 accessions of wild Cicer species, identifying several heat-
tolerant genotypes and suggesting that harvest index, seed yield,
and pods plant−1 be considered as selection traits. Similarly,
Gaur et al. (2010) studied 180 chickpea genotypes at two
locations in India and found large genetic variation for pod
number. Information about genotypic diversity in terms of
specific morpho-physiological and reproductive traits in chickpea
is rarely available, hence the existing chickpea germplasm need
to be assessed to identify heat tolerant genotypes and the
underlying mechanisms. This study developed an effective,
simple, and reliable screening method with well-defined traits for
selecting heat-tolerant chickpea genotypes under field conditions.
The screening method could be used to identify germplasm
with increased heat tolerance for introgression into commercial
chickpea breeding programs.

MATERIALS AND METHODS

Field and Growth Chamber Experiments
The seeds of 39 chickpea (Cicer arietinum L.) genotypes
(Supplementary Table 1) were procured from various sources
(Punjab Agricultural University, Ludhiana, India; Indian
Institute of Pulse Research, Kanpur, India; Agricultural Research
Station Sriganganagar, Rajasthan, India). Genotype ICC92944
(Source: ICRISAT) was used as a heat-tolerant check. Chickpea
seeds were sown in pots (8 L capacity) containing a mixture
of air-dried soil, sand, and farmyard manure [2:1:1 (v/v)].
The loam soil (pH 7.1) contained 54, 43, and 158 kg ha−1 of
available N, P, and K, respectively. The seeds were inoculated
with Mesorhizobium sp. at the recommended rate of 1.95 g
kg−1 seeds. Five seeds were planted in each pot and thinned to
three per pot after emergence (10 pots genotype−1 in triplicate).
The experiment had a randomized complete block design.
Meteorological information (mainly daily temperature and
relative humidity profiles) from sowing date to maturity was
recorded throughout the cropping season. The plants were
grown in a natural environment outdoors in a wire-covered
dome to protect them from birds and small animals at Panjab
University, Chandigarh, India.

The chickpea genotypes were sown in pots on two sowing
dates: (1) first week of November for normal sowing and
(2) first week of January for late sowing to impose HS at
the reproductive stage following CRBD. The year-wise weather
details (Temperature, relative humidity, and light intensity) are
given in Supplementary Figure 1 and Supplementary Table 2.

In a separate experiment, conducted in controlled
environment in a growth chamber (CRBD), plants of some
selected genotypes (10 heat-tolerant, 10 heat-sensitive) at the
onset of the bud stage were initially exposed to 25/15◦C for a
day, followed by a gradual increase by 2◦C d−1 to obtain the
required temperature (32/22◦C). The plants were fully irrigated
with (water applied twice daily at 10.00 a.m. and 7.00 p.m.) to
avoid any drought stress during the heat treatment. The chamber
had a light intensity of about 500 µmol m−2 s−1 and RH of
65–70% during the experiment.

Fresh leaves located at 2nd and 3rd branches from the top in
control and heat-stressed plants (15 day after exposure to stress)
were assessed for seven physiological traits [Electrolyte leakage
(EL); leaf chlorophyll (CHL) content, stomatal conductance
(gS), Fv/Fm photosystem II efficiency (PSII), malondialdehyde
concentration (MDA)]. At the same time, the flowers (2 days
before anthesis) were collected to measure pollen germination
% (PGP), pollen viability % (PVP). The plants were also
analyzed for pod set % (PSP), and yield-related traits [number
of total pods plant−1 (NPP), seed yield plant−1 (SYP), single
seed weight plant−1 (SSWP), biological mass]. The screening
experiment (outdoors; conducted for two consecutive years)
comprised of 10 pots for each of 39 genotypes (three
plants pot−1) grown in triplicate in a randomized block
design. The validation experiment CRBD comprised of five
pots for each selected genotypes (10 heat-tolerant and 10
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heat-sensitive; three plants pot−1) grown in triplicate in a
complete randomized block design.

Physiological Traits
Electrolyte Leakage %
The leaves were assessed for membrane damage (as EL) to
measure the permeability of cell membranes. Fresh leaves
(100 mg) from the topmost branches were collected and washed
with deionized water to remove surface-adhered electrolytes. The
leaf tissue was placed in closed glass vials containing 10 mL
deionized water and incubated at 25◦C on a rotary shaker for
24 h. Electrical conductivity of the solution (L1) was measured
with a conductivity meter (ELICO CM 180, Hyderabad, India),
expressed in mmhos g−1 dry weight (DW). The samples were
then heated in a water bath at 120◦C for 20 min before
measuring final electrical conductivity (L2) after equilibration at
25◦C (Lutts et al., 1996). Electrolyte leakage was defined as EL
(%) = (L1/L2) × 100.

Stomatal Conductance
The stomatal conductance of fully expanded leaves (from the
second or third branches from the top) was measured using a
portable leaf porometer (model SC1, Decagon Devices, Pullman,
WA, United States) at 11:00 h at the end of the stress period and
expressed as mmol m−2 s−1 (Awasthi et al., 2014).

Chlorophyll Content (SPAD)
The chlorophyll (CHL; as SPAD value) of a tagged leaf was
measured using a SPAD chlorophyll meter between 10.00 and
11.00 h using an Apogee-SPAD meter on alternative days for
2 weeks from 30 DAS (days after sowing).

Malondialdehyde
Lipid peroxidation of membranes was estimated in terms of
MDA concentration, a lipid peroxidation product, following the
method of Heath and Packer (1968). Fresh plant tissue (500 mg)
was homogenized in 0.1% trichloroacetic acid (TCA), followed
by centrifugation at 15,000 rpm for 5 min. A fraction of the
supernatant (0.1 mL) was reacted with 0.5% thiobarbituric acid
(4 mL) prepared in 20% TCA. The mixture was heated at 95◦C
for 30 min and then quickly cooled in an ice bath, followed by
centrifugation at 10,000 rpm for 10 min at 4◦C. The supernatant
was used to measure absorbance at 532 nm. The MDA content
was calculated using its extinction coefficient (155 mM−1 cm−1)
and expressed as nmol g−1 DW.

Leaf Photosynthetic Function
Photochemical efficiency was measured as chlorophyll
fluorescence using the dark-adapted test of the modulated
chlorophyll fluorometer OS1-FL (Opti-Sciences, Tyngsboro,
MA, United States) at 11:00 h (Awasthi et al., 2014).

Reproductive Function
For assessing reproductive function, flowers were collected
15 days after exposure to stress.

Pollen Germination
In vitro pollen germination experiments were conducted using
pollen grains collected from five flowers genotype−1 in three
replications, as described by Brewbaker and Kwack (1963).
The germination medium comprised 10% sucrose, 990 mM
potassium nitrate (pH 6.5), 1.3 mM calcium nitrate, 1.64 mM
boric acid, and 812 mM magnesium sulfate. Pollen grains are
considered germinated when the diameter of the tube exceeds the
diameter of the pollen grain. PGP was calculated from at least 100
pollen grains per replicate (Kaushal et al., 2013).

Pollen Viability
For PVP, pollen grains were collected from flowers that opened
on the same day and pooled (Alexander, 1969), before adding
0.5% acetocarmine/Alexander stain. Viable pollen grains were
selected based on shape and size (spherical or triangular) and the
intensity of stain uptake (Kaushal et al., 2013). The observations
were recorded for at least ten microscopic fields.

Yield Traits
Pod set %, NPP, SSWP, and SYP significantly varied (P < 0.01)
among genotypes (Table 1). Under HS, these traits had high
heritability, with 90.7, 89.4, and 89.7% in 2017–2018 and 90, 90.4,
and 90.1% in 2018–2019, respectively, (Table 2).

Statistical Analyses
The plants were raised in outdoor and growth chamber
environments using CRBD. Data were analyzed as a two-
factorial (temperature and genotypes) experimental design
using AGRISTAT statistical software (ICAR Research Complex,
Goa, India). Standard errors and least significant differences
(P < 0.05) for genotypes, treatments, and their interaction were
computed. Phenotypic correlations were estimated to determine
trait associations in GenStat 15. Using the R package cluster
(Patterson and Thompson, 1971), the Euclidean dissimilarity
matrix was constructed using all the traits and the accessions
were clustered following Ward’s method. Similarly, using the
R package factoextra, the principal component analysis was
performed. Heat map analysis was done as per Babicki et al.
(2016).

RESULTS

Significant genetic variability for the tested traits was observed
under normal and HS environment in both years (2017–2018 and
2018–2019). In accordance with the various tested physiological
parameters and yield-related traits in the screening experiments,
genotypes GNG2171, GNG1969, GNG1488, PantG186, CSJ515,
RSG888, RSG945, RVG202, and GNG469 were identified as
promising under HS in both years. In contrast, genotypes
ICC10685, ICC96030, DCP92-3, PDG3, PDG4, GL15026, and
GL15017 were identified as highly heat-sensitive due to their low
pod set, SYP and other physiological parameters in both years.

Accordingly, ten heat-tolerant and ten heat-sensitive lines
were selected from the set of 39 genotypes and further validated
in a growth chamber under normal and heat-stressed conditions.
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TABLE 1 | ANOVA for various traits recorded in chickpea genotypes grown outdoors in 2017–2018 and 2018–2019, and in a growth chamber under heat stress.

Outdoor environment 2017–2018 Outdoor environment 2018–2019 Growth chamber

T G T × G T G T × G T G T × G

Electrolyte leakage <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Chlorophyll <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Photosynthetic efficiency (Fv/Fm) <0.01 <0.01 ns <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Stomatal conductance ns <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Malondialdehyde <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Pollen viability (%) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Pollen germination (%) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Pod set (%) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Number of pods/plants <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Single seed weight per plant <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Seedyield per plant <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Biological mass <0.01 <0.01 <0.01 <0.01 <0.01 <0.05 <0.01 <0.01 <0.01

ns, non significant.

Among the ten heat-tolerant lines, GNG1969, GNG1488,
PantG186, RSG888, CSJ315, and GNG1499 exhibited high heat
tolerance evidenced by small reductions in PVP, PGP, PSP, and
SYP. Among the ten heat-sensitive lines, CSG8962, DCP92-3,
IPC13-8, IPC14-9, and RSG931 exhibited high heat sensitivity
evidenced by large reductions in these traits.

Physiological Traits
Electrolyte Leakage %
Heat stress significantly (P < 0.01) affected EL, a measure of
membrane damage (Supplementary Figure 2 and Table 1).
Under HS, GNG 1969 (15.3%), GNG 1499 (16.4%), and Pant
G186 (15.6%) had the lowest EL values in 2017–2018, and
GNG 469, GNG 217, and Pant G186 had the lowest EL values
in 2018–2019, similar to the heat-tolerant check ICC92944
(Supplementary Figure 2). EL had medium–high heritability
under normal conditions (65.5 and 56.5%) and high heritability
under HS (91.5 and 89.3%; Table 2). The heritability (h2; %) of
other traits is listed in Table 2.

Stomatal Conductance
Stomatal conductance (Supplementary Figure 3) varied among
genotypes (P < 0.01; Table 1). Under normal conditions,
GL13042 had the maximum value (485.7 mmol m−2 s−1)
in 2017–2018, and Pant G186 had the maximum value
(511.70 mmol m−2 s−1) in 2018–2019. Under HS, GNG1969
had the highest stomatal conductance (565.6) in 2017–
2018, and GNG1488 (513.17) and GNG469 (511.73) had the
highest in 2018–2019.

Chlorophyll (SPAD)
SPAD chlorophyll (Supplementary Figure 4) content declined
drastically under HS and varied among genotypes (P < 0.01;
Table 1). Mean SPAD values were 23.28 and 23.77 under normal
conditions and 14.47 and 14.9 under HS in 2017–2018 and 2018–
2019, respectively. GNG2171 (18.13) and GNG2299 (19) had
the highest chlorophyll contents under HS in 2017–2018 and
2018–2019, respectively.

Chlorophyll Fluorescence
Chlorophyll fluorescence (Fv/Fm; Supplementary Figure 5)
declined significantly under HS and varied among genotypes
(P < 0.01; Table 1). Mean Fv/Fm values were 0.74 and 0.73
under normal conditions and 0.45 and 0.46 under HS in 2017–
2018 and 2018–2019, respectively. GNG469 (0.62) and GNG1488
(0.63) had the highest Fv/Fm values under HS in 2017–2018 and
2018–2019, respectively.

Malondialdehyde
Malondialdehyde content varied significantly (P < 0.01)
among genotypes (Supplementary Figure 6 and Table 1),
with mean values of 14.06 and 14.25 nmol g−1 DW under
normal conditions and 43.5 and 44.17 under HS in 2017–
2018 and 2018–2019, respectively. Under HS, GNG1488, GNG
1581, GNG 2207, RSG 888, and RSG 931 had the lowest
Malondialdehyde contents (22.80–25.43) in 2017–2018, while
GNG2207, GNG1488, GNG1499, and GNG663 had the lowest
(22.8–23.77) in 2018–2019.

Reproductive Traits
Pollen Viability (%)
A considerable amount of genetic variability (P < 0.01; Table 1)
was recorded for PVP (Supplementary Figure 7) and PGP
(Supplementary Figure 8). Mean PVP values were 75.3 and
73.7 under normal conditions and 37.77 and 36.74 under
HS. Maximum PVP values under normal conditions were
recorded in GNG1499 and ICCV10 in 2017–2018 and 2018–
2019, respectively. Under HS, PVP in GNG 2171 (24.45%) and
RSG 931 (26.03%) in 2017–2018 and GNG 2144 (23.7%), GNG
469 (24%), and PantG 186 (23.9%) in 2018–2019 declined less
than the heat-tolerant check ICCV 92944 (37.2 and 59.7%,
respectively), relative to normal conditions.

Pollen Germination (%)
Under HS, PGP in GNG2171 (12.30%), RSG888 (12.16%), and
GNG469 (13.96%) in 2017–2018 and GNG1581 (12.34%), CSJ515
(13.44%), and GNG2171 (13.57%) in 2018–2019 declined less
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TABLE 2 | General statistics of various traits in chickpea genotypes under heat stress environment.

Traits Mean SE Range Heritability h2 (%)

Heat-stress environment, 2017–2018

Electrolyte leakage (%) 22.4 1.3 15.33–27.33 91.5

SPAD chlorophyll 14.47 0.6 12.3–18.13 92.1

Photosynthetic efficiency (Fv/Fm) 0.45 0 0.31–0.62 90

Stomatal conductance 427.4 19.3 308.7–571.9 94.8

Malondialdehyde 43.5 3.2 22.8–57.4 94.3

Pollen viability (%) 37.77 3.5 24–58.7 92.4

Pollengermination (%) 44.6 3.3 24.5–66.17 94.8

Pod set (%) 30.2 3 20.77–45.63 90.7

Number of podsplant−1 12.58 1.3 5.33–20.67 89.4

Single seed weight (g) 0.19 0 0.11–0.29 93.2

Seed yield plant−1 (g) 2.47 0.4 0.71–4.94 89.7

Biological mass (g) 4.51 0.4 2.15–7.4 87.7

Heat-stress environment, 2018–2019

Electrolyte leakage (%) 22.77 1.7 14.33–27.53 89.3

Chlorophyll 14.9 0.7 12.77–19 91.5

Photosynthetic efficiency (Fv/Fm) 0.46 0 0.33–0.63 90.6

Stomatal conductance 410.5 15.3 307.8–518.03 95.5

Malondialdehyde 44.17 3.2 22.77–58.03 95.5

Pollen viability (%) 36.74 3.1 23.47–55.83 94.5

Pollengermination (%) 42.85 3.9 21.37–64 93.3

Pod set (%) 31.36 3 22.83–45.73 90

Number of pods plant−1 12.38 1.1 6.67–18.67 90.4

Single seed weight (g) 0.18 0 0.11–0.24 95

Seedyield plant−1 (g) 2.36 0.3 0.66–4.73 90.1

Biological mass (g) 4.45 0.3 2.62–5.61 84.8

Heat-stress environment under growth chamber

Electrolyte leakage (%) 40.3 2.4 23.8–55.43 96.6

Chlorophyll 10.8 0.8 6.13–14.83 94.8

Photosynthetic efficiency (Fv/Fm) 0.51 0 0.34–0.64 96.8

Stomatal conductance 340.4 22.1 273.6–430.8 88

Malondialdehyde 21.7 1.3 14.8–32.4 96.8

Pollen viability (%) 0.51 0 0.34–0.64 96.8

Pollengermination (%) 45.6 2.2 32.07–61.07 96.2

Pod set (%) 51.38 1.7 33.63–64.6 98.4

Number of pods plant−1 7.8 0.7 4.67–11.33 91.4

Single seed weight (g) 0.27 0.1 0.1–0.93 95.7

Seed yield plant−1 (g) 1.86 0.2 0.68–3.81 94.6

Biological mass (g) 4.1 0.2 3.17–4.82 90.8

than the heat-tolerant check ICCV92944 (43.93 and 53.83%,
respectively), relative to normal conditions (Figure 8).

Yield Traits
Pod set % (Figure 1), NPP (Figure 2), SSWP (Figure 3), and
SYP (Figure 4) significantly varied (P < 0.01) among genotypes
(Table 1). Under HS, these traits had high heritability, with 90.7,
89.4, and 89.7% in 2017–2018 and 90, 90.4, and 90.1% in 2018–
2019, respectively, (see Table 2 for heritability of other traits).

GNG2144 (45.63%), GNG (44.97%), GNG1958 (44.80%),
KWR (44.4%), RSG888 (43.63%), and GNG1488 (42.6%)
in 2017–2018 and GNG1499 (43.97%), GNG1488 (44.875),
GNG469 (44.97%) genotypes, and PantG186 (45.17%) in

2018–2019 had the highest PSP under HS, relative to heat-
tolerant check ICCV92944 (24.6%; Figure 1).

GNG1581 (20.67), GNG2299 (19), RSG888 (17.3), and
GNG469 (16.67) in 2017–2018 and GNG1581 (18.67), GNG2171
(16.67), and GNG663 (18) in 2018–2019 had the highest NPP
under HS (Figure 2).

GNG1581 (0.29), GNG2144 (0.27), and GNG1958 (0.27) in
2017–2018 and GNG1581 (0.24) and GNG2144 (0.25) in 2018–
2019 had higher single seed weights plant−1 than the heat-
tolerant check ICC92944 (0.15 and 0.17 g, respectively) under
HS (Figure 3).

Pant G186 (19.7%) in 2017–2018 and KWR108
(22.60%) in 2018–2019 had somewhat similar reductions
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FIGURE 1 | Pod set (%) of chickpea genotypes under control (normal-sown; C) and heat stress (late-sown; HS) environment during 2017–2018 (A), 2018–2019 (B)
and in control environment of growth chamber (GC; C-control; HS-heat stress; C). LSD values (P < 0.05); genotype × treatment: 9.3 (2017–2018), 11.3
(2018–2019), 11.7 (GC). Values are means + SE. (n = 3).

in SYP as the heat-tolerant check ICCV92944 (21.6
and 26.15%, respectively) under HS, relative to normal
conditions (Figure 4).

Images 1, 2 illustrate the effects of HS on vegetative and
reproductive components of chickpea plants.

Validation of Selected Genotypes Under
Growth Chamber
The validation experiment in the growth chamber revealed
significant differences (P < 0.01) between the ten heat-
tolerant and ten heat-sensitive genotypes for the assessed traits
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FIGURE 2 | Pod number plant-1 of chickpea genotypes under control (normal-sown; C) and heat stress (late-sown; HS) environment during 2017–2018 (A),
2018–2019 (B) and in control environment of growth chamber (GC; C-control; HS-heat stress; C). LSD values (P < 0.05); genotype × treatment: 2.9 (2017–2018),
3.6 (2018–2019), 3.1 (GC). Values are means + SE. (n = 3).

(Table 1). On the basis of chlorophyll content and stomatal
conductance, genotypes GNG1488 (chlorophyll: 17.83 mg
g−1 DW; Supplementary Figure 4C) and RSG888 (stomatal
conductance; 388.2 mmol m−2 s−1; Supplementary Figure
3C were identified as heat-tolerant. Likewise, GNG469 had

high PVP (58.9%; Supplementary Figure 7C) and chlorophyll
fluorescence values (Supplementary Figure 5C) and RSG888
had high PGP (64.6%; Supplementary Figure 8C) under HS.
Genotype GNG1499 had the highest NPP (11.3; Figure 2C)
under HS. The SYP of GNG1499 (16.9%), GNG 469 (22.6%), Pant
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FIGURE 3 | Single seed weight of chickpea genotypes under control (normal-sown; C) and heat stress (late-sown; HS) environment during 2017–2018 (A),
2018–2019 (B) and in control environment of growth chamber (GC; C-control; HS-heat stress; C). LSD values (P < 0.05); genotype × treatment: 0.15 (2017–2018),
0.17 (2018–2019), 0.14 (GC). Values are means + SE. (n = 3).

G186 (6.8%), and RSG888 (27.5%) declined the least under HS
(Figure 4C). Thus, the controlled environment study validated

the heat tolerance of the selected genotypes based on various
leaf-based reproductive and yield traits.
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FIGURE 4 | Seed weight plant-1 of chickpea genotypes under control (normal-sown; C) and heat stress (late-sown; HS) environment during 2017–2018 (A),
2018–2019 (B) and in control environment of growth chamber (GC; C-control; HS-heat stress; C). Values are means + SE. (n = 3).

Correlation Analysis
Electrolyte leakage significantly correlated with NPP and SYP in
all growth environments (Table 3). Similarly, significant negative
correlations occurred between malondialdehyde and yield traits.
Other leaf-based traits such as chlorophyll, photosynthetic

efficiency, and stomatal conductance had strong positive
correlations with NPP and SYP. Pollen-based traits such
as PVP and PGP had significant positive correlations with
yield traits. PSP strongly correlated with NPP and SYP
(Table 3). In general, all of the measured traits, except
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IMAGE 1 | Morphological symptoms of heat stress (HS) observed on in chickpea plants, showing plant height; under in the control condition (a), reduced plant
height; under the HS environment (b), healthy leaves in the; under control condition (c), leaf chlorosis under HS (d), and leaf scorching ofleaves (e), and leaf
bleaching (f) ofleaflets due to photooxidation under HS (e,f).

malondialdehyde and EL, had strong positive correlations
with NPP and SYP.

Principal Component Analysis
In 2017–2018, four principal components, correlated to 12
traits, accounting for 96.6% of the total variability under HS.
The individual contribution of each component was 74, 11.3,
7.7, and 3.4% (Figure 5). For PC1, major contributors are
EL (0.3163) and malondialdehyde (0.31062) and chlorophyll
(-0.31184) contributed the most negatively to PC1. For PC2,
chlorophyll fluorescence (0.244) and PGP (0.225) had the greatest

positive contributions, and SSWP (-0.584) and biomass (-0.409)
had the greatest negative contributions. For PC4, SC (0.628) and
SSWP (0.481) had the greatest positive contribution, and NPP
(-0.488) had the greatest negative contribution.

In 2018–2019, four principal components, correlated to 12
traits, accounted for 96% of the total variability under HS.
The individual contribution of each component was 74.5, 10.7,
7.2, and 3% (Figure 6). Analysis of the factor loadings of the
characters in the retained PCs revealed that EL (0.314) and
malondialdehyde (0.312) contributed most positively, and PSP
(-0.316) contributed most negatively to PC1. For PC2, biomass
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IMAGE 2 | Effects of heat stress (HS) in chickpea (reproductive phase) in comparison to control plants. Healthy flower bud under in the control condition (a), aborted
bud under HS (b), healthy flower under in the control condition (c), aborted flower under HS (d), healthy pod under in the control condition (e), aborted pod under
HS (f), mature filled pod under in the control condition (g), unfilled mature pod under HS (h), dissected flower showing the healthy anther under in the control
condition (i,j), distorted exposed anther under HS (k,l), healthy style and stigma under in the control condition (m,n), noticeable distorted shriveled stigma and style
under HS (o,p), healthy flower pollen load under in the control condition (q,r), reduced pollen load under HS (s,t), healthy viable pollen grains under in the control
condition (u,v), and distorted and shriveled pollen grains (w,x) as a sign of HS sensitivity to heat stress (HS).

Frontiers in Plant Science | www.frontiersin.org 11 May 2022 | Volume 13 | Article 880519151

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-13-880519 June 2, 2022 Time: 6:6 # 12

Devi et al. Heat Stress Tolerance in Chickpea

Chl

MDA

SC

FvFm

PVP
PGP

PSP

ELP

SSWP

NPP

BM

HI

SPY

−1.0

−0.5

0.0

0.5

1.0

0.15.00.05.0−0.1−
Dim1 (74.1%)

D
im

2 
(1

1.
3%

)

5

6

7

8

contrib

Variables − PCA

FIGURE 5 | Principal component analysis (PCA) of various traits in chickpea genotypes under heat stress in 2017–2018.

TABLE 3 | Correlation coefficients of various traits with yield traits in plants under heat stress environment.

Outdoor environment 2017–2018 Outdoor environment 2018–2019 Growth chamber

Number of
pods plant−1

Seedyield
plant−1

Number of
pods plant−1

Seedyield
plant−1

Number of
pods plant−1

Seedyield
plant−1

Electrolyte leakage (%) –0.77** –0.79** –0.77** –0.77** –0.79** –0.77**

Chlorophyll 0.73** 0.73** 0.76** 0.77** 0.96** 0.86**

Photosynthetic efficiency (Fv/Fm) 0.68** 0.65** 0.74** 0.73* 0.97** 0.85**

Stomatal conductance 0.58** 0.61** 0.62** 0.67** 0.92** 0.83**

Malondialdehyde –0.72** –0.73** –0.74** 0.75** –0.85** –0.73**

Pollen viability (%) 0.77** 0.72** 0.73** 0.67** 0.98** 0.84**

Pollen germination (%) 0.71** 0.68** 0.72** 0.67** 0.97** 0.84**

Pod set (%) 0.74** 0.77** 0.78** 0.80** 0.98** 0.81**

Number of pods plant−1 1 0.84** 1 0.85** 1 0.87**

Single seed weight 0.46** 0.77** 0.50** 0.72** –0.42** –0.47**

Biological mass 0.80** 0.72** 0.70** 0.37* 0.80** 0.73**

Harvest index 0.56** 0.75** 0.82** 0.91** 0.81** 0.98**

*Significance at 5% and ** Significance at 1%.
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FIGURE 6 | Principal component analysis (PCA) of various traits in chickpea genotypes under heat stress in 2018–2019.

(0.75) and SSWP (0.476) had the greatest positive contributions
and PGP (-0.27) had the greatest negative contribution. For
PC3, NPP (0.347), SYP (0.416), and harvest index (0.58) had
the greatest positive contributions, and stomatal conductance
(-0.278) had the greatest negative contribution. For PC4, NPP
(0.53) and biomass (0.38) had the greatest positive contribution
and SSWP (-0.68) had the greatest negative contribution.

For the growth chamber environment, the extracted sums
of squares loadings and component correlation matrix revealed
three principal components correlated to all evaluated traits
accounting for 94.7% of the total variability. The individual
contribution of each component was 83.6, 6.9, and 4.2%. Analysis
of the factor loadings of the characters in the retained PCs
revealed that malondialdehyde (0.25) had the highest positive
value and PGP (-0.2997) had the highest negative value for
PC1 (Figure 7). For PC2, malondialdehyde (0.408) and biomass

(0.102) had the highest positive values and SSWP (-0.886) had
the highest negative value. For PC3, harvest index (0.68) and SYP
(0.497) had the highest positive values, whereas biomass (-0.409)
had the highest negative value.

Cluster Analysis for Identifying
Heat-Tolerant Chickpea Genotypes
Based on Physiological Yield Attributes
in an Outdoor Environment
In 2017–2018, the heat map based on physiological attributes and
yield responses of 39 chickpea genotypes to HS in an out-door
environment revealed three clusters. Cluster I contained highly
heat-sensitive genotypes based on high SYP reduction, PDG4
(71.53%), GL15026 (72.23%), GL15017 (71.28%), DCP92-3
(76.75%), CSG8962 (77.73%), and ICC10685 (66.77%; Figure 8).
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FIGURE 7 | Principal component analysis (PCA) of various traits in chickpea genotypes under heat stress in a growth chamber.

Cluster II contained heat-tolerant genotypes RSG945 (29.64%),
KWR108 (25.1%), and PUSA547 (30.57%). Cluster III contained
the most heat-tolerant genotypes CSJ515 (28.1%), RSG888
(25.4%), PantG186 (19.7%), ICCV92944 (21.6%), and GNG1499
(29.5%), based on lower seed yield per plant reduction.

Similarly, in 2018–2019, the heat map comprised three clusters
(Figure 9). Cluster I contained highly heat-sensitive genotypes
GL15026 (76.6%), GL13001 (73.3%), ICC10685 (70.8%), DCP92-
3 (77.9%), and CSG8962 (80%). Cluster II contained heat-
tolerant genotypes RSG945 (34.7%), GNG1969 (38.1%), and
PUSA547 (39.4%). Cluster III contained highly heat-tolerant
genotypes CSJ515 (32.9%), RSG888 (36.9%), PantG186 (26.7%),
ICCV92944 (26.2%), and GNG1499 (29.3%).

Identifying Heat-Tolerant Genotypes in a
Controlled Environment
The heat map based on the phenotypic responses of 20 selected
genotypes to HS in a growth chamber revealed three clusters

based on seed yield reduction (single plant) under normal and
HS conditions (Figure 10). Based on low reduction of seed yield
per plant, five of the ten selected heat-tolerant lines—RSG945
(20.80%), PantG186 (23.2%), ICCV92944 (27.17%), RSG888
(33.67%), and CSJ315 (34.57%)—exhibited high heat tolerance
and five of the ten selected heat-sensitive lines—RSG931 (76.4%),
IPC13-8 (76.1%), DCP92-3 (74.58%), IPC14-9 (71.7%), and
CSG8962 (68.58%)—exhibited high heat sensitivity.

DISCUSSION

Heat stress during the reproductive stage, especially pollen
development and fertilization, pod set, and grain filling,
significantly reduces yield in various crops, including chickpea
(Awasthi et al., 2014), wheat (Yang et al., 2002), lentil (Sita et al.,
2017; Bhandari et al., 2020), wheat (Bheemanahalli et al., 2019),
and pea (Jiang et al., 2020; Mohapatra et al., 2020). Therefore,
capturing genetic diversity for various traits of physiological
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FIGURE 8 | Heat map based on the response of chickpea genotypes to heat stress in 2017–2018.

and breeding importance is a prime objective for developing
heat-tolerant chickpea genotypes.

Here, we phenotyped 39 chickpea genotypes to identify
sources of HS tolerance by exposing them to HS in the field
and a growth chamber during heat-sensitive stages. We identified
potential heat-tolerant chickpea donors with high pod set and
grain yield, high chlorophyll content, PVP, PGP, photosystem II
efficiency, and low MDA and EL% under HS.

High CHL content, photosystem II function, and stomatal
conductance are important traits for selecting photosynthetically
efficient genotypes under HS (Chaudhary et al., 2020). The
heat-tolerant chickpea genotypes in the present study showed
more chlorophyll content than heat-sensitive genotypes under
high temperature environment of outdoor and growth chamber;
these findings are similar to those reported previously in lentil
plants subjected to HS (Sita et al., 2017; Bhandari et al.,
2020). Previously, an average of 8% reduction in chlorophyll

variable fluorescence, an important trait measuring injury to
photosynthesis, was noted under HS condition, compared to
normal environment, in pea (McDonald and Paulsen, 1997).
Similarly, based on chlorophyll fluorescence induction traits,
Petkova et al. (2007) screened 12 common bean lines for heat
tolerance; “Ranit” and “Nerine” RS lines were identified to be
heat tolerant on the basis of chlorophyll fluorescence. Improved
functioning of stomatal conductance (gs), lower EL % and high
retention of relative water content allowed in identifying 10 lentil
genotypes viz., IG2507, IG3263, IG3297, and IG3312 under HS
environment (Sita et al., 2017). Thus, in our study, we identified
sufficient genetic variability for these traits under normal and
HS conditions in the field and growth chamber for selecting
heat-tolerant chickpea genotypes.

Heat stress decreases PGP and PVP in rice (Coast et al., 2016),
wheat (Bheemanahalli et al., 2019), peanut (Kakani et al., 2002),
sorghum (Sunoj et al., 2017), common bean (Soltani et al., 2019;
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FIGURE 9 | Heat map based on the response of chickpea genotypes to heat stress in 2018–2019.

Vargas et al., 2021), and chickpea (Bhandari et al., 2020). High
values of these traits indicate better reproductive function and
thus high grain yield. The wide range of PGP (26.2–66.1% in
2017–2018 and 21.3–64% in 2018–2019) and PVP (24–58.7% in
2017–2018 and 23.4–55.8% in 2018–2019) under HS suggests
great scope for developing heat-tolerant chickpea genotypes.
Based on these two traits, GNG469 and CSJ515 genotypes
exhibited higher heat tolerance than the heat-tolerant check
ICCV 92944, and could be used as donor parents to improve
heat tolerance in chickpea. Several researchers have used in vitro
pollen germination to screen for heat tolerance in various crops
such as peanut (Kakani et al., 2002) and cotton (Kakani et al.,
2005; Song et al., 2015), mung bean (Sharma et al., 2016) and
common bean (Vargas et al., 2021).

Serious losses in yield and yield-related traits (biomass, pod
set, seed weight, and SYP) have been reported in various crops
under HS such as winter wheat (Wheeler et al., 1996; Prasad
and Djanaguiraman, 2014; Bheemanahalli et al., 2019), cowpea

(Ehlers and Hall, 1998), common bean (Soltani et al., 2019),
pea (Tafesse et al., 2019; Jiang et al., 2020), and lentil (Bhandari
et al., 2020). HS during the reproductive stage, especially pollen
development and fertilization, damaged pod and seed setting
processes and thus reduced grain yield in many crops (see
review by Prasad et al. (2017), for instance in common bean
(Rainey and Griffiths, 2005; Vargas et al., 2021), and pea (Jiang
et al., 2020). The wide range of PSP (21.7–44.9% in 2017–
2018 and 22.8–45.7% in 2018–2019) under HS in the present
study indicates great scope for developing chickpea genotypes
involving under HS. In addition, PSP positively correlated with
PVP and PGP under HS, indicating that improving these traits
could lead to higher pod set% and thus improve grain yield
under HS environment. Singh et al. (2015) also reported positive
associations between PSP with PGP under HS in sorghum.
Likewise, negative impact of HS on pollen fertility and seed
setting has been reported in common bean (Soltani et al., 2019)
and in lentil (Sita et al., 2017). Significant reductions in grain
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FIGURE 10 | Heat map based on the response of chickpea genotypes to heat stress in a growth chamber.

yield after HS exposure during grain filling have been reported in
various crops such as wheat (Yang et al., 2002; Aziz et al., 2018),
common bean (Rainey and Griffiths, 2005) including chickpea
(Bhandari et al., 2020). Seed weights declined by up to 59.7% in
2017–2018 and 54.8% in 2018–2019 under HS in the field. Similar
reductions (up to 50%) have been reported in wheat (Yang et al.,
2002; Liu et al., 2016; Barber et al., 2017) and 37% (during the year
2016) and 26% (during the year 2017) in common bean (Vargas
et al., 2021) and 16% in pea (Tafesse et al., 2019) under field
condition under HS. Previously, Rainey and Griffiths (2005) also
advocated reduction in seed number (83%), pod number (63%),
mean seed weight (47%), and seeds pod−1 (73%) in common
bean subjected to 33◦C/30◦C under greenhouse condition. In
case of pea, based on high pod number, seed retention and
improved seed yield under HS, genotypes “40–10,” “Naparnyk,”
and “CDC Meadow” were found to be heat tolerant (Jiang et al.,
2020). Most of the measured traits, especially PVP, PGP and
yield-related traits, exhibited high heritability (Table 2), more
so under HS than normal conditions, indicating the possibility
of transferring the set traits into high-yield in heat-sensitive
chickpea genotypes to improve heat tolerance and sustain yield
in chickpea under HS.

Correlation studies indicated damage to membranes and
oxidative stress negatively affected the yield traits suggesting
reduction in these traits could be linked to improved heat
tolerance, which is in agreement with previous studies in lentil
and chickpea (Bhandari et al., 2020), mungbean (Sharma et al.,
2016), and wheat (ElBasyoni et al., 2017). Similarly, reduced lipid
peroxidation, measured as MDA, might improve heat tolerance,

as reported in heat tolerant genotypes of other crops such as
tomato (Zhou et al., 2019) and mungbean (Sharma et al., 2016).
Chlorophyll, chlorophyll fluorescence and stomatal conductance
had a positive correlation with pod number and seed yield
indicating these traits could be vital in determining the heat
tolerance. Some previous studies also report positive correlation
of chlorophyll and chlorophyll fluorescence with heat tolerance in
common bean (Petkova et al., 2007) and lentil (Sita et al., 2017).
Considering this, stable leaf integrity and function in terms of
photosynthesis under HS would be highly vital in improving heat
tolerance in chickpea.

CONCLUSION

Genetic variability in various physiological, yield, and yield-
related traits was assessed over 2 years in 39 chickpea genotypes
under normal conditions and HS during reproductive and post-
reproductive stages. A selected set of contrasting genotypes
was validated further under control and HS conditions in a
growth chamber. We found that genetic variability for pollen
viability and pollen germination under HS could be used to
select heat-tolerant chickpea genotypes, as the impact of HS
on pollen germination and pollen development had a direct
impact on pod set%, SSWP, NPP, and SYP. Moreover, yield
and yield-related traits had positive and significant correlations
with chlorophyll content, pollen viability%, pollen germination%,
stomatal conductance, and PS II function under HS, indicating
the potential to use these traits to improve heat tolerance
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in chickpea. The candidate genotypes GNG469, GNG1488,
GNG1499, GNG1969, GNG469, GNG1499, PantG 186, RSG 888,
and CSJ515 had high PSP, NPP, and SSWP, SYP, and low decline
in pollen viability and pollen germination under HS, and could
be used to transfer these traits into high-yielding heat-sensitive
chickpea genotypes to increase HS tolerance.
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Salt is one of the main factors limiting the use of mudflats. In this study, the yield, quality,
and mineral content of rice seeds under salt stress were investigated. A pot experiment
was conducted with Yangyugeng2, Xudao9, and Huageng5 under 0, 17.1, 25.6, and
34.2 mM NaCl of salt concentration treatments. The results showed that salt stress
can significantly decrease panicle number, grain number per panicle, 1000-grain weight
and yield of rice, and the panicle number was among other things the main cause of
yield loss under saline conditions. When the salt concentration is less than 34.2 mM
NaCl, the salt stress increases the brown rice rate and milled rice rate, thus significant
increasing head milled rice rate of salt-sensitive varieties but decreasing in salt-tolerant
varieties. In addition, the grain length is more sensitive than grain width to salt stress. This
study also indicates that different varieties of rice exhibit different salt tolerance under
salt stress, the three rice varieties in this study, in order of salt tolerance, are Xudao9,
Huageng5, and Yangyugeng2. Salt stress will increase the appearance, viscosity, degree
of balance, and taste value, and decrease the hardness of rice when salt concentration
is less than 17.1 mM NaCl in Yangyugeng2 and Huageng5 or 25.6 mM NaCl in Xudao9.
The differences in starch pasting properties among rice varieties in this study are larger
than those caused by salt stress. The uptake capacity of K, Mg, P, S, and Cu ions in
the seeds of different rice varieties significantly vary, and salt stress causes significant
differences in the uptake capacity of K, Na, and Cu ions in rice seeds. Rice varieties with
high salt tolerance can be selected for the development and utilization of mudflats, and
low concentration of salt stress will increase the rice quality, all of which are meaningful
to agricultural production.

Keywords: rice (Oryza sativa L.), salt stress, yield, grain quality, mineral elements

INTRODUCTION

Rice (Oryza sativa L.) is one of the major food sources; with the increase of population worldwide,
the demand for rice will grow faster than for other crops (Krishnan et al., 2011). However,
the global rice yield is deeply affected by salinity stress (Corwin, 2020; Ltaeif et al., 2021;
Sangwongchai et al., 2021).
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Soil salinity is one of the most common environmental
stressors; about 20% of arable land and nearly half of irrigated
land are being affected by salt stress in the world (Fahad et al.,
2019; Dramalis et al., 2021). Saline soils are unevenly distributed
throughout the world, with Oceania, Asia, America, Africa, and
Europe accounting for 37.42, 33.43, 15.39, 8.43, and 5.32%,
respectively (Jianfeng, 2008). In Asia, China has the largest area of
saline soils. Soil salinization causes soil nutrient loss, destroys the
structure of soil aggregates, and significantly affects crop growth
and development (Kordrostami et al., 2017). Jiangsu Province
of China has the largest coastal tidal flat that is not only an
important wetland ecosystem but also one of the lands essential to
agricultural production and urban development in coastal areas
(Hua et al., 2017).

Under saline stress, plants have difficulty forming both
firmness and hardness in the soil required for effective root
systems. The low water availability causes osmotic stress and
reduces efficiency in transporting nutrients such as nitrogen,
phosphorus, potassium, and calcium, thereby causing nutrient
deficiencies and ionic toxicity (Razzaq et al., 2020). When
the electrical conductivity of irrigation water is greater than
32.8 mM NaCl, rice yield will be reduced (Eynard et al., 2005;
Chen et al., 2020).

Saline soil affects both growth and yield of rice plants, and
the nutrient content of rice, resulting in an imbalance of ion
that affects the quality of the rice (Rao et al., 2013). Rice
quality, a multi-faceted trait (Fitzgerald et al., 2009), is the result
of interactions among rice genes, surrounding environment,
cultivation management methods, milling conditions, and
storage technologies (Han et al., 2004). The yield and quality of
rice determine consumer purchasing behaviors and the ruling
prices in the market (Balindong et al., 2018; Sangwongchai et al.,
2021). Consumers mainly evaluate the quality of rice by its
physical (milled yield, transparency, size, shape, and color) and
organoleptic (cooking characteristics) properties (Fahad et al.,
2019). Rice quality includes the quality of milling, appearance,
cooking and eating, and nutrition (Bian et al., 2018). The
appearance quality includes the shape and chalkiness of fine rice.
The cooking and eating quality includes appearance, hardness,
viscosity, and degree of balance; the nutritive quality includes
amylose content, gel consistency, the protein content of rice
(Fitzgerald et al., 2009). These characteristics are the main factors
that influence the market price of rice.

Mineral elements play an important role in human health
and are the main components of food (Wang et al., 2017;
Razzaq et al., 2020). What people mainly consume is refined
rice that is low in nutrients such as minerals and vitamins,
which creates hidden hunger (micronutrient deficiencies) in
developing countries where rice is a staple food (Fitzgerald et al.,
2009). Micronutrient deficiencies such as copper and zinc may
cause harmful effect such as hypoimmunity. Calcium is needed
for proper bone growth and development, and manganese is
associated with many enzymes in the body. Manganese deficiency
may lead to venous sclerosis (Jiang et al., 2008).

Most of the previous literature (Menezes-Benavente et al.,
2004; Nounjan et al., 2012; Senguttuvel et al., 2013) studied the
effect of salt stress on the enzyme activity and gene expression

of rice, but only a few researched the effect of salt stress on rice
grain quality. A lot of literature (Limin, 2012; Mei et al., 2015; Thu
et al., 2017) has studied the effect of salt stress on mineral element
content of various organs of rice plants, but only a few studied on
the mineral element content of rice seeds. In the present study, we
selected Yangyugeng2, Xudao9, and Huageng5, which have been
widely growing in Jiangsu Province, as the test objects. We aim
to understand the effect of different salinity stress on rice grain
quality and mineral element content of rice seeds.

MATERIALS AND METHODS

Experiment Materials and Experimental
Designs
A pot experiment was carried out under rain shelters in
the experimental field of Agricultural College of Yangzhou
University, Yangzhou City, Jiangsu Province, China (119◦25′E,
32◦30′N) from May to November in 2019. The two-factor
experiments were laid out in a completely randomized
design with ten replicates, where the primary factor was
salt concentration, and the secondary factor was rice varieties.
The threshold value indicates the maximum salinity allowed
without reducing the yield, and the threshold of rice is 32.8 mM
NaCl (Das et al., 2015). The four salinity levels (0, 17.1, 25.6,
and 34.2 mM NaCl) were set for this experimental study. The
rice varieties used in this study were Yangyugeng2, Xudao9, and
Huageng5, and these three cultivars have been widely grown
in Jiangsu Province. The seeds with full-grain and the same
size were selected and sterilized with prochloraz and aldimorph
cartap for 3 days and rinsed with pure water three times to
wash away the residues. Cleaned seeds were sown on 23 May,
and the 28-day-old rice seedlings were transplanted to pots
that were 27 cm high with the top and bottom diameters of 30
and 22 cm, respectively. Each pot was filled with about 15 kg
of soil and planted with 4 hills, each of which was planted with
four seedlings, and Each treatment has ten replicates. Before
transplanting, basic fertilizers and sea salt (the main component
of sea salt is sodium chloride; the ingredients are presented in
Table 1 and made by Zhejiang Blue Starfish Salt Product Co.,
Ltd.) were mixed with soil using a potting soil mixer.

Urea, superphosphate and potassium chloride were used as
sources of nitrogen, phosphorus, and potassium, respectively.
Urea (1.305 g/pot) was applied during the four growth stages,
such as the pre-transplanting stage, tilling stage, panicle initiation
stage and booting stage, respectively (Zhang et al., 2020). About
8.3 g/pot of superphosphate was applied as the basic fertilizer,
and 1.665 g/pot potassium chloride was applied as the basic and
panicle fertilizers.

Determination of Rice Yield and Yield
Components
Grains per panicle is the total number of grains recorded per
panicle; seed setting rate is calculated as filled grain number/total
grain number (Xiong et al., 2017); the 1000-grain weight was
determined by randomly selecting 200 seeds and converted to the
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TABLE 1 | Q/ZLY003 type instant sea crystal produced by Zhejiang Blue Starfish
Salt Products Co. Ltd. test results for each ion.

Major cation Major cation/chlorinity ratios

Potassium ion 0.016

Magnesium ion 0.069

Sodium ion 0.570

Calcium ion 0.018

Sulfate ion 0.140

weight of 1000 seeds (Sakhare et al., 2015); rice seeds were hand-
threshed, with the moisture content being adjusted to 14%, and
the total seed weight per pot recorded as rice yield.

Determination of Milling Quality
A total of 500 g of grain harvested from each treatment was dried
in sunshine till the grain moisture of 14% was obtained for quality
analysis (Zhu et al., 2017). A 150 g rice sample passed through the
rice huller twice (SY88-TH, South Korea) to obtain brown rice
that would then pass through the rice polisher (LTJM-2099, made
by Zhejiang Bethlehem Apparatus Co., Ltd.) to obtain milled rice.
Head milled rice constituted the grain with length of 3/4 or more
of the whole milled grain separated from the 30 g milled rice
(Kaur et al., 2016). The computational formula of brown rice rate,
milled rice rate, and head milled rice are as follows:

brown rice rate =
brown rice weight

150
∗ 100%

milled rice rate =
milled rice weight

150
∗ 100%

head milled rice rate =
milled rice weight

30
∗milled rice rate

Determination of Appearance Quality
The length, width, aspect ratio, chalkiness rate, and chalkiness
degree of head milled rice were measured using a grain
appearance analyzer ScanMaker i800 plus (Microtek, China)
(Zhao et al., 2018).

Determination of Nutritive Quality
N concentration in rice flour was determined based on the
Kjeldahl method (Hernandez-Santana et al., 2019), and the
protein content was derived by multiplying the product of
nitrogen content by 5.95 (Hu et al., 2020). The amylose
content was determined using iodine colorimetry (Shaik et al.,
2014); The gel consistency was determined based on the
methods of Cagampang et al. (1973).

Determination of Cooking/Eating Quality
Rice taste analyzer (Satake, Hiroshima, Japan) was used to assess
the taste value of rice grains. The taste value is a comprehensive
evaluation of cooked rice and includes the appearance, hardness,
viscosity, and degree of balance (Zhang et al., 2020). A sample
containing 30 g of polished grains from each cultivar was placed

into a stainless-steel tank, rinsed with running purified water for
30 s, drained, and reconstituted with purified water to bring the
ratio of rice to water to 1:1.33. The sample was then soaked for
30 min in the tank, covered with a filter paper, and sealed with
a rubber ring. The stainless-steel tank was placed into an electric
rice cooker (JT783, Midea, Shunde, China), covered, steamed for
30 min, and kept warm for 10 min. The tank was taken out
from the rice cooker, while gently stirring and turning over the
steamed rice. Then, the tank was covered with a filter paper again
and cooled for 20 min using a supporting air-cooling device.
Afterward, the filter paper was replaced with the supporting steel
cover to seal and cool the steamed rice at room temperature
(25◦C) for 90 min. An 8-g sample of steamed rice was placed
into a stainless-steel ring (30-mm diameter and 9-mm height)
and then pressed the rice into a cake. The rice cake was placed
in a measuring tank, and the rice taste analyzer was inserted to
measure appearance and taste value of the steamed rice sample.
Three rice cakes were measured for each steamed rice sample,
and the top and bottom surface of each cake was measured once
(Zhu et al., 2021b).

Determination of Pasting Properties of
Starch
The pasting properties of rice flour were determined by rapid
viscosity analyzer (RVA-TecMaster, Perten, Stockholm, Sweden),
according to Zhu et al. (2017). Rice flour (3 g, which moisture
content of the rice flour totaled 12%; if the moisture content of
rice flour was not 12%, it is necessary to increase or decrease
the weight of rice flour appropriately) was weighed and placed
into an RVA sample canister and 25 mL of distilled water was
added; then the sample canister was transferred into the RVA
for testing. The entire program cycle was 13 min. Starch samples
were cycled through a heating-cooling program starting at 50◦C
for 1 min, then raising the temperature from 50 to 95◦C at a
rate of 12◦C/min, holding at 95◦C for 2.5 min, cooling to 50◦C
at 12◦C/min, and ending at another hold at 50◦C for 2 min.
The pasting parameters were recorded for analysis (Zhu et al.,
2021b). The RVA profile characteristics include such common
parameters as peak viscosity, hot paste viscosity, cold paste
viscosity, breakdown of secondary parameters, setback, peak
time, and pasting temperature (Zhu et al., 2021a). The parameters
were calculated according to the formula below (Bao, 2019):

breakdown = peak viscosity − hot paste viscosity

setback = cold paste viscosity − peak viscosity

Determination of Mineral Element
Contents
The milled rice of Yangyugeng2, Xudao9, and Huageng5 was
ground to powder and sieved through a 100-mesh sieve. A total
of 0.45 g dried samples was weighed, and 5 mL HNO3
(GR) and 3 mL ultrapure water, together with 2–3 drops of
hydrogen peroxide, were added; then the samples were digested
in a microwave digester (MARS 5, CEM Corporation, NC,
United States). After digestion, the volume was fixed at 50 mL,
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filtered through a double-layer quantitative filter paper. The
filtered liquid were used to measure the Cu element and ten-times
dilution filtrate, which was used for testing macro element, was
determined by ICP-AES (IRIS Intrepid II XSP, Thermo Scientific,
MA, United States) (Dongfen et al., 2009; Domingo et al., 2016;
Qing et al., 2019). The mineral elements were counted according
to the following formula:

concentration of macro elements =
tested value ∗ 10 ∗ 50

1000 ∗ weight
mg/g

concentration of Cu elements =
tested value ∗ 50

weight
mg/kg

Statistical Analysis
Data were analyzed by a Two-way ANOVA to assess the effect of
salinity stress on the rice yield, yield component, milling quality
of rice grain, appearance quality, nutritive quality, cooking/eating
quality, pasting properties of starch and mineral elemental
contents of rice seeds. When the treatment means were different,
the Duncan multiple range test was performed to identify
significant differences at P < 0.05. Data arrangement and sorting
were processed by Microsoft Excel 2016 and analyzed using IBM
SPSS Statistics 26 software (IBM, Armonk, NY, United States),
thus generating graphs using Origin 2018 (Origin Lab, Hampton,
MA, United States).

RESULTS

Effect of Salt Stress on Yield and Yield
Components of Rice
As indicated in Figure 1, salt stress had significant effect on
the panicle number (P = 0.001), grain number per panicle
(P = 0.001), seed setting rate (P = 0.010), 1000-grain weight
(P < 0.001) and rice yield (P < 0.001), and it was noticeable
that significant differences were also detected among rice
cultivars (P < 0.050). There was significant interaction effect
between salt treatments and rice varieties for 1000-grain weight
(P < 0.001), but no significant interaction effect for panicle
number (P = 0.947), grain number per panicle (P = 0.309),
seed setting rate (P = 0.995), and rice yield (P = 0.373). The S3
treatments significantly decreased by 9.8% in the panicle number,
21.6% in the grain number per panicle, 4.4% in the 1000-grain
weight, and 20% in the rice yield compared with the control
(without salt treatment) in Yangyugeng2. The 1000-grain weight,
rice yield and grain number per panicle of Yangyugeng2 and
Huageng5 were reduced with the increasing concentration of salt
by 0.8, 19.9, and 9.9% at S1 treatment and further declined as the
salt concentration increased in Xudao9. The seed setting rate of
Huageng5 decreased with the increasing level of salinity, while
that of Yangyugeng2 and Xudao9 reduced as the concentration of
salt increased by 1.88 and 2.3% at S3 treatment when the salinity
level was less or equal to S2 treatment.

From the effect of salt concentration stress on yield
composition, it can be seen that salt stress significantly reduced

the panicle number, 1000-grain weight and yield of rice, and
low concentration of salt stress increased the panicle number
of Xudao9 and Huageng5, where Xudao9 reached a significant
level, but Huageng5 did not. While the same salt concentration
will reduce the number of spikes of Yangyugeng2 well, which
indicates that the tolerance of Xudao9 to salt stress is greater
than that of Huageng5 and Yangyugeng2. From the effect of
salt concentration stress on the 1000-grain weight of rice seeds,
the difference between rice varieties was greater than that of
salt stress effect. From the effect of salt concentration stress
on yield, the salt tolerance of Xudao9 was greater than that
of Yangyugeng2 and Huageng5. The number of spike grains
of Xudao9 and Huageng5 did not change significantly under
salt concentration stress, while that of Yangyugeng2 showed a
significant decrease.

Effects of Salt Stress on the Quality of
Rice Milling, Appearance, and Nutrition
The results showed that salt stress significantly increased both
brown rice rate and milled rice rate of rice, and variety differences
had significant effect on the brown rice rate (P < 0.001), milled
rice rate (P < 0.001), head milled rice rate (P < 0.001), and
rice seed length (P < 0.001), width (P < 0.001) and aspect ratio
(P < 0.001). It was noticeable that significant differences were also
detected under salt stress except for the aspect ratio (P = 0.280).
There was significant interaction effect between salt stress and
rice varieties in terms of brown rice rate (P < 0.001), milled rice
rate (P < 0.001), head milled rice rate (P < 0.001) and aspect ratio
(P = 0.005), and no significant interaction effect on both length
(P = 0.130) and width (P = 0.248) of rice. This study showed
that the brown rice rate and milled rice rate of rice varieties
significantly increased with the rising of salinity level, compared
with the rates in terms of salinity level (Figures 2A,B). The head
milled rice rate of milling quality under salt stress significantly
increased in Yangyugeng2, compared with that of the control. On
the contrary, the head milled rice rates of S1, S2, and S3 reduced
by 2.22, 3.31, and 12.23% in Xudao9.

With the increase in salt concentration, the chalkiness rate
and chalkiness degree showed an increasing and then decreasing
trend under salt stress (Figures 3A,B), and the aspect ratio
of Yangyugeng2 and Xudao9 first increased by 1.7 and 1.0%
and then decreased (Figure 2F). The aspect ratio of Huageng5
first decreased by 1.7% and then increased (Figure 2F). The
chalkiness rate reached its maximum in all varieties when the salt
concentration was at 25.6 mM NaCl (Figure 3A). The chalkiness
degree of Yangyugeng2 and Huageng5 gradually increased under
salinity stress and reached the maximum value (21.36, 20.52)
when the salt concentrations were 17.1 and 25.6 mM NaCl.
However, the chalkiness degree of Xudao9 declined to the
minimum value (8.36) at 17.1 mM NaCl and increased when the
salt concentration was greater than 17.1 mM NaCl (Figure 3B).

This study indicated that significant difference among rice
varieties were observed on the chalkiness rate (P < 0.001),
chalkiness degree (P < 0.001), protein content (P < 0.001), and
amylose content (P < 0.001), and it was noticeable that significant
differences were also detected under salt stress except for the gel
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FIGURE 1 | Effect of salt stress on panicle number (A), grain number per panicle (B), seed setting rate (C), 1000-grain weight (D), and grain yield (E) for different rice
varieties. YYG2, Yangyugeng2; XD9, Xudao9; HG5, Huageng5; V, Variety; S, Salt; S0, S1, S2, and S3 denote salt concentrations of 0, 17.1, 25.6 and 34.2 mM,
respectively; In different salinity level during the same varieties, bars with the same uppercase letters are not significantly different, while within the same salt
concentration in different varieties, bars with the same lowercase letters are not significantly different according to the Duncan test at P < 0.05.

consistency (P = 0.323). There was significant interaction effect
between salt treatment and rice varieties in terms of chalkiness
rate (P < 0.001), chalkiness degree (P < 0.001) and protein
content (P = 0.001), and no significant interaction effect for
amylose content (P = 0.071) and gel consistency (P = 0.071) of
rice seeds. The nutritive quality of rice was mainly determined
by protein content, amylose content and gel consistency in
rice seeds. The protein content of Yangyugeng2, Xudao9, and
Huageng5 was thus reduced by 1.8, 1.8, and 9.7% when the salt
concentration was 17.1 mM NaCl, which showed a tendency to
increase while the salinity level was greater than 17.1 mM NaCl.
However, the situation of amylose content was in the opposite

(Figures 3C,D). As salt concentration increased, a trend of first
rising and then falling was seen (Figure 3D). With the increase of
salt concentration, the gel consistency presented an overall trend
of increasing first and then decreasing (Figure 3E).

Effect of Salt Stress on the Taste Value of
Rice
As revealed in this study, the appearance, viscosity, degree of
balance, and taste values of rice under salt stress showed a trend
of increasing and then decreasing, and hardness exhibited a trend
of decreasing and then increasing, and salt stress had significant
effect on the appearance (P = 0.005), hardness (P = 0.012),
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FIGURE 2 | Effect of salt stress on brown rice rate (A), milled rice rate (B), head milled rice rate (C), length (D), width (E), and aspect ratio (F) for different rice
varieties. YYG2, Yangyugeng2; XD9, Xudao9; HG5, Huageng5; V, Variety; S, Salt; S0, S1, S2, and S3 denote salt concentrations of 0, 17.1, 25.6 and 34.2 mM,
respectively; In different salinity level during the same varieties, bars with the same uppercase letters are not significantly different, while within the same salt
concentration in different varieties, bars with the same lowercase letters are not significantly different according to the Duncan test at P < 0.05.

viscosity (p = 0.007), degree of balance (p = 0.006), and taste
value (p = 0.006). It was noticeable that significant differences
in the appearance (P < 0.001), hardness (P < 0.001), viscosity
(P < 0.001), degree of balance (P < 0.001), and taste value
(P < 0.001) were also detected among rice cultivars. There was
no significant interaction between salt stress and rice varieties
in terms of appearance (P = 0.132), hardness (P = 0.081),
viscosity (P = 0.251), degree of balance (P = 0.144), and taste
value (P = 0.160). With the increase of salt concentration, the
appearance, viscosity, degree of balance, and taste value showed

a first rising and then declining trend among Yangyugeng2,
Xudao9, and Huageng5. However, the three rice varieties peaked
at different corresponding salt concentrations, meaning that
Yangyugeng2 and Huageng5 were 17.1 mM NaCl, and Xudao9
was 25.6 mM NaCl, respectively. The result showed that
the appearance, viscosity, degree of balance, and taste value
increased to 4.87, 5.53, 5, and 59.87, respectively, while the
salt concentration was 17.1 mM NaCl, and those of Huageng5
increased to 4.27, 3.73, 3.97, and 53.5, individually. However,
the salt stress had no significant effect on the taste quality of
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FIGURE 3 | Effect of salt stress on chalkiness rate (A), chalkiness degree (B), protein content (C), amylose content (D), gel consistency (E) for different rice varieties.
YYG2, Yangyugeng2; XD9, Xudao9; HG5, Huageng5; V, Variety; S, Salt; S0, S1, S2, and S3 denote salt concentrations of 0, 17.1, 25.6 and 34.2 mM, respectively;
In different salinity level during the same varieties, bars with the same uppercase letters are not significantly different, while within the same salt concentration in
different varieties, bars with the same lowercase letters are not significantly different according to the Duncan test at P < 0.05.

Xudao9, whose appearance, viscosity, degree of balance, and taste
value increased to the maximum value (5.9, 5.6, 5.63, and 64.03)
when the salt concentration was 25.6 mM NaCl (Figure 4). In
contrast, the hardness of Yangyugeng2 and Huageng5 decreased
to the minimum value (7.43, 7.43) when the salt concentration
was 17.1 mM NaCl. When the salinity level was 25.6 mM NaCl,
the hardness of Xudao9 decreased to the minimum value (6.87).
The effect of salt stress on appearance, viscosity, balance and taste
value showed a trend of increasing and then decreasing, and the
effect on hardness demonstrated a trend of decreasing and then
increasing. However, the turning points were different among
rice varieties. The turning point of Xudao9 was S2 treatment,
while that of Huageng5 and Yangyugeng2 was S1 treatment,

indicating that the salt tolerance of Huageng5 and Yangyugeng2
was lower than that of Xudao9.

Effect of Salt Stress on the Pasting
Properties of Starch
The profile characteristics of RVA is a useful index to measure
the cooking quality of rice. This study indicated that significant
difference was observed in terms of the peak viscosity (P < 0.001),
hot paste viscosity (P < 0.001), breakdown (P < 0.001), cold paste
viscosity (P < 0.001), setback (P < 0.001), peak time (P < 0.001),
and pasting temperature (P = 0.002) among rice varieties. It
was noticeable that significant differences were also detected
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FIGURE 4 | Effect of salt stress on appearance (A), hardness (B), viscosity (C), degree of balance (D), and taste value (E) for different rice varieties. YYG2,
Yangyugeng2; XD9, Xudao9; HG5, Huageng5; V, Variety; S, Salt; S0, S1, S2, and S3 denote salt concentrations of 0, 17.1, 25.6 and 34.2 mM, respectively; In
different salinity level during the same varieties, bars with the same uppercase letters are not significantly different, while within the same salt concentration in
different varieties, bars with the same lowercase letters are not significantly different according to the Duncan test at P < 0.05.

under salinity stress in terms of peak viscosity (P < 0.001),
hot paste viscosity (P = 0.044), breakdown (P = 0.047), cold
paste viscosity (P < 0.001), setback (P = 0.011), peak time
(P = 0.048), and pasting temperature (P = 0.031). There was
significant interaction effect between salt treatments and rice
varieties in terms of peak viscosity (P < 0.001), cold paste
viscosity (P < 0.001), and setback (P = 0.022) and no significant
interaction effect for hot paste viscosity (P = 0.081), breakdown
(P = 0.879), peak time (P = 0.414), and pasting temperature
(P = 0.087). The experimental results revealed that the peak
viscosity of Yangyugeng2, Xudao9, and Huageng5 increased
to the maximum value (2589, 2618, and 2713) when the salt
concentration was 25.6 mM NaCl and decreased to the minimum
value (407.5, 831.5, and 525) when the salinity level was 17.1 mM

NaCl, respectively (Figure 5). At the peak time, there were
significant differences among rice varieties, but salinity levels
were not. Furthermore, the salinity level influenced the pasting
temperature when the concentration of salt was greater or equal
to 25.6 mM NaCl. Salt stress increased the difference in pasting
temperature among varieties, with Yangyugeng2 showing the
greatest sensitivity, followed by Huageng5 and finally Xudao9
(Figure 5G).

Effect of Salt Stress on the Mineral
Element Content of Rice Seeds
This study investigated that salt stress had significant effect on the
contents of K (P = 0.018), Na (P = 0.008), and Cu (P = 0.003),
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FIGURE 5 | Effects of salt stress on peak viscosity (A), hot paste viscosity (B), breakdown (C), cold paste viscosity (D), setback (E), peak viscosity (F), and pasting
temperature (G) for different rice varieties. YYG2, Yangyugeng2; XD9, Xudao9; HG5, Huageng5; V, Variety; S, Salt; S0, S1, S2, and S3 denote salt concentrations of
0, 17.1, 25.6 and 34.2 mM, respectively; In different salinity level during the same varieties, bars with the same uppercase letters are not significantly different, while
within the same salt concentration in different varieties, bars with the same lowercase letters are not significantly different according to the Duncan test at P < 0.05.

and no significant effect on the contents of S (P = 0.700), P
(P = 0.213), and Mg (P = 0.638). And it was noticeable that
significant differences were also detected among rice cultivars
except for the content of Na (P = 0.076). There was significant
interaction effect between salt treatments and rice varieties with
respect to the contents of K (P = 0.006), Na (P = 0.012), and P
(P = 0.024), and no significant interaction effect for the contents
of Mg (P= 0.247), S (P= 0.296), and Cu (P= 0.288). In Figure 6,

the contents of K and S in the milled rice of Yangyugeng2 were
the highest (0.67, 0.38) at 17.1 mM NaCl and decreased when the
salt concentration was more than 17.1 mM NaCl. The contents
of K and S in head milled rice of Xudao9 were the highest (0.85,
0.39) at 25.6 mM NaCl and decreased at 34.2 mM NaCl, and the
contents of K and S in head milled rice of Huageng5 increased to
the maximum value (0.83, 0.40) at 34.2 mM NaCl. The P content
in milled rice of Xudao9 at 34.2 mM NaCl significantly decreased
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FIGURE 6 | Effect of salt stress on the K (A), Mg (B), Na (C), P (D), S (E), and Cu (F) for different rice varieties seeds. YYG2, Yangyugeng2; XD9, Xudao9; HG5,
Huageng5; S0, S1, S2, and S3 denote salt concentrations of 0, 17.1, 25.6 and 34.2 mM, respectively; In different salinity level during the same varieties, bars with
the same uppercase letters are not significantly different, while within the same salt concentration in different varieties, bars with the same lowercase letters are not
significantly different according to the Duncan test at P < 0.05.

by 9.3% compared with that under no salinity stress. A significant
difference in the P content between the rice cultivars was found.
Significant differences existed among varieties in terms of the
Mg content in milled rice when the salt concentration was less
than or equal to 25.6 mM NaCl, and no difference was observed
among cultivars at 34.2 mM NaCl. The Na content in milled
rice significantly increased by 66.7% at 34.2 mM NaCl, and
there were significant differences among rice cultivars. The Cu
content in milled rice of Yangyugeng2 and Xudao9 increased to
the maximum value (6.77, 6.61) at 17.1 mM NaCl, then declined
slightly when the salinity level was greater than 17.1 mM NaCl,
and that of Huageng5 increased to the maximum value (7.25)
at 25.6 mM NaCl.

As shown in Figure 6, under S3 treatment, the contents of Na,
P and S accumulated in the seeds of Huageng5 were significantly
higher than those in the seeds of Xudao9 and Yangyugeng2, and
the contents of Cu, P, Mg, and K accumulated in the seed of
Xudao9 were more than those in Yangyugeng2. The Na/K ratio
of Xudao9 was lower than that of Yangyugeng2 and Huageng5,
indicating that Xudao9 had the strongest salt tolerance among
varieties, while the Na/K ratio of Huageng5 was slightly higher
than that of Yangyugeng2. However, the absorption capacity of
Huageng5 for other ions was significantly higher than that of
Yangyugeng2, and other ions could mitigate the sodium ion
poisoning to a certain extent, so the salt tolerance of Huageng5
was significantly stronger than that of Yangyugeng2 (Figure 6).

Frontiers in Plant Science | www.frontiersin.org 10 May 2022 | Volume 13 | Article 918460169

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-13-918460 May 26, 2022 Time: 16:42 # 11

Zhang et al. Salt Stress and Rice Quality

DISCUSSION

Effect of Salinity Stress on Rice Yield and
Grain Quality
Rice yield is the result combining yield components that depend
on the production capacity of photosynthetic materials and
the functioning and distribution of assimilates. Salinity affects
rice growth, which in turn affects both rice yield and quality
(Turan et al., 2007; Genyou et al., 2018). The salinity stress
significantly affects the yield traits of rice, such as seed setting
rate, tiller number, panicle number, and paniclelength; among
these contributing traits, seed setting rate is the main cause of
yield loss under saline conditions (Shereen et al., 2005). However,
in this study, we found that the panicle number is considered as
the main factor affecting rice yield (Figure 1). A 12% increase in
the panicle numbers of Nipponbare was reported when 20 mM
NaCl was applied to at 4-weeks after transplanting (Thitisaksakul
et al., 2015). In this study, the panicle number increased by
9.68 and 4.78% for Xudao9 and Huageng5, respectively, at a
salt concentration of 17.1 mM NaCl, and increased by 4.19%
for Xudao9 and decreased by 2.05% for Huageng5 at a salt
concentration of 25.6 mM NaCl. In contrast, the panicle number
of Yangyugeng2 decreased by 5.76 and 6.92% at these two
salt concentrations, respectively (Figure 1A). This difference is
closely related to the differential salt tolerance of rice varieties, as
well as the timing and methods of salt stress.

Rice quality is particularly important for the health of people
who eat it as a staple food (Ali et al., 2020). In comparison with the
rate of the non-saline environment, the brown rice rate, milled
rice rate and head milled rice rate were significantly declined at
51.3 mM NaCl (Genyou et al., 2018). This study revealed that
salt stress could increase brown rice rate, milled rice rate and
head milled rate when the salinity level is less than or equal to
34.2 mM NaCl. This indicated that the effect of salinity stress on
the contributing quality traits of rice were related to the salinity
level of in soils (Figures 2A–C).

Appearance quality of rice determines its capability to
attract consumers, and chalkiness is the main indicator of
appearance quality (Zhou et al., 2020; Ayaad et al., 2021).
Seeds with high chalkiness are easily broken during milling
and thus losing marketability (Sawada et al., 2016). Transparent
grain with little or no chalkiness, intermediate gel consistency,
intermediate amylose content and low starch content are the
desired attributes of good quality rice (Rao et al., 2013). When
the salt concentration was higher than 34.2 mM NaCl, the quality
of milling and appearance of rice were significantly affected,
and the protein contents was significantly increased (Chengke
et al., 2017). The results described that the chalkiness rate and
chalkiness degree of rice seed increased under the salinity stress,
except for Yangyugeng2. And the chalkiness rate and degree of
Yangyugeng2 declined when the salt concentration was 34.2 mM
NaCl (Figures 3A,B). Grain length is more important than
width as long grains tend to break during the milling process,
and the grain aspect ratio was significantly declined in the
salinity soil (Rao et al., 2013). In this study, we demonstrated
that the salt stress significantly decreased the length of rice
grain but increased the aspect ratio of grain seed except for

Huageng5 (Figures 2D,F). It was reported that the application
of 20 mM NaCl for 4 weeks after transplanting increased the
seed length by 3.01% (Thitisaksakul et al., 2015), but in this
study only Yangyugeng2 increased the seed length by 0.4% at
a salt concentration of 17.1 mM NaCl (Figure 2D). It was also
reported that salt stress (4 ds/m) did not cause any change in
seed length, width and aspect ratio compared to the control group
(Sangwongchai et al., 2021). It is worth noting that the duration of
salt stress in this experiment was only from flowering to maturity.
It can be seen that the duration of salt stress and the mode of salt
application significantly affected the experimental results.

Amylose content is an important indicator of rice quality, and
low-taste rice varieties with high amylose content will expand in
volume during cooking, which are less likely to be tender and
hard after cooling. Good-taste rice varieties with low amylose
content is moist and sticky when being cooked (Juliano, 1971).
Protein is the second most important ingredient after starch
and the higher protein content means the better quality of rice
(Chen et al., 2021). Numerous studies found that the salinity
stress lower the nutritional value of rice (Yajuan et al., 2019),
such as amylose content and gel consistency (Rao et al., 2013).
The amylose content was significantly decreased under salt stress
compared with that of no salinity level, while protein content
was the opposite (Genyou et al., 2018). It was also reported
that there was no significant change in the amylose and protein
content of rice seeds under salt stress (4 ds/m) (Sangwongchai
et al., 2021). It has further been suggested that high salt stress
(EC 6–8 ds/m) increased the seed protein content, while low
salt stress (EC 2.5 ds/m) decreased the seed protein content
(Sangwongchai et al., 2021). In this study, the protein content
of the salt-tolerant varieties showed a decreasing trend followed
by an increasing trend, while the salt-sensitive varieties showed
a decreasing trend. The amylose content of Xudao9 exhibited an
increasing trend followed by a decreasing trend, while Huageng5
showed an increasing trend and Yangyugeng2 did not change
significantly (Figures 3C,D). The gel consistency of salt-tolerant
varieties tended to decrease and then increase, while that of
salt-sensitive varieties tended to increase and then stabilization
under salt stress.

The RVA spectrum of starch can better reflect the taste
quality of steamed rice, but it is also affected by varieties and
environmental conditions (Fan et al., 2021). The RVA curve is a
characteristic that can reflect the changes in rice starch viscosity
during the rapid heating and cooling of known amounts of rice
flour and water (Chen et al., 2021). It has been represented that
the RVA value of rice starch was closely related to the taste
value of rice, with rice of good quality generally meaning high
peak viscosity, high breakdown, and low setback (Genyou et al.,
2018). Some scholars concluded that the setback and the pasting
temperature increased significantly under 51.3 mM of salt stress,
which indicated a negative effect of salt stress on the cooking and
taste quality of rice (Genyou et al., 2018). It was also reported
that the peak viscosity, hot paste viscosity, cold paste viscosity
and breakdown of rice flour reached the maximum value under
the salt environment of 17.1 mM NaCl (Dandan et al., 2020). In
this study salt stress increased the peak viscosity of Xudao9 and
Huageng5, and decreased the setback of Yangyugeng2, increased
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the setback of Xudao9, without significant change in the setback
of Huageng5. The salt stress increased the pasting temperature
of Xudao9, but had no significant effect on that of Yangyugeng2
and Huageng5, which difference may be related to the salt
concentrations (Figures 5A,E,G).

Effect of Salinity Stress on the Content
of Minerals in Milled Rice
Minerals are important for maintaining human health. But as
our body cannot synthesize them, people only obtain them from
food (Yuanmei et al., 2016). Numerous studies have disclosed that
the distribution pattern of most trace elements in rice kernels
is rice bran > husk > brown rice > fine rice (Yuanmei et al.,
2016). The saline stress increased the uptake of Na, K, and Mg
in rice grains, but the increase in K and Mg was not significant,
and the saline stress decreased the uptake of Ca, Fe, Mn, and
Zn. The effect of saline stress on the Na content of brown rice
and fine rice in Longdao11 was extremely prominent (Yajuan
et al., 2019). Under the saline stress, Mg and Fe were significantly
positively correlated, and Mg and Na were significantly negatively
correlated (Yajuan et al., 2019).

This experiment demonstrated that there was a significant
or extremely significant relationship among appearance quality,
nutritive quality, cooking/eating quality, and pasting properties.
There was no significant difference between mineral content
and taste quality, mineral content and pasting properties under
salinity stress.

In this study, the sodium ion uptake capacity of Huageng5 was
significantly greater than that of Xudao9 and Yangyugeng2. The
potassium ion uptake capacity of Huageng5 and Yangyugeng2
was significantly higher than that of Yangyugeng2. It is thus
known that the uptake capacity of rice varieties depends
on the uptake capacity of sodium ions and potassium
ions (Figures 6A,C). In this study, there was a highly
significant positive correlation between potassium ion content
and disintegration value, and between and protein content, but
a highly significant negative correlation between and setback,
width and length, and between and straight chain starch content
in rice flour. There was a significant negative correlation between
the sodium ion content in rice flour and the length of the
seeds. The accumulation of mineral content under salt stress
affects the nutritional quality of rice, which in turn affects the
rice palatability.

In some cases, when the salt concentration in soil was lower
than 10.9 mM NaCl, there was no significant difference in rice
yield between soils under or without the salinity stress. When
the salt concentration was more than 10.9 mM NaCl, the rice
yield and grain quality declined sharply with the increase of
salt concentration (Weipu, 2014). Thus, the concentration of
10.9 mM NaCl is recommended as a critical salt concentration
for saline rice production, and the salt was implemented for
10 days after transplanting (Weipu, 2014). In other cases, salt
stress can increase rice yield and improve the quality of rice
milling, cooking and nutrition when the salt concentration is
less than or equal to 17.1 mM NaCl (Figures 1, 2). Salt stress
can decrease rice yield and affect rice quality when the salinity

level is more than or equal to 34.2 mM NaCl (Figures 1, 4).
It is recommended that 17.1 mM NaCl be used as the critical
salt indicator for saline rice production using salt mixing as the
adding method, including sodium chloride and sodium sulfate
at 2:1 with the soil before transplanting rice (Chengke et al.,
2017). However, other researchers suggested 37.6 mM NaCl as
a critical salt indicator for rice production in sodic saline soils.
In this experiment, sodic saline soil was mixed with natural
black soil in proportion to different concentrations of saline soil
(Mingxia et al., 2014). In the present study, salinity stress would
increase both milling quality and cooking quality of rice, without
significant difference in rice yield when the salt concentration was
lower than or equal to 17.1 mM NaCl (Figures 1, 2, 4). However,
salt stress would significantly decrease rice yield and rice quality
when the salinity level was more than 17.1 mM NaCl, which was
consistent with the findings of other authors (Chengke et al.,
2017). From the above discussion, the reactions of salt stress are
linked to the components of salt, adding method of salt, local salt
concentration and soil type.

CONCLUSION

Salt is a gift from nature and an ancient treasure for storing food.
Nowadays, most of the literature elaborate on the harmful effect
of salt on crops. But this study finds that the low concentration
of salt has an improving effect on the quality of rice. In the
future, mudflat saline land can be planted with screened salt-
tolerant varieties, provided that a threshold value for these
varieties can be determined to control the salt content of saline
land within the threshold value, which is conducive to more
rational development and utilization of saline land. This study
demonstrates that panicle number is the main cause of yield
loss under saline conditions, and low concentration of salt stress
can increase rice yield, brown rice rate and milled rice rate
of rice, and significant increases head milled rice rate of salt-
sensitive varieties but decreases in salt-tolerant varieties. The
brown rice rate and milled rice rate increased by 0.26–1.04 and
0.01–2.81% under salt stress. Grain length is more sensitive than
grain width to salt stress, and the aspect ratio of seeds has
significantly correlated with the rice variety, rather than the salt
stress. Different varieties of rice exhibit different salt tolerance
under salt stress; the three rice varieties in this study, in order
of salt tolerance, were Xudao9, Huageng5 and Yangyugeng2. The
low concentration of salt stress will increase the appearance,
viscosity, degree of balance, and taste value, and decrease the
hardness of rice. The differences in starch pasting properties
among rice varieties in this study were larger than those caused
by salt stress. The defense measures of different rice varieties
vary under the salt stress: Xudao9 in a way maintains a low
level of Na/K ratio; Huageng5 alleviates sodium poisoning mainly
by uptaking other ions. Rice varieties selected with high salt
tolerance can be selected for the development and utilization
of mudflats, and the low concentration of salt treatment will
increase the rice quality. More research can be conducted in the
future on the mechanism of increasing rice quality in low salt
concentration environment.
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High temperature (HT) events have negative impact on wheat grains yield and
quality. Transcriptome profiles of wheat developing grains of commercial genotypes
(Antequera and Bancal) and landraces (Ardito and Magueija) submitted to heatwave-
like treatments during grain filling were evaluated. Landraces showed significantly
more differentially expressed genes (DEGs) and presented more similar responses
than commercial genotypes. DEGs were more associated with transcription and RNA
and protein synthesis in Antequera and with metabolism alterations in Bancal and
landraces. Landraces upregulated genes encoding proteins already described as HT
responsive, like heat shock proteins and cupins. Apart from the genes encoding
HSP, two other genes were upregulated in all genotypes, one encoding for Adenylate
kinase, essential for the cellular homeostasis, and the other for ferritin, recently related
with increased tolerance to several abiotic stress in Arabidopsis. Moreover, a NAC
transcription factor involved in plant development, known to be a negative regulator
of starch synthesis and grain yield, was found to be upregulated in both commercial
varieties and downregulated in Magueija landrace. The detected diversity of molecular
processes involved in heat response of commercial and traditional genotypes contribute
to understand the importance of genetic diversity and relevant pathways to cope with
these extreme events.

Keywords: bread wheat, commercial varieties, landraces, heatwave, grain transcriptome, RNA sequencing

INTRODUCTION

Wheat is the second most produced and consumed cereal worldwide on a daily basis (FAO©, 2019)
and hexaploid bread wheat (Triticum aestivum L, 2n = 42) represents 90–95% of this production.
However, the current growth rate of wheat production is not sufficient to cover the predicted global
demand in 2050. Specifically in European countries, the stagnation of wheat yield increase is related
with the progressive global warming (Brisson et al., 2010; Ray et al., 2013; Gaupp et al., 2019).
The increase of mean temperature during wheat development affects grain yield and quality, due
to reduction in lifecycle, pollen abortion, kernel shrinkage, and decrease in seed reserves (Asseng
et al., 2014; Nuttall et al., 2018; Wang et al., 2019). The required optimum temperature for wheat
anthesis and grain filling ranges from 12 to 22◦C (Tewolde et al., 2006) and the overall acceleration
of grain development observed under high temperature regimes is associated with the speed up of
transcriptomic events (Altenbach and Kothari, 2004; Wan et al., 2008).
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Transcription modulation of genes encoding heat shock
proteins (HSPs) is the most studied molecular response under
heat stress (Wahid et al., 2007). A recent study identified
and characterized 753 HSP genes expressed in bread wheat,
revealing the developmental stage and stress situation at which
they are responsive (Kumar et al., 2020). HSPs transcripts were
also differentially detected after 1 h and 1 d at 40◦C using
Wheat Genome Array profiles in seedlings of two genotypes
with contrasting thermotolerances (Qin et al., 2008). The same
work also detected transcription factors and genes involved in
phytohormone biosynthesis/signaling, calcium and sugar signal
pathways, RNA metabolism, ribosomal proteins, primary and
secondary metabolisms synthesis, and biotic and abiotic stress
responses. Chauhan et al. (2011) identified heat responsive genes,
after 2 h of heat stress treatments (34 and 40◦C), implicated in
metabolites and protein synthesis in seedling shoot, flower tissues
and developing grain through subtractive hybridization.

Whole transcriptome sequencing of wheat seedlings reported
similar transcripts profiles after heat, drought and their
combination treatments of 1 and 6 h (Liu et al., 2015).
The main biological groups associated with upregulated genes
were stress response, hormone stimulus response and nutrient
metabolic processes, while downregulated genes were mainly
enriched in photosynthesis and nutrient biosynthesis pathway.
A more recent study used RNA Sequencing data obtained from
developing grains of genotypes with distinct thermotolerances
that underwent post anthesis heat stress for 3 days, identified
different clusters of genes unique to tolerant and susceptible
genotypes (Rangan et al., 2019). This work also refers that most
genes uniquely expressed in tolerant genotype during heat stress
are detected in both early and late grain filling reinforcing their
role in heat stress response. Other work from Kino et al. (2020)
compared RNA Sequencing data obtained from whole grains
after post anthesis high temperature treatment (35◦C during 2–
12 days) against existing sequence data from individual pericarp
and endosperm tissue. A significant down-regulation of pericarp
genes with a known role in regulation of cell wall expansion
was observed. For that reason, the authors suggested that heat
treatment induces reduced expansion capability of the pericarp,
which may result in a physical constraint of endosperm growth.

Several studies have shown increasing genetic erosion caused
by the replacement of diverse old landraces by comparatively
few and homozygous modern cultivars (Gregová et al., 1999;
Caballero et al., 2001; Srinivasan et al., 2003). Landraces are
dynamic populations of cultivated species lacking formal crop
improvement, locally adapted and often genetically diverse
[reviewed in Villa et al. (2005)]. Thus, landraces provide notable
successes in crop improvement [reviewed in Dwivedi et al.
(2016)] as sources of nutritional and technological quality traits
and marginal environment tolerance [reviewed in Newton et al.
(2010)]. They are considered extremely valuable agrobiodiversity
pools in changing environmental conditions (Trethowan and
Mujeeb-Kazi, 2008; Lopes et al., 2015) that may constitute a key
resource facing extreme heat events like heatwaves. Heatwaves
are defined by World Meteorological Organization [WMO]
(2015) as five or more consecutive days of heat in which the
daily maximum temperature is at least 5◦C higher than the

average maximum temperature. These adverse environmental
events are foreseen to be increasingly frequent (Cardoso et al.,
2019). The main goal of this work was to evaluate whole
transcriptomic alterations induced by heatwave-like treatment
during grain filling. This study was comparatively performed
in two commercial varieties and two Portuguese landraces,
chosen based on previous evaluations of high temperature (HT)
responses regarding yield and grain composition (Tomás et al.,
2020a,b,c).

MATERIALS AND METHODS

Plant Material and High Temperature
Treatment
The genotypes studied in this work comprehend two bread wheat
(Triticum aestivum L., 2n = 6× = 42, AABBDD) commercial
varieties recommended to be used in Portugal (ANPOC et al.,
2014), Antequera and Bancal, and two old Portuguese landraces
from Vasconcellos collection, established in the 30s of the
last century (Vasconcellos, 1933), Ardito and Magueija. Seeds
of commercial varieties were gently supplied by ANSEME
(Portugal) and seeds of traditional landraces by EAN Germplasm
Bank (Oeiras, Portugal, PRT005). Twenty seeds from each
genotype obtained after 2 years of controlled propagation were
germinated and grown in controlled conditions–8 h of dark at
20◦C and a 16 h light period divided in 6 h increasing to 25◦C, 4 h
at 25◦C, and 6 h decreasing to 20◦C. Three-week old plants were
transferred individually to seven liters soil pots and maintained
in greenhouse conditions.

When the first anther was observed in the first spike (anthesis),
plants were transferred to growth chambers with the previously
described control conditions. Ten days after anthesis (daa)
subsets of ten plants (biological replicates) of each genotype
were submitted to two different growth conditions for 7 days:
control conditions above described or high temperature (HT)
regime with a daily plateau of 40◦C maximum temperature
(Supplementary Figure 1). Immediately after the period of
4 h at maximum temperature in the last day of the treatment,
two immature grains from the middle of each first spike of
each plant were collected (17 daa) and stored at –80◦C for
posterior RNA extraction.

RNA Extraction, Library Preparation, and
Sequencing
Total RNA was individually extracted from control and heat-
treated immature grains using the SpectrumTM Plant Total RNA
Kit (Sigma-Aldrich, Inc., Spain) and following manufacturer’s
instructions. For the RNA sequencing, three biological replicates
were analyzed per condition and genotype, each composed
of a pool of three immature grains (total 100 ng of RNA).
Both library preparation and sequencing were performed and
optimized by the Genomics Unit of the Instituto Gulbenkian
Ciência, Oeiras. mRNA-libraries were prepared using the
SMART-seq2 protocol adapted from Macaulay et al. (2016)
Illumina R© libraries performed used the Nextera protocol adapted
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from Baym et al. (2015). The libraries quantification and quality
verification were done using the Agilent Fragment Analyzer in
combination with HS NGS Kit (Agilent Technologies, Santa
Clara, California). Libraries were sequenced in the NextSeq500
Illumina R© Sequencer using 75 SE high throughput kit (Illumina,
San Diego, California) and 937302653 reads were obtained
from the 24 samples.

RNA Sequencing Data Processing and
Differential Gene Expression Analysis
Bioinformatic analysis from quality assessment to differential
expression analysis were performed by BioData.pt. Quality
control was evaluated on raw reads using FastQC (Andrews
et al., 2010). Raw reads were then trimmed using fastp (Chen
S. et al., 2018) to the longest continuous segment of Phred-
quality (threshold of 30 or above) in order to improve overall base
quality, and remove the Illumina R© Smart-Seq2 adaptors from
sequencing. A new quality control with FastQC was performed.
The trimmed reads were mapped to Triticum aestivum genome1

using hisat2 with default parameters (Kim et al., 2015). Quality
control of the mapping procedure was accessed with Qualimap
(Okonechnikov et al., 2016).

Read assignment to genomic features and gene expression
quantification were made using featureCounts (Liao et al., 2014).
Differential gene expression was tested using DESeq2 (Love et al.,
2014) between transcript sets of control and HT treated samples.
Manual search of gene ID and encoding products was made in
Ensemble Plants BioMart (Kinsella et al., 2011).

R software (R Core Team, 2018) was used to integrate all the
analysis and obtain multi-dimensional scaling analysis (MDS)
plot (to show the general relationship between the samples) and
hierarchical clustering of samples for all varieties and conditions
represented as an heatmap and Venn diagrams (showing the
relationships between the differentially expressed genes lists of all
varieties and conditions).

Gene Ontology Enrichment Analysis
Gene enrichment (GO) analysis was done in AgriGOv22

web-based tool (Tian et al., 2017). AgriGO SEA parameter
settings were as follows: Fisher test, with Bonferroni multi-
test adjustment method, 0.05 significance level, five minimum
mapping entries, and complete gene ontology. The GO database3

was used to analyze GO terms enrichment of DEGs, and the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database4

was used to identify the enriched metabolic pathways, as well as
the enzymes involved.

RESULTS AND DISCUSSION

In this work, plants of four wheat genotypes, Antequera,
Ardito, Bancal, and Magueija were submitted to HT treatment

1ftp://ftp.ensemblgenomes.org/pub/plants/release-48/fasta/triticum_aestivum/
dna/Triticum_aestivum.IWGSC.dna.toplevel.fa.gz
2http://systemsbiology.cau.edu.cn/agriGOv2/index.php
3http://geneontology.org
4http://www.kegg.jp/kegg

simulating a heatwave, for 1 week during grain filling stage.
Transcriptome profiles of immature grains collected immediately
after treatment period (17 days after anthesis) from control and
treated plants were analyzed.

Traditional Genotypes Presented a More
Similar High Temperature Response
Than Commercial Varieties
The reference genome used to map transcripts was the IWGSC
RefSeq v1.0 assembly (the first version of the reference sequence
obtained from the bread wheat variety Chinese Spring). Overall,
about 90% of the transcripts were mapped against the reference
genome, and from these 37% mapped to multiple sites and the
other 53% mapped specifically to one site in the genome. From
the mapped transcripts, an average of 68% of the reads aligned
to exonic regions, 29% to the intergenic regions and only 3% to
intronic regions. The great percentage of transcripts mapped to
intergenic domains is probably due to the incomplete genome
annotation. Interestingly, commercial varieties Antequera and
Bancal presented a significantly (p < 0.05) higher percentage
(71.5%) of transcripts mapped to the exonic regions than the
traditional ones Ardito and Magueija (61%). Concomitantly, the
number of transcripts mapped to both intronic and intergenic
regions is higher in the landraces. This may be explained by
the fact that old traditional genotypes, collected in the 1930s,
are more distinct from the reference genome than commercial
varieties. Lastly, the results summarized in Figure 1A indicate
that most reads (between 73 and 82%) were assigned as protein
coding regions, the next most found class was non-translating–
coding sequence (between 18 and 27%), and, in a very small
amount ribosomal DNA (less than 3%).

Also a hierarchical clustering (Figure 1B) of sample-to-sample
correlations revealed great intravarietal similarity between
Antequera and Bancal samples, independently of the treatment,
while for Ardito and Magueija, the similarities were greater
between samples of the same condition (control/HT). In fact, the
MDS (multi-dimensional scaling) plot grouping (Figure 1C) has
shown that five of the six samples of each commercial varieties are
closer to each other, while in landraces a clear separation between
control and treatment samples was observed.

Differentially expressed genes (DEGs) between transcriptomes
of immature grains from plants kept in control conditions
and submitted to high temperature were considered significant
with and adjusted p-value (padj) < 0.05 for all genotypes.
Up and downregulated genes were obtained filtering the log2
foldchange absolute value higher than 1. For the four genotypes
analyzed, a total of 10,366 DEGs were identified, 86% of
them referent to Ardito and Magueija traditional genotypes,
showing that they have a greater response to high temperature
treatment. In a similar study done recently (Rangan et al.,
2019), grain transcriptomes of three genotypes showed a
higher number (more than 80%) of downregulated genes in
susceptible genotypes, comparing with tolerant ones (2% of
the DEGs were downregulated). Thus, the HT response of our
landraces was similar to susceptible genotypes, as they present a
higher number of DEGs.
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FIGURE 1 | Reads assignments by gene type and relationship between samples. (A) Read assignments and relative abundance of reads per type of gene.
(B) Hierarchical clustering of sample-to-sample correlations based on Pearson correlations (right). (C) Multi-dimensional scaling (MDS) plot showing similarity
between all samples. The comparisons were made between control (C) and high temperature (HT) reads sets of commercial varieties Antequera and Bancal and
landraces Ardito and Magueija.

The number of DEGs is significantly different between
all genotypes (p < 0.05), although these differences were
less accentuated between Ardito and Magueija (Figure 2A).
Particularizing to each genotype, the commercial variety Bancal
presented the lower number of DEGs of all varieties studied,
129 in total, 69 upregulated and 60 downregulated. A ten times
higher number of DEGs were identified in Antequera (1298),
339 upregulated and 959 downregulated. Considering the work
above referred (Rangan et al., 2019), the higher number of
DEGs detected in Antequera is in accordance with the previously
reported worse heat response of this genotype in comparison
to Bancal regarding grain protein content and grain yield
(Tomás et al., 2020b). In Ardito, 4,375 DEGs were identified,
2,397 upregulated and 1,978 were downregulated. The genotype
with greater number of DEGs (4,564) in response to high
temperature treatment was Magueija, with 2,661 downregulated
and 1,903 upregulated.

Our first approach was to investigate if any of A, B, and
D genomes or distinct chromosomes were particularly affected
by high temperature treatment, since is already documented

that chromosomes 3A and 3B harbor genes involved in high
temperature response [reviewed in Ni et al. (2018)]. Although,
no significant differences were detected between genomes neither
between chromosomes (Supplementary Figure 2).

The results presented in Figure 2B have shown that from the
1,199 upregulated genes common to more than one genotype,
only six genes were common to Antequera, Bancal, Ardito,
and Magueija. These six upregulated genes common to all
genotypes (Table 1) encompassed annotated genes encoding
three small heat shock proteins HSP20, one adenylate kinase, a
BAG domain proteins and a ferritin. Adenylate kinase catalyzes
a reversible transphosphorylation reaction that converts adenine
nucleotides (ADP to ATP and AMP), and is critical for many
processes in living cells (Pradet and Raymond, 1983), as, for
example cellular activities maintenance during abiotic stress
situations (Komatsu et al., 2014). BAG domain proteins are
responsible for the modulation of chaperones activity as they
bind to HSP70 proteins and promote the substrate release.
Lastly, ferritin is a protein that functions in the iron storage
in a soluble, non-toxic, readily available form. A recent study
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FIGURE 2 | Differentially expressed genes (DEGs). (A) Number of DEGs between control and high temperature treated samples of commercial varieties Antequera
and Bancal and landraces Ardito and Magueija. Red and blue indicate down and upregulated genes, respectively. (B–E) Venn diagrams of differentially expressed
genes in commercial varieties Antequera and Bancal and landraces Ardito and Magueija: (B) upregulated in all genotypes; (C) downregulated in all genotypes; (D)
downregulated in commercial varieties and upregulated in landraces; (E) upregulated in commercial varieties and downregulated in landraces. Non-overlapping
regions represent the number of genes exclusive to one genotype. Overlapping regions indicate the number of genes common to two, three or four genotypes.

(Zang et al., 2017) showed that the overexpression of a gene
encoding a ferritin (TaFER-5B) functionally complemented the
heat stress-sensitive phenotype of a ferritin-lacking mutant of

Arabidopsis enhancing heat, drought, oxidative, and excess iron
stress tolerance associated with the ROS scavenging, as well as
leaf iron content. Thus, the present work not only identified
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TABLE 1 | Upregulated genes common to all genotypes analyzed.

Gene ID Encoded protein

TraesCS3B02G155300 Adenylate kinase

TraesCS4D02G086200 Small heat shock protein (Hsp20 family)

TraesCS4A02G092900 Small heat shock protein (Hsp20 family)

TraesCS5A02G548000 BAG domain

TraesCS4B02G089800 Small heat shock protein (Hsp20 family)

TraesCS7D02G428200 Ferritin

genes commonly modulated by HT in distant related hexaploidy
wheats, but also pointed out an upregulated one that seem to be
involved in HT response not only of wheat genotypes but also of
dicot plants like Arabidopsis.

There is a great difference between the number of upregulated
genes common to both commercial varieties and the number
of these genes common to both traditional ones, as can be
seen in Figure 2B. Only 2 of the 418 (0.48%) HT upregulated
genes were common in both commercial varieties. These genes
encode for a protein induced by water deficit or abscisic acid
stress and ripening, and a NAC transcription factor involved in
plant development (NAC019-A1). A recent work revealed that
this transcription factor is known to be a negative regulator
of starch synthesis, kernel weight, and kernel width in wheat
developing grains (Liu et al., 2020). In fact, our previous analyses
of mature grains of these genotypes subjected to HT during
grain filling revealed a reduction of starch amount in both
commercial varieties and an increase in both landraces (Tomás
et al., 2020a,b). On the other hand, a much higher proportion
of upregulated genes, 1,097 of the 5,058 (21.7%) are shared by
the landrace genotypes. These genes are associated with 1,747
biological processes gene ontologies, being the most represented
terms related with protein folding and metabolic process.

Concerning downregulated genes, none was commonly
detected in all genotypes, and it was also observed a much
higher number of genes common to both traditional landraces
(572–87.6%) than between commercial varieties (6–0.92%)
(Figure 2C). These results reinforce the already referred
suggestion that traditional genotypes have a more similar
response to the HT treatment than commercial ones.

Among the 110 genes downregulated in commercial
genotypes and upregulated in landraces (Figure 2D), there
were genes encoding for several HSP of different classes, related
with HT response proteins involved in nitrogen metabolism
and seed storage proteins, that are mainly involved in the seed
quality. On the other hand, only 34 genes were upregulated
in commercial varieties and downregulated in traditional
genotypes (Figure 2E), and the gene products are very diverse,
encompassing proteins involved in DNA binding, zinc finger
domains, transport proteins, and several No Apical Meristem
(NAM) proteins, referred before as a negative regulator of starch
synthesis (Liu et al., 2020).

Looking forward to unravel if there was any HT common
response related with the more affected genes, we analyzed
the ten most up and downregulated genes of each genotype
(Supplementary Table 1). It was possible to note that

in the commercial varieties, upregulated genes encode for
diverse products, several involved in the RNA processing. For
example, pentatricopeptide-repeat-containing proteins (PPR)
were encoded by these upregulated genes in both commercial
genotypes. They are known to influence the expression of
several organellar genes by altering RNA sequence, turnover,
processing, or translation (Barkan and Small, 2014). Also PPR
proteins have crucial roles in response to different abiotic
stresses in rice and were found as miRNAs target genes
associated with thermotolerance in wheat (Tan et al., 2014;
Chen G. et al., 2018; Ravichandran et al., 2019). On the
other hand, 60% of landraces upregulated genes encode for
products involved in heat shock response, as heat shock proteins
or heat shock factors, well-documented as high temperature
responsive genes [reviewed in Kaur et al. (2019)]. One of the
Magueija up regulated genes is the already identified in leaves
and roots TaHsfA6f, associated with increased thermotolerance
(Xue et al., 2015; Bi et al., 2020) and, to our knowledge, it
is for the first time identified in developing grains. As for
the downregulated genes, the only characteristic that stood
out was that in Antequera 7 out of the 10 downregulated
genes encode for products related with protein synthesis and
regulation, which can be related with the reduction in grain
protein content observed in this variety after HT treatment
(Tomás et al., 2020b).

Functional Annotation and Gene
Ontology Mapping of High Temperature
Differentially Expressed Genes
In a more global perspective regarding each genotype response
to high temperature treatment, functional annotation of DEGs
of each genotype was made through the assignment of gene
ontologies (GO) for biological processes, molecular functions
and cellular components (Figure 3 and Supplementary Table 2).
Figure 3 indicates the percentage of up and downregulated
genes of each genotype, assigned to second and third levels of
categories associated with each ontology. For all categories of
the three ontologies the proportions of up and downregulated
genes associated are very similar, being the classes with
higher and lower number of genes the same in both cases
for the four genotypes. This may indicate that, although
the number of altered genes may be different in distinct
genotypes (Figure 3), the functional roles in which the DEGs
are involved constitute a common feature in wheat heat
stress response.

In biological processes for both up and downregulated
genes, the most represented categories are biological regulation
(GO:0065007), cellular process (GO:0009987), metabolic process
(GO:0008152), and response to stimulus (GO:0050896). It
was also notorious that Bancal had a great percentage
of downregulated genes assigned to several categories. For
molecular functions ontology, catalytic activity and binding,
mainly protein (GO:0005515) and organic cyclic compound
binding (GO: 0097159) were clearly highlighted as compared
with the other classes. Regarding cellular component GO, the
most represented class was organelle (GO:0043226), with more
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FIGURE 3 | Gene ontology percentage of up and downregulated genes in commercial varieties Antequera and Bancal and landraces Ardito and Magueija assigned
to second and third levels of biological processes, molecular functions and cellular component gene ontologies. Red and blue indicate down and upregulated genes,
respectively.

than 50% of the DEGs in almost all the genotypes, and the other
was membrane (GO:0016020) with half of this amount.

Several GO terms were significantly represented in each
genotype (Supplementary Table 2), except for Bancal up
regulated genes, that were only significantly enriched in 16
molecular function ontologies. In total 395, 129, and 154 distinct
ontologies were identified for biological processes, molecular

functions and cellular components, respectively. Ardito and
Magueija present a closer response as several common ontologies
were significatively represented, namely some categories of
response to stress, establishment of cell polarity, protein
complex biogenesis, de novo protein folding and carbohydrate
catabolism for upregulated genes and DNA metabolism,
regulation of gene expression and protein complex biogenesis
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FIGURE 4 | KEGG pathways enrichment percentage of up and downregulated genes in commercial varieties Antequera and Bancal and landraces Ardito and
Magueija associated with metabolic, environmental and genetic information processing pathways. Red and blue indicate down and upregulated genes, respectively.

for downregulated genes. We also found common categories
in which Antequera and both landraces upregulated genes
were enriched, such as protein folding, response to light and
reactive oxygen species and heat acclimation biological processes
and peroxisome and microbody cellular components. On the
other hand, categories significantly enriched by downregulated
genes common between commercial and landraces were only
identified in cellular components, for instance related to nuclear
lumen and thylakoid.

Particularly, from all the DEGs engaged in high temperature
treatment response, 512 were assigned to response to heat
category (GO:0009408), most of them presenting increased
expression levels in the traditional varieties while in the
commercial ones, only a small part was affected (Supplementary
Table 3). These genes are related with other 106 biological
processes, being the most represented protein folding (16%)
and transcription regulation (8%), 41 cellular components with
nucleus and integral component membrane being associated
with a greater number of genes (14% each), and 105
molecular functions, being the most represented ATP binding
(12.6%), protein binding (8.7%), and unfolded protein binding
(7.3%). These classes of DEGs where also recently associated
with wheat tolerance to drought during grain filling stage
(Nouraei et al., 2022). Regarding unfolded protein binding, as
expected, a great number of genes encode heat shock proteins
(Hsp) and heat shock factors (Hsf). About 30% of the genes
encode for the different Hsp20, Hsp40 (DNAJ domain), Hsp70

and Hsp90, and the great majority were upregulated in the
traditional genotypes and remain unaltered or downregulated
in the commercial ones. Also in the traditional genotypes, 12
genes encoding Apetala 2 proteins were identified as upregulated.
Several proteins of this class were involved in grain and
spike morphology, plant height, and spike emergence time
determination, and play a key role in growth and development,
including regulation of plant architecture and yield-related traits
(Li et al., 2016; Zhao et al., 2019).

To further disclose biological functions of DEGs and
determine if any pathway have a significant involvement in heat
tolerance, we investigated DEGs involved in Kyoto Encyclopedia
of genes and Genomes (KEGG) pathways and 749 DEGs were
assigned related with 107 KEGG pathways (Figure 4 and
Supplementary Table 4). Antequera was the genotype with less
DEGs associated with these pathways (0.5%), the traditional
genotypes revealed 9% each, and Bancal was the genotype that
presented the higher percentage (57%).

Analyzing the pathways associated with products encoded
by downregulated genes, the ones related with carbohydrate
metabolism were the most influenced in Bancal and both
traditional genotypes. The only carbohydrate pathway associated
with downregulated genes of all four genotypes were the
Glycolysis/Gluconeogenesis pathway, although neither the genes
nor the encoded enzymes were common. Although, inside
this category, the majority of Bancal downregulated genes
encoded for enzymes involved in pentose and glucuronate
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FIGURE 5 | Differentially expressed genes involved in nutrient reservoir activity ontology in commercial varieties Antequera and Bancal and landraces Ardito and
Magueija. Red and blue indicate down and upregulated genes, respectively, and color intensity are related with the degree of gene expression alteration; gray
represents unaltered genes.

interconversions pathway and in landraces encoded for starch
and sucrose metabolism, with the majority of encoded enzymes
associated with glucose synthesis. Some of the enzymes
categorized in the pentose and glucuronate interconversions were
pectinesterases known to be involved in cell wall remodeling
that occurs during high temperature response (Wu et al.,
2018). Kino et al. (2020) reported also a downregulation of
genes involved in pericarp cell wall expansion due to high
temperatures exposure during post anthesis, and speculate
that this can be related with the reduction in grain weight
observed after this stress. Our work also corroborated this

suggestion since the majority of DEGs encoding pectinesterases
were downregulated in landraces in which a reduction in
grain weight was observed (Tomás et al., 2020a). The second
most affected pathways were the ones involved in amino acid
metabolism, with the majority of DEGs assigned to cysteine and
methionine metabolic pathways for Bancal and both landraces.
This was an unexpected result as the accumulation of this
amino acid was reported in high temperature conditions (Tao
et al., 2018). Again, only one pathway, the glycine, serine
and threonine metabolism, was identified as being associated
with downregulated genes in all the genotypes, but also again
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FIGURE 6 | Integrative analysis of grain yield, composition and transcriptomic analysis of the commercial varieties and the old landrace responses to heatwave at
the grain-filling stage.

none of these genes was common to all the genotypes. An
interesting result was the percentage of Bancal downregulated
genes encoding for Aminoacyl-tRNA synthetases (nine different
genes encode for six different synthases), classified in the
translation pathways. This was not an expected result as
several works in distinct species report an increase in different
enzymes of this family in abiotic stress situations (Giritch
et al., 1997; Thimm et al., 2001; Kobayashi et al., 2005;
Baranašić et al., 2021). Lastly, several downregulated genes
in Bancal were associated with nucleotide metabolism, more
specifically with purine metabolism, and encoded for Adenosine
triphosphatase (ATPase).

Upregulated genes were also associated with most of the
mentioned pathways for downregulated genes. In fact, the
encoded products were in some cases the same as for
downregulated genes, suggesting that they include several
cases of different enzyme isoforms or homologous genes with
different functions, as already reported (Liu et al., 2015;
Kaushik et al., 2020). Carbohydrate pathways include the
greater number of associated upregulated genes for Bancal
and both landraces. Particularizing, starch and sugar pathway
was the most common, and glycolysis was the second. For
Bancal, nucleotide metabolism was again the pathway with
the higher percentage, although the encoded enzymes were
involved in the dephosphorylation of ATP molecules, as well
as translation pathways, in which were detected transcripts
for enzymes involved in glutamate and tryptophan tRNA
synthesis. Upregulated genes of Bancal and both landraces
encoded also for enzymes in lipid metabolism. Specifically
involved in cutin, suberine and wax biosynthesis, glycerolipid
metabolism, fatty acid elongation, fatty acid biosynthesis,
the latter two being related only with upregulated genes in
landraces. This may indicate an alteration in lipids proportions

in response to high temperature as previously reported
[reviewed in Abdelrahman et al. (2020)].

High Temperature Effects in Storage
Proteins Encoding Genes
Gluten is determinant for the wheat suitability to produce bread
as it is a protein network that entrains air bubbles during dough
fermentation. It is composed from two classes of storage proteins,
glutenins, responsible for the dough strength and elasticity,
and gliadins which confer extensibility and viscous properties
to gluten required for dough development. Gliadin/glutenin
ratio is determinant for rheological characteristics (Dhaka and
Khatkar, 2015), being for that reason important to access if
these proteins encoding genes’ are affected by high temperature
treatment. Storage proteins encoding genes are classified in the
nutrient reservoir activity ontology and the expression levels of
DEGs associated with this category are presented as heatmap
in Figure 5. None of the genes presented altered expression in
Bancal genotype. Additionally, about 60% of the DEGs were
related with two protein families, Cupins and Gliadins.

The results obtained revealed 12 gliadin encoding genes
differentially expressed, mostly upregulated in Magueija and
Antequera, that may have implications in grain quality. In fact,
several studies showed that an increase in gliadin fraction has a
detrimental effect on the technological characteristics of wheat.
Flours with higher gliadin content present weaker gluten quality
and dough, with increased viscosity and stickiness (Barak et al.,
2015). Additionally, Antequera and Ardito presented 6 and 2
downregulated genes encoding for Cupins, respectively, while
three genes were upregulated, 1 in Ardito and 2 in Magueija.
Cupins were already described as heat responsive proteins
with an unusual thermostable character which facilitates their
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accumulation in a number of heat-stressed organisms (Dunwell
et al., 2001). A more recent work shows that these proteins are
preferentially accumulated when protein synthesis components
are generally decreased during heat stress, suggesting that they
may provide valuable insights into improving the protein content
of wheat (Wang et al., 2018). A significative reduction of protein
content was previously observed in Antequera mature grains
after heat stress treatment (Tomás et al., 2020b). Altogether, these
results show that gliadins are more affected by high temperature
treatment than glutenins in both wheat commercial varieties and
landraces and reinforce the need to investigate the cupins role in
heat stress response.

It must be emphasized that the expression levels of genes
related with flour quality, like the ones encoding glutenins
and enzymes involved in starch and puroindolines synthesis,
were already evaluated through qRT-PCR (Tomás et al.,
2020c), and the results obtained confirm the RNA Sequencing
analysis here presented.

Overall, the results obtained in this and past works (Tomás
et al., 2020a,b,c) show that high temperature treatment tend
to reduce yield and quality differences observed between
commercial varieties in control conditions. Conversely,
differences observed between old landraces were enhanced in
plants submitted to HT treatments (Figure 6). Characteristics like
grain weight, protein content and transcription profiles of heat
responsive genes on the traditional genotypes studied encourages
a deeper analysis of those genotypes enclosed in Vasconcellos
collection (Vasconcellos, 1933). Nevertheless, accordingly to
all our analysis, the commercial variety Bancal seems to be a
promising genotype to cope with high temperatures.

Several questions arise from this work, confirming that high
temperature response results from a complex of physiological,
cellular and molecular processes, as previously proposed (Jacott
and Boden, 2020; Schaarschmidt et al., 2021). Though, several
pieces are missing to compose the intricate puzzle of plant
response to this abiotic stress (Jagadish et al., 2021; Khan
et al., 2021). A deeper exploitation of RNA sequencing data,
focusing on particular pathways, will be needed to enrich
correlations between specific changes in genes expression
profiles and phenotypic alterations induced by heat wave
like treatments.
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The search for drought tolerant species or cultivars is important to address

water scarcity caused by climate change in Mediterranean regions. The

anisohydric–isohydric behavior concept has been widely used to describe

stomatal regulation during drought, simply in terms of variation of minimal

water potential (9min) in relation to pre-dawn water potential (9pd). However,

its simplicity has sometimes failed to deliver consistent results in describing

a complex behavior that results from the coordination of several plant

functional traits. While Prunus dulcis (almond) is known as a drought

tolerant species, little information is available regarding consistent metrics

to discriminate among cultivars or the mechanisms underlying drought

tolerance in almond. Here we show a sequence of plant stomatal, hydraulic,

and wilting responses to drought in almonds, and the main differences

between anisohydric and isohydric cultivars. In a pot desiccation experiment

we observed that stomatal closure in P. dulcis is not driven by loss in turgor or

onset of xylem cavitation, but instead, occurs early in response to decreasing

9min that could be related to the protection of the integrity of the hydraulic

system, independently of cultivar. Also, we report that anisohydric cultivars of

P. dulcis are characterized by maximum stomatal conductance, lower water

potentials for stomatal closure and turgor loss, and lower vulnerability to

xylem cavitation, which are traits that correlated with metrics to discriminate
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anisohydric and isohydric behavior. Our results demonstrate that P. dulcis

presents a strategy to avoid cavitation by closing stomata during the early

stages of drought. Future research should also focus on below-ground

hydraulic traits, which could trigger stomatal closure in almond.
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drought, functional traits, xylem vulnerability to cavitation, hydroscapes, leaf water
potential, stomatal conductance

Introduction

The effects of climate change, such as an increase in
temperature and altered patterns of frequency, distribution, and
intensity of precipitation, have been extensively characterized
(Cavin et al., 2013). Areas with Mediterranean climate, such
as central Chile, are especially vulnerable to climate change
because more frequent and extreme drought events are expected
within the next decades (Schär et al., 2004; Bambach et al.,
2013; del Pozo et al., 2019). Central Chile will experience a 20%
decline in precipitation by 2050 coupled with an average annual
increase of 3–4◦C in temperature (Hannah et al., 2013), putting
at risk the feasibility of cultivation of several agronomic species.
Thus, drought leading to water stress in plants is the major
factor reducing agricultural productivity (Chaves et al., 2003),
which is one of the main economic activities of Mediterranean
central Chile. To face drought in the long term, new suitable
species and cultivars with drought tolerance characteristics are
being identified and considered as options for the agricultural
sector. One new, drought tolerant species being considered for
central Chile is almond (Prunus dulcis L.) (Torrecillas et al.,
1996), historically cultivated in other Mediterranean regions
due to its capability to withstand water stress (Marsal et al.,
1997; García-Tejero et al., 2018). Morphological and structural
leaf adaptations that deliver protection against excessive water
loss, such as reduced leaf area and stomatal density, thicker leaf
cell walls, and increased cuticle thickness have been observed
in almond cultivars (Camposeo et al., 2011; Oliveira et al.,
2018). Physiologically, a gradual decrease in photosynthesis
and stomatal conductance with increasing water stress is a
characteristic response of drought-adapted plants and it has
been frequently observed in almonds (Romero et al., 2004).

At a physiological level, drought is one of the most
studied stresses in plants. The primary effect of drought is
the reduction in stomatal conductance to decrease water losses
by transpiration and preventing drops in leaf water potential
(9L), which in turn produces a reduction in carbon assimilation
(Flexas et al., 2004, 2013), negatively affecting plant growth
and crop production. Thus, stomatal regulation is key to
control water loss and 9L during water stress, but different
species and cultivars have evolved other adaptive responses to

limit dramatic decreases in 9L, leading to the isohydric and
anisohydric behavior concept (Tardieu and Simonneau, 1998).
In brief, isohydric species or cultivars maintain higher 9L due to
stomatal closure when the soil dries, whereas anisohydric species
or cultivars sustain higher stomatal conductance allowing a drop
in 9L with the progression of water deficit (Tardieu et al.,
1996). These behaviors do not represent a simple dichotomy
but rather a continuum of strategies in stomatal control. This
classification in the behavior of stomata during water stress has
led to the search for anisohydric species or cultivars, which could
hypothetically sustain higher carbon assimilation rates during
drought, and it has been extensively studied in agronomically
relevant species such as Vitis vinifera (Schultz, 2003; Soar
et al., 2006; Prieto et al., 2010). On the contrary, in almond,
the identification of drought-tolerant genotypes has only been
focused on physiological changes in response to specific drought
treatments, or limited to a narrow range in soil water potentials
(Isaakidis et al., 2004; Rouhi et al., 2007; Yadollahi et al.,
2011). This does not allow characterization of the stringency
of stomatal control with respect to plant water status and the
proper identification of anisohydric and isohydric cultivars.

Despite this very simplified classification of stomatal
regulation during drought, it has been observed that the
anisohydric or isohydric behavior of cultivars, and therefore
their classification, depends largely on the soil water content
and its hydraulic properties. Tramontini et al. (2014) showed
that water relations of V. vinifera (Syrah, near-anisohydric,
and Cabernet Sauvignon, near-isohydric) cultivars varied
significantly depending on soil hydraulic conductivity, and
Hochberg et al. (2018) and Domec and Johnson (2012)
indicated that the shift between anisohydric and isohydric
behavior depends on soil water potential where the plants water
relation parameters are measured in relation to soil properties.
Regardless of such inconsistencies in the definition of the
anisohydric and isohydric behavior, some methodologies have
been described to isolate the effect of environmental variation.
The hydroscape, developed by Meinzer et al. (2016), describes
the stringency of stomatal regulation of 9L during the drying
of soil. This concept incorporates ranges of pre-dawn water
potential (9pd) and mid-day minimum water potential (9min)
over which stomata are effective in controlling the drop of
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9L during soil desiccation until 9pd = 9min and describes a
landscape where the plant is able to sustain photosynthesis until
full stomatal closure. Thus, larger hydroscapes are indicative
of a higher degree of anisohydry. This methodology has been
previously assessed in almond rendering consistent results with
other traits related to stomatal stringency during water stress
(Álvarez-Maldini et al., 2021).

Hydroscapes have also been correlated with other plant
functional traits linked to anisohydric behavior. The water
potential at turgor loss point (9TLP) is a strong predictor of
an overall drought tolerance across species and biomes (Bartlett
et al., 2012); a more negative 9TLP is indicative of anisohydry
and higher drought tolerance, a result initially reported by
Meinzer et al. (2016) in different species. Likewise, through a
meta-analysis, Fu and Meinzer (2018) found a strong correlation
between the larger hydroscape areas and the lower 9TLP values
in species across different biomes. Also, Li et al. (2019) reported
anisohydric Eucalyptus species with larger hydroscape areas
were strongly linked to lower values of 9TLP, water potential
at stomatal closure (Pgs90), maximum stomatal conductance
(gsmax), and leaf and stem hydraulic vulnerability to embolism
(PL50 and Px50). However, the hydroscape methodology, which
has been mainly used to describe stomatal behavior of species
distributed across various ecosystems, has yet to be tested
broadly across a range of species and cultivars of agricultural
interest and in relationship to other hydraulic and functional
plant traits. Despite that Meinzer et al. (2016) and Li et al. (2019)
have consistently shown a relationship between hydroscape area
and traits such as 9TLP in species from various environments,
this link has yet to be proven among cultivars within a species.
Given their reduced genetic variability, compared to different
species adapted to distinct environments, changes in stomatal
behavior and its relationship with other plant traits could be
less clear. But 9TLP and other functional traits have shown
to be strong indicators of anisohydric behavior in V. vinifera
(Tombesi et al., 2014; Albuquerque et al., 2020; Knipfer et al.,
2020), which is in agreement with the multiple mechanisms that
are integrated in the hydroscape that regulate plant water status
and stomatal behavior.

Despite that this methodology has shown promise to
properly characterize anisohydric and isohydric behavior, which
in turn delivers information regarding cultivar selection, it is
labor-intensive research to examine the regulation of water
potential during prolonged periods of soil desiccation. Thus,
correlating results from hydroscape analysis with informative
functional traits such as 9TLP, gsmax, or water potential
at 50% loss of hydraulic conductivity (P50) would be
less time-consuming and a valuable tool to help in the
selection of cultivars adapted to drought prone environments.
Also, identifying mechanisms and traits underlying drought
resistance is essential to predict the future impacts of drought
on productive species cultivated in the Mediterranean climate
(Martin-StPaul et al., 2017). Considering the current need to

assess almond cultivars for cultivation in central Chile, our
objective was to describe anisohydric and isohydric behavior
in almond cultivars. We used a pot desiccation experiment to
explore dynamics of water potential, stomatal conductance, and
hydroscape area toward better understanding the relationship of
hydroscape area and plant functional traits.

Materials and methods

Plant material and growth conditions

The experiment was conducted between October of 2021
and February of 2022 at the experimental station in the Instituto
de Ciencias Agroalimentarias Animales y Ambientales (ICA3)
of the Universidad de O′Higgins, Chile (latitude: –34.61◦,
longitude: –70.99◦, elevation: 352 m). The plant material
corresponded to three cultivars of almond, Avijor (Ferragnès ×
Tuono), Isabelona (Blanquerna × Bella d′Aurons), and Soleta
(Blanquerna× Bella d′Aurons), that were grafted onto rootpac-
20 rootstocks (Prunus besseyi× Prunus cerasifera) 1 year earlier.
Plants were donated by Agromillora Sur nursery (Río Claro,
Maule region, Chile, latitude: –35.19◦, longitude: –71.25◦) in
October of 2021 and transplanted into 7 L plastic pots (20 cm
width × 20 cm length × 25 cm height) using a 1:1 v:v
mixture of peat and perlite as substrate. An equal amount of
substrate (by weight) was added to each pot (the oven-dry
weight of substrate is used in Equation 1, below). The split-
plot experiment had two irrigation treatments (WW and PD;
whole plots) and three cultivars (Soleta, Isabelona, and Avijor;
split plots). We had four blocks (each with an irrigation line)
for each whole plot. Block corresponds to random effect, while
cultivar and irrigation treatment are fixed effects. Each block
had three experimental units (cultivars) and each experimental
unit was composed by four pots with an individual plant.
Thus, we employed 96 pots [2 irrigation treatments × 4
blocks × 3 cultivars × 4 pots (experimental units) of each
cultivar]. Plants were irrigated daily by drip irrigation until they
reached container capacity and maintained in this condition for
acclimation for 1 month (November 2021) before onset of the
irrigation treatments.

Irrigation treatments

After the 1-month acclimation period, the two irrigation
treatments commenced. The first irrigation treatment, well-
watered (WW), maintained plants at container capacity for
the remainder of the experiment. For the second irrigation
treatment, pot desiccation (PD), irrigation ceased allowing
for a progressive decrease in substrate water content due to
plant transpiration (Álvarez-Maldini et al., 2021). To ensure
that water losses corresponded to plant transpiration only and
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not to evaporation from the substrate, the surface of each
pot was covered with a plastic film, allowing only the plant
stem to emerge. Pot weights were subsequently recorded at
midday for the remainder of the experiment. The gravimetric
substrate water content (GWC, %) was calculated according to
Equation 1:

GWC (%) =

[ (
Pot − Potdry

)
Potwet − Potdry

]
x 100 (1)

Where, Pot is the weight of the pot (plus substrate) at each
measurement time, Potdry is the weight of the pot plus the initial,
oven-dried weight of the substrate, and Potwet is the weight of
the pot plus the substrate at container capacity.

Midday and pre-down water potential
and pressure-volume curves

Throughout application of the irrigation treatments, pre-
dawn water potential (9pd) and minimum mid-day water
potential (9min) were measured at least eight times for each
cultivar since the beginning of the PD treatment, procuring
water potential measurements along a wide range of GWC. For
leaf water potential measurements, we randomly selected two
plants per experimental unit and irrigation treatment (thus, 48
plants total; 2 plants × 2 irrigation treatments × 3 cultivars
× 4 replicates). One fully developed leaf from the upper third
of the canopy was excised with a razor blade and 9L was
measured with a Scholander pressure chamber model 1505D-
EXP (PMS Instruments, Albany, OR, United States) (Scholander
et al., 1965). The 9pd was measured between 06:00 and 07:00
a.m., before dawn, and 9min was measured between 13:00 and
14:00 p.m. local time, and both parameters were measured until
9pd = 9min was reached, which was indicative of the limits of
stomatal control over plant water status.

Pressure volume (PV) curves were generated from plants of
the WW treatment, for which one plant per experimental unit
was randomly selected (4 plants total; 1 irrigation treatment× 3
cultivars× 1 plant of each cultivar). Leaf samples were collected
before sunrise considering fully developed leaves from the upper
third of the plant canopy and cut with a razor blade at the petiole
and immediately stored in a sealed bag with damp paper and
transported to the laboratory. Leaf PV curves were measured
according to the protocol described by Tyree and Hammel
(1972). Thus, leaves were allowed to slowly dehydrate under
laboratory conditions, and 9L and fresh mass were measured
periodically with an analytical balance (Boeco model A0021E,
Hamburg, Germany). The water potential at turgor loss point
(9TLP) was identified as the inflection point of the 1/9L vs.
relative water content (RWC) curve. Mean modulus of elasticity
(ε) was estimated as the slope of turgor potential (9p) vs. RWC
in the phase from full turgor to turgor loss point. Capacitance
at full turgor (CFT) was calculated from the slope of the linear

portion from RWC and 9L before the 9TLP, normalized to
saturated water content at leaf area.

Gas exchange measurements

On the same days and plants that measurements of
9pd and 9min were recorded, gas exchange was measured
at midday with a CIRAS-3 portable photosynthesis system
equipped with a CFM-3 chlorophyll fluorescence module
(PP Systems, Amesbury, MA, United States). The CO2

concentration in the leaf cuvette was adjusted to 400 ppm,
the leaf temperature was maintained at 25 ± 1◦C, and the
PAR was set to 1,500 µmol photons m−2 s−1. Leaves were
acclimated to cuvette conditions for at least 5 min before
each measurement. Then, net photosynthesis (AN), stomatal
conductance (gs), transpiration rate (E), and sub-stomatal
CO2 concentration (Ci) were measured. The instantaneous
water use efficiency (iWUE) was calculated as the ratio
between AN and E. The maximum photosynthetic and stomatal
conductance rates (Amax and gsmax, respectively) was considered
as AN and gs measured in plants before onset of the
irrigation treatments.

Stem vulnerability to xylem cavitation

Stem vulnerability curves were constructed using the air
injection method with a double ended pressure sleeve connected
to a Scholander pressure chamber (model described above).
We used three plants of each cultivar following the protocol
of Ennajeh et al. (2010). We procured the use of branches
longer than 40 cm in length to accommodate maximum vessel
length to avoid an open-vessel artifact (Cochard et al., 2013).
Before the stem was inserted into the pressure-sleeve, the
middle portion of bark was removed with a razor blade to
facilitate air entry to xylem conduits. Leaves and side branches
were removed, and cuts were sealed with glue and parafilm.
A flexible tube connected to a solution tank filled with distilled
water was connected to the basal end of the stem. The tank
was installed 60 cm in height. Then, the stems were flushed
at 0.06 MPa for 45 min to remove air bubbles and the
maximum conductivity of the stem was measured (Kmax). Flow
was measured gravimetrically by collecting the water from
the distal end in a pre-weighed, 2-ml Eppendorf tube filled
with cotton wool. Flow measurements were recorded for 2-
min intervals.

After measuring Kmax, the pressure in the chamber was
progressively increased, at 5-min intervals, to 0.5, 1.0, 1.5,
2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0, and 7.0 MPa. Stem hydraulic
conductance (Kh) was measured after slowly releasing the air
and allowing the stem to equilibrate for 3-min, then flow
measurements were recorded during a 2-min interval. The
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percentage loss of conductivity (PLC) was calculated using
Equation 2 as follows:

PLC (%) = 100 x
(

1−
Kh

Kmax

)
(2)

The relationship between stem hydraulic conductance and
PLC was fitted with a Weibull curve using the fitplc package
(Duursma and Choat, 2017) in the R software (version 4.2.0,
R Core Team, 2022). The water potential corresponding to a
50% loss in conductivity (P50) and bootstrapped confidence
intervals (CI) were calculated.

Metrics to determine anisohydric and
isohydric behavior

Considering leaf water relations and gas exchange
measurements described above, different metrics to assess
anisohydric and isohydric behavior were calculated.

First, the slope of the relationship between 9pd and 9min

(σ) was calculating using linear regression according to the
methodology described by Martínez-Vilalta et al. (2014).

Second, the hydroscape area (hereafter, hydroscape) was
measured following methodology described in Meinzer et al.
(2016) and Álvarez-Maldini et al. (2021). In brief, the
hydroscape is the area comprising the 9pd vs. 9min regression
line and a 1:1 line, which is calculated according to Equation 3:

Hydroscape =
(a x b)

2
(3)

Where a is the intercept of the 9pd vs. 9min regression line,
representing the most negative 9min when 9pd = 0, and b is
the intersection of 9pd vs. 9min and the 1:1 line, corresponding
to the water potential at 9pd = 9min which indicates the
limit of stomatal control to prevent further decrease in leaf
water potential.

Third, the water potential at stomatal closure (9gs90)
was calculated according to Li et al. (2019). Briefly, the
stomatal conductance (gs, described in section “Gas
exchange measurements”) was plotted against 9min and
fitted with a weighted polynomial regression to obtain 9gs90

using the fitplc package from R software (version 4.2.0)
(Duursma and Choat, 2017).

Statistical analysis

To assess the relationship between 9pd and 9min,
a first-order kinetic model was fitted using PROC REG
procedure (SAS Institute Inc., Cary, NC, United States)
(Álvarez-Maldini et al., 2021).

Cultivar effects on Amax, gsmax, Emax, iWUEmax, GWC,
πo, 9TLP, RWCTLP, ε, and CFT were assessed using one-way

analyses of variance using generalized mixed models using
procedure PROC GLIMMIX (SAS Institute Inc., Cary, NC,
United States) with selection of distribution considering the
Akaike Information Criteria. Differences among means were
determined using a Tukey (HSD) test for multiple comparisons.

To evaluate the effect of cultivar and irrigation treatment
on AN, E, gs, iWUE, 9min and 9pd an ANOVA analysis was
performed according to our experimental design as described
above. Differences among means were determined by using a
Tukey (HSD) test for multiple comparisons.

To assess the relationship between gs and 9min during PD,
a first-order kinetic model was fitted using the PROC NLIN
procedure (SAS Institute Inc., Cary, NC, United States) with
the Gauss-Newton method through a derivative-free algorithm.
The cultivar effect was evaluated using the extra sums of squares
principle (Bergerud, 1996).

Estimation and inference of regression with piecewise
linear model was used to perform the analysis of the water
potential (WP) curve. The model generates a linear estimate
and calculates the boundaries between linear phases and
corresponding slope values according to the methodology
described by Muggeo (2003) and adapted by Muggeo
et al. (2014) to generate models by different segments with
continuous intersection point and with unequal slopes. In our
analysis we generated three segments to intersection points or
boundaries (21 and 22). All the parameters for the model were
fitted using a least-squares solver implemented in R software
(R Core Team) by “segmented” package v1.6-0 (Muggeo,
2022).

All visualizations were made using SigmaPlot 14 (Systat
Software Inc., San Jose, CA, United States).

Results

Initial plant-water relations and gas
exchange among cultivars

At the end of the acclimation period and before onset of
the irrigation treatments, significant differences were observed
in maximum values in the gas exchange parameters of gsmax,
Emax, and iWUEmax among cultivars, while no differences were
observed in Amax (Table 1). Soleta presented a significantly
higher gsmax, followed by Isabelona, and lastly Avijor; a similar
trend was observed in Emax, with Soleta and Isabelona reaching
significantly higher values, followed by Avijor. Consistently
as consequence of higher stomatal conductance, Soleta and
Isabelona displayed significantly lower iWUEmax, and Avijor
with significantly higher iWUEmax (Table 1).

At the onset of the irrigation treatments the pot
water content of Avijor, Isabelona, and Soleta was similar
(102.3± 1.4%, 99.8± 4.0%, and 100.2± 2.1%, respectively).
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TABLE 1 Mean (± standard error) values of leaf photosynthetic traits of Prunus dulcis cultivars measured before the imposition of the pot
desiccation treatment.

Cultivar Traits

Amax
(µmol CO2 m−2 s−1)

gsmax
(mmol H2Om−2 s−1)

Emax
(mmol H2Om−2 s−1)

iWUEmax
(mmol CO2 mol−1 H2O)

Avijor 12.24± 0.67 ns 363.32± 24.14 c 5.18± 0.22 b 2.39± 0.13 a

Isabelona 11.24± 0.88 ns 517.39± 19.95 b 6.31± 0.13 a 1.82± 0.16 b

Soleta 13.22± 0.90 ns 623.36± 27.60 a 6.83± 0.17 a 1.97± 0.14 b

Amax , maximal photosynthetic rate on well-watered plants; gsmax , maximum stomatal conductance on well-watered plants; Emax , maximum transpiration rate on well-watered plants;
iWUEmax , maximum water use efficiency on well-watered plants. Different letters indicate significant differences among cultivars at p ≤ 0.05 according to Tukey test.

Hydraulic traits of cultivars

In relation to the pressure-volume curve analysis, cultivar
was significant for 9TLP (Table 2; Soleta < Avijor = Isabelona)
but not for SWC, πo, RWCTLP, CFT, or ε traits. We observed a
trend (p = 0.0791) for higher πo in Soleta, followed by Isabelona,
and then Avijor.

Water potential at 50% loss of conductivity (P50) showed
different values among cultivars. Soleta and Isabelona had
similar P50 values (–3.73 MPa and –3.80 MPa, respectively) that
were lower than Avijor (–2.97 MPa) (Table 2).

Different behavior of cultivars during
pot desiccation

The PD experiment lasted 50 days between December of
2021 until January of 2022. Water potential (9min and 9pd) and
gas exchange parameters were measured 1, 9, 15, 20, 23, 27, 35,
44, and 50 days after the beginning of the PD treatment. During
the PD treatment imposition, GWC content decreased steadily,
reaching pot water contents of 35.9 ± 3.7%, 31.9 ± 1.9%, and
30.7 ± 4.8% in Avijor, Isabelona, and Soleta, respectively. Pot
water content in the WW treatment was 89.6 ± 5.8% in Avijor,
90.0± 1.3% in Isabelona, and 86.6± 4.8% in Soleta.

Among cultivars, all leaf water relations and gas exchange
parameters were affected by the PD treatment. At conclusion
of the PD treatment, AN was significantly affected by cultivar
(p < 0.0001), and iWUE was only affected by the PD treatment
(p = 0.0277) with significantly lower values in stressed plants.
Minimum water potential was independently affected by the
irrigation treatment and cultivar, while both factors significantly
interacted to affect E, gs and 9pd (Table 3). At the end of the
PD treatment and for all cultivars, 9min decreased significantly
compared with the WW treatment, reaching minimum values in
Soleta followed by Avijor and by Isabelona. In all the parameters
affected by the irrigation × cultivar interaction (E, gs and 9pd),
the PD treatment significantly decreased values compared to the
WW treatment. In regard to gs, at the end of the PD treatment,
Isabelona reached the lowest value, with higher gs in Soleta.

Transpiration rate (E) was higher in Soleta in the WW treatment
compared with Avijor and Isabelona, but no differences among
cultivars were observed in the PD treatment (Table 3). The
lowest values of 9pd at the end of the PD treatment for Avijor,
Isabelona, and Soleta were –2.93 ± 0.29, –2.39 ± 0.29, and
–3.38± 0.12 MPa, respectively (Table 3).

Although, as previously described, the PD treatment
affected leaf water potential and gas exchange parameters
at the end of the experiment, the desiccation treatment
influenced the behavior of stomatal conductance differently,
with decreasing 9min of each cultivar during the first stages
of the desiccation treatment (Figure 1). Thus, different models
were fitted for Avijor, Isabelona, and Soleta. A faster decrease
in gs was observed in Avijor at higher 9min values. On
the contrary, Soleta sustained higher stomatal conductance
for a longer period (at more negative 9min) during the
progression of PD, while Isabelona displayed an intermediate
behavior between Soleta and Avijor (Figure 1). This pattern
was similar for water potential at stomatal closure (9gs90)
(Table 2), with Soleta and Isabelona displaying lower values
of 9gs90 (–2.14 MPa and –2.25 MPa, respectively) and Avijor
displaying a higher value (–1.72 MPa), although the large
confidence intervals of Avijor overlapped with the 9gs90 of the
other two cultivars.

Regarding the metrics of stringency of stomatal control, the
slope of the linear regression fitted to the relationship of 9pd
vs. 9min (σ) revealed that σ only ranged between 0.811 MPa
MPa−1 in Isabelona and 0.922 MPa MPa−1 in Avijor (Table 2),
with none of the cultivars displaying a perfect isohydric or
anisohydric behavior (slopes 0 or 1, respectively).

Despite not observing perfect anisohydric or isohydric
behavior, the hydroscape area ranged from 8.74 MPa2 in Avijor
to 9.223 MPa2 in Soleta (Figure 2 and Table 2), with Isabelona
displaying an intermediate value (Table 2). Thus, cultivar
rankings based on hydroscape area from the more isohydric to
the more anisohydric is: Isabelona, Avijor, and Soleta.

As previously demonstrated by Knipfer et al. (2020), the
relationship between 9pd and 9min during drought is not
linear, and is constituted by three phases of plant dehydration
with break points between each phase that are indicative
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of the thresholds of stomatal closure and leaf turgor loss.
Accordingly, we were able to perform the analysis of the
water potential curve (WP curve) during pot desiccation for
each cultivar and identify three distinct phases along the
WP curve (Figure 3 and Table 4), although it displayed a
different shape than the one described by Knipfer et al. (2020).
According to the slope of the three phases (Table 4), a steeper
decrease in water potential was observed during the first stages
of the PD treatment, which continued until –0.803 MPa in
Avijor, –0.334 MPa in Isabelona, and –0.997 MPa in Soleta,
corresponding to the boundary between the first and second
phase (21). Following 21, reductions in water potential were
less pronounced in the second and third phases, observed
through lower slope values (β2 and β3) (Table 4). The boundary
between the second and the third phase (22) was higher
in Avijor (–1.553 MPa), Isabelona (–2.941 MPa), and Soleta
(–3.513 MPa) (Figure 3).

Discussion

The anisohydric and isohydric concept has been used for
several decades as a framework to describe different behaviors
of plant water-relations during drought. However, this concept
is not exempt from criticism due to common lack in consistency,
with species or cultivars shifting from isohydric to anisohydric
behavior, and vice versa (Hochberg et al., 2018). Isohydric and
anisohydric behavior are simply described in terms of changes
in 9min in response to 9pd, although it represents a whole-plant
hydraulic strategy resulting from the coordination and trade-
offs among different plant functional traits (Meinzer et al., 2017;
Fu et al., 2019; Henry et al., 2019). Thus, using plant functional
traits to predict species distribution, dynamics, and responses
to environmental change has been important in physiological
ecology (Adier et al., 2014), but is now rapidly gaining usefulness
in the search for cultivars of interest in the agricultural industry.

TABLE 2 Values of key metrics to describe anisohydric and isohydric behavior in Prunus dulcis cultivars and of hydraulic traits derived from
pressure volume curves (mean ± standard deviation), stem vulnerability curves (mean, CI in brackets) and leaf water potential causing 90% of
stomatal closure (9gs90) for different almond cultivars.

Cultivar σ
(MPa MPa−1)

Hydroscape
(MPa2)

SWC πo
(MPa)

9TLP
(MPa)

RWCTLP ε
(MPa)

CFT
(mol m−2 MPa−1)

9gs90
(MPa)

P50
(MPa)

Avijor 0.922 8.74 2.43± 0.28 1.52± 0.42 –2.01± 0.44 a 88.26± 1.52 12.91± 4.87 0.59± 0.09 –1.72 [1.69, 2.91] –2.97 [2.53, 3.46]

Isabelona 0.811 8.13 2.68± 0.82 1.62± 0.25 –2.31± 0.13 a 83.08± 3.50 11.38± 5.74 0.80± 0.30 –2.25 [2.04, 2.53] –3.80 [3.41, 4.28]

Soleta 0.867 9.23 2.05± 0.66 1.97± 0.24 –2.87± 0.17 b 64.22± 3.24 11.85± 2.14 0.77± 0.14 –2.14 [1.99, 2.33] –3.73 [3.47, 4.02]

p-value – – 0.3530 0.07916 0.0059 0.2338 0.8885 0.3459 – –

σ, slope of the relationship between 9pd and 9min ; SWC, saturated water content; πo , osmotic potential at full turgor; 9TLP , water potential at turgor loss point; RWCTLP , relative water
content at turgor loss point; ε, modulus of elasticity; and CFT , capacitance at full turgor. P50, water potential at 50% loss of hydraulic conductivity. Different letters within each trait
indicate significant differences among means (p ≤ 0.05). Bold values indicate significant differences between cultivars.

TABLE 3 Mean (± standard deviation) values of leaf photosynthetic traits and water potential at conclusion of the pot desiccation (PD treatment),
source of variation, and p-values of Prunus dulcis cultivars subjected to PD and well-watered (WW) irrigation treatments.

iWUE
(mmol CO2 mol−1

H2O)

9min
(MPa)

AN
(µmol CO2 m−2s−1)

E
(mmol H2Om−2s−1)

gs
(mmol H2Om−2s−1)

9pd
(MPa)

WW PD WW PD WW PD

Cultivar (C)

Avijor – –2.94± 0.43 ab 8.44± 2.31 a 5.33± 0.15 b 1.14± 0.12 c 374.68± 19.59 b 51.00± 6.08 cd –0.70± 0.03 a –2.93± 0.29 d

Isabelona – –2.83± 0.44 a 6.16± 1.70 b 6.45± 0.18 a 0.95± 0.07 c 530.95± 27.77 a 41.80± 3.18 d –1.00± 0.09 b –2.39± 0.29 c

Soleta – –3.24± 0.49 b 7.26± 1.91 ab 6.30± 0.06 a 1.19± 0.07 c 531.85± 20.21 a 53.83± 3.53 c –0.95± 0.05 b –3.38± 0.12 e

Treatment (T)

WW 2.06± 0.18 b –1.83± 0.08 a – – – – – – –

PD 2.18± 0.12 a –4.18± 0.10 b – – – – – – –

Source of variation

Block 0.3920 0.3267 0.6810 0.2318 0.8034 0.2007

C 0.3865 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

T 0.0277 0.0002 0.0624 <0.0001 0.0370 <0.0001

C x T 0.1456 0.8410 0.2343 0.0003 0.0084 <0.0001

gs, stomatal conductance; 9min , minimum midday water potential; AN , net photosynthesis; E, transpiration rate; WUE, water use efficiency; 9pd , pre-dawn water potential. Different
letters within columns indicate statistical differences among means (p ≤ 0.05). Bold values indicate significant differences between cultivars.

Frontiers in Plant Science 07 frontiersin.org

193

https://doi.org/10.3389/fpls.2022.974050
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/


fpls-13-974050 August 20, 2022 Time: 15:12 # 8

Álvarez-Maldini et al. 10.3389/fpls.2022.974050

FIGURE 1

Effect of midday minimum water potential (9min) on stomatal
conductance (gs) during the pot desiccation treatment of
Prunus dulcis cultivars. Symbols indicate measured data and
lines correspond modeled data for each cultivar. Fitted models
and corresponding R2-value for all cultivars are shown in the
panel.

To fully comprehend the behavior in stomatal regulation during
water stress of three almond cultivars, we assessed several
metrics of anisohydric and isohydric behavior and leaf and
stem functional traits for a more comprehensive framework to
characterize plant response to drought (Skelton et al., 2015).

Initially, we assessed the slope of the 9min vs. 9pd (σ)
as previously described by Martínez-Vilalta et al. (2014), but
none of the cultivars displayed neither perfect isohydric nor
anisohydric behavior (0 or 1 values, respectively). Although
σ showed a tendency of Avijor to have a more isohydric
behavior in this study, it has failed to correlate with other
metrics of stomatal sensitivity in 44 species (Martínez-Vilalta
and Garcia-Forner, 2017) and it has proven to be inconsistent
to rank species/cultivars along a continuum of isohydric to
anisohydric depending of the values of 9pd (Poni et al., 2007;
Domec and Johnson, 2012; Hochberg et al., 2018). We also
used the hydroscape metric to assess the anisohydric and
isohydric behavior of the three almond cultivars. According
to Meinzer et al. (2016), the hydroscapes describe a water
potential landscape over which plants operate before drought-
induced stomatal closure, with anisohydry characterized by
larger areas. Our results regarding hydroscape values are similar
to the more anisohydric species reported by Meinzer et al.
(2016) with 8.4 MPa2 in Quercus garryana, and higher to
the values reported by Li et al. (2019) in Eucalyptus species.
Thus, according to this metric the rank of our cultivars
from more isohydric to more anisohydric is Avijor, Isabelona,
and Soleta. Despite the above-mentioned issues of σ, both
metrics (hydroscapes and σ) ranked the cultivars equally.
These consistent results could be related to the wide range
in 9pd we measured. A wide range of hydroscape areas have
been reported among different species (Meinzer et al., 2016;

Li et al., 2019), while in this study a lower range in area
variation among cultivars (8.13 MPa2 vs. 9.23 MPa2) was
observed. Regardless of this lower variation, cultivars also
displayed differential behavior observed in stomatal responses
to decreasing water availability (Figure 1). While Avijor had a
faster decrease in stomatal conductance with decreasing 9min,
Soleta sustained higher stomatal conductance at lower values of
9min; this points toward an isohydric behavior in Avijor and
an anisohydric behavior in Soleta. This agrees with Tombesi
et al. (2014) who reported stomatal closure at higher leaf and
stem water potentials in a near-isohydric V. vinifera cultivar
(Montepulciano) vs. the anisohydric cultivar (Sangiovese).

Despite reports that species with higher sensitivity to
stomatal closure during leaf dehydration also have higher
values of gsmax (Skelton et al., 2015; Henry et al., 2019), our
results showed that the more anisohydric cultivar Soleta,
which sustained higher gs at lower 9min, also presented
higher gsmax, Emax, and lower iWUE (Table 1) under
conditions of high water availability. This concurs with
Meinzer et al. (2017), who reported that anisohydric species
have faster kinetics of stomatal opening and activation
of photosynthesis with greater stomatal conductance,
photosynthetic capacity, and lower iWUE, characteristic
of species from dry regions that aim to maximize the utilization
of unpredictable and rare precipitation events (Li et al., 2016,
2018). This trait has also been observed between anisohydric
and isohydric Vitis cultivars (Dayer et al., 2020). These
results indicate that anisohydric cultivars such as Soleta are
characterized by physiological traits linked to drought tolerant
species that maximize carbon gain during periods of high
water availability.

As expected, the imposition of the PD experiment caused
an increase in iWUE in all cultivars at the beginning of the
experiment (Supplementary Figure 1). However, during the
first 30 days of the PD treatment, the more anisohydric cultivars
Soleta and Isabelona sustained higher iWUE than the isohydric-
behaving Avijor (Supplementary Figure 1). Higher iWUE
during PD in Soleta and Isabelona are explained mainly by
maintenance of higher photosynthesis rates than Avijor during
PD. Although it has been previously reported than isohydric
cultivars are expected to present higher iWUE (Schultz, 1996;
Poni et al., 2007), our results agree with Pou et al. (2012) who
indicates that anisohydric Vitis cultivars show higher WUE due
to maintenance of photosynthesis stability.

The water potential at stomatal closure (9gs90) is also a
trait that can accurately quantify anisohydric and isohydric
behavior (Skelton et al., 2015; Hochberg et al., 2018), where a
more negative 9gs90 indicates that plants can sustain carbon
assimilation over a wider range of leaf water potentials, which
is in direct relationship with larger hydroscape areas. In
agreement, we observed that the more anisohydric cultivars
Soleta and Isabelona had lower 9gs90, in contrast with the more
isohydric cultivar Avijor (Table 2); a similar trend was also
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FIGURE 2

Trajectories of pre-dawn water potential (9pd) vs. minimum midday water potential (9min) during the pot desiccation treatment for the Prunus
dulcis cultivars Avijor (A), Isabelona (B), and Soleta (C). Solid black line represents the 1:1 line, dashed red line is the fitted linear regression of
measured data. Different symbols in colors represent different individual plants measured. Hydroscape is represented by the area bounded by
the regression and the 1:1 line.

FIGURE 3

Adjustment of the piecewise linear regression (PLR) model on the relationship between pre-dawn water potential (9pd) and minimum mid-day
water potential (9min) on the Prunus dulcis cultivars Avijor (A), Isabelona (B), and Soleta (C). Black circles indicate data from each individual
plant, blue line is the fitted model. Vertical solid lines are boundaries between phases I and II (21) and between phases II and III (22),
corresponding SE values are displayed in gray lines. Model output parameters are summarized in Table 4.

TABLE 4 Summary of output parameters from the piecewise linear regression (PLR) model as described by Knipfer et al. (2020) used for the analysis
between 9pd and 9min for Prunus dulcis cultivars.

Cultivar 21 (MPa) 22 (MPa) β1 β2 β3 RMSE R2

Avijor –0.803 –1.553 2.594 1.015 0.711 0.274 0.9135

Isabelona –0.334 –2.941 11.492 0.948 –0.018 0.319 0.8772

Soleta –0.997 –3.513 1.610 0.865 0.078 0.305 0.9182

21 , boundary between phases I and II; 22 , boundary between phases II and III; β1 , slope of phase I; β2 , slope of phase II; β3 , slope of phase III; R2 , fitted; and RMSE, root mean square
deviation.

observed in 9TLP values among cultivars. The water potential
at turgor loss point has been widely used as an indicator of
drought tolerance, as leaves with lower 9TLP maintain open
stomata, hydraulic conductance, and are able to grow under
dryer conditions (Bartlett et al., 2012; Scoffoni et al., 2012;
Trifilò et al., 2015). Recently, lower 9TLP values have been
positively correlated with larger hydroscapes areas, and thus
anisohydry (Meinzer et al., 2016; Li et al., 2019), which supports
our results regarding the contrasting anisohydric behavior
of Soleta and the isohydric behavior of Avijor. Our values
of 9TLP and 9gs90 were also similar to the ones reported

by Hernandez-Santana et al. (2016) in almond (–2.26 and
–2.14 MPa, respectively), which are in the range of values
displayed by drought-tolerant species.

Although no significant differences were observed in π0

among cultivars (p = 0.0791) (Table 2), the trend in values
with higher π0 in Soleta and lower in Avijor, and the absolute
lack of differences in ε, support the notion that contrast
observed in 9TLP among cultivars is mainly driven by osmotic
adjustment and not by modifications of mechanical properties
of the cell wall. This is consistent with a previous meta-
analysis (Bartlett et al., 2012) indicating that π0 is the main
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driver of 9TLP across species, and that ε does not play
a role in determining drought-tolerance. Regardless of the
relationship between 9TLP and 9gs90, our results suggest
that 9TLP is not the main factor triggering stomatal closure
because, independently of the cultivar, complete stomatal
closure occurred before turgor loss (9gs90 > 9TLP). This
indicates that stomatal closure is uncoupled from bulk leaf
water status. Similar results were reported in anisohydric and
isohydric Vitis cultivars (Tombesi et al., 2014) and several woody
species adapted to sites with contrasting resource availability
(Henry et al., 2019).

Consistent with the previously described traits, the P50
displayed that same variation among almond cultivars, with
more negative values in Soleta and Isabelona than in Avijor
(Table 2), indicating a higher vulnerability to cavitation
in Avijor. Information regarding the relationship between
vulnerability to cavitation and anisohydric and isohydric
behavior is scarce for cultivars, but Alsina et al. (2007) reported
large variability in PCL50 across Vitis cultivars (–1 to –3 MPa).
Reports in different species have found a correlation between a
higher xylem vulnerability to cavitation with isohydric behavior,
such as in Acer pseudoplatanus and Corylus avellana (Li et al.,
2016). It also has been proposed that xylem cavitation is
the hydraulic signal that triggers stomatal closure in several
species (Salleo et al., 2000; Nardini et al., 2001; Zufferey et al.,
2011). On the contrary, the differences between 9gs90 and
9TLP in our results showed that stomatal closure occurred
before the 50% loss of xylem hydraulic conductivity in the
three cultivars (9gs90 > P50). Recent evidence also supports
the notion that stomatal closure precedes xylem cavitation
at community and global scales (Klein, 2014; Bartlett et al.,
2016; Martin-StPaul et al., 2017) and even among cultivars
(Carminati and Javaux, 2020; Dayer et al., 2020; Gambetta
et al., 2020). These results indicate that the hydraulic safety
margin (HSM), defined as the remainder of 9gs90 minus P50,
is generally positive and thus constitutes a strategy to avoid
lethal embolism.

As another metric to describe the dynamics of leaf water
potential during pot desiccation, we performed an analysis of
the water potential curve using a piecewise linear regression
according to Knipfer et al. (2018). Here, authors describe the
triphasic nature of the WP curve and the prediction of the first
boundary (21) between phases I and II that would correspond
to the threshold at which leaf gas exchange is substantially
decreased, and the second boundary (22) matching the 9TLP.
We were able to model the three phases of the WP curve
and predict its corresponding boundaries and slopes (Table 4),
but the shape of our curve diverged from the one described
by Knipfer et al. (2020). Specially, a steeper decrease in water
potential was observed in phase II in our cultivars while
Knipfer et al. (2020) showed a minor reduction in 9min with
the continuous decrease in 9pd. A faster dry-down in our
experiment could explain the steeper reduction in 9min during

FIGURE 4

Relationships among hydroscape area and traits linked to
anisohydric and isohydric behavior in the Prunus dulcis cultivars
Avijor Isabelona, and Soleta. 9gs90: leaf water potential causing
90% of stomatal closure, 9TLP: water potential at turgor loss
point, and P50: water potential at 50% loss of hydraulic
conductivity. Values of maximum transpiration rate (Emax) are
shown for each cultivar.

the PD treatment, indicating that factors that affect the rates
of water loss and transpiration also influence dynamics of
water potential. Also, the almond experiment described by
Knipfer et al. (2020) was performed in 56-L potted plants,
which can affect the pace of the dry-down, and thus, the
dynamics of water potential, explaining the steeper decline
in 9min during phase II of our experiment. Differences in
cultivar/rootstock combination could also affect the shape of
the WP curve. Our predicted boundaries, 21 and 22, did not
match stomatal closure nor 9TLP, respectively, as indicated
by Knipfer et al. (2020). It is interesting to note, however,
the smaller distance between 21 and 22 boundaries in the
isohydric Avijor (Figure 3A), compared to the larger distance
described between the two boundaries in the more anisohydric
cultivars Isabelona and Soleta (Figures 3B,C). Along the
three phases of the WP curve, a consistent reduction in the
slope of each phase was observed (Table 4), thus the faster
reduction in 9min occurred during the initial stages of the PD
treatment until 21, which could have triggered the onset of
stomatal closure.

Considering all the traits described above, we observed
responses to the PD treatment that suggest almond has an
avoidance strategy rather than a tolerance strategy for hydraulic
failure as described by Hochberg et al. (2017). First, the steep
decrease in 9min in response to decrease in 9pd (Figure 1)
eventually led to stomatal closure (9gs90) at water potentials
higher than the loss of cell turgor (9TLP) and preceded
development of cavitation in xylem conduits (P50) (Figure 4).
This concurs with recent research stating that drought-resistant
plants close their stomata at water potentials higher than that
at which substantial embolism occurs (Martin-StPaul et al.,

Frontiers in Plant Science 10 frontiersin.org

196

https://doi.org/10.3389/fpls.2022.974050
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/


fpls-13-974050 August 20, 2022 Time: 15:12 # 11

Álvarez-Maldini et al. 10.3389/fpls.2022.974050

2017). Second, we observed leaf shedding in all cultivars,
especially Avijor, which further supports an avoidance strategy
toward protection of perennial tissues. These responses did,
however, prevent us from observing a direct measurement of
9min = 9pd. Thus, for hydroscape calculation, 9min = 9pd
was estimated by extrapolation of water potential values at the
end of the PD experiment, rendering unreliable 9min = 9pd
values well beyond limits of stomatal control. Then, because
the WP curves did not follow a strictly linear fit (Table 4
and Figure 3), we estimated 9min = 9pd as the intersection
between a 1:1 line and the modeled piecewise regression, which
yielded 9min = 9pd values for Avijor (–6.15 MPa), Isabelona
(–4.33 MPa), and Soleta (–4.83 MPa) that were closer to the
observed water potential values for turgor loss and loss of
hydraulic conductivity.

Despite the above-mentioned issues when calculating
hydroscapes, a clear relationship was observed between
hydroscape area and traits related to anisohydric behavior.
Thus, Soleta cultivar with a near-anisohydric behavior displayed
larger hydroscape area with lower values of 9gs90, 9TLP, and
P50, contrary to the behavior displayed by Avijor (Figure 4).
Thus, considering the above-mentioned traits for Soleta and
Isabelona with an increased iWUE during the first stages
of drought indicate, both cultivars are suitable candidates
to be established under Mediterranean climate conditions of
central Chile, especially in areas with restricted access to
irrigation water.

Furthermore, our results regarding Soleta cultivar are in
agreement with Álvarez et al. (2020) who indicated that this
cultivar displayed physiological responses linked to drought
tolerance when growing with its original root system (self-
rooted). This result was, however, diminished when plants
were grafted onto the dwarfing rootstock Rootpac-20. These
results correlate with Ben Yahmed et al. (2016) that described
a poor adaptation of this rootstock to Mediterranean or
rain-fed conditions. Thus, considering these reports, it is
important to highlight the influence of the rootstock on
drought tolerance, and that the anisohydric behavior of
Soleta and Isabelona cultivars may have been attenuated by
the Rootpac-20 rootstock. Future work should focus on the
effects of rootstock on anisohydric and isohydric behavior and
consider the use of self-rooted plants for cultivation under
Mediterranean conditions.

Conclusion

Our results from a pot desiccation treatment revealed
that almond cultivars followed a similar response to drought:
decreasing 9min led to stomatal closure to avoid hydraulic
disfunction. The different thresholds of water potentials indicate
that neither turgor loss nor xylem cavitation are the hydraulic
signal to induce stomatal closure, but rather that loss in

soil hydraulic conductivity could be the main trigger of
stomatal closure. Thus, future research regarding almond and
the differences in anisohydric and isohydric behavior among
its cultivars should account for below- and above-ground
hydraulic traits.

Cultivars did, however, display differences in anisohydric
and isohydric behavior. Anisohydric cultivars, Soleta and
Isabelona, displayed larger hydroscape areas. Moreover,
they presented different boundaries along the WP curve,
higher gsmax and sustained higher stomatal conductance
at lower 9min, lower 9TLP and vulnerability to xylem
cavitation (P50), and higher iWUE than the isohydric
cultivar Avijor. Because 9TLP, P50, and gsmax are easily
measured in well-watered plants, their assessment could
be readily used to discriminate anisohydric and isohydric
plants under consideration for agronomic development
in Mediterranean climates without the laborious need for
controlled drought experiments. Selecting plants more
anisohydric in nature, such as Soleta in this research,
with their ability to withstand cavitation better than their
isohydric cohorts, may be preferred given expected changes in
Mediterranean climates.
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Biomass production and
nutrient use efficiency in white
Guinea yam (Dioscorea
rotundata Poir.) genotypes
grown under contrasting soil
mineral nutrient availability

Ryo Matsumoto1*, Asrat Asfaw1, Haruki Ishikawa1,
Kanako Takada2†, Hironobu Shiwachi2 and Robert Asiedu1

1International Institute of Tropical Agriculture, Ibadan, Nigeria, 2Tokyo University of Agriculture,
Tokyo, Japan
Yam (Dioscorea spp.) is of great importance to food security, especially in West

Africa. However, the loss of soil fertility due to dwindling fallow lands with

indigenous nutrient supply poses a challenge for yam cultivation. This study

aimed to determine shoot and tuber biomass and nutrient use efficiency of

white Guinea yam (Dioscorea rotundata) grown under low- and high-NPK

conditions. Six white Guinea yam genotypes were used in field experiments

conducted at Ibadan, Nigeria. Experiments were conducted with low soil NPK

conditions with zero fertilizer input and high soil NPK conditions with mineral

fertilizer input. Differences in response to soil NPK conditions, nutrient uptake,

and nutrient use efficiency (apparent nutrient recovery efficiency) were

observed among the tested genotypes. The genotypes TDr1499 and

TDr1649, with high soil fertility susceptibility index (SFSI>1) and an increase in

shoot and tuber biomass with fertilizer input, were recognized as susceptible to

soil NPK conditions. There was a marked difference in apparent nutrient

recovery efficiency; however, there was no varietal difference in physiological

efficiency. Differences in apparent nutrient recovery efficiency among

genotypes affected the fertilizer response (or susceptibility to soil NPK

conditions) and the nutrient uptake. In contrast, the genotype TDr2029, with

SFSI<1 and low reduction in shoot and tuber production between non-F and +F

conditions, was recognized as a less susceptible genotype to soil NPK status. It

was revealed that NPK fertilization did not reduce tuber dry matter content,

regardless of genotype differences in susceptibility to soil NPK conditions.

Hence, this could be helpful to farmers because it implies that yield can be

increased without reducing tuber quality through a balanced application of soil

nutrients. Our results highlight genotypic variation in sensitivity to the soil NPK

availability, nutrient uptake, and nutrient use efficiency white Guinea yam.

Differences in susceptibility to soil NPK conditions could be due to the

genotypic variations in nutrient recovery efficiency white Guinea yam. Our

findings could contribute to breeding programs for the development of
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improved white Guinea yam varieties that enhance productivity in low soil

fertility conditions with low and high-input farming systems.
KEYWORDS

nutrient recovery efficiency, nutrient uptake, fertilizer response, low soil fertility, West
Africa, genotypic variation
Introduction

Yam (Dioscorea spp.) is a multispecies tuberous crop with

immense potential for improving food security, especially with

respect to the food and cultural systems of West Africa (Asiedu

and Sartie, 2010); about 93% (66.8 million tons) of the global

yam production occurs in this region (FAOSTAT, 2021). Among

the species of Dioscorea, which vary in origin and distribution

depending on tropical, subtropical, and temperate regions

(Darkwa et al., 2020), white Guinea yam (Dioscorea rotundata)

is predominantly cultivated and consumed in West Africa

(Asfaw et al., 2020). The cultivation of white Guinea yam has

steadily increased over the past few decades in West Africa, from

14.5 million tons in 1988 to 66.8 million tons in 2018

(FAOSTAT, 2021). The substantial increase in yam production

has mainly been attributed to the expansion of the cultivation

area rather than the productivity increase per unit area

(FAOSTAT, 2021). The increase in yam productivity was

marginal compared to that of potatoes (FAOSTAT, 2021).

In West Africa, yams are usually cultivated without chemical

or organic fertilizers, often using landraces (Degras, 1993; Scott

et al., 2000; Maliki et al., 2012). Traditionally, yam is the first

crop after a long-term fallow because it requires fertile soils for

optimum growth and yielding potential (Carsky et al., 2010).

Diby et al. (2011a) reported that tuber yield was higher in fertile

forest soils than in low-fertile savannah sites. It was suggested

that soil fertility is crucial in yam cultivation. Similarly, Kassi

et al. (2017) reported that soil organic carbon stocks contributed

to the increased tuber yield, asD. rotundata crops harvested after

Chromoleana odorata (green fertilizer) fallows produced the

maximum yield. Consequently, yam producers perceive the

decline in soil fertility as a critical constraint for yam

production in areas under intensive cultivation (Lebot, 2019).

Despite this, fertilizer use in Sub-Saharan Africa is generally low,

partly because farmers do not recognize adequate profit

opportunities with acceptable risks (Kaizzi et al., 2017).

The impact of fertilizer application on yam productivity

remains unresolved due to several conflicting reports. While

some studies have reported positive effects (Irving, 1956; Kpeglo

et al., 1981; Lyonga, 1981; Diby et al., 2009; Diby et al., 2011c),

others have reported no changes in that productivity (Kang and
02
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Wilson, 1981; Carsky et al., 2010). These discrepancies on the

impact of fertilizer application on yam growth and yield could be

attributed to the nutrient status of the experimental plots, as

response to fertilization is affected by the soil fertility of the

cultivation area. In the nutrient-poor savanna soils of Africa, the

impact of fertilizer input on yam crops was positive, while it was

significantly lower in the relatively fertile forest soils (Lugo et al.,

1993; Diby et al., 2009; Diby et al., 2011c). Nevertheless,

considering soil nutrient status, suitable fertilizer input can

benefit crop yield. For example, several studies have reported

that appropriate fertilizer application positively affected yam

productivity in Sub-Saharan Africa (Lugo et al., 1993; Diby et al.,

2009; Diby et al., 2011c; Cornet et al., 2022). Therefore, various

soil management techniques are currently being developed,

tested, and implemented to improve crop productivity in low-

input farming systems in Africa (Kihara et al., 2020).

Matsumoto et al. (2021a) reported differential responses of

white Guinea yam genotypes to available soil nutrients and

identified genotypes with low soil nutrient tolerance and a

high response to applied fertilizer. One of the factors for the

difference in fertilizer response and tolerance to low-fertility soil

among varieties is the difference in nutrient use efficiency (El-

Sharkawy et al., 1998; Martı ́ and Mills, 2002; Tamele et al., 2020).

A better understanding of the physiological mechanism of

fertilizer response and tolerance to low soil fertility is

important for selecting and developing varieties suitable for

cultivation under low fertilizer input and improving fertilizer

utilization. However, there is little research on this aspect.

Interspecific variation in nutrient uptake and nutrient use

efficiency has been reported in D. alata and D. rotundata

(Diby et al., 2011b; Hgaza et al., 2019); however, whether

varietal differences exist in terms of nutrient uptake and

nutrient use efficiency remains unknown. Although tuber dry

matter content is a crucial characteristics highly valued by

traders and consumers (Chukwu et al., 2007; Asiedu and

Sartie, 2010), limited information is available regarding the

effect of fertilizer on the percent dry matter content and its

relationship with a fertilizer response of genotype. This study

aimed to determine the biomass production and tuber dry

matter content of different genotypes of white Guinea yam

and their response to fertilizer input in terms of nutrient
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uptake and nutrient use efficiency. Our results would contribute

to the development of cultivation techniques and varieties of

white Guinea yam for improved biomass production and

fertilizer response.
Materials and methods

Site and soil properties

Field experiments were conducted during the 2017 and 2018

cropping seasons (April to December) in the experimental field

with low soil fertility at the International Institute of Tropical

Agriculture (IITA), Ibadan, Nigeria (7° 29′ N, 3° 54′ E). The low
soil fertility field was induced artificially by successive planting of

cassava, maize, and sorghum, without fertilizer input in IITA,

Ibadan (Matsumoto et al., 2021a). To assess the soil properties in

the experimental field, soil samples were collected before

conducting the experiment at depths of 0–20 cm from 30

randomly selected plots. Soil pH was determined by initially

suspending the soil in water (1:2.5 soil:water ratio).

Exchangeable Ca2+, Mg2+, K+, and available P were extracted

according to the Mehlich-3 procedure (Mehlich, 1984). Cations

were determined using an atomic absorption spectrophotometer

(Accusys 211 Atomic Spectrophotometer, Buck Scientific,

Connecticut, USA). P was assayed by colorimetric

determination using a Genesys 10S UV-Vis spectrophotometer

(Thermo Scientific, Waltham, MA, USA). Organic carbon was

determined by chromic acid digestion with a spectrophotometric

procedure using Genesys 10S UV-Vis spectrophotometer

(Heanes, 1984). Total N was determined using the Kjeldahl

method for digestion and colorimetric determination using a
Frontiers in Plant Science 03
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Technicon AAII Autoanalyzer (Seal Analytical, Wisconsin,

USA) (Bremner and Mulvaney, 1982). Weather data for the

experimental period were assessed using the data obtained from

the Geographical Information System (GIS) unit of the IITA.

Figure 1 presents the meteorological conditions during the

growth period, from planting to harvest (180 days after

planting) for the trials. The total precipitation and average

minimum/maximum temperatures for this period were

1410.5 mm, 22.7/30.7°C in 2017, and 1526.5 mm, 22.7/30.5°C

in 2018, respectively.
Plant materials and trial management

Field experiments were conducted using six genotypes of

white Guinea yam. TDr1649 and TDr2484 were used in the 2017

field trial, while TDr1499, TDr1649, TDr1899, TDr2029,

TDr2484, and TDr2948 were used for the 2018 trial. These

genotypes are part of the mini-core collection of white Guinea

yam (Pachakkil et al., 2021) maintained at the IITA. Those

genotypes were selected based on the tuber yield and leaf density

difference (Table 1). All the genotypes were multiplied under

uniform conditions in the field at IITA headquarters during the

2016 and 2017 cropping seasons to generate high-quality

planting material. Plants with symptoms of viral diseases, such

as yam mosaic virus, were removed from the field during the

growing period. Visually assessed clean tubers with no signs of

rot or pests were used as seed tuber materials for the trials.

Tubers weighing approximately 1–2 kg were cut horizontally to

remove the head and tail components. The tuber centre

component was cut into 50 ± 10 g pieces to obtain uniform

material for planting (yam setts). Yam setts were treated with a
FIGURE 1

Air temperature and precipitation during the growth periods at the International Institute of Tropical Agriculture (IITA) Ibadan, Nigeria, in 2017
and 2018. Air temperature includes a black line and grey line representing maximum and minimum air temperature averages, respectively. For
precipitation, data are cumulative values for every month.
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mixture of 70 g mancozeb (fungicide) and 75 mL chlorpyrifos

(insecticide) dissolved in a 10 L volume of tap water for 5 min,

and the setts were dried for 20 h in the shade before planting for

pre-sprouting. The yam setts were planted in plastic pots (12 cm

diameter × 10 cm height) filled with topsoil on 4 May 2017 and 2

May 2018. Because variation in the sprout emergence time was

the main cause of variation in shoot biomass size and tuber yield

within plots in yam trials (Cornet et al., 2014), seedlings that

germinated simultaneously (within 14 days difference in sprout

emergence date) were selected and used as experimental material

in this study. Plants with uniform sprouts were transplanted into

the field in a 0.5 m × 1.0 m arrangement to give 20,000 plants per

hectare. A 2 m stake was provided for each plant at 30 days

after planting.

The plants were transplanted into the field on a ridge

approximately 40 cm high and 60 cm wide. The field

experiment was laid out in a split-plot randomized block

design with four replications. The main plot comprised two

levels of fertilizer treatments, non-fertilized (Non-F) and

fertilized (+F), while the subplot consisted of genotypes. The

size of the subplot was 15 m2. The fertilized plot (+F) received

90, 50, and 75 kg nitrogen (N), phosphorus (P), and potassium

(K) per hectare, respectively. These were based on the

recommendations of fertilizer amounts for low soil fertility

conditions (Chude et al., 2012). In the 2017 trial, the total

number of plots was 16 (two soil nutrient fertility levels × 2

genotypes × 4 replications) (detailed field design presented in

Supplementary Material 1). In the 2018 trial, the total number of

plots was 48 (two soil nutrient fertility levels × 6 genotypes × 4

replications) (detailed field design presented in Supplementary

Material 2). Fertilizer was applied 14 days after transplanting

using the side dressing method in both the 2017 and 2018 trials.

To avoid fertilizer contamination, there was a 20 m distance
Frontiers in Plant Science 04
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between the non-fertilized and fertilized plots. Weeds were

manually removed whenever present to maintain weed-free

plots throughout the experiment.
Evaluation of shoot and tuber
productivity under different soil fertility

At 180 days after planting, three plants from each subplot

were selected randomly, excluding border plants in both the

2017 and 2018 trials, to analyse the effect of soil NPK conditions

on shoot and tuber production. The total number of harvested

samples was 12 (three plants × 4 replicates) for each genotype in

both the 2017 and 2018 trials. Harvested plants were separated

into leaves, stems, and tubers. Plant parts were rinsed with tap

water. The total weight of fresh tuber was recorded. All leaves,

stems, and a weighed sample of the tubers were dried in an oven

at 80°C for three days. Dried samples were weighed to determine

the total leaf and stem dry weights. The percent dry matter

content of the tuber was calculated from the dry weight of the

tuber sample in relation to its fresh weight. The total tuber dry

weight was determined by multiplying the total fresh tuber

weight by the percent dry matter content of the tuber. The

percentage difference in dry shoot weight and dry tuber weight

due to the difference in NPK conditions was calculated using the

following formula:

Percentage difference  %ð Þ = xhf − xlf

xhf

 !
�  100

where xlf and xhf are the mean trait values of a given genotype

in non-F and +F environments, respectively.

Soil fertility susceptibility index (SFSI) was calculated using

the following formula (Fischer and Maurer, 1978):
TABLE 1 Variation in tuber yield (g plant-1) and leaf density in the white Guinea yam (Dioscorea rotundata) mini-core collection and the
distribution of the used genotypes.

Leaf density Fresh tuber yield (g plant-1)

Mini-core collection (n=102)

Mean 1.9 1234.9

Standard deviation 0.5 493.0

Coefficient of variance (%) 26.5 39.9

Genotype selected from mini-core collection

TDr1499 2.7a 2726.0a

TDr1649 2.1b 2107.7ab

TDr1899 2.0b 1456.3b

TDr2029 2.0b 1401.0b

TDr2484 2.0b 2065.3ab

TDr2948 2.0b 1562.7b
The leaf density of plants was rated on a scale of 1 to 3 where 1= low, 2 = intermediate, and 3= high. Leaf density was recorded based on yam descriptors approximately 100 days after
germination as the middle growth stage. Each point represents the mean of six data points. Different letters in the same column indicate significant differences (p<0.05) as determined by
Tukey’s HSD test. Data were obtained from a field evaluation at the International Institute of Tropical Agriculture (IITA) in 2014 (Pachakkil et al. (2021).
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Soil fertility susceptibility index  SFSIð Þ

= 1 −
xlf

xhf

 !
= 1 −

Ylf

Yhf

 !

where xlf and xhf are the mean trait values of a given genotype

under the non-F and +F conditions, respectively. Ylf and Yhf are

the mean trait values of all genotypes under the non-F and +F

conditions, respectively, and 1 − Ylf =Yhf is the soil fertility

intensity index.
Nutrient uptake and use efficiency

Dried leaf and tuber samples from the 2018 trial were used to

determine the nutrient content in plants. Dried leaf and tuber

tissues were ground separately in a Wiley mill and passed

through a ≤1 mm mesh screen. As per pre-standard methods,

an NC analyser (Sumigraph NCH-22, Sumika Chemical

Analysis Service Ltd., Japan) was used to determine the

nitrogen content in leaf and tuber tissues (Anderson and

Ingram, 1993). Ground dry plant samples (100 mg) samples

were pyrolyzed with 5 mL of nitric acid, and the filtered samples

were analysed to determine the P and K content in leaves and

tubers using inductively coupled plasma optical emission

spectrometry (ICP-OES; iCAP 6000 Series, Thermo Fisher

Scientific, MA, United States). The N, P, and K uptakes by the

plants was determined by adding the product of the dry weight

of each plant part with the elemental concentration of each plant

part. In the current study, the following fertilizer efficiency

parameters were used (Craswell and Godwin, 1984):

Apparent nutrient recovery efficiency = UtF − UtNð Þ=F x 100

Physiological efficiency = TwF − TwNð Þ= UtF − UtNð Þ
where UtF is total nutrient uptake in plants under +F condition.

UtN is total nutrient uptake in plants under non-F condition; F is

nutrient supply (g/plant); TwF is dry tuber weight under +F

condition; TwN is dry tuber weight under non-F condition.

Apparent nutrient recovery efficiency was calculated as the

efficiency of nutrient capture from soil and/or fertilizer input.

Physiological efficiency was calculated as the efficiency of

capturing plant nutrients in tuber yield.
Statistical analysis

Data were analysed using the linear mixed model in the lme4

package (Bates, 2010) in the R environment version 4.0.3 for

statistical computing (R Core Team, 2018). To determine a

significant difference between the mean values of traits

obtained from non-F and +F conditions for each genotype, t-

test was performed using the R package ggpubr (Kassambara,
Frontiers in Plant Science 05
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2020). Multiple comparison analysis using Tukey’s HSD test was

performed to detect statistically significant differences in the

obtained traits among varieties using the agricolae package (de

Mendiburu, 2021). Correlation analysis among the tested

parameters was determined using Pearson correlation

coefficients. In all calculations, statistical significance was set at

p < 0.05.
Results

Soil properties at the experimental sites
in 2017 and 2018

The soil chemical properties of the experimental fields are

presented in Table 2. Soil pH was 5.69 in 2017 and 5.98 in 2018.

The organic carbon content was 0.24% and 0.39% in 2017 and

2018, respectively. No total N content change was observed

between the 2017 and 2018 trials (0.04%). The available P

content in 2017 (1.18 mg kg−1) was lower than that in the

2018 trial (2.21 mg kg−1). Exchangeable Ca and Mg in 2017 were

higher than in those in the 2018 trial. Exchangeable K was 0.20

cmol[+] kg−1 in 2017, which was higher than that in 2018 (0.08

cmol[+] kg−1).
Effect of fertilizer treatment on shoot
and tuber production

The effect of fertilizer application on dry tuber weight in the

2017 trial is presented in Figure 2. Fertilizer application

increased the dry tuber weight of TDr1649 plants in 2017

experimental trial. However, there was no significant difference

in the dry tuber weight of TDr2484 grown between the non-F

and +F conditions.

In the 2018 trial, genotype and fertilizer application

interactions were significant for the dry shoot weight (Table 3

and Supplementary Material 3). Although the difference was not

statistically significant, the shoot dry weight of TDr1499 was the

highest among the tested genotypes. However, there was a

significant difference in the dry shoot weight among the tested

genotypes under +F condition, and the highest dry shoot weight

was observed in TDr1499 (Table 3). The percent difference in

dry shoot weight due to non-fertilizer application ranged from

14.3% (TDr2029) to 41.1% (TDr1499). SFSI for dry shoot weight

ranged from 0.46 to 1.31. Among the genotypes tested under the

two different fertilizer treatments, TDr1499 and TDr1649

produced significantly higher dry shoot weights in the +F

condition than in the non-F state (Table 3).

Although dry tuber weight in non-F conditions ranged from

155.8 g plant-1 (TDr1899) to 260.7 g plant-1 (TDr2948), no

significant difference was observed among the tested genotypes.
frontiersin.org

https://doi.org/10.3389/fpls.2022.973388
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Matsumoto et al. 10.3389/fpls.2022.973388
Under the +F conditions, TDr1499 had the highest dry tuber

weight (489.9 g plant-1), while TDr1899 had the lowest dry tuber

weight (239.0 g plant-1) among the tested genotypes. Genotype

TDr1499 showed a 51.9% reduction in dry tuber weight in the

non-F condition compared to that in the +F condition. The

lowest reduction in dry tuber weight of 17.2% was recorded for

the genotype TDr2029. The SFSI for dry tuber weight ranged

from 0.48 to 1.44. Among the genotypes tested under the two

different fertilizer conditions, TDr1499 and TDr1649 produced

significantly higher dry tuber weights in the +F condition than in

the non-F state (Table 3 and Supplementary Material 3).

Genotype was significant for the percent dry matter content

of the tuber (Table 4). The effect of genotype and fertilizer

treatment interaction on tuber percent dry matter content was
Frontiers in Plant Science 06
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not observed (Table 4). Fertilizer application did not increase

the percent dry matter content of the tuber in all genotypes.

Under the non-F conditions, TDr1649 (31.2%), TDr1899

(32.5%), and TDr2029 (31.0%) had a significantly higher dry

matter content of tuber than TDr2428 (25.5%). TDr1649 and

TDr1899 showed higher percent dry matter content of tuber

than TDr1499, TDr2029, TDr2484, and TDr2048 under +F

conditions (Table 4).
Nutrient uptake

Fertilizer treatment increased the N and K uptake of

TDr1499 and TDr1649. The interaction between genotype and
TABLE 2 Soil chemical properties of the experimental site at IITA Ibadan, Nigeria.

Soil chemical properties 2017 2018

Mean SD (n=6) Mean SD (n=6)

pH 5.69 0.21 5.98 0.04

Organic carbon (%) 0.24 0.04 0.39 0.11

Total nitrogen (%) 0.04 0.02 0.04 0.00

Available phosphorus (mg kg-1) 1.18 0.82 2.21 0.91

Calcium (cmol[+] kg-1) 2.90 0.46 0.75 0.14

Magnesium (cmol[+] kg-1) 0.69 0.11 0.23 0.11

Potassium (cmol[+] kg-1) 0.20 0.07 0.08 0.01
fro
SD, standard deviation.
FIGURE 2

Effect of fertilizer treatment on dry tuber weight (g plant-1) in two white Guinea yam (Dioscorea rotundata) genotypes in 2017. * represents a
significant difference at p< 0.05 calculated by t-test between non-fertilized (non-F) and fertilized (+F) conditions. ns; significant difference at p <
0.05 calculated by t-test between non-fertilized (non-F) and fertilized (+F) conditions.
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fertilizer treatment was significant for P uptake (p< 0.001)

(Table 5). The difference in genotype did not affect P uptake

under non-F conditions. However, P uptake varied with

genotype differences under +F conditions (Table 5).

The genotypes TDr1499, TDr1649, and TDr2948 accumulated

higher P than TDr1899, TDr2029, and TDr2484 under +F

conditions. N uptake (g plant-1) by the genotypes was 7.0

to 9.7 times higher than that of P under non-F conditions,

whereas N uptake was 5.8 to 7.7 times higher than that of

P under the +F conditions. Similarly, the K uptake (g plant-1)

was 5.7 to 9.5 times higher in the non-F condition compared

to that of P, which was 4.7 to 6.3 times higher in the +F

condition (Table 5).
Frontiers in Plant Science 07
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Nutrient use efficiency parameters

Apparent nutrient recovery efficiency and physiological

efficiency that already include the response to soil nutrient

level were estimated considering varietal differences. Varietal

difference in the apparent nutrient recovery efficiency was

observed among the tested genotypes (Figure 3). Nitrogen

apparent nutrient recovery efficiency ranged from 14.7

(TDr2484) to 47.7% (TDr1499). Nitrogen apparent nutrient

recovery efficiency of TDr1499 was significantly higher than

that of TDr1899, TDr2029, TDr2484, and TDr2948. Similar

results were observed with apparent nutrient recovery efficiency

for phosphorus and potassium.
TABLE 3 Effect of genotype and fertilizer treatment on the shoot and tuber weight in six white Guinea yam (Dioscorea rotundata) genotypes In
the 2018 trial.

Dry shoot weight (g plant-1) Dry tuber weight (g plant-1)

Non-F +F Mean PD SFSI p-value Non-F +F Mean PD SFSI p-value

TDr1499 76.9a 130.5a 103.7a 41.1 1.31 0.00 235.5a 489.9a 362.7a 51.9 1.44 0.00

TDr1649 64.5a 108.1ab 86.3ab 40.3 1.28 0.01 235.8a 433.3ab 334.5ab 45.6 1.26 0.01

TDr1899 45.3a 60.7c 53.0bc 25.5 0.81 0.29 155.8a 239.0d 197.4b 34.8 0.96 0.10

TDr2029 48.3a 56.4c 52.4c 14.3 0.46 0.60 260.0a 313.8bcd 286.9ab 17.2 0.48 0.41

TDr2484 48.6a 63.7c 56.2bc 23.7 0.75 0.12 200.0a 262.5cd 231.2ab 23.8 0.66 0.09

TDr2948 57.8a 78.3bc 68.1bc 26.2 0.83 0.14 260.7a 370.3bcd 315.5ab 29.6 0.82 0.08

Mean 56.9 83.0 224.6 351.5

Type II Wald chi-square tests (Chisq)

Genotype (G) 30.7*** 69.0***

Treatment (T) 66.2*** 23.6***

Interaction G × T 12.4* 13.0*
fronti
Non-F, non-fertilized; +F, fertilized. PD, percent difference due to contrasting soil mineral nutrient conditions. SFSI, soil fertility susceptibility index. Different letters in the same column
indicate significant difference (p<0.05) as determined by Tukey’s HSD test. ***p < 0.001, *p < 0.05, analysed by t-test between -F and +F conditions.
TABLE 4 Effect of genotype and fertilizer treatment on percent dry matter content of tuber (%) in six white Guinea yam (Dioscorea rotundata)
genotypes in the 2018 trial.

Non-F +F p-value

TDr1499 27.8ab 28.6b 0.37

TDr1649 31.2a 34.1a 0.22

TDr1899 32.5a 33.1a 0.39

TDr2029 31.0a 29.3b 0.56

TDr2484 25.5b 27.0b 0.49

TDr2948 28.2ab 28.7b 0.51

Mean 29.37 30.13

Type II Wald chi square tests (Chisq)

Genotype (G) 94.2***

Treatment (T) 0.7

Interaction G x T 7.5
Non-F, non-fertilized; +F, fertilized. Different letters in the same column indicate significant difference (p<0.05) as determined by Tukey’s HSD test. p-value was calculated using t-test
between -F and +F conditions. ***p < 0.001, analysed by t-test between -F and +F conditions.
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Nitrogen physiological efficiency did not differ among the tested

genotypes (p = 0.141). Similar results were observed in potassium

physiological efficiency (p = 0.780). Phosphorus physiological

efficiency showed high values, which ranging from 462.2 to 690.7 g

plant-1; however, varietal difference was not observed significantly

among the tested genotypes (p = 0.208).
Correlation analysis among tested
parameters (dry tuber weight and
nutrient uptake)

The correlation between dry tuber weight and nutrient

uptake is presented in Figure 4. The dry tuber weight and N

uptake were strongly and positively correlated in the non-F and

the +F groups, respectively: r = 0.83 (p = 0.04) and 0.98 (p =
Frontiers in Plant Science 08
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0.00). A similar trend was obtained between the relationship

between the P and K uptake and dry tuber weight.
Discussion

Soil fertility in Nigeria has been categorized into five levels

(Chude et al., 2012). Although the critical soil nutrient levels for

yam cultivation have not yet been established in West Africa, yam

cultivation in soils containing< 0.1%N,< 10mg kg−1 available P, and

0.15 Cmol[+] kg −1 of exchangeable K requires external fertilizer

inputs (Carsky et al., 2010). According to soil analysis performed

before the experiments and previous reports by Chude et al. (2012)

and Carsky et al. (2010), our experimental field in both the 2017 and

2018 trials had low soil NPK availability and could be inferred as

infertile to sustain normal yam plant growth and optimize the yield
TABLE 5 Effect of genotype and fertilizer treatment on the uptake of nitrogen, phosphorus, and potassium in six white Guinea yam (Dioscorea
rotundata) genotypes in the 2018

Nitrogen uptake(g plant-1) Phosphorus uptake(g plant-1) Potassium uptake(g plant-1)

Non-F +F p-value Non-F +F p-value Non-F +F p-value

TDr1499 2.6a 4.7a 0.00 0.3a 0.8a 0.00 2.2a 3.9a 0.01

TDr1649 2.2a 3.7ab 0.01 0.3a 0.6a 0.00 2.0a 2.8b 0.10

TDr1899 1.5a 2.3c 0.11 0.2a 0.3b 0.14 1.4a 1.9b 0.16

TDr2029 2.1a 2.9bc 0.26 0.3a 0.4b 0.12 1.7a 2.1b 0.48

TDr2484 1.9a 2.6bc 0.07 0.2a 0.4b 0.07 1.7a 2.1b 0.29

TDr2948 2.9a 3.5ab 0.43 0.3a 0.6a 0.01 2.1a 2.9ab 0.13

Mean 2.2 3.3 0.3 0.5 1.9 2.6

Type II Wald chi-square tests (Chisq)

Genotype (G) 38.4*** 66.8*** 33.9***

Treatment (T) 31.2*** 87.8*** 17.1***

Interaction G x T 8.6 28.4*** 9.9
fro
Non-F, non-fertilized; +F, fertilized. Different letters in the same column indicate significant differences difference (p<0.05) as determined by Tukey’s HSD test. ***p < 0.001, analysed by
t-test between -F and +F conditions.
FIGURE 3

Apparent nutrient recovery efficiency of six genotypes in white Guinea yam (Dioscorea rotundata). Nitrogen (left box), phosphorus (centre box),
and potassium physiological efficiency (right box) are shown. All values are expressed as means. Different alphabet indicates statistical
significance (P< 0.05). Bars represent presents a standard error.
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(Table 2). It is, therefore, more likely to observe the positive effect of

added fertilizer input in the growth and yield of yam under low soil

fertility conditions. However, the fertilizer response to biomass

production and tuber yield varied among the genotypes studied,

suggesting that the response of soil NPK levels or fertilizer input in

white Guinea yam could be genotype-specific (Figure 2, Table 3, and

Supplementary Material 3).

Our results indicated differences among the white Guinea

yam genotypes in the nutrient uptake (Table 5). The studied

white Guinea yam genotypes absorbed N and K as primary

nutrients during growth and showed an increase in tuber yield

with an increase in nutrient uptake (Figure 4); this is also

consistent with the results presented by Diby et al. (2011b)

and Irizarry et al. (1995). The genotypes TDr1499 and TDr1649,

with high response to fertilizer input, showed higher nutrient

uptake than the other genotypes. In other words, the genotypes

depended on the high soil fertility to exhibit high productivity.

Thus, the genotypes TDr1499 and TDr1649, of Togolese origin,

were responsive to fertilizer input and could be suitable

candidates to maximize productivity under a high-input

cultivation system.

The effect of fertilizer application on yam tuber yield is variable

and sometimes conflicting (Irving, 1956; Kang and Wilson, 1981;

Kpeglo et al., 1981; Lyonga, 1981;Diby et al., 2009;Carsky et al., 2010;

Diby et al., 2011c). Diby et al. (2009) and Carsky et al. (2010)

discussed differences in the reports on the beneficial impact of

fertilizer application on yam growth and yield could be attributed

to the nutrient status of the cultivation area. Dare et al., (2010, 2013,

2014) reported the potential influence of arbuscular mycorrhizal

fungi that occur naturally in the yam growing areas in some of the

observed variability.

This study revealed, for the first time, that there are varietal

differences in the apparent recovery efficiency of white Guinea yam

(Figure 3). Hgaza et al. (2019) also reported interspecific variations

between theD. alata andD. rotundata genotypes in nitrogen uptake
Frontiers in Plant Science 09
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andapparentnitrogenrecoveryefficiency (totalnitrogenuptake from

fertilizer/total nitrogen rate applied × 100). Nutrient uptake in

studied white Guinea yam genotypes increased with an apparent

increase in nutrient recovery efficiency under +F conditions but not

in physiological nutrient efficiency. This suggests the difference in

nutrient recovery efficiency affected the fertilizer response or

susceptibility to soil NPK condition in the white Guinea yam.

Species or cultivars with a high growth rate usually respond

more favorably to fertilizer application than those with low

growth rates (Mengel, 1983). Our result corroborates the

findings of Mengel (1983). The fertilizer-responsive genotypes,

TDr1499 and TDr1649, produced more vigorous shoot biomass

than the other genotypes, which did not respond to applied

fertilizer (Table 3). Therefore, the size of shoot biomass or leaf

density as a morphological traits, associated with plant demand

for nutrients, might be a factor contributing to varietal difference

in fertilizer or soil NPK responsiveness among the

tested genotypes.

Iseki et al. (2022) reported a positive correlation between shoot

biomass and tuber yield and pointed out that shoot growth is

important for final tuber yield. Therefore, increasing shoot growth

by fertilizerapplicationmay improve tuberyield inwhiteGuineayam

genotypes with a high response to fertilizer input. TDr1499 and

TDr1649 were responsive to the fertilizer input with increased

nutrient uptake, indicating that they can exhibit high productivity

under high nutrient input. Productivity improvement in white

Guinea yam in West Africa could be expected by combining

appropriate fertilization techniques (Cornet et al., 2022) and

genotypes that respond well to fertilizer under a high input system.

In contrast to TDr1499 and TDr1649, the genotypes

TDr1899, TDr2029, TDr2484, and TDr2948 showed SFSI<1

and a reduction in shoot and tuber production from +F to

non-F conditions (Table 3). These results indicate that these

genotypes were tolerant to low soil NPK conditions or less

susceptible to soil NPK status. Among the genotypes, TDr2029
FIGURE 4

Correlation between dry tuber weight and nutrient uptake under non-fertilized and fertilized conditions in six white Guinea yam (Dioscorea rotundata)
genotypes. Relationships for nitrogen (left box), phosphorus (centre box), and potassium (right box) uptake are shown.
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was the least sensitive to soil NPK conditions. The genotypes

with a high and stable yield of marketable tubers are selection

targets for breeding programs for yam (Otoo et al., 2006; Asiedu

and Sartie, 2010). Hence, TDr2029, of Nigerian origin, could be a

potential parent to generate varieties with a stable yield and less

sensitive to soil fertility conditions or the best candidate for

immediate release as a new variety for the low input system in

West Africa.

Likewise the tuber yield, the percent dry matter content of the

tuber also varied among genotypes in white Guinea yam (Table 4).

This result was consistent with Matsumoto et al. (2021b), who

investigated the genotype × environment interaction on tuber

quality traits on white Guinea yam. However, the application of

NPK fertilizer did not affect the percent tuber dry matter content,

regardless of the genotype differences in susceptibility to soil NPK

conditions. This means the application of NPK increased fresh

tuber yield and hence dry tuber yield without significantly

influencing percent dry matter content. This is helpful to

farmers because it implies that yield can be increased without

reducing tuber quality by using a balanced application of soil

nutrients. This is contrary to the fears expressed by some farmers

that fertilizer application will reduce yam tuber quality. Our result

is in line with Gizachew et al. (2022), who reported that neither

organic nor mineral fertilizer application affects cassava

tuber quality.

In addition to fertilizer application and soil amendments, the

use of cultivars with high nutrient use efficiency and

responsiveness to external nutrient supply would improve

productivity in the yam cultivation system under low soil

fertility conditions (Asiedu and Sartie, 2010). Breeding efforts

should, therefore, focus on attributes such as high yield and high

nutrient use efficiency in yams. Our results highlight the

genotypic variations in white Guinea yam with respect to

susceptibility to soil NPK availability, nutrient uptake, and

nutrient use efficiency. The wide diversity of fertilizer response

or non-susceptibility to soil NPK status might be expected in the

mini-core collection of white Guinea yam, confirming the wide

range of tuber yield and leaf density (Pachakkil et al., 2021). The

contrasting genotypes with unique characteristics of high and

less susceptibility to soil nutrient conditions provide a good

opportunity for further studies to elucidate the genetic and

physiological bases for and the influence of genotype ×

environment (including soil microbes) interactions on the

differential response to these major nutrients in yam. Our

findings also serve as reference for breeding new and

improved varieties for low and high-input cultivation systems

in West Africa.
Data availability statement

The raw data supporting the conclusions of this article will

be made available by the authors, without undue reservation.
Frontiers in Plant Science 10
210
Author contributions

Conceptualization, RM; methodology and formal analysis,

RM and KT; investigation and fieldwork, RM and KT; writing-

original draft preparation, RM; writing-review and editing, KT,

HI, HS, AA and RA; project administration, HI; funding

acquisition, HI. All authors contributed to the article and

approved the submitted version.
Funding

This research was supported by the Ministry of Agriculture,

Forestry, and Fisheries of Japan through the “MAFF

yam project”.
Acknowledgments

The authors wish to thank the International Institute of

Tropical Agriculture (IITA) for allowing us to use their facilities.

We acknowledge the IITA staff for their support. Part of the data

used in this study was generated under the project “Use of

genomic information and molecular tools for yam germplasm

utilization and improvement for West Africa (EDITS-Yam;

2011-2015)” of the Japan International Research Center for

Agricultural Science, in collaboration with the Iwate

Biotechnology Research Center and the IITA.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fpls.2022.973388/full#supplementary-material
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2022.973388/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.973388/full#supplementary-material
https://doi.org/10.3389/fpls.2022.973388
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Matsumoto et al. 10.3389/fpls.2022.973388
References
Anderson, J. M., and Ingram, J. S. (1993). Tropical soil biology and fertility, a
handbook of methods, second edition (UK (Oxford: CAB International.
Wallingford), P. 97.

Asfaw, A., Aderonmu, D. S., Darkwa, K., De Keoyer, D., Agre, P., Abe, A., et al.
(2020). Genetic parameters, prediction, and selection in a white Guinea yam early-
generation breeding population using pedigree information. Crop Sci., 61 1038-
1051. doi: 10.1002/cs2.20382

Asiedu, R., and Sartie, A. (2010). Crops that feed the world 1. yams. yams for
income and food security. Food Secur. 2, 305–315. doi: 10.1007/s12571-010-0085-0

Bates, D. M. (2010). R package “lme4”. Available at: https://cran.Rproject.org/
web/packages/lme4/lme4.pdf.

Bremner, J. M., andMulvaney, C. S. (1982). Methods of soil analysis in American
Society of agronomy. Eds. A. L. Page, R. H. Miller and D. R. Keeny (Madison: Soil
Science Society of America), 1119–1123.

Carsky, R. J., Asiedu, R., and Cornet, D. (2010). Review of soil fertility
management for yam-based systems in West Africa. Afr. J. Root Tuber Crops 8,
1–17.

Chude, V. O., Olayiwola, S. O., Osho, A. O., and Daudu, C. K. (2012). Fertilizer
use and management practices for crops in Nigeria Vol. 215 (Abuja: Federal
Fertilizer Department, Federal Ministry of Agricultural and Rural Development).

Chukwu, G. O., Osunde, A. O., Asiedu, R., and Ogbogu, N. J. (2007). Qualities of
yam tubers grown on typic paleudults: Hybrid yam and fertilizer effects. Sci. Res.
Essa. 2 (12), 508–511.

Cornet, D., Marcos, J., Tournebize, R., and Sierra, J. (2022). Observed and
modeled response of water yam (Dioscorea alata L.) to nitrogen supply:
Consequences for nitrogen fertilizer management in the humid tropics. Eur. J.
Agron. 138, 126536. doi: 10.1016/j.eja.2022.126536

Cornet, D., Sierra, J., Tournebize, R., and Ney, B. (2014). Yams (Dioscorea spp.)
plant size hierarchy and yield variability: Emergence time is critical. Eur. J. Agron.
55, 100–107. doi: 10.1016/j.eja.2014.02.002

Craswell, E. T., and Godwin, D. C. (1984). “The efficiency of nitrogen fertilizers
applied to cereals grown in different climates,” in Advances in plant nutrition. Eds.
P. B. Tinker and A. Lauchli (Vol. 1: Praeger Publishers), 1–55.

Dare, M. O., Abaidoo, R. C., Fagbola, O., and Asiedu, R. (2010). Effects of
arbuscular mycorrhizal inoculation and phosphorus application on yield and
nutrient uptake of yams. Commun. Soil Sci. Plant Anal. 41, 22,2729–2743. doi:
10.1080/00103624.2010.518264

Dare, M. O., Abaidoo, R., Fagbola, O., and Asiedu, R. (2013). Diversity of
arbuscular mycorrhizal fungi in soils of yam (Dioscorea spp.) cropping systems in
four agroecologies of Nigeria. Arch. Agron. Soil Sci. 59 (4), 521–531. doi: 10.1080/
03650340.2011.653682

Dare, M. O., Fagbola, O., Abaidoo, R., and Asiedu, R. (2014). Evaluation of white
yam (Dioscorea rotundata) genotypes for arbuscular mycorrhizal colonization, leaf
nutrient concentrations and tuber yield under NPK fertilizer application. J. Plant
Nutr. 37, 2014.658–673. doi: 10.1080/01904167.2013.867988

Darkwa, K., Agre, P., Olasanmi, B., Iseki, K., Matsumoto, R., Powell, A., et al.
(2020). Comparative assessment of genetic diversity matrices and clustering
methods in white Guinea yam (Dioscorea rotundata) based on morphological
and molecular markers. Sci. Rep. 10, 13191. doi: 10.1038/s41598-020-69925-9

Degras, L. (1993). The yam. a tropical root crop Vol. 408 (London: Macmillan
Press Ltd).

de Mendiburu, F. (2021). Agricolae: Statistical procedures for agricultural
research. In: R package version 1.4.0. Available at: https://cran.r-project.org/web/
packages/agricolae/index.html (Accessed 27 September 2021).

Diby, L. N., Hgaza, V. K., Tié, T. B., Assa, A., Carsky, R., and Girardin, O.
(2011b). Mineral nutrients uptake and partitioning in Dioscorea alata and
Dioscorea rotundata. J. Appl. Biosci. 38, 2531–2539.

Diby, N. L., Hgaza, V. K., Tie, T. B., Assa, A., Carsky, R., Girardin, O., et al.
(2009). Productivity of yams (Dioscorea spp.) as affected by soil fertility. J. Anim.
PlantSci. 5, 494–506.
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Combined transcriptomic and
physiological metabolomic
analyses elucidate key biological
pathways in the response of
two sorghum genotypes to
salinity stress

Fei Zhang, Feng Lu, Yanqiu Wang*, Zhipeng Zhang,
Jiaxu Wang, Kuangye Zhang, Han Wu, Jianqiu Zou,
Youhou Duan, Fulai Ke and Kai Zhu*

Sorghum Breeding and Cultivation Physiology Laboratory, Sorghum Institute, Liaoning Academy of
Agricultural Sciences, Shenyang, China
Sorghum is an important food crop with high salt tolerance. Therefore,

studying the salt tolerance mechanism of sorghum has great significance for

understanding the salt tolerance mechanism of C4 plants. In this study, two

sorghum species, LRNK1 (salt-tolerant (ST)) and LR2381 (salt-sensitive (SS)),

were treated with 180 mM NaCl salt solution, and their physiological indicators

were measured. Transcriptomic and metabolomic analyses were performed by

Illumina sequencing and liquid chromatography-mass spectrometry (LC-MS)

technology, respectively. The results demonstrated that the plant height, leaf

area, and chlorophyll contents in LRNK1 were significantly higher than in

LR2381. Functional analysis of differently expressed genes (DEGs)

demonstrated that plant hormone signal transduction (GO:0015473),

carbohydrate catabolic processes (GO:0016052), and photosynthesis

(GO:0015979) were the main pathways to respond to salt stress in sorghum.

The genes of the two varieties showed different expression patterns under salt

stress conditions. The metabolomic data revealed different profiles of salicylic

acid and betaine between LRNK1 and LR2381, which mediated the salt

tolerance of sorghum. In conclusion, LRNK1 sorghum responds to salt stress

via a variety of biological processes, including energy reserve, the accumulation

of salicylic acid and betaine, and improving the activity of salt stress-related

pathways. These discoveries provide new insights into the salt tolerance

mechanism of sorghum and will contribute to sorghum breeding.
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Highlight

Transcriptomic and metabolomic data were combined to

reveal the changes in genes and metabolites, which provide new

insights into the salt tolerance mechanism of sorghum.
Introduction

Plant growth can be affected by various abiotic stresses such

as drought, cold, heat, and high salinity conditions. To maintain

adequate proliferation, plants have evolved intricate

mechanisms by which they perceive external signals and

respond accordingly (Rahman, 2012). A major event in stress

response is the perception and transduction of stress signals

through signaling components (Kumar et al., 2011), which

results in the activation of numerous stress-related genes and

metabolites. In Arabidopsis and rice plants, networks interacting

during stress defenses have recently been elucidated using

transcriptomic analysis (Yao et al., 2018; Chandran et al.,

2019). Ionic imbalance and osmotic stress are the two major

effects challenged by salt stress. These stresses result in

membrane damage and enhance lipid peroxidation and the

production of reactive oxygen species (ROS) (Kumar et al.,

2013). The performance and mechanism of salt tolerance in

plants have also been reviewed in many studies (Fahad et al.,

2014; Parihar et al., 2014; Dar et al., 2015; Liang et al., 2017).

Sorghum is amajor food crop formillions of people worldwide and

alsosuffers fromsalt stress. FoodandAgricultureOrganizationdata

have demonstrated that sorghum is currently the fifth most

important grain crop in the world (Zheng et al., 2011) and plays

an important role in the development and evolution of dedicated

energy crops. Sorghumhas also evolved a series of responses to salt

stress. Lacerda reported that sorghum could reduce Na+ and Cl−

transport from the roots to the shoot and compartmentalize part of

it in specific places in the stems and roots in plants treated with salt

(Lacerda et al., 2001). Swami revealed changes in the protein

complement of sorghum leaves under salt stress (Kumar et al.,

2011). In addition, the use of exogenous components can increase

the salt tolerance of sorghum, such as exogenous spermine (Chai

et al., 2010), salicylic acid (Mahmood et al., 2010), abscisic acid

(ABA) (Amzallag et al., 1990), and glycine betaine (Ibrahim, 2004;

Agboma et al., 2008). Like other essential crops, salt stress reduces

sorghum yield and production. Several articles have reviewed the

physiological and biochemical responses of sorghum to salt stress

(Almodares and Hadi, 2009; Tari et al., 2013; Anami et al., 2015;

Yang et al., 2020). When sorghum is subjected to salt stress, cells

mobilize multiple components in response. Some studies have

demonstrated the stress response mechanism of salt stress in

sorghum at the level of gene expression (Dugas et al., 2011;

Fracasso et al., 2016; Yang et al., 2017), although these are

insufficient. Organic solutes such as sugars, organic acids, polyols,
Frontiers in Plant Science 02
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and many nitrogen-containing compounds such as amino acids,

amides, amino acids, ectoine, proteins, and quaternary ammonium

compounds have been proven to play important roles in tolerating

the toxicity of ions under salt stress (Ashraf and McNeilly, 2004).

Meanwhile, genes also actively respond to salt stress signals, and the

expression levels of some genes change dramatically in a short time

to synthesize the proteins needed for stress response. Some genes

are suppressed under salt stress. Biotechnological methods

dedicated to planting transcriptomics analysis provide a valuable

opportunity to uncover the basis of plant response to salt stress at

the molecular level (Daldoul et al., 2014). The continuous

advancement of technology will allow us to obtain the

transcriptome expression profile in plant cells and use liquid

chromatography/mass spectrometry (LC/MS) technology to

identify and analyze metabolites and proteins in the plant (Fiehn,

2002). Integrative omics approaches within large-scale

experiments, including genomics, transcriptomics, ionomics,

proteomics, and metabolomics, can help decipher the interplay of

cellular functions at different levels (Biswapriya et al., 2019).

Therefore, we can reveal a series of response mechanisms

triggered by cells in response to salt stress. Transcriptomics, along

with metabolomics, provides a major tool for characterizing

postgenomic processes (Morgenthal et al., 2006). In China, many

salt-tolerant sorghum varieties have been selected after many years

of breeding. LRNK1 is a sorghum variety with high yield and salt

tolerance and is an ideal plant material to study the salt tolerance

mechanism of sorghum. The development of liquid

chromatography-mass spectrometry (LC-MS) technology has

made it possible to research such resistance in plants. With LC-

MS, all nonvolatile polar metabolites, such as amino acids, can be

assayedwithoutderivatization (D’Amelia et al., 2018). Inparticular,

short analysis times, selectivity, and almost nomatrix interferences

have become significant advantages for the LC-MS method when

determining metabolites (Thiele et al., 2012). Natera revealed the

root lipidome profile response to salt stress in barley by LC-MS

(Natera et al., 2016). Kechebar found the phenolic composition

changed in salt-treated Saharan trees (Karoune et al., 2017).

Therefore, it is possible to use LC-MS to study the metabolite

profile response to salt stress in sorghum.

In this study, we reveal changes in genes and metabolites in

two extreme sorghum materials under salt stress by combining

transcriptomic and metabolomic data under four treatments of

salt stress and control. This study will provide technical support

for the potential mining of sorghum salt tolerance and selecting

salt-tolerant varieties.

Materials and methods

Plant materials

Two sorghum restorer lines, LRNK1 (salt-tolerant (ST)) and

LR2381 (salt-sensitive, SS), were used as plant materials. While
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they had different sensitivities to salt, the crop maturity period,

growth rate, and phenotypic traits of the two sorghum genotypes

(Bicolor L. Moench) were similar. LRNK1 and LR2381 seeds

were collected from the sorghum seed resource bank in the

Liaoning Academy of Agricultural Sciences with ID: 011427 and

ID: 010362, respectively. After disinfection (surface-sterilized

with 1% sodium hypochlorite for 5 min followed by rinsing three

times with distilled water), the seeds were planted in a

hydroponic beaker filled with sorghum hydroponic culture

(Kimura solution, Supplementary Table S1) under artificially

simulated climatic conditions: day/night temperatures of 28°C/

25°C, approximately 50% relative humidity (Rh), photoperiod of

14:10 h of light (1,500 mmol·m−2·s−1)/dark in April 2019 in an

artificial climate room in Liaoning Provincial Academy of

Agricultural Sciences.
Salt treatment and sample collection

Sorghum plants at the six-leaf stage were used for the salt

treatment experiment. For each variety, 144 plants were

randomly selected and then divided into six hydroponic

beakers with 24 plants in each. These six hydroponic beakers

were then randomly divided into two groups: salt treatment (T)

and control (C), with three hydroponic beakers in each group.

For group T, both LRNK1 and LR2381 were treated with an

additional 180 mM NaCl in the basic sorghum hydroponic

culture, which was based on previous salt stress simulations at

60, 120, 180, and 240 mM NaCl. The two extremes of 180 mM

NaCl showed significant phenotypic differences between the salt

stress and control treatments. The salt-sensitive lines survived,

while the salt-sensitive lines died under 240 mM NaCl

simulations. In addition, the salt stress adversity simulated by

180 mM NaCl most closely matched the actual production

environment. For group C, both LRNK1 and LR2381 were

treated with basic sorghum hydroponic culture (no NaCl

supplement). A total of four sets of samples were prepared:

LRNK1-control (STC), LRNK1-salt treatment (STT), LR2381-

control (SSC), and LR2381-salt treatment (SST). After 72 h of

cultivation, six plant samples were randomly selected from each

hydroponic beaker and the fifth leaf at tillering on each plant was

sampled (18 leaves obtained in each group). These 18 leaves were

pooled and divided into six parts in each group, three of which

were used for RNA-seq analysis and three for metabolomic

analysis. All sampled leaves were immediately placed in liquid

nitrogen for 5 min, stored at −80°C, and tested within 3 to 4

weeks. The root tissue of each group was sampled to determine

the physiological indicators.

After the hydroponic salt stress sampling was completed, the

seedlings of the four groups of STC, STT, SSC, and SST were

transplanted into prepared pots treated with the same salinity as

the hydroponics for cultivation until maturity, and the sorghum

growth phenotype parameter was recorded.
Frontiers in Plant Science 03
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Determination of plant physiological
indicators

The plant height and leaf area (the fifth leaf at tillering) of

seedlings at the six-leaf stage with and without salt treatment

were measured according to a previous report (Iqbal et al., 2010).

Fresh leaves were determined by an electronic balance to obtain

the fresh mass (FM) and dried at 105°C for half an hour and at

70°C for 48 h to achieve constant weight. The dry mass (DM)

was recorded. Turgid mass (TM) was determined after the leaves

had been immersed in distilled water for 12 h. The FM, DM, and

TM of root tissues were also determined. The relative water

content (RWC) of a plant tissue is expressed by RWC (%) =

[(FM − DM)/(TM − DM)] * 100%. For the leaf chlorophyll

content determination, the ethanol-acetone method was used as

described by Zhang (1992). The same experimental protocol was

repeated three times.
Total RNA extraction and sequencing

Total RNA was extracted using an RNAprep pure Plant Kit

(Tiangen, Beijing, China) according to the manufacturer’s

instructions, and the RNA quality was evaluated by gel

electrophoresis. Total RNA was reverse transcribed to cDNA

by a QuantScript RT Kit (Tiangen, Beijing, China). An efficient

VAHTS® mRNA-seq v2 Library Prep Kit for Illumina (Vazyme

Biotech, Nanjing, China) was then used to construct the

sequence libraries. All 12 mRNA libraries (six groups with

three biological replicates in each group) obtained were

evaluated by an Agilent 2100 Bioanalyzer (Agilent

Technologies, USA) and the qRT-PCR method. Finally, all

mRNA-seq libraries were sequenced on an Illumina HiSeq

4000 sequencing platform with pair-end 2 × 150 bp mode to

obtain sequencing data.
mRNA sequence data processing

The sequencing data were filtered using FastQC (version

0.11.5) with default criteria. Low-quality reads and adaptor reads

were removed from the raw data, and the clean data were

assembled and mapped to the sorghum assembly genome

(https://www.ncbi.nlm.nih.gov/genome/term=Sorghum

+bicolor) using HISAT2 (version 2.1.0) (Kim et al., 2015). The

value of FPKM (expected number of fragments per kb of exon

per million of reads) of reads in each sample was calculated using

Cufflinks (version 2.2.1) (Roberts et al., 2011). Principal

component analysis (PCA) and Pearson’s correlation analysis

were performed based on the FPKM of reads. The differentially

expressed genes (DEGs) by different comparisons were

identified using DESeq2 (version 1.24.0) (Anders, 2010), with

the criteria of the corrected p-value (padj) <0.05 by the negative

binomial distribution test and |log2(fold change (FC))|>0. Genes
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with log2FC >0 and log2FC <0 were identified as up- and

downregulated DEGs, respectively. Hierarchical clustering based

on the expression profiles of DEGs was presented by pheatmap

(version 1.0.10). DEGs enriched into modules correlated with the

phenotypes were separately subjected to the enrichment analysis

for Gene Ontology (GO) and Kyoto Encyclopedia of Genes and

Genomes (KEGG)pathways (Kanehisa et al., 2007). SignificantGO

biological processes (BP) andKEGGpathwayswere identified with

the criterion of p < 0.05.
Nontargeted liquid chromatography-
mass spectrometry

The chromatographic column (Accucore HILIC column;

Thermo Fisher Scientific) was maintained at 40°C with an

injection volume of 5 µl. The mobile phase (0.3 ml/min flow rate)

consisted of 0.1% formic acid, 95% acetonitrile, and 10 mM

ammonium acetate in solvent A, and 0.1% formic acid, 50%

acetonitrile, and 10 mM ammonium acetate in solvent B. The

gradient elution phase of solvent A was 98% for the first 1 min,

decreased to 50% during 1–17 min, stabilized for 0.5 min

(17.5 min), returned to 98% after 17.5–18 min, and stabilized at

98% for the last 2min (18–20min). A 5-min interval was set for the

equilibrating instrument. All samples were analyzed using a Q

Exactive (QE) HF-X mass spectrometer detector (Thermo Fisher

Scientific) in positive and negative (polarity) ionization modes

(spray voltage of 3.2 kV) with MS/MS data-dependent scans

(mass range of 100–1500 m/z). The parameters of the

electrospray ion source were set as 320°C drying gas temperature,

35 arb sheath gas flow rate, and 10 arb Aux gas flow rate. System

stability and accuracy were validated using QC samples with an

interval of five samples.
Nontargeted LC-MS analysis

The data were recorded using the compound discoverer (CD)

software, and the parameters, including retention times and mass

charge ratio of compounds, were analyzed and corrected. The

relative standard deviation (RSD) and signal-to-noise (S/N) ratio

were analyzed. After feature screening, candidate features (RSD

>30%, S/R ratio <3, signal intensity >105) were retained and aligned

against mzCloud (https://www.mzcloud.org/). QC samples were

used for data normalization, and the relative expression of the

metabolites was obtained and used for further analysis. The

resulting three-dimensional data involving the peak number,

sample name, and normalized peak area were fed into R package

metaX for PCA and projections to latent structures-discriminant

analysis (PLS-DA) (Wen et al., 2017). A Student’s t-test was used to

compare peak areas of three metabolites, with the threshold of

variable importance in the projection (VIP) value >1, fold change

(FC) ≥2 (|log2FC|≥1), and p < 0.05. A hierarchical clustering
Frontiers in Plant Science 04
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analysis was then performed to present the expression patterns of

the differential metabolites. Subsequently, the correlations between

the differential metabolites were calculated by R software (v3.1.3).

Differential metabolites with significant correlations (false discovery

rate, FDR <0.05) were retained and used for enrichment analysis of

the KEGG pathway, with significant criteria of padj < 0.05.
Soluble sugars, salicylic acid, and betaine

Soluble sugars
Soluble sugar in plant leaves was determined with themethods

used by Zhang (1992) with minor modifications. Plant leaves

(0.25 g) were placed in a boiling water bath for 1 h. Total soluble

sugar content was analyzed with the phenol-sulfuric method after

hydrolysis of starch using perchloric acid.

Salicylic acid content
In total, 1.5 g of seedling leaves was placed in a grinder, and

4 ml of 80%methanol was added to grind them. PVPwith 0.2 times

the quality of the product was continuously ground into a

homogenate. The homogenate was leached in a 4°C refrigerator

for 12 h and centrifuged (10,000 r/min, 4°C, 20 min); the

supernatant was transferred to a Petri dish and placed in a

lighted incubator to dry. A total of 2.5 ml was added to the

residue with 80% methanol and leached in a 4°C refrigerator for

12 h, followed by centrifugation. This was repeated three times.

After the liquid in the petri dish dried, 2.5 ml of 100%methanol was

added to dissolve the dry sample, which was placed into a centrifuge

tube and centrifuged (10,000 r/min, 4°C, 10 min). The supernatant

was then filtered with a 0.22-mm organic filter membrane and

placed in a refrigerator at 4°C. The salicylic acid (SA) content was

determined by high-performance liquid chromatography.

Betaine
The sample was predried at 105°C to a constant weight, 0.4 g

of the dried sample was weighed, 50 ml of glacial acetic acid was

added, and heated to dissolve. A total of 25 ml of mercuric

acetate solution was added and allowed to cool, then two drops

of crystal violet indicator were added and titrated with perchloric

acid standard solution (0.1 mol/L) until the solution turned

green. The titration result was corrected with a blank test, and

high-performance liquid chromatography was used to

determine the content of SA.
Statistical analysis

Differences in expression levels were investigated using a one-

way analysis of variance (ANOVA). The means of the values were

compared using Tukey’s multiple comparison tests. A p-value

of <0.05 was considered significant. For conjoint analysis, the

correlation analysis between the top 100 DEGs and the top 50
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differential metabolites was performed, and the p-value was

calculated. KEGG enrichment analysis was then performed on

these significantly related DEGs and differential metabolites. A p-

value of <0.05 was considered significant.
Results

Effects of salt stress on plant
physiological indicators

Physiological indicators showed that plantheight, leaf area, and

chlorophyll contents showed no significant difference between the

two sorghum varieties under normal conditions (Figure 1).

However, after salt treatment, these three indicators in the salt-

tolerant sorghum LRNK1were significantly higher than in the salt-

sensitiveLR2381. In addition, RWC inLR2381 leaves and roots had

significantly lower contents than that inLRNK1, which revealed the

serious water loss in the salt-sensitive LR2381 due to salt stress. The

morphological differences between salt-tolerant and salt-sensitive

sorghum under salt stress are obvious in the seedling period,

jointing period, and mature period (Table 1; Figure 1).
Illumina sequencing data summary

A total of 458.10 Mb of raw reads from the 12 libraries were

generated, with an average sequencing error rate of 0.02% and an

average GC content of 54.74% (Supplementary Table S2). The
Frontiers in Plant Science 05
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average data ratio of sequencing quality to Q20 and Q30 was

97.96% and 94.34%, respectively. After read mapping analysis,

an average of 92.59% of reads were uniquely mapped to the

sorghum genome sequence (Supplementary Table S2). PCA

results showed that the biological repeat samples in each

group are clustered together (Supplementary Figure S1A).

Sample-to-sample correlation analysis results showed a similar

result with PCA, indicating good consistency and reproducibility

between biological repetitions (Supplementary Figure S1B).
DEGs between salt treatment and
control group

A total of 10,771DEGs were identified by pairwise comparison

of all the groups. There were 2,354, 4,162, 719, and 1,559

upregulated DEGs and 1,863, 3,797, 1,169, and 1,576

downregulated DEGs found during the comparison of STT vs.

STC, SST vs. SSC, STC vs. SSC, and STT vs. SST, respectively

(Figure 2A). The expression pattern of all DEGs showed a

significant distinction between different groups (Figure 2B). Venn

diagram analysis results showed that there were 3,326 common

DEGs between STT vs. STC and SST vs. SSC (Figure 2C).
Functional analysis of DEGs

To reveal the role of DEGs, GO and KEGG enrichment

analyses were performed. GO enrichment results revealed that
FIGURE 1

Phenotypic differences between salt-tolerant and salt-sensitive genotypes of sorghum under control and salt stress at seedling period, jointing
period, and mature period (A) Control vs salt stress phenotypic differences at seedling period. (B) Control vs salt stress phenotypic differences at
jointing period. (C) Control vs salt stress phenotypic differences at harvest period.
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11 GO terms were significantly enriched in STT vs. STC,

including carbohydrate catabolic process (GO:0016052) and

transmembrane transport (GO:0055085). Most of the DEGs

were upregulated in the carbohydrate catabolic process,

including SbFBA (fructose-bisphosphate aldolase), SbPGK

(phosphoglycerate kinase), and SbPFK (pyrophosphate-fructose

6-phosphate) family members (Figure 3A). In addition, some GO

processes related to DNA replication were also related based on

downregulated DEGs in STT vs. STC, including DNA metabolic

process (GO:0006259), mismatch repair (GO:0006298), and

mismatched DNA binding (GO:0030983). SbCAT (catalase),

SbPUT (polyamine transporter), SbMSH (DNA mismatch

repair protein), and SbBAT (amino-acid permease) were the

key differentially expressed regulators in these GO terms

(Figure 3B). For the salt-sensitive species LR2381, 16 GO

terms were enriched, most of which were related to

photosynthesis, including photosynthesis (GO:0015979),

photosystem II (GO:0009523), and thylakoid (GO:0009579).

DEGs like SbpsbP (photosystem II oxygen-evolving complex

protein), Sbpsa (photosystem I assembly factor), and SbLHCs

(light-harvesting complex) played key roles in these processes

(Figure 3C). KEGG results showed that biosynthesis of amino

acids (sbi01230), carbon fixation in photosynthetic organisms
Frontiers in Plant Science 06
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(sbi00710), glutathione metabolism (sbi00480), and circadian

rhythm–plant (sbi04712) were significantly enriched based on

the DEGs in STT vs. STC, and most DEGs involved were

upregulated with salt treatment. Most of the genes in the C4-

dicarboxylic acid cycle (belonging to sbi00710) were active.

SbPIF (ATP-dependent DNA helicase), SbHY5 (transcription

factor HY5), and SbFT (FT-interacting protein) in circadian

rhythm–plants were upregulated. For DEGs in the glutathione

metabolism, SbNADP+ was downregulated and SbGST (probable

glutathione S-transferase) was upregulated. As for SST vs. SSC,

the upregulated DEGs were enriched in carbon fixation in

photosynthetic organisms (sbi00710), plant hormone signal

transduction (sbi04075), MAPK signaling pathway–plant

(sbi04016), glutathione metabolism (sbi00480), and carbon

metabolism (sbi01200). The downregulated DEGs were

enriched in porphyrin and chlorophyll metabolism (sbi00860),

photosynthesis (sbi00195), carbon metabolism (sbi01200),

starch and sucrose metabolism (sbi00500), and the TCA cycle

(sbi00020). DEGs in plant hormone signal transduction showed

that SbPP2C (probable protein phosphatase 2C), SbABF, SbIAA

(Auxin), SbEIN3 (EIN3-binding F-box protein), and all genes

related to salicylic acid (including SbJAR1, SbNPR1, and SbTGA)

increased by salt treatment (Figure 4). Also, SbMAP3K
B CA

FIGURE 2

Summary of DEGs between salt treatment and control. (A) Number of DEGs in different comparisons. STC: LRNK1-Control, STT: LRNK1-Salt
treatment, SSC: LR2381-Control, SST: LR2381-Salt treatment; (B) Expression heatmap of DEGs in different groups. The redder the color, the
higher the expression; the greener the color, the lower the expression. (C) Venn diagram analysis results among different comparisons.
TABLE 1 Plant physiological indicators for plant height, leaf area, leaf (FM, DM, TM, RWC), root (FM, DM, TM, RWC), and chlorophyll of salt-
sensitivity (SS).

Plant height Leaf area Leaf Root Chlorophyll

FM DM TM RWC FM DM TM RWC

SSC 34.65 a 152.23 a 1.13 a 0.13 a 1.90 a 85.3 a 1.13 a 0.14 a 1.20 a 83.6 a 1.54 a

SST 12.86 c 46.05 c 0.02 c 0.02 b 1.71 b 74.2 b 0.15 c 0.02 b 1.01 b 71.2 b 1.12 c

STC 33.57 a 151.24 a 1.02 a 0.13 a 1.87 a 85.6 a 0.94 a 0.12 a 1.19 a 83.1 a 1.53 a

STT 20.43 b 82.79 b 0.18 b 0.07 b 1.85 a 84.7 a 0.43 b 0.06 b 1.15 a 82.7 a 1.45 b
Different lowercase letters (a–c) indicate group differences at the 0.05 level (LSD postanalyses for salt-sensitive (SS) and salt-tolerant (ST) sorghum genotypes under control (C) and salt
treatment (T) groups).
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responded positively to salt stress. Photosynthesis-related genes,

including SbPsa, SbPsb, and SbPet, were downregulated by

salt stress.
Summary of the LC-MS/MS
metabolomics

The MS raw data (total ion current (TIC)) showed that there

were 548 and 824 metabolites detected from all samples and

quality controls under the negative and positive modes,

respectively. PCA results showed that metabolisms differed

between groups (Supplementary F igures S2A, B) .

XComparison analysis determined that there were 63 and 66

differential metabolites in STT vs. STC under negative and

positive ion modes, respectively (Supplementary Figures S2D,

E). As for SST vs. SSC, there were 40 and 46 differential
Frontiers in Plant Science 07
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metabolites under negative and positive ion modes,

respectively (Supplementary Figure S2C, D).
Differential metabolites responding to
salt stress

In the negative ion mode, distinct profiles of these

metabolites are shown by a heatmap in these four groups

(Figure 5A). In salt-tolerant LRNK1, 32 and 31 metabolites

were up- and downregulated, respectively, after salt treatment.

As for the salt-sensitive LR2381, salt stress mediated 31

upregulated and nine downregulated metabolites (Figure 5B).

The results of the KEGG enrichment analysis showed that plant

hormone signal transduction (sbi04075) was significantly

enriched, which was partially regulated by salicylic acid

(Com_87_neg). Aside from the two metabolites, salt stress
FIGURE 4

Differently expressed genes (DEGs) in the salicylic acid signal pathway. The redder the circle, the higher the expression. STC: LRNK1-Control,
STT: LRNK1-Salt treatment, SSC: LR2381-Control, SST: LR2381-Salt treatment.
B

CA

FIGURE 3

Heatmap of differently expressed genes (DEGs) in candidate pathways. The redder and larger the circle, the higher the expression. (A) Expression of
DEGs in carbohydrate catabolic process. (B) Expression pattern of transcripts of SbCAT, SbPUT, SbMSH, and SbBAT. (C) Expression of DEGs related
to photosynthesis.
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decreased the contents of 2-oxobutyric acid (Com_274_neg),

which was involved in multiple pathways but was different in the

two sorghum species. In addition, phenylalanine metabolism

(map00360) and starch and sucrose metabolism (map00500)

were active for energy homeostasis to cope with salt stress. Of

these, five metabolites showed different profiles in STT vs. STC

and SST vs. SSC (Table 2; Figure 5C), which is important.

In the positive ionmode, distinctmetabolic profilingwas found

after salt treatment (Figure 5D). In LRNK1, 42 and 24 metabolites

were up- and downregulated, respectively. In LR2381, salt stress

mediated 37 upregulated and nine downregulated metabolites

(Figure 5E). Metabolic profiling in salt-tolerant LRNK1,

glutathione metabolism (map00480), and flavonoid biosynthesis

(map00941) were significantly enriched in KEGG analysis, in

which glutathione disulfide (Com_2094_pos) and gallocatechin

(Com_1917_pos) act as the key regulators, respectively. As for the

salt-sensitiveLR2381, Betaine (Com_20_pos) inglycine, serine, and

threonine metabolism and ABC transporters pathway were

upregulated by salt stress. The expression of these three

differential metabolites in different groups indicated that they

were the key metabolites affected by salt stress (Table 3; Figure 5F).
Conjoint analysis of metabolomic and
transcriptomic data

To better understand the relationship between DEGs and

differential metabolites, integration analysis of metabolomic and

transcriptomic data was performed. Association results of the
Frontiers in Plant Science 08
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KEGG pathway showed that plant hormone signal transduction

(sbi04075) was active in both LRNK1 and LR2381. Glutathione

metabolism (sbi00480) was active in salt-tolerant LRNK1 but not

enriched in LR2381 (Figures 6A–D). This demonstrates that

plant hormone signal transduction (sbi04075) and glutathione

metabolism (sbi00480) are the key pathways responding to

salt stress.
Discussion

As sessile organisms, plants have developed sophisticated

strategies to respond to diverse environmental stresses. Stress

signals are perceived by several receptors at the cell membrane

level, followed by their transduction to multiple second

messengers such as abscisic acid (ABA), hydrogen peroxide

(H2O2), and nitric oxide (NO) (Shi et al., 2014). In this study,

the protective role of metabolites and gene expression patterns

on the response to salt stress was revealed. A decrease in dry and

fresh weights indicated that the leaves and roots of sorghum

were damaged by short-term salt treatment. Relative water

content is considered one of the easiest agricultural parameters

that can be used to screen plants for drought and stress tolerance

(Boutraa et al., 2010). The significant decrease in relative water

content after salt stress in our results aligns with this view.

Similar to our results, Nxele found that salinity stress could

reduce water retention in sorghum plants (Nxele et al., 2017),

which is a common response to salt stress. Under adverse

circumstances, the chlorophyll level in the plant is a good
B C

D E F

A

FIGURE 5

Differential metabolites respond to salt stress. (A, D) mean the differential metabolite content in different groups under negative and positive
modes, respectively. The redder the circle, the higher the content. (B, E) showed the differential metabolite content in different comparisons
under negative and positive modes, respectively. (C, F) showed the candidate metabolite profile content in different groups under negative and
positive modes, respectively. The redder the circle, the higher the content.
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indicator of photosynthetic function (Xu et al., 2008; Dourado

et al., 2022). It has been found that the chlorophyll level of plants

decreases with aggravated salt stress (Pires et al., 2015; Rachoski

et al., 2015; Da ̨browski et al., 2016). In this study, we

demonstrated that the chlorophyll content in the leaves of

sorghum plants was significantly decreased by salt stress,

which could be affected by oxygen species (ROS) such as O2−

and H2O2 that leads to lipid peroxidation and chlorophyll

destruction (Foreman et al., 2003; Rustioni et al., 2015;

Dab̨rowski et al., 2016). The expression of DEGs related to

chlorophyll was also decreased by salt stress, which was

consistent with the chlorophyll level of leaves.

The transcriptome analysis results revealed the DEGs and

pathways that respond to salt stress. Two sorghum species

showed differences in several biological processes. In this

study, the carbohydrate catabolic process was active after salt

treatment. Carbohydrates act as signaling molecules and play a

role in adaptive mechanisms to stress (Hanson and Smeekens,

2009; Ramel et al., 2009). Energy provision was essential for

plants to survive under abiotic stresses. To fight against abiotic

stress, the upregulation of catabolism-related proteins such as

phosphoglycerate kinase to activate energy-generating processes

seems reasonable (Ma et al., 2017). We found that members of

the SbFBAs, SbPGKs, and SbPFKs families increased under salt

stress, indicating an active energy metabolism during salt stress.

Most of the DEGs had higher expression in the salt-tolerant

LRNK1 than in the salt-sensitive LR2381 in the control group.

Under salt treatment, the expression of these genes dramatically

increased in both species. The salt tolerance of sorghum plants

could be related to the energy supply of carbohydrates under

normal conditions.
Frontiers in Plant Science 09
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To defend against salt stress, plant hormone signal

transduction (sbi04075) was active, where the salicylic acid

signal pathway showed different response patterns between the

two sorghum species. As expected, the metabolite salicylic acid

(Com_87_neg) showed a great difference between LRNK1 and

LR2381, highlighting the critical role of the salicylic acid signal

pathway during salt stress. Salicylic acid is a signaling molecule

known to participate in defense responses against a variety of

environmental stresses (Jayakannan et al., 2015a). Previous

studies have reported that salicylic acid is an important

signaling phytohormone that can increase salt tolerance in

plants (Borsani et al., 2001; Horváth et al., 2007; Jayakannan

et al., 2015b).

Salicylic acid-mediated resistance is related to the expression

of pathogenesis-related (PR) genes (Vicente and Plasencia,

2011), which is partially controlled by redox-regulated

nonexpresser of pathogenesis-related 1 (NPR1) protein, a

positive regulator of salicylic acid signaling acting downstream

of salicylic acid (Mou et al., 2003). NPR1 has also been shown to

serve as a salicylic acid receptor (Wu et al., 2012). The

overexpression of NPR1 in many species enhances the

resistance of transgenic plants to stress (Chern et al., 2001;

Fitzgerald et al., 2004). In our results, transcripts of SbNPR1

(8085633 and 8071410) were more highly expressed in LRNK1

than in LR2381, and the contents of salicylic acid increased in

LRNK1 and decreased in LR2381 after salt stress. This could lead

to higher resistance in LRNK1 sorghum.

Applying certain concentrations of salicylic acid can reduce

the salt stress of many plants, including peanuts and wheat

(Mahmood et al., 2010). Salicylic acid can increase the content or

activity of antioxidant enzymes in plants during salt tolerance,
TABLE 3 Three candidate metabolites in positive ion mode for salt-tolerant (ST) sorghum genotypes under salt treatments (T).

ID Name Formula Kegg_map

Com_2094_pos Glutathione disulfide cpd:C00127 Glutathione disulfide/GSSG/oxiglutatione/oxidized glutathione

Com_20_pos Betaine cpd:C00719 Betaine/trimethylaminoacetate/glycine betaine/N,N,N-trimethylglycine/trimethylammonioacetate

Com_1917_pos (+)-Gallocatechin cpd:C12127 (+)-Gallocatechin/gallocatechol
TABLE 2 Five candidate metabolites in negative ion mode for salt-tolerant (ST) sorghum genotype under salt treatments (T).

ID Name Formula Kegg_map

Com_406_neg Uridine C9H12N2O6 Pyrimidine metabolism/metabolic pathways

Com_2_neg Benzoic
acid

C7H6O2 Starch and sucrose metabolism/metabolic pathways

Com_2287_neg Trehalose
6-
phosphate

C12H23O14P Glycine, serine, and threonine metabolism/cysteine and methionine metabolism/valine, leucine, and isoleucine biosynthesis/
propanoate metabolism/C5-branched dibasic acid metabolism/metabolic pathways/biosynthesis of secondary metabolites/2-
oxocarboxylic acid metabolism/biosynthesis of amino acids

Com_87_neg Salicylic
acid

C7H6O3 Phenylalanine metabolism/metabolic pathways/biosynthesis of secondary metabolites/plant hormone signal transduction

Com_274_neg 2-
Oxobutyric
acid

C4H6O3 Phenylalanine metabolism/metabolic pathways/biosynthesis of secondary metabolites
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and maintain the stability of the membrane system in plants to

improve their salt tolerance of plants. The contents of hydrogen

peroxide (H2O2) and superoxide anion radical (O2−) and the

harmful oxidation of lipids in plant cells could be appraised by

increased malonaldehyde (MDA) content (Zhang X., 1992).

Increasing evidence has demonstrated that jasmonic acid

functions in the regulation of plant responses to abiotic stresses

(Qiu et al., 2014; Ding et al., 2015; Salimi et al., 2016; Aboagla et al.,

2022). Although the results of metabolomics did not reflect

differences in jasmonic acid between different species, transcripts

of SbJAZ had higher expression in LRNK1 than in LR2381. JAZ

proteins are involved in abiotic stress tolerance mechanisms (Ye

et al., 2009; Kazan, 2015; Chini et al., 2017). Enhanced stress

tolerance of transgenic lines overexpressing JAZ proteins has been

described in rice, cotton, and wild soybean (Ye et al., 2009;Wu et al.,

2014; Zhao et al., 2016; Zhu et al., 2012). From the results, we

speculated that the higher expression of SbJAZ promoted resistance

to salt stress in LRNK1 sorghum. The integration of metabolomic

and transcriptomic results also supports this inference.

Betaine can protect plants from the adverse effects of abiotic

stresses by ROS detoxification, adjusting cellular osmotica, and

protecting membrane integrity (Ashraf and Foolad, 2007; Hayat
Frontiers in Plant Science 10
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et al., 2012). The overaccumulation of betaine can improve the

stress resistance of wheat in a high-salt environment (Tian et al.,

2016). In this study, the content of betaine (Com_20_pos) in

STC (LRNK1 without salt treatment) was significantly higher

than that of SSC (LR2381 without salt treatment). After salt

treatment, the betaine in LR2381 increased; however, due to the

lack of betaine reserves before salt treatment, the LR2381 plants

suffered considerable damage under salt stress. Sufficient betaine

reserves can likely help sorghum plants resist salt stress.
Conclusion

The damage of salt stress to sorghum was similar to that of

other plants, including decreases in relative water content,

chlorophyll, and leaf weight. The dynamic gene expression

pattern responded to salt stress. As a salt-tolerant species,

LRNK1 sorghum can defend against salt stress by a variety of

biological processes. According to our results, sufficient

carbohydrate energy reserves under normal conditions are

important for resisting salt stress, and the expression of

SbFBAs, SbPGKs, and SbPFKs could reflect the activity of the
A B

DC

FIGURE 6

KEGG pathways enriched in integration analysis of metabolomics and transcriptomic data. (A–D) represent the KEGG enriched results in SST vs.
SSC, STC vs. SSC, STT vs. SST, and STT vs. STC, respectively. STC: LRNK1-Control, STT: LRNK1-Salt treatment, SSC: LR2381-Control, SST:
LR2381-Salt treatment.
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carbohydrate catabolic process. Importantly, the salt tolerance of

sorghum was mediated by salicylic acid. Plants with higher salt

tolerance have a higher salicylic acid content. Additionally, the

expression of SbNPR1, a salicylic acid receptor, was positively

correlated with salt tolerance. Similarly, betaine had been shown

to respond to salt stress in sorghum, the accumulation of which

under normal conditions was important for resisting salt stress.

Moreover, a higher expression of SbJAZ promoted resistance to

salt stress in LRNK1 sorghum. The results of this research will

play an important role in revealing the metabolic regulatory

mechanism of sorghum salt tolerance and will contribute to

sorghum breeding for salt tolerance, the efficient production of

salt tolerance, and the development and utilization of saline land.
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SUPPLEMENTARY FIGURE 2

KEGG pathways enriched in integration analysis of metabolomics and

transcriptomic data. (A–D) represent the KEGG enriched results in SST vs.

SSC, STC vs. SSC, STT vs. SST, and STT vs. STC, respectively. STC: LRNK1-
Control, STT: LRNK1-Salt treatment, SSC: LR2381-Control, SST: LR2381-
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