
Edited by  

Sreepriya Pramod, Ramsey Steven Lewis, Reyazul Rouf Mir 

and Himabindu Kudapa

Published in  

Frontiers in Genetics

Biotechnological and 
genomic approaches 
for enhancing agronomic 
performance of crops

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/research-topics/20291/biotechnological-and-genomic-approaches-for-enhancing-agronomic-performance-of-crops
https://www.frontiersin.org/research-topics/20291/biotechnological-and-genomic-approaches-for-enhancing-agronomic-performance-of-crops
https://www.frontiersin.org/research-topics/20291/biotechnological-and-genomic-approaches-for-enhancing-agronomic-performance-of-crops
https://www.frontiersin.org/research-topics/20291/biotechnological-and-genomic-approaches-for-enhancing-agronomic-performance-of-crops


March 2023

Frontiers in Genetics frontiersin.org1

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is 

a pioneering approach to the world of academia, radically improving the way 

scholarly research is managed. The grand vision of Frontiers is a world where 

all people have an equal opportunity to seek, share and generate knowledge. 

Frontiers provides immediate and permanent online open access to all its 

publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-

access, online journals, promising a paradigm shift from the current review, 

selection and dissemination processes in academic publishing. All Frontiers 

journals are driven by researchers for researchers; therefore, they constitute 

a service to the scholarly community. At the same time, the Frontiers journal 

series operates on a revolutionary invention, the tiered publishing system, 

initially addressing specific communities of scholars, and gradually climbing 

up to broader public understanding, thus serving the interests of the lay 

society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely 

collaborative interactions between authors and review editors, who include 

some of the world’s best academicians. Research must be certified by peers 

before entering a stream of knowledge that may eventually reach the public 

- and shape society; therefore, Frontiers only applies the most rigorous 

and unbiased reviews. Frontiers revolutionizes research publishing by freely 

delivering the most outstanding research, evaluated with no bias from both 

the academic and social point of view. By applying the most advanced 

information technologies, Frontiers is catapulting scholarly publishing into  

a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers 

journals series: they are collections of at least ten articles, all centered  

on a particular subject. With their unique mix of varied contributions from  

Original Research to Review Articles, Frontiers Research Topics unify the 

most influential researchers, the latest key findings and historical advances  

in a hot research area.

Find out more on how to host your own Frontiers Research Topic or 

contribute to one as an author by contacting the Frontiers editorial office: 

frontiersin.org/about/contact

FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual 
articles in this ebook is the property 
of their respective authors or their 
respective institutions or funders.
The copyright in graphics and images 
within each article may be subject 
to copyright of other parties. In both 
cases this is subject to a license 
granted to Frontiers. 

The compilation of articles constituting 
this ebook is the property of Frontiers. 

Each article within this ebook, and the 
ebook itself, are published under the 
most recent version of the Creative 
Commons CC-BY licence. The version 
current at the date of publication of 
this ebook is CC-BY 4.0. If the CC-BY 
licence is updated, the licence granted 
by Frontiers is automatically updated 
to the new version. 

When exercising any right under  
the CC-BY licence, Frontiers must be 
attributed as the original publisher  
of the article or ebook, as applicable. 

Authors have the responsibility of 
ensuring that any graphics or other 
materials which are the property of 
others may be included in the CC-BY 
licence, but this should be checked 
before relying on the CC-BY licence 
to reproduce those materials. Any 
copyright notices relating to those 
materials must be complied with. 

Copyright and source 
acknowledgement notices may not  
be removed and must be displayed 
in any copy, derivative work or partial 
copy which includes the elements  
in question. 

All copyright, and all rights therein,  
are protected by national and 
international copyright laws. The 
above represents a summary only. 
For further information please read 
Frontiers’ Conditions for Website Use 
and Copyright Statement, and the 
applicable CC-BY licence.

ISSN 1664-8714 
ISBN 978-2-83251-840-3 
DOI 10.3389/978-2-83251-840-3

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


March 2023

Frontiers in Genetics 2 frontiersin.org

Biotechnological and genomic 
approaches for enhancing 
agronomic performance of crops

Topic editors

Sreepriya Pramod — Altria, United States

Ramsey Steven Lewis — North Carolina State University, United States

Reyazul Rouf Mir — Sher-e-Kashmir University of Agricultural Sciences and 

Technology, India

Himabindu Kudapa — International Crops Research Institute for the Semi-Arid 

Tropics (ICRISAT), India

Citation

Pramod, S., Lewis, R. S., Mir, R. R., Kudapa, H., eds. (2023). Biotechnological and 

genomic approaches for enhancing agronomic performance of crops. 

Lausanne: Frontiers Media SA. doi: 10.3389/978-2-83251-840-3

Topic Editor Sreepriya Pramod is employed by the company Altria and holds 

patents related to the Research Topic subject. Topic Editor Ramsey Lewis 

has received funding from private companies and holds patents related to 

the Research Topic subject. All other Topic Editors declare no competing 

interests

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
http://doi.org/10.3389/978-2-83251-840-3


March 2023

Frontiers in Genetics frontiersin.org3

05 Editorial: Biotechnological and genomic approaches for 
enhancing agronomic performance of crops
Reyazul R. Mir, Himabindu Kudapa, Sreepriya Pramod and 
Ramsey S. Lewis

13 Discovery of miRNAs and Development of Heat-Responsive 
miRNA-SSR Markers for Characterization of Wheat 
Germplasm for Terminal Heat Tolerance Breeding
Pooja Sihag, Vijeta Sagwal, Anuj Kumar, Priyanka Balyan, 
Reyazul Rouf Mir, Om Parkash Dhankher and Upendra Kumar

25 Precision Mapping of a Maize MAGIC Population Identified a 
Candidate Gene for the Senescence-Associated Physiological 
Traits
Marlon Caicedo, Eduardo D. Munaiz, Rosa A. Malvar, José C. Jiménez 
and Bernardo Ordas

38 Omics Technologies to Enhance Plant Based Functional 
Foods: An Overview
Spurthi N. Nayak, B. Aravind, Sachin S. Malavalli, B. S. Sukanth, 
R. Poornima, Pushpa Bharati, Kathleen Hefferon, Chittaranjan Kole 
and Naveen Puppala

56 Utilizing CRISPR-Cas in Tropical Crop Improvement: A 
Decision Process for Fitting Genome Engineering to Your 
Species
Kathleen A. Joo, Michael G. Muszynski, Michael B. Kantar, 
Ming-Li Wang, Xiaoling He and Angel R. Del Valle Echevarria

64 Comprehensive In Silico Characterization and Expression 
Profiling of TCP Gene Family in Rapeseed
Yunfei Wen, Ali Raza, Wen Chu, Xiling Zou, Hongtao Cheng, 
Qiong Hu, Jia Liu and Wenliang Wei

82 Genome-Wide Identification and Expression Analysis of the 
MADS-Box Gene Family in Sweet Potato [Ipomoea batatas (L.) 
Lam]
Zhengwei Shao, Minhong He, Zhipeng Zeng, Yanzhu Chen, 
Amoanimaa-Dede Hanna and Hongbo Zhu

96 Genome-Wide Analysis of the Fatty Acid Desaturase Gene 
Family Reveals the Key Role of PfFAD3 in α-Linolenic Acid 
Biosynthesis in Perilla Seeds
Wu Duan, Yang Shi-Mei, Shang Zhi-Wei, Xu Jing, Zhao De-Gang, 
Wang Hong-Bin and Shen Qi

109 Genome-Wide Identification and Co-Expression Analysis of 
ARF and IAA Family Genes in Euscaphis konishii: Potential 
Regulators of Triterpenoids and Anthocyanin Biosynthesis
Bobin Liu, Juanli Zhu, Lina Lin, Qixin Yang, Bangping Hu, 
Qingying Wang, Xiao-Xing Zou and Shuang-Quan Zou

125 Genome-Wide Diversity of MADS-Box Genes in Bread Wheat 
is Associated with its Rapid Global Adaptability
Qasim Raza, Awais Riaz, Rana Muhammad Atif, Babar Hussain, 
Iqrar Ahmad Rana, Zulfiqar Ali, Hikmet Budak and Ibrahim A. Alaraidh

Table of
contents

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/


March 2023

Frontiers in Genetics 4 frontiersin.org

140 Comparative Transcriptome Analysis in Taraxacum koksaghyz 
to Identify Genes that Determine Root Volume and Root 
Length
Annika Wieghaus, Kai-Uwe Roelfs, Richard M. Twyman, Dirk Prüfer 
and Christian Schulze Gronover

154 Genome-Wide Evolution and Comparative Analysis of 
Superoxide Dismutase Gene Family in Cucurbitaceae and 
Expression Analysis of Lagenaria siceraria Under Multiple 
Abiotic Stresses
Shamsur Rehman, Arif Rashid, Muhammad Aamir Manzoor, 
Lingling Li, Weibo Sun, Muhammad Waheed Riaz, Dawei Li and 
Qiang Zhuge

174 CerealESTDb: A Comprehensive Resource for Abiotic 
Stress-Responsive Annotated ESTs With Predicted Genes, 
Gene Ontology, and Metabolic Pathways in Major Cereal 
Crops
Sanjeev Kumar, Jyotika Bhati, Arijit Saha, Shashi Bhushan Lal, 
Pankaj Kumar Pandey, Dwijesh Chandra Mishra, 
Mohammad Samir Farooqi, Anuj Kumar, Krishna Kumar Chaturvedi 
and Anil Rai

184 Global Survey, Expressions and Association Analysis of CBLL 
Genes in Peanut
Weifang Ren, Zhaocong Zeng, Sijian Wang, Juncheng Zhang, 
Jiahai Fang and Liyun Wan

197 Genome-Wide Identification and Expression Analysis of the 
Thioredoxin (Trx) Gene Family Reveals Its Role in Leaf Rust 
Resistance in Wheat (Triticum aestivum L.)
Ramesh Bhurta, Deepak T. Hurali, Sandhya Tyagi, Lekshmy Sathee, 
Sandeep Adavi B, Dalveer Singh, Niharika Mallick, 
Viswanathan Chinnusamy, Vinod and Shailendra K. Jha

216 An Update on Resistance Genes and Their Use in the 
Development of Leaf Rust Resistant Cultivars in Wheat
Kuldeep Kumar, Irfat Jan, Gautam Saripalli, P. K. Sharma, 
Reyazul Rouf Mir, H. S. Balyan and P. K. Gupta

227 Genotyping-by-Sequencing Based Molecular Genetic 
Diversity of Pakistani Bread Wheat (Triticum aestivum L.) 
Accessions
Shabbir Hussain, Madiha Habib, Zaheer Ahmed, Bushra Sadia, 
Amy Bernardo, Paul St. Amand, Guihua Bai, Nida Ghori, 
Azeem I. Khan, Faisal S. Awan and Rizwana Maqbool

241 Novel GBS-Based SNP Markers for Finger Millet and Their Use 
in Genetic Diversity Analyses
Haftom Brhane, Teklehaimanot Haileselassie, Kassahun Tesfaye, 
Rodomiro Ortiz, Cecilia Hammenhag, Kibrom B. Abreha and 
Mulatu Geleta

258 Heterologous Expression of Arabidopsis AtARA6 in Soybean 
Enhances Salt Tolerance
Zhipeng Hong, Yang Li, Yang Zhao, Mingyu Yang, Xiaoming Zhang, 
Yuhan Teng, Linjie Jing, Danxun Kong, Tongxin Liu, Shuanglin Li, 
Fanli Meng, Qi Wang and Ling Zhang

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/


Editorial: Biotechnological and
genomic approaches for
enhancing agronomic
performance of crops

Reyazul R. Mir1*, Himabindu Kudapa2, Sreepriya Pramod3 and
Ramsey S. Lewis4

1Division of Genetics and Plant Breeding, Faculty of Agriculture, Sher-e-Kashmir University of
Agricultural Sciences and Technology Srinagar, Srinagar, India, 2International Crops Research Institute
for the Semi-Arid Tropics (ICRISAT), Patancheru, India, 3Altria Client Services LLC, Center for Research
and Technology, Richmond, VA, United States, 4Department of Crop and Soil Sciences, North Carolina
State University, Raleigh, NC, United States

KEYWORDS

biotechnology and bioinformatics, genomics (genetic tests and databases), crop
improvement, gene, markers

Editorial on the Research Topic

Biotechnological and Genomic Approaches for Enhancing Agronomic

Performance of Crops

Why do we need to care and what is the solution?

The knowledge of plant genetics and plant genomics is very important in advancing

our understanding of the fundamental processes in the science of plant biology. Different

biotic and abiotic stresses coupled with changing climatic conditions cause economic

losses in most major crops worldwide. Pioneering strategies for improving plant health

and defense mechanisms can inform vital priorities for maintaining agricultural

production and supply a rapidly expanding global population. Despite the advances

made in plant breeding, there is a need to support our cultivar development programs to

understand the limitations in productivity and to direct efforts towards gaining precise

understanding of the target genes responsible for controlling the traits of interest in any

given crop. The advent of advanced genomic tools and technologies can now enable

developing high-yield, stress-tolerant crop varieties (see Raza et al., 2021; Pazhamala et al.,

2021).

The science of plant breeding is most important and helps in delivering new varieties

with novel trait combinations and improved agronomic performance. The science of plant

breeding is continuously evolving and one of the reasons for this continual progress is the

integration of biotechnological/genomics tools and techniques with plant breeding. Great
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success has been achieved over the years in trait phenotyping,

genotyping approaches/methods, and biotechnological

approaches and their use in crop improvement programs (Mir

et al., 2015, 2019). The progress and new advancements made in

these research areas continue to reduce the time and cost from

discovery of genes/quantitative trait loci (QTLs) for traits of

interest followed by their deployment in existing improved

cultivars through marker-assisted selection (MAS). The

broader research community has provided a wealth of

genomics/transcriptomics resources, as evident by the fact that

an increasing number of high-quality reference or draft genomes,

pan-genomes, transcriptomes, and molecular markers are

becoming available for almost all crop plants.

A variety of different kinds of molecular markers have been

developed in almost all important crop plants in the world

(Gupta et al., 2008, 2013a; Mir et al., 2013a,b; Mir and

Varshney 2013; Tyagi et al., 2019, 2021; Kumar et al., 2021;

Sagwal et al., 2022). More new types of molecular markers have

been discovered and used for crop improvement programs. For

instance, molecular markers have been used extensively in

different activities including the study of genetic diversity of

different crop germplasm resources (Banerjee et al., 2012;

Choudhary et al., 2021; Shafi et al., 2021; Tahir et al., 2021),

study of population structure, development of high-density

genetic/linkage maps, and mapping genes through traditional

quantitative trait loci (QTL) mapping/family mapping and

somewhat modern genome-wide association studies (GWAS)/

population mapping (Gupta et al., 2013b). In addition, these

markers have been also used extensively in the development of

improved crop varieties through modern breeding approaches

like marker-assisted selection (MAS)/marker-assisted gene

pyramiding, marker-assisted recurrent selection (MARS), and

genomic selection (GS)/genome-wide selection (GWS) (Mir

et al., 2012). For example, in rice through marker-assisted

gene pyramiding two major bacterial blight (Xa21 and xa13)

and two major blast resistance genes (Pi54 and Pi1) were

introgressed into a mega variety Tellahamsa (Jamaloddin

et al., 2020).

Newer emerging molecular markers, also known as next-

generation molecular markers are expected to accelerate crop

improvement programs (Mir et al., 2022). For instance, new

markers including structural variations (SVs) and k-mers are

believed to be extremely useful in GWAS and in other gene

discovery programs (Mir et al., 2022). New genomics tools are

continuously evolving. For instance, whole-genome re-

sequencing (WGRS), QTL sequencing (QTL-Seq) and

restriction site-associated DNA (RAD) genotyping have

recently emerged and have revolutionized the gene

discovery programs and therefore crop improvement

programs (Mir et al., 2013a; Mir and Varshney 2013; Mir

et al., 2022). The first set of tools for fine mapping of genes/

QTLs influencing economically significant quantitative traits,

such as biotic/abiotic stressors and agricultural yields, are

reference genomes, transcriptomes, and molecular markers

(Barmukh et al., 2022).

The study of genetics and development of improved varieties

is quite easy for traits controlled by one of few genes (Qualitative

traits). However, for quantitative traits, which are controlled by

large number of minor genes, the improvement is not

straightforward. For these quantitative traits, some

sophisticated approaches have been developed for mapping

genes/QTLs responsible for these traits followed by their

deployment into cultivars. Several genome mapping

approaches have been used in crop plants for decades (Mir

et al., 2012; Gupta et al., 2013b). Among these approaches,

QTL mapping is one of the most important traditional

mapping approaches for mapping genes affecting quantitative

traits. The QTL mapping method involves the use of bi-parental

mapping populations developed using contrasting parental

genotypes. Although used in many crop plants for genetic

dissection, the QTL mapping method has several limitations

and some of them are as follows: 1) involves the development of

bi-parental mapping populations that can be time-intensive; 2)

populations are derived using only two parental genotypes

resulting in low mapping resolution and little diversity; 3) low

rates of marker polymorphism. On the other hand, alternative

approaches now widely used in genome mapping projects are

genome-wide association studies (GWAS) or association

mapping analyses. These methods have several advantages

over traditional QTL mapping approaches. Some of these

advantages are enumerated below: 1) diverse unrelated

genotypes are used; 2) high mapping resolution due to a

several cycles of historical recombination events; (iii) no

marker is mono-morphic; and 4) there is no requirement to

develop mapping populations. Additionally, several new

advances such as gene-based trait mapping have aided gene

discovery in crop plants. The increased speed of rapid

sequencing has resulted in a decline in sequencing costs.

These advancements facilitated the generation of draft

genomes of >800 plant species, and the number continues to

increase (Kulwal et al., 2022). The sequencing of a large number

of plant genomes have not only facilitated the discovery of genes,

alleles, markers, etc., but also introduced the new concept of the

plant pangenome, consisting of the “core genome” and the

“dispensable genome” (see Kahn et al., 2020). Once identified,

desirable allelic variability can be utilized in breeding programs

through marker-assisted selection (MAS) including marker-

assisted gene pyramiding. These breeding approaches rely on

the use of markers associated with the QTL/gene of interest for

foreground selection in segregating populations over the

generations. Furthermore, whole genome screening combined

with the use of novel breeding technologies, such as gene editing,

enables more precise trait modification. The successful transfer of

cultivars with improved agronomic performance from research

settings to commercial growing situations continues to be the

ultimate goal.
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This Research Topic on ‘Biotechnological and genomic

approaches for enhancing agronomic performance of crops’

contributes to different aspects of plants genetics, genomics

and biology. The Research Topic includes a total of 18 articles

(fifteen research articles and three review articles) that cover

recent advances in plant/crop research in the context of genomic

resource development in different crops, functional genomics,

gene discovery through different approaches, and understanding

mechanisms of tolerance to different biotic/abiotic stresses.

Several omics tools and technologies have been used to mine/

characterize genes and gene families to facilitate their use in crop

improvement. Initial characterization of genes/gene families has

been limited to model plants - Arabidopsis thaliana,

Brachypodium distachyon, Medicago truncatula, due to their

typical features such as small genome size, ease of cultivation,

dwarf plant phenotype and responsiveness to genetic

transformation.

Next generation sequencing (NGS) has enabled the

generation of comprehensive genomic and transcriptomic

resources in many crops including model cereal (rice [Oryza

sativa], wheat [Triticum aestivum], maize [Zea mays].) and

legume (common bean [Phaseolus vulgaris], pea [Pisum

sativum], soybean [Glycine max], chickpea [Cicer arietinum])

crops. In addition, the availability of these resources has

facilitated their use in non-model crops leading to analysis of

gene families, gene discovery, differential gene expression of

various genes/gene families specific to stress responses, plant

growth and development. To provide a comprehensive overview,

the manuscripts in this Research Topic are categorized and

summarized below under various sub-headings.

Marker development, germplasm
characterization, and genome
mapping/gene discovery/gene
analysis

Discovery of molecular markers followed by their use in crop

improvement programs is one of the most important activities in

crop genomics/molecular breeding. A new class of molecular

markers termed “micro-RNA derived SSR markers” has been

developed and used by Sihag et al. in characterizing a set of wheat

genotypes for important trait “heat tolerance”. The study led to

the identification of 104 heat-stress-responsive miRNAs already

reported in different crop plants and validated a set of

70 miRNA-SSRs on 20 contrasting genotypes for heat

tolerance. However, among these miRNA-derived SSRs

markers, a set of only 19 were found polymorphic. These

polymorphic markers were further tried for the study of

genetic diversity and population structure of the selected

wheat genotypes for heat tolerance. The analysis of genotypic

data revealed that a smaller number of alleles (2.9 alleles per

locus) were detected. Further analysis identified two important

markers “miR159c and miR165b” that could discriminate

between contrasting genotypes declared as promising

diagnostic markers. We believe the results of the study are

very important and may help in characterization of wheat

germplasm for heat tolerance at the earliest stage and thus

can save lot of time, efforts and money. The markers could be

also used in wheat molecular breeding programs through MAS.

In addition to marker discovery, availability of all the marker

resources developed for important traits in different crops in a

single database would provide a useful catalog for marker assisted

breeding activities. In this direction, Kumar S. et al. integrated,

analyzed, and characterized the ESTs responsible for important

abiotic stresses in some important cereals in the database

“CerealESTdb”. The data base will prove useful for scientists

working in the area. The data base can prove useful to fetch the

information about ESTs from important crops like rice, wheat,

sorghum, and maize. The data base possess a set of

55,826 assembled EST sequences. In addition, a set of

51,791 predicted genes models and 254,609 gene ontology

terms including extensive information on 1,746 associated

metabolic pathways can be accessed in the data base. More

efforts need to be made to help decipher complex biological

phenomena under abiotic stresses. The “CerealESTdb” database

can be publicly accessed at “URL http://cabgrid.res.in/

CerealESTDb”.

In one of the most important studies genetics-based

senescence in maize, Caidedo et al. carried out GWAS to

discover causative genetic variants influencing the major

physiological measures of senescence. Plants use senescence

as a defense mechanism against abiotic and biotic stresses. In

this study, four physiological and two agronomic traits

influencing senescence were recorded. The authors

evaluated a set of 672 recombinant inbred lines (RILs) for

two consecutive years. A set of 36 candidate genes were

identified, including 11 genes supported by additional

evidence for their involvement in senescence-related

processes. Further, involvement of a key determinant of

senescence “Zm00001d043586” in chlorophyll rate

degradation was identified during late plant development

stages. This study enhances our understanding of the

genetic relationship between senescence and physiology

related parameters in maize and provides new putative

molecular markers for use in marker assisted selection.

The characterization of crop germplasm is one of the crucial

steps in crop improvement programs. In this direction, an article

by Hussain et al. presented characterization of Pakistani bread

wheat germplasm Research Topic using genotyping by

sequencing (GBS) approach. The study used a diverse

germplasm of 184 Pakistani wheat genotypes. The genotypes

were subjected to high-throughput genotyping (GBS genotyping)

with a set of 123,596 high-quality single nucleotide

polymorphism (SNP) markers. The study presented a detailed

distribution of SNPs on different bread wheat genomes and
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several genetic diversity parameters along with estimates of

genome-wide linkage disequilibrium. The results of population

structure, principal coordinate analysis, phylogenetic tree, and

kinship analysis will prove useful in future Pakistani wheat

breeding programs and in the study of marker-trait

associations for important traits. Similarly, Brhane et al. used

GBS based SNP markers for the study of genetic diversity in

finger millet. The GBS method was used to simultaneously

identify SNP markers as well as to genotype 288 finger millet

genotypes collected from Ethiopia (228 landraces and

14 cultivars) and Zimbabwe (46 landraces). The

288 genotypes were further structured into seven sub-

populations. Further analysis through AMOVA revealed

genetic differentiation among sub-populations classified on the

basis of geographical origin and trait data. The resultant genetic

diversity from this study has the potential to improve future

breeding programs for finger millet.

Leaf rust is one of the most devastating fungal diseases

affecting wheat globally. More than 80 genes/QTLs have been

identified for this disease on different chromosomes. In

addition, some novel genes have also been identified for

this disease. Kumar K. et al. presented a very

comprehensive and timely review on leaf rust resistant

genes and the development of resistant varieties. The

review provided particularly valuable information on all of

the leaf rust resistance genes including novel genes identified

from different studies. Leaf rust resistance genes identified

through QTL interval mapping and GWAS have been

summarized in the review. The leaf rust resistance genes

introgression/pyramiding into commercial/prominent

cultivars from 18 different countries including India have

been also tabulated. A comprehensive presentation of the

challenges and future perspectives for breeding of leaf rust

resistance will prove useful for global programs in wheat

genetics and breeding. Another article in this Research

Topic by Bhurta et al. demonstrated the importance of

genome-wide identification and expression analysis of the

Thioredoxin (Trx) gene family in wheat and examined the

implication of Trx genes in leaf rust resistance. Thioredoxin

(Trx) is a low molecular weight, thermostable, redox

regulator. Redox regulators can control cellularhomeostasis

viareactive oxygen species (ROS) and reactive nitrogen species

(RNS) in response to pathogenic infections. The study

identified a total of forty-two (42) wheat Trx genes (TaTrx)

across the wheat genomes, with 12 on A, 16 on B, and 14 on D

genomes, respectively. Further, eight of the 15 TaTrx genes

selected based on in silico expression analysis, were further

confirmed to be differentially targeted by microRNAs

(miRNA). Gene expression analysis usingquantitative real-

time PCR (qRT-PCR) revealed that TaTrx genes, TaTrx11-5A,

TaTrx13-5B, TaTrx14-5D, and TaTrx15-3B are significantly

induced in response to leaf rust infection in wheat (Bhurta

et al.).

Functional genomics/transcriptomics

In plants, several studies reported an important role of

transcription factor (TF) gene families in diverse processes

such as developmental control and elicitation of defense/stress

responses. For example, in rice, genome wide analysis of

dehydrin (DHNs) gene family revealed that DHNs play an

important role in combating dehydration stress (Verma et al.,

2017). Similarly, the identification of AP2/ERF TF superfamily

genes in five legumes Medicago, lotus, common bean, chickpea

and pigeon-pea along with expression profiling in chickpea and

pigeon-pea uncovered implications for AP2/ERF and HSP90

genes in biotic and abiotic stresses (Agarwal et al., 2016). In

this Research Topic, several articles are devoted to the significant

role of functional genomics in the identification of gene families

that control plant growth, development, biotic/abiotic stresses.

For instance, theMADS-box gene family members serve a variety

of roles in crop plant growth and development, and they hold a

lot of promise for increasing grain yields under changing global

conditions. An article in this issue by Shao et al. focused on the

identification and expression analysis of MADS-Box gene family

in sweet potato [Ipomoea batatas (L.) Lam]. MADS-box is one of

the largest TF families in plants, with important roles in plant

growth and development. This study provided a comprehensive

analysis and identification of 95 MADS-box genes in sweet

potato. These genes were analyzed and further categorized

based on phylogenetic analysis with Arabidopsis MADS-box

proteins. The MADS domain and core motifs of the sweet

potato MADS-box genes were identified, with 19 genes

showing collinear relationships and duplication events.

Furthermore, RNA-Seq data suggested tissue-specific

expression patterns for MADS box genes, including 34 being

highly expressed in flowers and fruits, and 19 being highly

expressed in the roots. Validation of these expressed genes

though qRT-PCR revealed higher expression of five genes, viz.

IbMADS1, IbMADS18, IbMADS19, IbMADS79, and IbMADS90

in the tuberous root or fibrous root, and three genes IbMADS18,

IbMADS31, and IbMADS83 in the fruit. This study investigated

the effects of MADS-box genes on the growth and development

of sweet potato which provided molecular clues for use in sweet

potato breeding.

In another article, the limited knowledge on MADS-box

genes in the wheat genome is being rectified by a genome-

wide investigation of the publicly accessible wheat reference

genome undertaken by Raza et al. and has led to the

identification of 300 MADS-box genes with high confidence.

The identified genes were classified into 16 subfamilies after

phylogenetic analysis with Arabidopsis and rice MADS-box

genes. The in silico expression data suggested that MADS-box

genes function as active plant protectors against pathogen

insurgency and harsh climatic circumstances. The authors

further presented a comprehensive set of MADS-box genes in

the wheat genome, which could help speed up functional

Frontiers in Genetics frontiersin.org04

Mir et al. 10.3389/fgene.2022.991630

8

https://www.frontiersin.org/articles/10.3389/fgene.2022.848627/full
https://www.frontiersin.org/articles/10.3389/fgene.2022.816057/full
https://www.frontiersin.org/articles/10.3389/fgene.2022.836030/full
https://www.frontiersin.org/articles/10.3389/fgene.2022.836030/full
https://www.frontiersin.org/articles/10.3389/fgene.2022.836030/full
https://www.frontiersin.org/articles/10.3389/fgene.2021.750137/full
https://www.frontiersin.org/articles/10.3389/fgene.2021.818880/full
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.991630


genomics studies and bridge gaps between genotype-to-

phenotype correlations by fine-tuning agronomically relevant

features.

High-throughput sequencing technologies have been widely

used to generate large amounts of genome-wide gene expression

data (Kudapa et al., 2018). Gene expression patterns aid in better

understanding of the functional elements of the genome, and also

enable insights into development and disease resistance in plants.

In addition to transcriptome analysis in a single genotype or

tissue, comparative transcriptome analysis from multiple lines/

growth stages/tissues can demonstrate numerous essential

biochemical pathways and common genes in response to one

or more stresses. Several prior studies have validated the

effectiveness of comparative transcriptomics. For example, in

wheat, comparative transcriptomics analysis was performed in

susceptible and resistant wheat lines to identify genes and

pathways that are targeted by obligate biotrophic fungal

pathogens (Poretti et al., 2021). Similarly, in chickpea,

comparative transcriptome analysis of control and inoculated

roots of three resistant/susceptible genotypes revealed key genes

associated with root-lesion nematode resistance (Channale et al.,

2021).

In the current issue, comparative transcriptomic analysis was

conducted in the Russian dandelion (Taraxacum koksaghyz)

between plant populations differening in their root

morphology (sizes and shapes), to identify key genetic

determinants of root morphology (Wieghaus et al.). The

genetics underlying the size and shape of roots of the Russian

dandelion are key tragets for improvement as it is the primary

storage location for natural rubber and inulin. Further, the

Russian dandelion is considered an alternative source of

natural rubber to the natural rubber tree (Hevea brasiliensis).

The study identified differentially expressed genes correlating

with different root morphotypes, resulting in the identification of

multiple candidate genes, including a glucan endo-1,3-β-d-

glucosidase, an allene oxide synthase 3, a TIFY10A/

JAZ1 homolog. The results were further validated using qRT-

PCR for two genes in Russian dandelion plants and its correlation

with different root morphologies. These results confirm the

effectiveness of comparative transcriptomics and its

deployment in marker-assisted breeding of the Russian

dandelion (Wieghaus et al.).

Our special topic also featured the elucidation of gene family

research in crops, Perilla frutescens and Euscaphis konishii known

for their medicinal values in Asia. Both studies were facilitated by

the availability of publicly available genome and transcriptomic

datasets of these species. Duan et al. conducted genome-wide

analysis of the fatty acid desaturase (FAD) gene family in Perilla

(P. frutescens) seeds known for their high α-Linolenic Acid

(ALA) content and characterized 42 members of the FAD

gene family which are known to be important players in the

ALA biosynthesis pathway. This study also performed

bioinformatic analyses of conserved domains, cis-regulatory

elements, phylogenetic analyses, and characterized gene

expression profiles in various tissue types. Further

characterization of a Perilla FAD gene using overexpression in

Arabidopsis thaliana demonstrated anincrease in ALA content in

seeds.

The second study conducted by Liu et al. focused on

characterization of 27 Auxin Response Factors (ARF) and

34 Auxin/Indole-3-acetic acid (Aux/IAA) protein families thus

providing better understanding of their role in triterpenoid and

anthocyanin biosynthesis in Euscaphis konishii fruits. This study

also provides bioinformatic analyses of conserved domains, cis-

regulatory elements, phylogenetic analyses and gene expression

profiles characterized in various tissue types. The analysis of

results suggested that EkIAA and EkARF genes remained

conserved. Further, downstream analyses using qRT-PCR,

yeast one-hybrid, and transient expression provide insight into

the interaction between EkARF5.1 and auxin response elements.

This study provides gene targets including EkARF5.1that could

help with the objective of crop improvement.

Under adverse conditions, superoxide dismutase (SOD)

enzymes acts as the first line of defense in the plant

antioxidant system, removing reactive oxygen species (ROS).

SOD proteins are found throughout the plant kingdom and serve

an important role in plant growth and development.

Cucurbitaceae, the gourd family consisting of about

975 species is a significant economic and nutritional crop in

the world. However, this crop has not undergone a full

investigation of the SOD gene family. Rehman et al.

conducted a genome-wide comparative analysis of the SOD

gene family in Cucurbitaceae as well as gene expression

analysis of Lagenaria siceraria under different abiotic stresses.

The study identified 43 SOD genes from Cucurbitaceae species

and analysis of these genes revealed that SOD genes could be

divided into eight subfamilies. Further, the structural analysis of

SOD gene family shows that the exon/intron structure and motifs

are well preserved. Further, phylogenetic and population

structure analysis revealed functional divergence of the

Cucurbitaceae SOD gene family. Also, qRT-PCR of eight Lsi

SOD genes shows differential response to various abiotic stresses,

including droughtand cold stress. This study laid the groundwork

for further detailed analysis of the role of the SOD gene family in

Cucurbitaceae for improvement of this important crop.

Similarly, Wen et al. performed genome-wide analysis of TCP

genes in the rapeseed genome, which includedin silico

characterization and gene expression analysis. The study led to

the identification of 80 BnTCP genes and these genes could be

grouped into two main classes (Class I - PCF and Class II - CYC/

TB1) based on phylogenetic analysis. Further gene structural

analysis shows diverse intron exon patterns as well as number of

motifs, and phylogentic analysis shows a pattern of positive selection

and duplications. The study also identified four hormone- and four

stress-related responsive cis-elements in the promoter regions. Gene

ontology enrichment analysis, shows enrichment within RNA/DNA

Frontiers in Genetics frontiersin.org05

Mir et al. 10.3389/fgene.2022.991630

9

https://www.frontiersin.org/articles/10.3389/fgene.2021.784883/full
https://www.frontiersin.org/articles/10.3389/fgene.2021.784883/full
https://www.frontiersin.org/articles/10.3389/fgene.2021.735862/full
https://www.frontiersin.org/articles/10.3389/fgene.2021.737293/full
https://www.frontiersin.org/articles/10.3389/fgene.2021.784878/full
https://www.frontiersin.org/articles/10.3389/fgene.2021.794297/full
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.991630


binding, metabolic processes, and transcriptional regulatory

activities. Transcriptome widetissue-specific expression analyses

indicates that only a few genes (BnTCP9, BnTCP22, BnTCP25,

BnTCP48, BnTCP52, BnTCP60, BnTCP66 and BnTCP74) are

upregulated in root, stem, leaf, flower, seeds, and silique.

Similarly, qRT-PCR-based expression analysis indicates that

BnTCP36, BnTCP39, BnTCP53, BnTCP59 and BnTCP60 are

upregulated at certain timepoints uponhormone treatment and

abiotic stresses. These genes did not respond to drought and

methyl jasmonate (MeJA). These insights pave the way for

future research into importance of BnTCP gene family in

rapeseed, particularly for tolerance to abiotic stresses.

Ren et al. studied the expression and association analysis of

CBLL genes in peanut. In the study, CBL-like genes were

classified as those with the Cys Met Meta PP domain. A set of

29 CBLL genes including 12 from cultivated peanuts and 17 from

wild species were identified. The genes were found scattered at

the ends of different chromosomes. These identified CBLL

proteins were found to have five separate evolutionary

branches based on evolution, gene structure, and motif

analysis. The chromosome distribution patterns and synteny

analyses identified whole-genome duplication (allo-

polyploidization) leading to the expansion of CBLL genes.

Further comparative genomics investigation showed that there

were three shared collinear CBLL gene pairs between peanut,

Arabidopsis, grape, and soybean, but none between peanut and

rice. The authors also identified one polymorphic site in

AiCBLL7 through association analysis. This site is believed to

be closely associated with pod length (PL), pod width (PW),

hundred pod weight (HPW) and hundred seed weight (HSW).

Hong et al. performed a comparative transcriptomics study

under different abiotic stresses, to better understand the role ofA.

thaliana gene AtARA6 and its contribution to abiotic stress

tolerance in soybean. The gene is known to play an important

role in salt tolerance in A. thaliana. Transcriptome sequencing

and subsequent differential expression analysis of transgenic

soybean overexpressing AtARA6 and wild-type, “Shen Nong

9” (SN9) under salt treatment and water treatment indicate

several key categories of genes, including transcription factors

such as WRKY86 that are significantly impacted after salt

treatment. The results suggest the role of AtARA6 gene in salt

tolerance in transgenic soybean via regulation of soybean SNARE

complexes. Thus, these investigations provide the gene

expression changes mediated by abiotic stresses in transgenic

soybean overexpressing AtARA6 gene, and some insights into the

mechanism mediating salt tolerance in soybean.

Genome editing and omics
approaches for functional foods

Functional foods are plant-based foods that provide health

advantages in addition to basic nourishment, such as fruits,

vegetables, spices, cereals, millets, pulses, and oilseeds. Few crops

have been studied to uncover their use as functional foods. Nayak

et al. compiled a very important review article on recent advances

made in different omics tools and technologies for enhancing plant

based functional foods. A variety of omics approaches/integrated

omics including genomics, transcriptomics, proteomics,

metabolomics coupled with artificial intelligence and machine

learning approaches have been proposed to improve crops plant

yields and/or functional profiles. The authors have been made to

compile literature and provide comprehensive insights into omics

studies that have been carried out to uncover active components and

crop improvement by enhancing the functional compounds in

different crop plants. Further efforts are required to characterize

functional foods used in traditional medicines, as well as application

of this knowledge to improve biofortification of staple food crops in

order to tackle malnutrition and hunger in the world.

Among the several recently emerging genomics tools and

techniques, CRISPR-Cas is one of the most promising genome

editing tools being used in crop improvement programs.

Therefore, a comprehensive review was presented by Joo et al.

on “Utilization of CRISPR-Cas in Tropical Crop Improvement”.

The authors provided a clear workflow with distinctprocesses

with specific steps as well as decision points that should make

practical application of the CRISPR-Cas gene editing platform

more structured. The authors outlined different steps involved in

the process with the aim of democratizing the technology and

helping any lab planning to implement CRISPR-cas in their

workflow.

Perspective

The contributions in this Research Topic provide a wealth of

information on different aspects of genetics, genomics, crop

biotechnology, and molecular plant biology. Genomic

technologies, procedures, and statistical methodologies must

continue to evolve in order to advance the discipline and

breed genotypes that will fulfill future food needs as well as

adaptability of crops to climate change. The development as well

as use of new marker types derived from different sources, such

as miRNA-derived SSRs, are essential for examining genetic

linkages, population structure analyses, and marker-trait

interactions with different important traits. Furthermore,

developments in NGS technology have made it easier to

construct and use pangenomes which will expand the number

of DNA markers available for GWAS. These marker resources

will aid in utilizing hitherto untapped genetic resources to

accurately breed for the desired characteristic in a short

period of time, which would have been otherwise difficult to

achieve.

The utilization of high-throughput genotyping systems for

the study of genetic diversity, population structure, functional

genomics, transcriptomics, whole-genome scanning and
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mapping genes/QTLs for critical features like biotic/abiotic stress

tolerance, and climate resilience, were underscored in several

publications in the Research Topic. Emphasis was also laid on

genome-wide analysis of different gene families in important

crop plants and in non-model crop plants. These gene families

are responsible for governing important traits. Bi-parental

mapping populations for QTL/gene discovery and varied

germplasm resources for genome-wide association studies

(GWAS) were utilized. However, study and analyses of multi-

parental mapping populations can improve precision gene/QTL

identification. Furthermore, new advanced gene discovery

methods/multi-locus approaches are needed to uncover genes/

QTLs, which can lead to the discovery of candidate genes for

functional characterization by gene deletion, mutagenesis, and

genome editing. The Research Topic aims to demonstrate how to

use multi-parental populations and QTL identification to breed

genotypes for different traits and encourages readers to apply this

knowledge to breeding next-generation crop varieties.
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A large proportion of the Asian population fulfills their energy requirements from wheat
(Triticum aestivum L.). Wheat quality and yield are critically affected by the terminal heat
stress across the globe. It affects approximately 40% of the wheat-cultivating regions of
the world. Therefore, there is a critical need to develop improved terminal heat-tolerant
wheat varieties. Marker-assisted breeding with genic simple sequence repeats (SSR)
markers have been used for developing terminal heat-tolerant wheat varieties; however,
only few studies involved the use of microRNA (miRNA)-based SSR markers (miRNA-
SSRs) in wheat, which were found as key players in various abiotic stresses. In the
present study, we identified 104 heat-stress-responsive miRNAs reported in various
crops. Out of these, 70 miRNA-SSR markers have been validated on a set of 20
terminal heat-tolerant and heat-susceptible wheat genotypes. Among these, only 19
miRNA-SSR markers were found to be polymorphic, which were further used to study
the genetic diversity and population structure. The polymorphic miRNA-SSRs amplified
61 SSR loci with an average of 2.9 alleles per locus. The polymorphic information
content (PIC) value of polymorphic miRNA-SSRs ranged from 0.10 to 0.87 with a
mean value of 0.48. The dendrogram constructed using unweighted neighbor-joining
method and population structure analysis clustered these 20 wheat genotypes into
3 clusters. The target genes of these miRNAs are involved either directly or indirectly
in providing tolerance to heat stress. Furthermore, two polymorphic markers miR159c
and miR165b were declared as very promising diagnostic markers, since these markers
showed specific alleles and discriminated terminal heat-tolerant genotypes from the
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susceptible genotypes. Thus, these identified miRNA-SSR markers will prove useful in
the characterization of wheat germplasm through the study of genetic diversity and
population structural analysis and in wheat molecular breeding programs aimed at
terminal heat tolerance of wheat varieties.

Keywords: Triticum aestivum L., genetic diversity, simple sequence repeats, population structure, marker
assisted breeding, heat responsive genes

INTRODUCTION

Triticum aestivum L. is the most commonly used hexaploid
bread wheat (AABBDD; 6X = 2n = 42) with genome size of
approximately 17 GB. It is derived via crossing among tetraploid
Triticum turgidum (AABB) and diploid Aegilops tauschii (DD),
whereas T. turgidum (AABB) was derived via crossing between
Triticum urartu (AA) and Aegilops speltoides (BB) (Petersen et al.,
2006). Wheat is the second principal staple food cereal of the
world fulfilling the maximal carbohydrates dietary requirement
(Kumar et al., 2013). To meet the food demand of the rapidly
growing population, wheat productivity should be enhanced by
40–50% by 2050 (Sharma et al., 2021). Terminal heat stress is
the serious issue in wheat-cultivating regions due to the rise
in temperature every year because of the global warming effect
(Mitra and Bhatia, 2008). Heat stress at the time of anthesis and
grain filling adversely affects wheat quality and yield in terms of
grain number and grain weight (Ferris et al., 1998; Kumar et al.,
2013). A reduction of 4–6% in wheat grain yield was observed
for every 1◦C increase in temperature (Zhao et al., 2017).
High temperature at the time of flowering reduces its fertility
and disrupts photosynthesis mainly through leaf senescence,
leading to heavy yield losses (Fábián et al., 2019). Substantial
variation for heat tolerance is available among wheat cultivars and
breeding lines but remains relatively unexploited. In comparison
to the heat-susceptible lines, the genotypes maintaining yields
under higher temperatures must contain genes that prevent
degradation of chlorophyll molecules, maintain low canopy
temperature, and encode enzymes that can maintain activity
under elevated temperatures.

The heat tolerance capability of a genotype depends on
different physiological, biochemical, and genetic parameters,
which are directly or indirectly involved in providing defense
against heat stress (Kumar R. R. et al., 2017). The microRNAs,
transcription factors (TFs), signaling molecules, and heat-shock
proteins (HSPs) play key roles in providing thermotolerance
(Kumar et al., 2012). The microRNAs are small (19–24 bp),
non-coding RNA molecules synthesized endogenously from
microRNA (miRNA) genes and present in both prokaryotes
and eukaryotes (Rhoades et al., 2002; Tyagi et al., 2019). It
is well known that the miRNAs control the gene expression
either by direct cleavage of the target mRNA or its suppression
at translational level (Bej and Basak, 2014). These are vital
regulatory elements intricate in several biotic and abiotic
stress responses (Singh and Shah, 2014; Jatan and Lata,
2019). Numerous abiotic-stress-associated miRNAs have been
recognized and characterized in plants, whereas only few
reports are available in wheat (Ohama et al., 2017). In the

case of abiotic stress, a strong interaction between miRNAs
and TFs has been noticed. The miRNAs and TFs interaction
regulate the expression of a particular gene either by its
upregulation or downregulation in a significant manner (Chow
et al., 2016). Earlier studies have identified miRNAs in
response to different heat stress treatment at the grain filling
stage of several heat-affected and heat-tolerant wheat varieties
(Qin et al., 2008; Xin et al., 2010; Kumar et al., 2015;
Ragupathy et al., 2016).

Previous studies have also shown the association of simple
sequence repeats (SSRs) with heat-stress-responsive traits
(Hassan, 2016; Sharma et al., 2018; Al-Ashkar et al., 2020; Saha
et al., 2020). SSRs, also called as microsatellites are one- to six-
nucleotide long tandem repeats distributed randomly throughout
the genome (Gupta et al., 1996; Chen et al., 2009). SSRs have
been identified in the non-coding, coding, and untranslated
regions (UTRs), but their abundance was reported highest
in non-coding regions of the genomes (Madsen et al., 2008).
SSRs are widely used as molecular markers for genetic diversity
analysis, marker-assisted selection, and linkage mapping among
populations (Mir et al., 2012a,b, 2013; Gupta et al., 2013; Mir and
Varshney, 2013; Kumar et al., 2021). The following properties
of SSRs make them the best marker of interest in biological
researches: (1) codominant nature (able to distinguish between
homozygous and heterozygous); (2) divergence in number
of short tandem repeats; (3) presence of multiple alleles; (4)
polymorphic nature; and (5) high reproducibility (Brandström
et al., 2008; Heesacker et al., 2008; Mir and Varshney, 2013;
Mir et al., 2013). Genic SSR markers designed from heat-
stress-associated genes were screened over heat-tolerant and
heat-susceptible wheat genotypes to study the genetic diversity
and association between SSR markers and traits of heat stress
tolerance (Sharma et al., 2020; Manjunatha et al., 2021). Previous
reports confirmed the presence of SSRs in pre-miRNA sequences
of many plant species including Arabidopsis, rice, wheat, and
Brassica in response to different abiotic stresses (Ganie and
Mondal, 2015; Kumar A. et al., 2017; Singh et al., 2017; Tabkhkar
et al., 2020). There are very few reports for genetic diversity
studies in heat-tolerant and heat-responsive wheat genotypes
that used miRNA-SSR as molecular markers. Tyagi et al. (2021)
mined 96 heat-responsive miRNAs that led to the development
of 13 miRNA-SSR markers. These markers were used to study
the genetic diversity, population structure, and characterization
of 37 wheat genotypes for heat tolerance breeding. Sharma et al.
(2021) also designed 177 SSR markers from heat-responsive
genes and pre-miRNAs (11) of wheat genome and screened
over 36 wheat genotypes to study genetic diversity for heat
tolerance (Sharma et al., 2021). The results of the previous
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studies suggested the potential role of miRNA-derived SSR
markers in marker-assisted breeding (MAB), which aimed
to improve heat tolerance and adaptability developmental
traits in crop plants including wheat (Sharma et al., 2021;
Tyagi et al., 2021).

Keeping this in view, the present study was planned to
develop more miRNA-derived SSR markers for the identification
of additional promising markers for wheat molecular breeding
programs. We mined heat-responsive miRNA from different
plant species, including Arabidopsis, rice, and wheat, and
developed miRNA-SSRs markers from the flanking region of pre-
miRNA of wheat genome. The genetic diversity of 20 genotypes
of wheat that differs in temperature response was evaluated using
70 miRNA-SSR markers. We have also studied the target genes of
heat-responsive miRNAs and their role in heat stress. Our study
will help in the categorization of the terminal heat-tolerant and
heat-susceptible genotypes using miRNA-SSRs markers in the
early stages of wheat development.

MATERIALS AND METHODS

Plant Material and DNA Extraction
Twenty wheat genotypes comprising 13 terminal heat-tolerant
and 7 heat-susceptible genotypes were used in this study
(Table 1). One hundred milligrams of fresh leaves was used for
DNA isolation using cetyl trimethylammonium bromide (CTAB)
method (Doyle and Doyle, 1987). The samples were immersed in
liquid nitrogen and ground to fine powder using a Tissue Lyser
(Retsch Mixer Mill MM400) machine. CTAB buffer (containing
2% CTAB, 1.4 M NaCl; pH 8, 20 mM EDTA, and 100 mM
Tris Cl) was added to the ground powder and incubated at
65◦C for 1 h. Chloroform/isoamyl alcohol (24:1) was mixed
properly with lysed sample and centrifuged at 7,800 rpm for
10 min. The supernatant was collected in a fresh tube and added
prechilled iso-propanol to precipitate the genomic DNA. After
centrifugation, pellet was washed two times with 70% alcohol.
The DNA pellet was dried and dissolved in 100 µl Tris–EDTA
(TE) buffer. DNA quality and quantity were checked using
NanoDrop spectrophotometer (Thermo Scientific, United States)
along with 0.8% agarose gel separation. To perform polymerase
chain reaction, DNA was diluted with nuclease-free water (NFW)
to 100 ng/µl concentration.

PCR Amplification
To study the polymorphism, DNA of all 20 wheat genotypes
was amplified using an Eppendorf thermal cycler. A reaction
mixture of 20 µl containing 10 µl 2× Promega green master
mix, 2 µl template DNA (200 ng), 0.4 µl of each forward and
reverse primer (0.2 µM), and 7.2 µl NFW was prepared. PCR
conditions were as follows: initial denaturation at 94◦C for 3 min,
35 cycles of denaturation at 94◦C for 50 s, annealing at 50–56◦C
(differ with primer pair) for 30 s, and extension at 72◦C for 40 s,
followed by the final extension at 72◦C for 7 min. Amplified PCR
product was resolved on 10% denaturing urea polyacrylamide
gel electrophoresis unit (urea PAGE) at 120 V for 4 h with 1×
Tris–acetate–EDTA (TAE) buffer. After staining with ethidium

bromide (EtBr), the gel was visualized in Vilber Fusion Solo S gel
documentation system.

Screening of Heat-Responsive miRNAs
and Designing of miRNAs-SSRs Markers
Heat-responsive miRNAs reported in different plants including
Arabidopsis, wheat, rice, maize, and Brassica were collected
based on extensive literature survey. Mature and stem loop
(pre-miRNA) sequences of these heat-responsive miRNAs were
obtained from miRBase v22 database1 in FASTA format
(Kozomara et al., 2019). In Ensembl Plants database,2 BLASTn
search was carried out against reference genome data of wheat
using pre-miRNA sequences to get the 500-bp downstream and
500-bp upstream sequence flanking pre-miRNA (Bolser et al.,
2015). BLASTn search resulted into multiple hits; among them,
the best sequence that aligned perfectly (100%) to the wheat
genome and has an e-value of 10−10 was selected for designing of
SSR markers. The microRNA-SSR markers were designed from
the pre-miRNA flanking sequence using BatchPrimer3 v1.0.3

For primer synthesis di-, tri-, tetra-, penta-, and hexa-SSRs of
minimum 12 bp length were chosen. The following parameters
were set for designing of SSR flanking primers: primer length
of 18–25 bp, melting temperature (Tm) in 50–65◦C range, 40–
60% GC content, and product size of 100–300 bp length (You
et al., 2008). A summary of the methods used for miRNA-SSR
development and validation in wheat is represented in Figure 1.

Allele Scoring and Genetic Diversity
Analysis
A total of 70 miRNA-SSR markers were screened on genomic
DNA of selected 20 wheat genotypes to study the polymorphism
pattern in terminal heat-tolerant and heat-susceptible wheat
genotypes. The scoring of all the polymorphic primers was
done based on the absence and presence of DNA band. The
absence and presence of DNA band was indicated as 0 and 1,
respectively. The size (bp) of each DNA band was determined
using Evolution Edge software based on the size of Quick-Load R©

Purple 50 bp DNA Ladder bands. A binary (0/1) allele scoring
matrix generated from polymorphic miRNA-SSR markers was
used to compute the polymorphic information content (PIC) and
genetic diversity among 20 wheat genotypes. PIC was calculated
using the GeneCalc online bioinformatics tool4 (Nagy et al.,
2012) according to the equation: PIC = 1−

∑
pi2, where

pi is the frequency of ith allele of a particular locus. The
phylogenetic relations between terminal heat-tolerant and heat-
susceptible genotypes were drawn using DARwin v6.0 software
(Perrier et al., 2003). Dissimilarity matrix was computed and
used for the grouping of 20 genotypes or for the construction
of dendrogram using unweighted neighbor joining followed by
bootstrapping with 1,000 replications (Gascuel, 1997). Principal
coordinate analysis (PCA) was also computed to categorize these
20 genotypes into different groups using DARwin v6.0.

1http://www.mirbase.org/
2https://plants.ensembl.org/
3https://wheat.pw.usda.gov/demos/BatchPrimer3/0
4https://gene-calc.pl/
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TABLE 1 | Details of 20 terminal heat-tolerant and heat-susceptible wheat genotypes used in this study.

S. no. Genotypes Tolerant/susceptible Pedigree Developing center

1 Cv. Raj3765 Tolerant HD2402/VL639 RAU, Durgapur

2 WH730 Tolerant CPAN2092/IMPROVED LOK1 CCSHAU, Hisar

3 WH1021 Tolerant GW296/SONAK CCSHAU, Hisar

4 WH1218 Tolerant KA/NAC//TRCH/3/VORB CCSHAU, Hisar

5 PBW533 Tolerant PBW343/PBW138//PBW343 PAU, Ludhiana

6 WH789 Tolerant – CCSHAU, Hisar

7 WH1142 Tolerant CHEN/Ae.Sq. (TAUS)//FCT/3/2*WEAVER CCSHAU, Hisar

8 WH1124 Tolerant MUNIA/CHTO/AMSEL CCSHAU, Hisar

9 WH1133 Tolerant BABAX/LR42//BABAX*2/3/VJV1TS1 CCSHAU, Hisar

10 WH787 Tolerant – CCSHAU, Hisar

11 WH147 Susceptible E4870-C303/S339-PV18 CCSHAU, Hisar

12 WH711 Susceptible ALD “S”’HUAC//HD2285/3/HFW-17 CCSHAU, Hisar

13 HD2967 Tolerant ALD/COC//URES/HD2160M/HD2278 IARI, New Delhi

14 WH157 Susceptible NP876/S308//CNO/8156 CCSHAU, Hisar

15 WH542 Susceptible JUP/BJY “S”//URES CCSHAU, Hisar

16 WH1140 Tolerant WBLLI*2/VIVITSI CCSHAU, Hisar

17 PBW550 Tolerant WH594/RAJ3858/W485 PAU, Ludhiana

18 WH283 Susceptible HD-1981/RAJ-821 CCSHAU, Hisar

19 HD2687 Susceptible Gene introgressed from Sr31 Lr26 Yr9 Pm8 IARI, New Delhi

20 HD2329 Susceptible HD1962/E4870/3/K65/5/HD1553/4/UP262 IARI, New Delhi

Population Structure Analysis
The total number of subpopulations present in a population of 20
wheat genotypes was identified using the Bayesian method with
binary data matrix of 19 polymorphic miRNA-SSRs. This analysis
was done using STRUCTURE 2.3.4 software (Pritchard et al.,
2010). The following parameters were set: (1) burnin iteration
length of 100,000, (2) Markov chain Monte Carlo (MCMC) value
of 100,000, and (3) the value of subpopulations number (k)
ranged from 1 to 10 with 3 repetitions (Chen et al., 2012). The best
fit value of subpopulations was derived with the Evanno method
(Evanno et al., 2005) using online STRUCTURE HARVESTER
software5 (Earl and Bridgett, 2012). Genotypes with more than
80% similarity were allocated in a distinct subpopulation, and
those with <80% were designated as admixture.

miRNA Target Identification and Gene
Ontology
The target genes of heat-responsive miRNAs were predicted
using the psRNATarget server6 (Dai et al., 2018). Mature miRNA
sequences in fasta format extracted from miRBase v22 were
used as a query to find the targets in the wheat cDNA library.
The following default parameters were used in search of target
genes: (1) expectation value was set 5; (2) range of translational
inhibition as 10–11 nucleotides; (3) G:U pair penalty, 0.5; (4)
seed region at 2–13 nucleotides and maximum two mismatches
were allowed in the seed region; (5) complementarity scoring
length (HSP size), 19; and (6) energy to unpair (UPE) the target
sequence, 25. Identified targets of heat-responsive miRNAs were
used for Gene Ontology (GO) studies with Web Gene Ontology

5http://taylor0.biology.ucla.edu/structureHarvester/
6http://plantgrn.noble.org/psRNATarget/

Annotation Plot (WEGO 2.07) database (Ye et al., 2018). The
Gene Ontology ID of the target genes for biological process,
molecular function, and cellular component were retrieved from
the Ensemble plant database and used for GO analysis in WEGO
2.0 using default parameters. A summary of the methods used for
miRNA target identification is represented in Figure 1.

Trait Data Recording and Analysis
The set of 20 genotypes including 13 heat-tolerant and 7 heat-
susceptible genotypes were also phenotyped for 5 most important
physiological/biochemical traits related to heat tolerance. The
data on these traits were recorded under normal and late
sown conditions at 10 and 20 days after anthesis. The
canopy temperature depression (CTD) and chlorophyll content
was recorded using an infrared thermometer and SPAD-502,
respectively, whereas relative water content (RWC), electrolyte
leakage to test cell membrane stability, and proline content were
measured using established methods (Barr and Weatherley, 1962;
Bates et al., 1973; Dionisio-Sese and Tobita, 1998).

RESULTS

Development of Heat-Responsive
miRNA-SSRs
From the literature survey, 80 heat-responsive miRNA families
consisting of 104 members were recognized in Arabidopsis,
wheat, rice, maize, and sorghum crops (Supplementary Table 1).
Due to the lack of research on wheat miRNAs, very few wheat
miRNA sequences were deposited in the miRBase v22 database.

7https://biodb.swu.edu.cn/cgi-bin/wego/index.pl
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FIGURE 1 | Pipeline describing the process of identification and validation of miRNA-SSRs in wheat.

Therefore, along with T. aestivum, we also preferred the mature
miRNAs and pre-miRNAs sequences deposited for Oryza sativa
(osa), A. tauschii (ata), Arabidopsis thaliana (ath), Sorghum
bicolor (sbi), and Hordeum vulgare (hvu) with frequency shown
in Figure 2A. Mature sequences of five miRNAs (miR6941,
miR3182, miR2012, miR2020, and miR2006) were not found in
the miRBase v22 database. Primer designing using BatchPrimer3
v1.0 resulted in 70 significant miRNA-SSR primers pair, whereas
no SSR flanking primers were obtained for two miRNAs
(miR5071 and miR1122), and the absence of SSRs were noticed
in 27 pre-miRNA sequences. The number of SSRs varies from
dinucleotides to hexanucleotides with maximum dinucleotides
frequency, i.e., up to 27 times (NN)27 and tetranucleotides
repeated up to 10 times (NNNN)10. The maximum number
of miRNA genes was found to possess tetranucleotides (47%)
followed by trinucleotides (23%), pentanucleotides (14%),
dinucleotides (9%), and hexanucleotides (7%) SSRs (Figure 2B).
The highest number of miRNA-SSR markers was found to be
located on 6B wheat chromosome and lowest on chromosome
numbers 1D and 4D as shown in Figure 2C.

Validation of miRNA-SSR Markers and
Genetic Diversity Analysis
Out of 70 screened miRNA-SSR markers, 64 markers resulted
into clear, bright, and reproducible bands in all the 20
wheat genotypes (Supplementary Table 2). Among these, 19

polymorphic miRNA-SSR primers were chosen and used for
genetic diversity studies of 20 terminal heat-tolerant and heat-
susceptible genotypes (Table 2). Two polymorphic markers,
miR159c and miR165b, were found to be able to distinguish
terminal heat-tolerant and heat-susceptible wheat genotypes by
the presence of different alleles in them (Figure 3). A total of
61 SSR loci were identified using 19 polymorphic primers pair
with the range of 2–9 alleles, averaged 2.9 alleles per locus,
and the amplicon size of polymorphic alleles ranging from
130 to 470 bp. The PIC value ranged from 0.10 to 0.87, with
miR830 having the highest PIC (0.87) and miR159b and miR824
and miR2122 possessing the lowest PIC (0.10). The binary
scoring matrix data obtained from 19 polymorphic miRNA-SSRs
was used for phylogenetic studies of 20 terminal heat-tolerant
and heat-susceptible wheat genotypes using DARwin6 software.
The results clustered these 20 genotypes into 3 major clusters
represented as clusters I, II, and III. Clusters I and II were
found to consist of six terminal heat-susceptible and heat-tolerant
wheat genotypes, respectively, whereas cluster III comprises of
seven terminal heat-tolerant and one terminal heat-susceptible
wheat genotype (Figure 4A). The principal coordinate analysis
conducted using DARwin6 also distinctly separated the 20 wheat
genotypes from each other (Figure 4B).

Population Structure Analysis
The population structure of 20 genotypes was studied using
“STRUCTURE” software Bayesian clustering approach. The
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FIGURE 2 | Frequency and distribution of heat-responsive miRNA genes with SSR motifs. (A) Frequency of heat-responsive miRNAs submitted in miRBase reported
in various crops. (B) Frequency of wheat miRNA-SSR repeats present in miRNA genes. (C) Distribution of heat-responsive miRNA-SSRs on wheat.

binary scoring matrix data of 19 polymorphic miRNA-SSRs
screened on 20 genotypes was analyzed using this software, and
the best “K = 3” value was selected based on 1K value obtained
from “Structure Harvester” (Figure 5A). This analysis distributed
the population of 20 wheat genotypes into 3 subpopulations (P1,
P2, and P3). Among these three subpopulations, each of P1 and
P2 consists of six genotypes, and P3 contains four genotypes,
whereas four genotypes were found to be admixed (Figure 5B).
These results were obtained in accordance to the cluster analysis
and PCA results.

Identification of miRNA Target Genes
The target genes of heat-responsive miRNAs were identified
using psRNATarget server (Supplementary Table 3). The 80
target genes identified using this server will play a crucial role
in providing tolerance against heat stress at various stages of
wheat growth, whereas most of the targets were related to grain
filling stages. These miRNAs regulate the target genes either
by its cleavage or by suppressing the translational mechanism.
The four miRNAs, namely, miR1130a, miR528, miR1137a, and
miR159a, targeted the heat shock protein 17 (hsp17), heat shock
protein 90 (hsp90), heat stress associated 32-kD protein (hsa32),
and DnaJ heat shock family protein, respectively. Many heat-
responsive genes were found to have the common target of
more than two miRNAs such as peroxidase, glycosyltransferase,
phytochrome, phenylalanine, flavin containing monooxygenase,
and sucrose synthase. The miRNAs were also found to regulate
the signaling molecules including the mitogen-activated protein
kinase (MAPK), zinc finger protein (ZFP), cyclin-dependent
kinase inhibitor (CDKI), serine/threonine-protein kinase, CASP-
like protein, and TFs such as Auxin response factor (ARF),

WRKY, NAC 6A, ethylene responsive factor 5a (ERF 5A), and
R1R2R3-MYB. Heat stress induces oxidative damage, and plants
adapt to this by synthesizing antioxidants including peroxidase
(POX), superoxide dismutase (SOD), glutathione S-transferase
(GST), and glutathione synthetase (GS), which were also targeted
by the heat-responsive miRNAs.

Gene Ontology Analysis
Gene Ontology was conducted using WEGO to find the putative
functions of miRNA-targeted genes expressed due to heat stress.
These targeted genes were grouped into three classes: biological
process (30 GO terms), molecular function (27 GO terms),
and cellular component (28 GO terms) (Figure 6). GO analysis
showed the role of these genes mainly in biosynthetic, metabolic,
reproductive, and stress-responsive biological processes. Most
of the genes were found to be associated with molecular
functions such as carbohydrate binding, kinase regulator,
oxidoreductase, peroxidase, DNA binding TF, signal transducer,
SOD, thioredoxin disulfide reductase, transferase, and were
found to be located mainly in the intracellular organelle part,
apoplast, and in the membrane of the cell organelles (Figure 6).
Therefore, the Gene Ontology analysis explained the role of
miRNA-targeted genes in providing tolerance against terminal
heat stress. The calculated p-values for GO terms are given in
Supplementary Table 4.

Correlation of Trait and Genotypic Data
In order to understand the correlation between genotypic
and trait data of five heat-tolerance-related traits, efforts have
been made to analyze genotypic data of two most promising
diagnostic markers (miR159c and miR165b) showing association
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TABLE 2 | Details of 19 polymorphic miRNA-SSR markers used in the study of 20 terminal heat tolerant/susceptible wheat genotypes.

miRNA-
SSR
primer

SSR motif
repeat

No. of
alleles

Forward primer sequence (5′–3′) Reverse primer sequence (5′–3′) Tm (◦C) Amplicon
size (bp)

PIC value

miR159 (TTCT)4 4 CTCACCCCTCTATAAAACGAC CTACATCTATGGGGCTAGGAG 50 140–260 0.62

miR159b (CTC)4 2 ATTTTCCTTTCAATGACACCT AAGAGATGGAACGGAAACTAC 51 165–169 0.10

miR159c (CT)27 3 CTTTCCCTCGTGCTTGGAT GCATAGTGATTTGATTTTCTTGTTAGC 52 180–250 0.61

miR159f (CT)27 3 ACCTGTATAGGTTTTGCATGA TTAGGTGCAGACTGAAAACAT 51.5 130–162 0.62

miR164a (GCCC)3 7 ACTGCACTGCACGTGTTCTT TTGAAGACGCATACCTCGTG 59.5 135–315 0.81

miR165b (ATAC)10 6 CAACGGTGTGATTGTAAAAA CGAAGTTTAATTTGGTTATGC 50 146–280 0.72

mir171b (ATTG)3 3 CTGAACGCTACTGAGCCACT CTACCAACACGGCAGCACTA 55 178–300 0.65

mir172c (TTC)5 3 CCTCTCTTTGTCTTCATCCA AAGAACCGACTGTGATCTGA 51.5 130–180 0.25

mir393a (GAGG)4 2 CCTATATAAGGACCTCACTGGA AGGCATTGTTGCTCTCTCT 52 157–175 0.49

mir396d (GTGC)3 6 AAGTTATATCGGACCGTGTG AGGAAGGGGTCGTATAAATAG 52 150–470 0.79

mir404 (TGCCGC)3 2 CTAAACCGGATAAAGGGTAGA CAGAGGAACGCACGTAGT 52 140–162 0.49

mir830 (AGGGA)3 9 AGTACGCCTTGATCTCCTCT CTACGTTACCTTCCTCTCTCC 53.5 130–320 0.87

mir824 (TTAA)3 2 GGCCTTTGACTGAATTAGTGT CCAGAAAGGAATTATTTTGGA 50 134–140 0.10

miR857 (TTTA)3 2 TTCTTGCCTACTTGTTTCTG GTCGCCGTCTTTGAATTT 50 267–272 0.10

mir1130a (TGCA)3 2 AGTTGCACTGCTACAAGCTAC ACTTTCGGATGTACTGTTCTG 52 146–165 0.48

mir2102 (GCC)4 2 ACCGCTGCTGTTGTATTG TCAAGTCCTCTGCAAACAC 52 167–175 0.48

mir2122 (TTCTT)3 2 GGGTGGACAGTAAAATCAGA CCATTTTTCAGGATCATTCTT 50 157–162 0.10

mir5384 (CCG)4 3 AGGGGATCCTCCTCAGAT AGGTGGTTGGTGGCCAAG 52 280–350 0.66

mir9662b (CGC)5 2 CCTTCACCAAACCCTCTT GAGATCCAGCAGAAGGAGAT 53 227–235 0.18

FIGURE 3 | Denaturing 10% urea-PAGE profile represents polymorphic pattern of miR159c miRNA-SSR marker over 20 terminal heat-tolerant/heat-susceptible
wheat genotypes. First lane represents 50 bp DNA ladder, and the white and red arrow denote terminal heat-tolerant and heat-susceptible wheat genotypes,
respectively.

FIGURE 4 | Phylogenetic studies of wheat genotypes with heat-responsive miRNA-SSRs. (A) Dendrogram showing clustering of 20 wheat genotypes using
polymorphic miRNA-SSR markers. Red color indicates heat-susceptible wheat genotypes, and black color indicates heat-tolerant wheat genotypes. (B) 2-D plot of
principal coordinate analysis (PCA) for all 20 wheat genotypes. Red and black colors were used for heat-susceptible and heat-tolerant genotypes, respectively.
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FIGURE 5 | Evaluation of number of subgroups based on “STRUCTURE” output. (A) Delta K, best value of K = 3. (B) Bar plot showing distribution of 20 wheat
genotypes into 3 subgroups as shown in green, blue, and red colors.

FIGURE 6 | The gene ontology analysis of the heat-responsive miRNAs-targeted genes in wheat. The red, yellow, and blue bars symbolize biological process,
molecular functions, and cellular components, respectively. The x-axis represents three GO categories; the right side of y-axis represents the number of miRNA
target genes, while the left side of y-axis represents the percentage of the target genes.

with heat tolerance. It was noticed that marker “miR159c”
showed the presence of allele in all the heat-tolerant genotypes,
while it is absent in heat-susceptible genotypes. Similarly,
marker “miR165b” showed the absence of alleles in heat-
tolerant genotypes, while it showed the presence of allele in
heat-susceptible genotypes. The 100% specificity of alleles in
these markers showing 100% association with heat tolerance is
considered important, and this association was further confirmed
by arranging trait data of heat-tolerant and heat-susceptible
genotypes and testing their mean difference. The analysis
of trait data of all the five traits (CTD, RWC, electrolyte
leakage to test cell membrane stability, SPAD chlorophyll
content, and proline content) recorded showed clear-cut mean
difference between heat-tolerant vs. heat-susceptible genotypes.

The heat-tolerant genotypes possessing specific alleles possess
superior trait performance than heat-susceptible genotypes
(Supplementary Table 5).

DISCUSSION

The environmental temperature increasing year by year due to
the global warming emerged as a significant threat of terminal
heat stress in wheat. Heat stress effect is more prominent
when wheat was sown late in December instead of November
due to delay in harvesting of wheat-preceding crop such as
cotton and rice. Late-sown wheat experiences heat stress at the
reproductive stages, which ultimately decreases the grain quality
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and productivity. In order to reduce the yield loss occurring due
to excessive heat effect, there is a strong need to develop enhanced
terminal heat-tolerant wheat varieties. Wheat plants also adapt to
terminal heat stress by shortening the grain filling period, which
causes a decrease in grain number, weight, and quality. Global
wheat production is estimated to have decreased by 6% with every
1◦C arise in temperature (Asseng et al., 2015).

Among the molecular markers, SSR markers were preferred
for genetic diversity analysis, markers-assisted breeding,
quantitative trait locus (QTL) mapping, etc., because of their
distribution throughout the genome (Mir and Varshney, 2013;
Mir et al., 2013; Kumar et al., 2021). Previous reports have
revealed the function of miRNAs in controlling the heat stress,
and a distinctive difference in miRNA families and their
expression level was found in control and heat-stressed wheat
genotypes (Kumar et al., 2015; Sailaja et al., 2017; Ravichandran
et al., 2019; Rangan et al., 2020). A vast number of SSRs were
reported within the protein-coding regions and their UTRs.
However, the data on SSRs from non-coding regions of genes
including miRNA genes in wheat genome are very limited.
In addition, some miRNAs families are extremely conserved
from millions of years. Therefore, SSRs derived from these
miRNAs (miRNA-SSR) can better serve as a functional marker
to differentiate closely related wheat genotypes as compared
to previously known markers including RAPD, RFLP, and
SSR (Ganie and Mondal, 2015; Tyagi et al., 2019, 2021). The
use of miRNA-SSR markers for genetic diversity studies have
become the hot topic during the last decade. Many studies have
been conducted to differentiate terminal heat-tolerant wheat
genotypes using SSR markers (Kumar et al., 2016; Hassan, 2016;
Al-Ashkar et al., 2020). Yet to our knowledge, only two studies
screened the miRNA-SSR for genetic diversity analysis and for
characterization of a terminal heat-tolerant and heat-susceptible
wheat genotypes (Sharma et al., 2021; Tyagi et al., 2021).

Polymorphism or PIC values were found to be important
parameters to study the genetic diversity among genotypes. If the
PIC value is >0.5, the marker is highly informative, and if the PIC
values between 0.25 and 0.5, the marker is assumed moderately
informative; therefore, markers with PIC value > 0.7 are
considered appropriate for diversity studies and genetic mapping
(Botstein et al., 1980; Bandelj et al., 2004). In this study, the 19
polymorphic miRNA-SSR markers showed a high polymorphism
with averaged 2.9 alleles per locus and the averaged PIC value
of 0.48, which was found to be higher than that reported by
Sharma et al. (2021) (averaged 2.58 alleles/locus and PIC value
of 0.35/locus), who screened 37 markers on 36 wheat genotypes,
and lower than that reported by Tyagi et al. (2021) (averaged 3.4
alleles/locus, however, lower PIC value ranged from 0.16 to 0.38),
who conducted genetic diversity studies using 13 miRNA-SSRs
on 37 wheat genotypes in response to heat stress.

The dendrogram and structure analysis performed with
19 heat-responsive polymorphic miRNA-SSRs divided the
population of 20 wheat genotypes into 3 clusters based on
their genetic makeup. Sharma et al. (2021) clustered 36 wheat
genotypes into 4 clusters using 37 cgSSR and miRNA-SSR
markers, whereas Tyagi et al. (2021) divided 37 wheat genotypes
into 4 clusters with 7 polymorphic miRNA-SSR markers.

Both dendrogram and population structure results showed
the presence of both heat-tolerant and heat-susceptible wheat
genotypes into one cluster, which can be either due to their
common ancestry or that an inadequate number of miRNA-
SSRs was used for genetic diversity analysis. Similar results were
obtained by Tyagi et al. (2021). However, the report of Sharma
et al. (2021) distinctly categorized the heat stress-tolerant and
heat stress-susceptible wheat genotypes. Moreover, the presence
of heat-susceptible wheat genotypes into cluster I and heat-
tolerant genotypes in cluster II highlighted the usefulness of these
polymorphic markers in screening of wheat genotypes for their
heat tolerance level.

The expression of heat-stress-responsive genes was found
to be regulated by various miRNAs in response to heat
stress. For example, an overexpression of miR156 was reported
in Arabidopsis, as it generates memory in response to heat
stress (Stief et al., 2014), whereas a downregulation of
miR159 was noticed under heat stress, as it regulates the
MYB TFs. In this study, the miRNAs (miR159c and 165b)
were found to target the peroxidase, phenylalanine ammonia-
lyase (PAL), RING-type E3 ubiquitin transferase, Xyloglucan
endotransglucosylase/hydrolase (XTH), etc., which provides heat
tolerance to plants by the process antioxidant metabolism and
phenolics accumulations and increased the expression of heat
shock proteins by degrading the suppressor proteins of heat-
responsive genes, respectively (Moura et al., 2017; Peng et al.,
2019). Transgenic rice plants overexpressing miR159 were more
susceptible to heat stress as compared to control plants (Wang
et al., 2012). Yan et al. (2016) showed the downregulation of
miR165/miR166 in Arabidopsis; these miRNAs target the ABA-
responsive genes, which are key players in providing tolerance
to abiotic stress. In addition, Ravichandran et al. (2019) revealed
the role of heat-responsive miR528 and miR9662 miRNAs in
wheat in regulating the antioxidants and mitochondrial proteins,
respectively. Our study also identified many miRNAs-targeted
genes codes for heat-responsive proteins, antioxidants, and TFs
including ARF, WRKY, hsp70, hsp17, POX, SOD, GST, and GS.
These results were also supported by earlier studies (Goswami
et al., 2014; Ravichandran et al., 2019; Su et al., 2019; Rangan et al.,
2020). Therefore, the identified miRNA-SSR markers (miR159c
and miR165b) that are able to differentiate heat-tolerant and
heat-susceptible wheat genotypes will play a significant role in
breeding programs. Additional support was provided by trait data
analysis of five most important traits (CTD, RWC, electrolyte
leakage to test cell membrane stability, SPAD chlorophyll content,
and proline content) related to heat tolerance. The analysis
clearly indicated that the marker loci miR159c and miR165b
showed linkage with heat tolerance and related five traits. The
results indicated that these two markers could be used in wheat
molecular breeding programs aimed at enhancing heat tolerance
of wheat varieties for the development of next-generation heat-
tolerant wheat varieties.

In conclusion, our study identified 19 polymorphic miRNA-
SSRs markers, but among these, only two miRNA-SSR markers
(miR159c and miR165b) were able to differentiate terminal
heat-tolerant genotypes from the susceptible one. Therefore, the
identified miRNA-SSR markers enable the studying of genetic
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diversity and MAB. As the physiological and phenotypic data are
not sufficient to distinguish the tolerant and susceptible cultivars,
the polymorphic miRNA-SSR markers will help the breeders to
select terminal heat-tolerant wheat genotypes or marker-assisted
selection at initial growth stages. This will further strengthen the
release of new terminal heat-tolerant wheat varieties.
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Senescence is an important trait in maize (Zea mais L.), a key crop that provides nutrition
values and a renewable source of bioenergy worldwide. Genome-wide association
studies (GWAS) can be used to identify causative genetic variants that influence the
major physiological measures of senescence, which is used by plants as a defense
mechanism against abiotic and biotic stresses affecting its performance. We measured
four physiological and two agronomic traits that affect senescence. Six hundred
seventy-two recombinant inbred lines (RILs) were evaluated in two consecutive years.
Thirty-six candidate genes were identified by genome-wide association study (GWAS),
and 11 of them were supported by additional evidence for involvement in senescence-
related processes including proteolysis, sugar transport, and sink activity. We identified
a candidate gene, Zm00001d043586, significantly associated with chlorophyll, and
independently studied its transcription expression in an independent panel. Our results
showed that Zm00001d043586 affects chlorophyl rate degradation, a key determinant
of senescence, at late plant development stages. These results contribute to better
understand the genetic relationship of the important trait senescence with physiology
related parameters in maize and provide new putative molecular markers that can be
used in marker assisted selection for line development.

Keywords: maize, senescence, chlorophyll index, physiological, phenotyping, MAGIC, GWAS

INTRODUCTION

Genetic studies of delay of leaf senescence indicate that it is a multigenic trait (Guiboileau et al.,
2010; Kant et al., 2015), as a result of the interacting of several metabolic paths that involve nutrient
absorption and remobilization (Hörtensteiner and Feller, 2002; Lim and Nam, 2005), and the
disassembly of the photosynthesis apparatus (Balazadeh, 2014). These biochemical processes of
chlorophyll breakdown during leaf senescence lead to physiological changes in the plant phenotype
(Balazadeh, 2014). Phenotypic changes due to delay senescence has been described in several
species, e.g., Zea mais L. (Gentinetta et al., 1986; Zhang et al., 2019), Oryza sativa (Ramkumar
et al., 2019), or Glycine max (Guiamét et al., 1990). Delay of senescence has a favorable influence on
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crop production: positively associated with plant lodging
resistance (Duvick and Cassman, 1999; Munaiz et al., 2021),
increasing biomass yield (Borrell et al., 2000), favoring grain yield
in plants grown under drought conditions (Borrell et al., 2014),
and heat stress tolerance (Pinto et al., 2016). One important
aspect is that late senescence allows for a longer photosynthesis
period during the life cycle of the plant and larger dry matter
accumulation during grain filling, leading to crops with higher
yield performance (Valentinuz and Tollenaar, 2004).

Quantitative trait loci (QTL) have been identified using
traditional linkage mapping, multiparent advanced generation
intercrosses (MAGIC) populations and association mapping
in diverse panels. MAGIC’s advantage compared to biparental
populations is the possibility of simultaneous studies of more
than two alleles, usually eight alleles (Valdar et al., 2006).
Traditionally, QTL mapping has used biparental populations,
e.g., Glowinski and Flint-Garcia (2018); however, multiple
inbred founder methods, which directionally intermate several
times to obtain a unique combination of the genetic material
from all founders in a single inbred line with a unique
mosaic of small allelic haplotypes, have been used recently.
Thus, providing sufficient genetic base, the higher number of
parents and recombination events of the MAGIC population
are advantageous in comparison with biparental population,
while keeping pedigrees and genetic structure known in
both cases. The first one allows for higher allelic diversity,
whereas the later can benefit from having smaller haplotypes
regions. The main limitation of biparental QTL methods
is the reduce resolution, primarily because of the smaller
number of crossing-over events accumulated over a few
generations. On the other hand, diverse association panels
made up of nonrelated genotypes that have accumulated a
higher number of recombination events since the last shared
progenitor could increase this resolution and, thus, display
a more restricted linkage disequilibrium between pairs of
neighboring molecular markers (Hyten et al., 2007) benefiting
of a larger number of marker density and coverage of
the entire genome.

MAGIC populations have been used in QTL identification
analysis in a wide range of crops including rice (Bandillo et al.,
2013), wheat (Huang et al., 2012), fava bean (Sallam and Martsch,
2015), maize (Dell’Acqua et al., 2015), barley (Sannemann et al.,
2018), and sorghum (Ongom and Ejeta, 2018). In addition,
multiparental populations were proven to successfully identify
QTL associated with physiologically related senescence genes
(Camargo et al., 2016). One important aspect is that late
senescence allows a longer time in the field and shows agronomic
advantages, accumulates more dry matter during the grain filling,
and leads to higher yields (Valentinuz and Tollenaar, 2004). In
turn, the grain filling depends on two sources such as carbon
and nitrogen: the first one is provided by the transfer of photo
assimilates directly to the grain from the photosynthetically active
leaves, and the second one is supplied by the redistribution of
photo assimilates stored in the reserve tissues before or after
flowering (Yang and Zhang, 2006). Therefore, high-throughput
screening of physiological features serves as proxy for QTL
identification of biochemical changes during leaf aging.

Leaf senescence is a highly complex process that requires the
expression of specific genes (Penfold and Buchanan-Wollaston,
2014) during aging. Genes whose transcript expression are
upregulated during senescence are referred as senescence-
associated genes “SAGs” and have been extensively studied
and identified (Weaver et al., 1998; Munaiz et al., 2020).
Senescence-associated genes functional diversity studies suggests
that leaf senescence is programmed involving various cellular
events, including degradation processes (Quirino et al., 2000),
chlorophyll degradation, coupled with chloroplast dismantle
(Sakuraba et al., 2014; Jagadish et al., 2015). However, SAGs
are not only expressed during aging natural senescence but also
respond to other environment cues, such as stress response
and hormones, which induce early senescence (Weaver et al.,
1998). Senescence-associated gene genetic studies used dark
incubation treatment to induce leaf senescence. Senescence-
associated genes expressed under this treatment condition were
reported as primarily associated to stress conditions (Kleber-
Janke and Krupinska, 1997; Park et al., 1998) and were not as
highly expressed during natural senescence (Becker and Apel,
1993; Weaver et al., 1998). On the other hand, other SAGs have
been identified as primarily expressed during natural senescence
and were not highly expressed due to other factors. One of
these genes is SAG12 in Arabidopsis, a gene that encodes a
cysteine protease influenced by auxin, cytokinin, and sugars.
SAG12 homologous in barley (Hordeum vulgare), the HvS40
gene, has been used as a molecular marker of age-mediated leaf
senescence because its expression inversely correlates with the
photosynthetic efficiency decline in barley (Humbeck et al., 1996;
Jehanzeb et al., 2017).

In this study, we analyzed phenotypic profiles derived from
senescence physiological trait screening of a large, eight-founder,
“MAGIC” maize population to evaluate the genetics underlying
the temporal changes in key developmental traits such as
chlorophyl, PII quenching, and fluorescence. Time differences
at silking and 2 months later were measured and were mapped
to the maize genome. Molecular markers were identified, and
the transcript expression of candidate genes were individually
assessed in a diverse panel of genotypes. We demonstrated that
physiological traits helped to identify crucial putative markers
that could not be captured otherwise. The candidate gene
expression analysis approach provided further genetic evidence
of the role of this gene during the plant crop development,
and it may serve as an important gene for breeding senescence-
related genotypes.

MATERIALS AND METHODS

Plant Material
The parents of the MAGIC population belong to the no stiff stalk
heterotic group and most of them derived directly from different
European landraces. This multiparent population was developed
as described in Butron et al. (2019) and Jiménez-Galindo et al.
(2019), and it is formed of 672 recombinant inbred lines (RILS)
over six cycles of recombination in an eight-way cross synthetic.
The diverse genetic base and the significant number of RILs

Frontiers in Genetics | www.frontiersin.org 2 October 2021 | Volume 12 | Article 71682126

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-716821 September 28, 2021 Time: 16:6 # 3

Caicedo et al. Precision Mapping of Senescence Traits

allows for a high resolution of putative QTL-associated regions as
shown in other studies, for example, corn borer and fusarium ear
rot resistance (Butron et al., 2019; Jiménez-Galindo et al., 2019),
forage digestibility (Lopez-Malvar et al., 2021), maize stover yield
and saccharification efficiency (López-Malvar et al., 2021), and
early development in cold conditions (Yi et al., 2020).

Experimental Design and Trait Evaluation
In 2014 and 2015, a subset of the 672 RILs and the 8
founder inbred lines were evaluated at Pontevedra, Spain. The
experiments were arranged in a modified augmented design
with 16 blocks and 50 lines within each block, 42 RILs, and 8
testers. Each experimental plot was composed of 17 plants and
a total of 2.45 m2. Two seeds were sown per position at 0.18 m
between plants and 0.80 m between rows. Plantlets were manually
thinned to a single plant per position obtaining a final density at
70,000 plants ha−1. Standard agronomical practices were carried
out. Physiological traits were measured from the middle part
of each ear leaf at two time points, silking stage (_1) and two
months later (_2): chlorophyll index (Chlo) calculates the total
chlorophyll content of a leaf, minimum chlorophyll fluorescence
(F0) measures the light re-emitted by leaf chlorophyll molecules
in the absence of photosynthetic light, and maximum quantum
yield of photosystem II (Fv/Fm) that is a measure of the intrinsic
(or maximum) efficiency of PSII. The trait measurements were
taken from three plants of each plot using a chlorophyll content
meter (CCM200, Opti-Sciences, Hudson, NH, United States) and
chlorophyll fluorometer (OS-30p, Opti Sciences Inc., Hudson,
NH, United States), respectively. The chlorophyll fluorescence
was measured on leaves by the saturation pulse method, a method
in which leaves are adapted in dark conditions for 20 min prior to
the measurement. In addition, agronomic traits were evaluated:
visual score (visual) was recorded according to a subjective visual
scale of 1–5 (1 = dead leaves and 5 = completely green and healthy
leaves), grain yield (t.ha−1), and flowering in days to silking.

Minimal level of fluorescence, F0, indicates the minimum
energy required to excite chlorophyll and reactor centers to
activate electron transport via PSII (Murchie and Lawson, 2013).
The rise in F0 is usually associated with heat losses from the
PSII and the inactivation of the PSII reaction centers leading
to oxidative damage (reduction of Fv/Fm) (Long et al., 1994).
Rate changes in Fv/Fm are due to a modification in the
efficiency of non-photochemical quenching that can be seen as
an indicator of plant photosynthetic performance. The plant will
show photosynthesis inhibition under stress conditions when
values are below 0.83, which is considered the optimum target
value for most plant species (Björkman and Demmig, 1987;
Johnson et al., 1993).

DNA Isolation and Genotyped by
Sequencing
Genomic DNA was isolated from 672 RILs along with their
8 parental lines. Coleoptiles were collected and used for
genomic DNA extraction using DNasy Plant Minikit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions.
Quality and quantity of DNA was checked in a Nanodrop

2000 spectrophotometer (Thermo Scientific, Wilmington, DE,
United States) and on agarose gels. The complete set, progenitor,
and the 672 RILs were genotyped by sequencing (GBS)
(Elshire et al., 2011) at the Biotechnological Institute of the
Cornell University with a total of 955,690 single nucleotide
polymorphisms (SNPs). Chromosomes and positions were
located according to the version 2 of the maize reference genome
B73 (Sen et al., 2010). These SNPs were filtered using the Tassel
program version 5.2.40 (Bradbury et al., 2007); subsequently,
polymorphic SNPs that were sequenced in at least 50% of the
RIL were selected. Minor allele frequency was set at 0.05 to
eliminate monomorphic SNPs or with rare alleles. In addition,
SNPs with more than two alleles and deletions and insertions
were eliminated. Genotypes of both RIL or founders with more
than 5% of heterozygous SNP were considered as lost data in the
analysis. After filtering, a database was generated with 465 RIL
common lines in both locations and the seven parents (except
parent EP17 due to seed quality) with a total of 224,363 SNPs,
which were used in the subsequent analyzes.

Statistical Analyses
Analysis of variance were performed in a two-way approach in
SAS software 9.4 [version 9.4 (SAS Institute Inc., Cary, NC)],
by environment and the two environments together to account
for genotype by environment interaction. As detailed in the field
experimental design section, RILs were grown in an augmented
design. To calculate the variance attributable to each factor, we
modeled each phenotype considering inbred lines as fixed effects,
and environments and blocks as random effects. The model used
was

yijk = µ+ gi + βk + tj + gtij + εijk

where µ is the overall mean, gi is the fixed effect of the ith maize
line, βk is the random effect of kth block, tj is the randomized
effect of the jth environment, gtij is the effect of the ijth genotype
by environment, and εijk are residuals. Models were fitted in
SAS 9.4 [version 9.4 (SAS Institute Inc., Cary, NC)] using mixed
model procedure (PROC MIXED). Estimations of genotypic
effects were recorded as the best linear unbiased estimator
(BLUEs), and based on the combined analysis, heritabilities (h2)
were estimated for each trait according to Holland et al. (2003).
In addition, pairwise genetic correlations (rg) and phenotypic
correlations (rp) were calculated as described in Holland (2006).

Association Mapping
Genome-wide association analysis (GWAS) was performed in
Tassel 5.2.40 (Bradbury et al., 2007) following the mixed linear
model (MLM):

y = Xβ+ Zγ+ e

where y is the vector of the phenotypes (BLUEs of the RILs),
β is a vector of fixed effects, including the SNP marker tested,
γ is a vector of random additive effects (inbred lines), X and
Z represent design matrices that relate and with β and γ,
respectively, and e is a random residuals vector. The variances of
the random lines were modeled as:

Var (γ) = Kσ2
a
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where K is the matrix n × n of kinship coefficients, and
σ2
a is the estimated additive genetic variance (Yu et al., 2006).

Estimates of maximum restricted likelihood of the variance
components were obtained using the optimal compression level
and P3D population parameters described in Zhang et al. (2010).
Significantly associated SNPs were determined as the point where
the observed and expected F test statistics deviated in the Q–Q
plot, and the threshold was –logp > 4 (Gowda et al., 2015). To
test for marker association, we used a threshold (–logp) > 4 and
p < 0.05 as a cutoff value in the multiple QTL analysis.

The linkage disequilibrium (LD) measure (r2) was determined
in the regions containing each of the SNPs significantly associated
with each phenotypic trait. For each significant SNP, linkage
blocks were established using the Haploview software (Barrett,
2009). Within the LD blocks (≤1 Mbp), candidate genes were
identified and characterized in the MaizeGBD genome browser
(Harper et al., 2011). Additive effects of each haplotype were
calculated by adding the phenotypic values of the haplotypes that
showed higher values for the trait and subtracting the phenotypic
values of the haplotypes that showed lower values for that trait.

Transcriptome Expression for QTL
Validation
To validate the putative genes associated with the physiological
traits, we used RNA-seq data described in Caicedo Villafuerte
(2018). Briefly, RNA-sequencing library was prepared based on
Illumina standard instruction according to TruSeq Stranded
RNA LT (Illumina, San Diego, CA, United States). Quality
control of the library DNA was evaluated, checking the
concentration and the size distribution with the Agilent 2100
Bioanalyzer (Agilent, Santa Clara, CA, United States) to
meet Illumina HiSeq 4000 PE100 platform system before the
sequencing was performed. To assess read sequencing quality, we
used FastQC (Andrews, 2010). Adapters contained in the reads
were removed using the Cutadap program1 (Martin, 2011). The
complementary DNA (cDNA) sequence from B73 file was used
as reference, downloaded from www.maizegdb.org, derived from
Maize B73 genome assembly (Sen et al., 2010), using the Bowtie
2, version 2.3.0 (Langmead and Salzberg, 2012) and Tophat,
version 2.1.1 (Trapnell et al., 2009) tools. Fold change differences
and p-values of differential expressed genes were calculated in
R environment (version 3.6.32) using EdgeR package (version:
3.28.1) (Robinson et al., 2010). The gene transcript expression
was evaluated in six inbred that differed by the senescence delay
(Supplementary Table 1), inbred NC292 with early senescence,
the inbred PHT10 with mid-early senescence and the inbred
PHW52 with middle senescence phenotypes, the inbred PHHB9
with middle senescence phenotype, the inbred PA8637 with
mid-late senescence phenotype, and the inbred PHW79 with
late senescence phenotype. Time sequence samples from each
genotype were taken at silking, 15 days after silking, 30 days after
silking, 45 days after silking, 65 days after silking, and 90 days
after silking depending on senescence earliness as described in
Supplementary Table 1.

1http://cutadapt.readthedocs.io/en/stable/guide.html#illumina-truseq
2https://www.r-project.org/

RESULTS

Phenotypic Variation
Analysis of traits across times indicated, in general, that among
the MAGIC lines and their parents, there was a substantial
variation in senescence performance. Analysis of variance for all
phenotypes evaluated showed significant differences at silking
stage (_1) and 2 months (_2) after silking among RILs and
founders (p < 0.05). All traits showed a decrease between silking
stage (_1) and two months after silking (_2). For visual scores,
senescence showed a 2.41-fold change decrease; for chlorophyll
index (Chlo), a 5.25-fold decrease; for minimum fluorescence
(F0), a 1.18-fold decrease; and for the PII quenching ratio, a
decline of 2.15-fold (Table 1).

Founder parents of the MAGIC population also showed
significant differences among them (p < 0.05) for all traits. For
visual assessment, founder lines had a score above 3 units at
silking stage, whereas the scoring 2 months later was significantly
lower at ∼1 (Table 1). All other physiological values changed in
ranking between the silking stage and the second measurement
2 months after silking, indicating the phenotypic variability of
the parental lines of the MAGIC population. For example, Chlo
ranged from 31.23 to 62.27 at silking, while 2 months later, this
range was much lower, between 1.78 and 10.04. For the trait F0,
founders at silking stage had a minimum value at 57.86 and a
maximum at 83.67, whereas 2 months after silking, F0_2 ranged
from 18.82 to 80.35. For PSII quenching, the values observed
across all founder parents were at 0.740, except for EP43 that had
the lowest rate at 0.679. However, 2 months after silking, Fv/Fm_2,
the parent F473 had the highest value at 0.539.

Recombinant inbred lines (RILs) had a large phenotypic
variability in both scoring times. At silking evaluation, for visual
scoring, inbreds showed a phenotypic range between 2 and 5;
Chlo range was between 6.8 and 74.6; F0 ranged from 33.0 to
96.0; and Fv/Fm had a variation ranging from 0.446 to 0.811 units.
At scoring time, 2 months after silking, visual phenotypes ranged
from 1 to 4; Chlo phenotypic variation was between 0.7 and 56.9
units; F0 ranged from 0.0 to 230.0; and for Fv/Fm, the phenotypic
variation ranged from 0.006 to 0.787 units (Table 1).

Heritability and Correlation Analysis
Heritability was high for all the physiological traits. F0_1 had
the highest value at 0.81 followed by Chlo_1 at 0.75 and
Fv/Fm _1 that had a 0.58 value. Heritability values were slightly
lower for these traits when measured 2 months after silking
at 0.63, 0.49, and 0.42, for Chlo_2, Fv/Fm _2, and F0_2,
respectively. However, visual aspect evaluated at silking point
had the lowest heritability at 0.27, and increased substantially
after 2 months with a 0.69 value for visual_2 (Table 2, above
diagonal). We calculated pairwise genetic correlations among
the four traits evaluated at two different time points obtaining
11 out of 28 correlations among pair of traits significantly
correlated with r > |0.70|. Senescence visual assessment at silking
stage (visual_1) showed positive relationships r > 0.62 within
five out of eight pairwise comparisons. In addition, minimum
chlorophyll fluorescence (F0_2) evaluated 2 months after silking
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TABLE 1 | Averages values of 465 RIL and means of founder parents for three physiological traits and senescence visual scores evaluated at two phenological stages in
the MAGIC population across two environments in Pontevedra, Spain.

Genetic source Physiological traitsy

Silking evaluationz Two months after silking evaluationz

Chlo_1 F0_1 Fv/Fm _1 Visual_1 Chlo_2 F0_2 Fv/Fm _2 Visual_2

RILs

Means 43.54 ± 0.41 63.74 ± 0.20 0.740 ± 0.001 3.74 ± 0.01 8.18 ± 0.35 54.28 ± 1.29 0.344 ± 0.010 1.55 ± 0.03

Range 6.8–74.6 33.0–96.0 0.446–0.811 2–5 0.7–56.9 0.0–230.30 0.006–0.787 1–4

Parents

A509 38.23 60.61 0.744 3.51 1.78 18.82 0.102 1.08

EP125 31.28 62.15 0.743 3.56 2.92 40.18 0.268 1.19

EP43 41.33 83.67 0.679 3.79 5.88 44.11 0.160 1.13

EP53 62.27 64.75 0.746 3.70 10.04 57.73 0.366 1.52

EP86 38.07 63.78 0.738 3.97 7.21 48.34 0.375 1.69

F473 53.45 67.01 0.729 3.72 4.64 80.35 0.418 1.37

PB130 44.19 57.86 0.755 3.60 8.85 61.32 0.539 1.50

EP17 – – – – – – – –

LSD (p > 0.05) 8.30 1.74 0.02 0.54 8.17 36.16 0.27 0.39

yPhysiological traits where Chlo is chlorophyll index, F0 is minimum fluorescence, Fv/Fm is maximum quantum yield of PSII, and Visual is visual aspect with scale 1
(senescence) to 5 (green).
zSubindex followed by _1 indicates that the trait was evaluated at silking point, and that followed by _2 means that it was evaluated 2 months after silking.

was significantly correlated with six out of eight of the other
traits compared, with correlation coefficients at r > 0.23 for the
trait F0_1 to a correlation r at 1.00 for visual_1 (Table 2). As for
the phenotypic correlations, only two pairwise comparison had
r > 0.60, visual_2 with Chlo_2 and Fv/Fm_2, while the remaining
correlation coefficients were relatively low varying between 0.08
and 0.55 (Table 2, below diagonal). Among all the phenotypic
correlations Fv/Fm_2–Visual_2 was the highest at 0.7.

Pearson’s correlations of flowering time with the physiological
traits at silking time point varied from –0.31 to 0.12; visual_1 had
the lowest correlation at –0.31, and the trait F0_1 had the highest
value at 0.12. Furthermore, correlations evaluated 2 months
later ranged from 0.15 to 0.40, being Chlo_2 the lowest and
visual_2 the highest values, respectively. For yield performance,
Pearson’s correlations with the physiological traits at silking time
point ranged between –0.16 and 0.48, corresponding to the traits
F0_1 and visual_1, respectively. Yield evaluated 2 months after
silking varied from 0.13 to 0.24, corresponding to F0_2 and
Chlo_2, respectively.

Quantitative Trait Loci
We developed a genome-wide association studies (GWAS)
using the RILs population previously genotyped utilizing a GBS
technology and assessed individual phenotypes at both time
point, silking stage (_1) and 2 months after silking (_2) stage,
to identify loci associated with all the traits. Each candidate
SNP associated to the trait was then studied in Haploview to
account for LD and to identify the haplotype interval linked to
the trait of interest.

For visual senescence, GWAS analysis detected eight
significant SNPs associated at silking stage on chromosome
(chr) 2, chr3, chr4, and chr8 (Supplementary Figure 1 and
Supplementary Table 2). The percentage of phenotypic variance

explained for each putative marker ranged from 5.1 to 7.7%.
Visual senescence studied 2 months after silking resulted in 27
SNPs localized on chr3, chr6, chr7, chr9, and chr10. For these
putative QTLs, the proportion of phenotypic variance explained
ranged between 4.8 and 8.8% (Supplementary Figure 2 and
Supplementary Table 2). We observed that peak QTLs became
highly significant haplotypes at time point, 2 months after
silking (Table 3), detecting four QTL interval haplotypes. These
intervals corresponded to the markers on chr3 with an interval
region of 87 kbp between 88 and 89 Mb (90% confidence region),
another marker on chr3 with an interval region of 7 kbp between
90.3 and 90.4 Mb, the marker on chr6 with the interval region
of 471 kbp at 56–57 Mb, and the QTL at marker on chr10,
S10_2034863 (Table 3).

For chlorophyll, we detected 32 SNPs at silking stage,
distributed across all chromosomes, except chr2, chr6, and chr9
(Supplementary Figure 1 and Supplementary Table 3). The
percentage of phenotypic variance explained by a single SNP
ranged from 4.0 to 8.3%, on average. The total number of
unfavorable alleles detected across founder lines was twice as
much of the favorable alleles: for instance, EP125, the founder
with the lowest chlorophyll index at silking stage, had the highest
number of unfavorable alleles (22) across all the parental lines.
At time point 2 months after silking, 19 SNPs were detected,
and they were located on chr1, chr3, chr4, chr5, and chr6
(Supplementary Figure 2 and Supplementary Table 3). The
percentage of phenotypic variance explained by a single SNP
was, on average, slightly higher than at silking stage ranging
between 4.7 and 8.7%. As expected, the favorable alleles positively
controlling chlorophyl decreased as plant senescence developed
resulting in ∼1/4 of the total alleles (21/85). After studying
the linkage blocks for each of these putative significant SNPs,
we identified three QTL interval haplotypes on chr1 at silking
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TABLE 2 | Genotypic and phenotypic correlation coefficient matrix of physiological traits and senescence visual appearance evaluated in the MAGIC population EPS21
across two environments in Pontevedra, Spain.

Phenotypex,w Chlo_1z F0_1 Fv/Fm_1 Visual_1 Chlo_2z F0_2 Fv/Fm_2 Visual_2

Chlo_1 –0.01 0.36* 0.70* 0.43* 0.32* 0,30* 0,17*

F0_1 –0.08 –0.61 –0.03 0.05 0.23* –0.03 –0.03

Fv/Fm_1 0.26* –0.47 0.62* 0.26* 0.17 0.27* 0.29*

Visual_1 0.20* 0.01 0.13* 0.93 1.00* 0.96* 0.76*

Chlo_2 0.26* –0.01 0.13* 0.20 0.75* 0.87* 0.83

F0_2 0.14* 0.12* 0.08* 0.24* 0.47* 0.85* 0.89*

Fv/Fm_2 0.10* 0.02 0.10* 0.19* 0.55* 0.83* 1.00*

Visual_2 0.09* –0.02 0.14* 0.24* 0.64 0.51* 0.60*

h2 0.75 0.81 0.58 0.27 0.63 0.42 0.49 0.69

Flowy –0.15 0.12 –0.01 –0.31 0.15 0.36 0.31 0.40

Yield 0.18 –0.16 0.20 0.48 0.24 0.13 0.15 0.23

Below the line, heritabilities (h2) and Pearson correlations with flowering time (flow) and yield.
xPhysiological traits where Chlo is chlorophyll index, F0 is minimum fluorescence, Fv/Fm is maximum quantum yield of PSII. and Visual is visual aspect with scale 1
(senescence) to 5 (green).
yFlow is flowering time at silking measured in days after sowing, and yield was measured in tons per hectare (t/ha).
wGenetic correlations above the diagonal (rg) and phenotypic correlations below the diagonal (rp).
zSubindex followed by 1 and 2 indicates that the trait was evaluated at silking point or evaluated 2 months after silking, respectively.
*Correlation coefficient exceeded two times their standard error.

stage, and three QTL haplotypes when evaluation took place
2 months after silking, namely, two QTLs on chr1 and one
QTL on chr3, altogether resulting in seven of the significant
putative markers (Table 3). The QTL region on chr1 was
significant at both evaluation times. However, chr3 was detected
only at 2 months after silking evaluation time. On chr3, the
significant SNP (p = 3.86E–6) was located at 201,538,092 bp
explaining 5.3% of the phenotypic variation (Supplementary
Figure 2B). These findings suggest that chr3 region may
have more importance at late stages of plant development as
the plant matures.

For PSII quenching, 19 SNPs were detected to be significantly
associated at silking stage evaluation. There were six putative
markers on chr1, in addition to one marker on each chr4,
chr6, and chr10, respectively (Supplementary Figure 1 and
Supplementary Table 4). On average, the percentage of the
phenotypic variance explained by a single SNP ranged from 4.2
to 8.3%, and the additive allelic substitution effect fluctuated
between 4.97 and 10.16 units. The Manhattan plot depicted
a high peak on chr1 (Supplementary Figure 1C) with the
most significant SNP at position 47,775,156 bp (p = 9.35E–
6) explaining 5.4% of the phenotypic variance. Quantitative
trait loci analysis of PSII quenching evaluated 2 months after
silking detected two SNPs significantly associated, one SNP
located on chr3 and another one on chr6 (Supplementary
Figure 2 and Supplementary Table 4). The phenotypic variance
explained by a single SNP was, on average, lower than the
earlier stage, ranging between 5.4 and 5.5%. However, additive
effects at loci were much higher than at silking point with 79.98
and 103.79 units (Supplementary Table 4). For the 2 months
after silking measurement, we identified a QTL associated to a
haplotype on the chromosomal region of chr3. This allelic region
corresponding to marker S3_207022252 had an additive effect
at 85.5, and it was located within an interval region of 0.04 kbp
flanking markers at 20.7 Mb position (Table 3). This QTL was

not significant at silking stage but was highly significant at later
maturity of the plant development.

For fluorescence (F0), QTL analysis detected 43 SNPs
significantly associated to chlorophyl fluorescence at silking
stage evaluation. Among these putative QTL markers,
35 SNPs were found on chr1, 2 SNPs were detected on
chr2, 3 SNPs on chr3, and 1 putative marker on chr5,
ch6, and chr7, respectively (Supplementary Figure 1 and
Supplementary Table 5). On average, the percentage of
phenotypic variation explained by a single SNP ranged
between 0.043 and 0.108. The Manhattan plot depicted a high
peak on chr1 (Supplementary Figure 1D) with the most
significant SNP at position 26,037,654 bp (p = 8.44E–07)
explaining 6.8% of the phenotypic variance. Fluorescence
measured at 2 months after silking, we reported 20 putative
markers significantly associated with this trait: 18 SNPs
located on chr3, 1 marker on chr 5, and another 1 on chr8
(Supplementary Figure 2). On average, the percentage of the
phenotypic variance explained by a single SNP ranged from
4.6 to 8.45%, and the additive effect ranged between 6.82
and 14.61, on average (Supplementary Table 5). The QTL
peak had a significant SNP on chr3 located at 201,538,222 bp
(p = 2.02E–6) explaining 6.3% of the phenotypic variation
(Supplementary Figure 2D).

Candidate Genes and Expression
Analysis
We used the putative QTLs significantly associated with all
the traits to search for candidate genes annotated developing a
BLAST search on the maize genome browser. These searches
resulted in candidate genes for all the phenotypic traits studied.
For visual senescence evaluated at matured stage (Visual_2),
there were seven candidates on chr3. For chlorophyl, there were
three candidate genes at silking stage (Chlo_1) located on chr1
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TABLE 3 | QTLs mapped with significant SNPs associated across traits and evaluation time point.

Trait Time SNP Flanking
markers

A509 EP125 EP17 EP43 EP53 EP86 F473 PB130 TQTL 6EAT 6EAR EAP

Visual 2MAS S3_8974495 S3_8888862–
S3_8976187

–0.8 –0.1,
–0.2

0.4,
–0.2

–0.1,
–0.7

–0.1,
–0.6

0.5, 0.2 0.4,
–0.7

0.2,
–0.7

87 1.4 0.8 0.1

Visual 2MAS S3_9038739 S3_9035419–
S3_9042531

0.04,
0.02

–0.1 0.2,
–0.1

0.1,
–0.2

–0.1,
–0.2

0.6, 0.1 0.3,
–0.1

0.4,
–0.1

7 0.9 0.7 0.3

Visual 2MAS S6_56810498 S6_56809291–
S6_57280494

–0.4 –0.3,
–0.4

–0.3,
–0.4

–0.4 0.3, 0.2 –0.4 0.3, 0 –0.1,
–0.3

471 0.7 0.2 0.0

Visual 2MAS S10_2034863 S10_2034863–
S10_2034863

0.0 0.0 0.2, 0 0.2 0.2, 0 0.0 0.0 0.0 0 0.2 0.2 0.2

Chlorophyl Silking S1_278163516 S1_278163476–
S1_278352686

–10.7,
–19.4

–16.5,
–19.4

–8.2,
–11

–3.6,
–8

6.5, 2.8 3.1,
–5.1

6.5 6.5 189 32.4 11.6 5.3

Chlorophyl Silking S1_278356935 S1_278353505–
S1_278357906

3.5,
–5.3

-2.8 7.9, 4.6 3.1, –3 7.9, 2.3 7.9,
–3.9

7.2 7.2 4 13.3 9.5 0.3

Chlorophyl Silking S1_278992401 S1_278909244–
S1_279068377

–1.6,
–3.8

–4.5 –2.2,
–4.5

–3.8 –2.4 –3.8,
–4.5

–0.2 1.4 159 5.9 1.9 1.9

Chlorophyl 2MAS S1_279901234 S1_279901234–
S1_279901243

4.5 0.0 0.0 4.5 0.0 0.0 4.5 4.5 0.009 4.5 2.3 2.3

Chlorophyl 2MAS S1_279901243 S1_279901234–
S1_279901243

4.5 0.0 0.0 4.5 0.0 0.0 4.5 4.5 0.009 4.5 2.3 2.3

Chlorophyl 2MAS S3_201194856 S3_201189615–
S3_201228263

–2.6,
–7

–5.9,
–11.1

12.4,
–7.5

1, –0.1 –2.1,
–6.6

11.1, 5 –6.2,
–11.1

–6.3 39 24.6 3.3 4.0

Chlorophyl 2MAS S3_201538092 S3_201538092–
S3_201545231

–19.1 –19.1 1.9,
–19.1

1.9,
–1.6

–19.1 –1.6,
–3.5

–19.1 –19.1 7 10.5 1.5 1.5

Chlorophyl 2MAS S3_201538103 S3_201538092–
S3_201545231

–19.1 –19.1 1.9,
–19.2

1.9,
–1.7

–18.1 –1.6,
–3.6

–19.1 –19.1 7 10.5 1.5 1.5

Chlorophyl 2MAS S3_201538104 S3_201538092–
S3_201545231

–19.1 –19.1 1.9,
–19.3

1.9,
–1.8

–17.1 –1.6,
–3.7

–19.1 –19.1 7 10.5 1.5 1.5

Chlorophyl 2MAS S3_201538113 S3_201538092–
S3_201545231

–19.1 –19.1 1.9,
–19.4

1.9,
–1.9

–16.1 –1.6,
–3.8

–19.1 –19.1 7 10.5 1.5 1.5

PSII
Quenching

2MAS S3_207022252 S3_207022212–
S3_207022252

171.1,
11.1

11.1 171.1,
0

0.0 171.1,
11.1

171.1,
0

11.1 11.1 0.04 85.5 49.5 49.5

Linkage blocks with flanking markers, QTL length, haplotype that increases or decreases the effect, sum of the real and theoretical additive effect of the favorable
haplotype, and additive effect of the parents for each SNP or SNPs group significantly associated with Chlo_1, Chlo_2, and Fv/Fm_2, evaluated in the EPS21 MAGIC
population, in Pontevedra, Spain.
TQTL, QTL size in kbp; HF, haplotype that increases the additive effect; HD, haplotype that reduces the additive effect; 6EAT, sum of the theoretical additive effect,
resulting from the sum of the additive effects of all significant SNPs in the linkage block; 6EAR, sum of the real additive effect, resulting from the sum of the additive effects
of all significant SNPs in the linkage block and subtracted from the total average of the entire population; EAP, additive effect based on the genotype of the parental.

and five candidate genes on chr3 that were associated with the
trait measured 2 months after silking (Chlo_2). Finally, for PSII
quenching, we observed two candidate genes associated with this
trait at late plant maturity (Fv/Fm_2) (Table 4).

The comparative genomics search resulted in a candidate gene
associated with Chlo_2 (Zm00001d043586) that was annotated
as an Arabidopsis homologous; this gene encodes for a protein
involved in senescence regulation of the S40 family. To evaluate
how plant aging affects the gene expression of Zm00001d043586,
located on chromosome 3 at position 201,538,092 bp, we
compared the transcript expression obtained from RNA-seq at
different time points after silking on seven different genotypes.
Time sequence samples from each genotype were measured
at silking (d0), 15 days after silking (d15), 30 days after
silking (d30), 45 days after silking (d45), 65 days after silking
(d65), and 90 days after silking (d90) depending on senescence
earliness as described in Supplementary Table 1. First, we
compared gene expression between each time point relative

to d0 (Table 5). Early senescence line NC292 showed highly
significant differences at time point d15 with a log-fold change
(FC) at 5.08 (p = 1.91E–14). Mid-early phenotypes such as
PHT10 started to be significantly different at d30 with a logFC
at 4.45 (2.22E–03). Mid-late phenotype, PA8637, showed gene
expression difference to silking time at d45 with a logFC 4.76
(p = 3.25E–02). Finally, late senescence phenotype, PHW79,
had a significant gene expression at 60 days after silking
(d60) with a logFC 6.45 (p = 1.33E–04). Second, we studied
the transcription differences between pairwise time sequence
for each genotype (Figure 1). Remarkably, gene expression
in NC292 was significantly different between d0 and d15,
and remained not significant between d15 and d30, and d30
and d45. Mid-early and middle senescence phenotypes, such
as PHT10, PHW79, and PHHB9, increased steadily the gene
expression. However, genotypes PHW52 and PA8637 increased
their expression later at d30 and declined after the d65
stage (Figure 1).
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TABLE 4 | Candidate genes and physical positions for each significant SNP associated with Chlo_1, Chlo_2, and Fv/Fm_2, visual senescence, and their
respective descriptions.

ChraTrait SNP physical
position (bp)

Gene ID and position (B73
RefGen_v2)

TAIR database description

1 Chlo_1 278,163,516 Zm00001d034071
(S1_278113793–S1_278126352)

Nuclear-encoded chloroplast stromal cyclophilin CYP20-3 (also known as ROC4). Protein is
tyrosine phosphorylated, and its phosphorylation state is modulated in response to ABA in
Arabidopsis thaliana seeds.

1 Chlo_1 278,356,935 Zm00001d034076
(S1_278418921–S1_278425448)

Cyclic nucleotide-regulated ion channel family. “defense, no death” gene (DND1) encodes a
mutated cyclic nucleotide-gated cation channel; Same as CNGC2 (article ID 229): Cyclic
nucleotide gated channel, activated by cAMP, conducts K+ and other monovalent cations but
excludes Na+. Conducts Ca2+ into cells, which is linked to the generation of NO and the NO
signaling pathway involved in the innate immune response to pathogens. CNGC2 could be the
key step mediating bulk Ca2+ influx into leaf cells after unloading from the vascular and have no
direct roles in the leaf development and HR.

1 Chlo_1 278,992,401 Zm00001d034099
(S1_278996225–S1_278999894)

Encodes a leaf-type ferredoxin: NADP(H) oxidoreductase.

1 Chlo_2 279,901,234 Zm00001d034137
(S1_279742698–S1_279744047)

Encodes a chloroplast localized subunit of casien kinase4, and the casein kinase II.
CK2-mediated phosphorylation enhances the light-induced degradation of PIF1 to promote
photomorphogenesis.

1 Chlo_2 279,901,243 GRMZM2G003421
(S1_279824465–S1_279826154)

Encodes a member of F-box proteins that includes two other proteins in Arabidopsis (ZTL and
FKF1). Overexpression results in arrhythmic phenotypes for a number of circadian clock outputs
in both constant light and constant darkness, long hypocotyls under multiple fluences of both
red and blue light, and a loss of photoperiodic control of flowering time.

3 Chlo_2 201,194,856 Zm00001d043574 (S3_
201165018–S3_201167249)

Chloroplastic NifS-like protein that can catalyze the conversion of cysteine into alanine and
elemental sulfur [S (0)] and of selenocysteine into alanine and elemental Se [Se (0)].

3 Chlo_2 201,538,092 Zm00001d043586 (S3_
201322694–S3_201323761)

Senescence regulator (protein of unknown function, DUF584)

3 Chlo_2 201,538,103 Zm00001d043589 (S3_
201371185–S3_201375806)

MADS box gene negatively regulated by APETALA1

3 Chlo_2 201,538,104 Zm00001d043607 (S3_
201861549–S3_201871591)

Encodes a hexokinase (HXK1) in the plant glucose-signaling network. Functions as a glucose
sensor to interrelate nutrient, light, and hormone signaling networks for controlling growth and
development in response to the changing environment

3 Chlo_2 201,538,113 Zm00001d043609 (S3_
201966295–S3_201973589)

MAP kinase kinase 6. Encodes a member of the MAP Kinase Kinase family of proteins. It can
phosphorylate MPK12 in vitro, and it can be dephosphorylated by MKP2 in vitro (ANQ1,
ATMKK6, MKK6).

3 Fv/Fm_2 207,022,252 Zm00001d043800 (S3_
207029164–S3_207037370)

Serine/threonine kinase family catalytic domain protein

3 Fv/Fm_2 207,022,252 Zm00001d043801 (S3_
207037486–S3_207041394)

Alpha/beta-hydrolases superfamily protein

3 Visual_2 8,974,495 Zm00001d039566 (S3_
8887555–S3_8888747)

(HSP17.6II) 17.6 kDa class II heat shock protein

3 Visual_2 8,974,495 Zm00001d039575 (S3_
8980485–S3_8982638)

A single copy gene that encodes a protein with sequence similarity to tomato E8 (ACC oxidase,
the last step in ethylene biosynthesis) involved in ethylene synthesis and fruit ripening in tomato.
This gene is not induced by ethylene in siliques. The transcript is found in siliques, etiolated
seedlings, leaves, stems, and flowers.

3 Visual_2 9,038,739 Zm00001d039578
(S3_9037860–S3_9042655)

Histidyl-tRNA synthetase, key player in translation and act early in protein synthesis by
mediating the attachment of amino acids to their cognate tRNA molecules

3 Visual_2 9038,739 Zm00001d039579 (S3_
9045175–S3_9047443)

phd34—PHD-transcription factor 34, RING/FYVE/PHD zinc finger superfamily protein

3 Visual_2 9,038,739 Zm00001d039581
(S3_9072834–S3_9073771)

ca5p15—CCAAT-HAP5-transcription factor 515, nuclear factor Y, subunit C13

6 Visual_2 56,810,498 GRMZM2G306677
(S6_56815895–S6_56820763)

A member of ARF GAP domain (AGD), A. thaliana has 15 members, grouped into four classes.

10 Visual_2 2,034,863 Zm00001d023261
(S10_2008922–S10_2010657)

Nucleotide-sugar transporter family protein

10 Visual_2 2,034,863 Zm00001d023262
(S10_2011814–S10_2017183)

brk3—brick3, (GRL, NAP1, NAPP) transcription activators

10 Visual_2 2,034,863 Zm00001d023263
(S10_2039154–S10_2041723)

Glutamine-fructose-6-phosphate transaminase that likely plays a role in
UDP-N-acetylglucosamine biosynthesis.

aChr, chromosome; Chlo_1 and Chlo_2 = chlorophyll index evaluated at silking and two months after silking; Fv/Fm_2 = maximum quantum yield of photosystem II
evaluated 2 months after silking; and Visual_2 = visual scoring senescence evaluated 2 months after silking.
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TABLE 5 | Expression profiles fold change and p-value significant differences of six divergent stay-green genotypes studied for the GRMZM2G311347 gene at seven
different time points in days (d) after the compared flowering time (d0) as references, d15, d30, d45, d60, d75, and d90 evaluated in Galicia, Spain.

Genotype SGx Tagwise LogFC z

Phenotype Dispersion d15 y d30 d45 d60 d75 d90

NC292 Early 0.14 5.08 4.77 5.26 NA NA NA

1.91E-14 1.95E-12 1.37E-14 NA NA NA

PHT10 Mid Early 0.17 2.20 4.45 6.05 11.07 NA NA

1.78E-01 2.22E-03 1.01E-06 1.48E-32 NA NA

PHHB9 Medium 0.21 0.00 3.95 7.12 7.44 9.14 NA

9.99E-01 3.56E-02 9.08E-07 1.89E-07 8.43E-12 NA

PHW52 Medium 0.24 0.00 3.28 5.86 9.88 8.39 NA

9.97E-01 8.63E-02 1.42E-04 2.11E-16 1.24E-09 NA

PA8637 Mid late 0.81 –0.01 –0.01 4.76 8.37 7.11 NA

9.78E-01 9.89E-01 3.25E-02 8.59E-05 9.02E-04 NA

PHW79 Late 0.48 0.00 0.00 0.00 6.45 7.63 7.63

9.99E-01 9.96E-01 9.99E-01 1.33E-04 1.81E-06 1.81E-06

Shaded values represent significant fold change expression compare to d0, flowering time.
xVisual phenotypes representing early, mid early, medium mid late and late senescence.
yDenoted as d0 = flowering time, d15 = 15 days after flowering, d30 = 30 days after flowering, d45 = 45 days after flowering, d60 = 60 days after flowering, d75 = 75
days after flowering, and d90 = 90 days after flowering.
zLogFC denotes log-fold change expression with p-values underneath each value having references d0.

DISCUSSION

This research aimed to understand the genetic regions
influencing senescence traits and the temporal changes between
two key phenotypic stages silking (_1) and 2 months after silking
(_2). We studied senescence in key physiological traits associated
with plant aging: Chlo, calculates the total chlorophyll content
of a leaf, F0 measures the minimum chlorophyll fluorescence,
and Fv/Fm that represents the maximum quantum yield of
photosystem II. This strategy resulted in the detection of
QTLs linked with novel markers, suggesting that physiological
screenings should be further investigated in the future.

Visual phenotypic correlations were low, indicating that
selections based on visual scores may not be effective. Pairwise
genetic correlation between all traits identified high positive
(≥0.60) correlations between Chlo_1, Fv/Fm_1, and visual_1,
and chlo_2, F0_2, Fv/Fm_2, and visual_2. For example, in maize,
Yang et al. (2017) reported phenotypic correlations at 0.77 for
Fv/Fm and visual scores. Other studies in sorghum obtained
lower correlations at 0.15 (Sukumaran et al., 2016), perhaps
influenced by the difference in plant morphology of these two
species or the conditions of drought stress of the sorghum
experiments. However, Sukumaran et al. obtained similar visual
scoring range at flowering times between 1.3 and 4.6. In our
study, there was also a negative correlation between F0_1 and
Fv/Fm_1, indicating that the light exposure at early stage and
its efficiency may not be sufficient at early stages of flowering
time. However, that was not the case at later development, 2
months after flowering, with a high positive correlation at 0.85,
suggesting that the source-sink apparatus may be more efficient
toward the grain filling.

Heritability results showed that F0_1 had the highest value
at 0.81, followed by Chlo_1 and Chlo_2, at 0.75 and 0.62,

respectively. This results are in agreement with those obtained by
Yang et al. (2017) at 0.66 and are higher than the ones observed
in Cai et al. (2012), between 0.36 and 0.57. These differences may
be due to the phenotypic diversity of the founder parents used
in this work whose chlorophyll content did not differ more than
57.3 points. However, Yang et al. (2017) included founder female
parent “Zheng58” with functional stay green phenotypes and still
observed the similar range of values as in this research. This high
F0 heritability would allow for selections with reduce minimum
energy to excite chlorophyll and reactor centers with sufficient
intensity to induce electron transport through PSII, a desirable
trait in maize germplasm. Genetic correlations were high at
early stage between Fv/Fm_1 with F0_1 (0.61) and moderate
with Chlo_1 (0.36). Similarly, genetic correlations were high
between the physiological 2 months after silking, with values at
0.73 and 0.87 for combinations F0_2 with Chlo_2 and Chlo_2
with Fv/Fm, respectively. Because of the high heritabilities and
the genetic correlations, this would suggest that Chlo, F0, and
Fv/Fm would be a reliable phenotypic technique to assess plant
senescence. F0_1 would be of particular importance due to its
negative Pearson correlation with yield (–0.15) and the possibility
of evaluation at early stage of the plant cycle. In the association
analysis, we identified a total of 227 individual associated SNPs
for all the evaluated traits (data not shown); however, among all
these detected SNPs, based on the number of homozygous lines
for a given variant, the selection of QTLs should be carefully
made, providing that these observations are below 58 (465 RIL/8
parent lines = 58 lines) and that could generate false positive
results due to the unequal composition of the data and the
reduce accuracy, suggesting that natural selection has probably
existed. Therefore, the total QTL identified for each trait was
smaller because two or more of these significant SNPs can
form a single linkage block but only one QTL. For instance,
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FIGURE 1 | Cumulative fold-change transcript expression of SNP “Zm00001d043586” at seven time points measured in six genotypes NC292, PHT10, PHHB9,
PHW52, PA8637, and PHW79 evaluated in Pontevedra, Spain. Error bars represent the tagwise dispersion of the SNP for each genotype. zDenoted as
d0 = flowering time; d15–d0 = expression between d15 and d0; d30–d15 = expression between d30 and d15; d45–d30 = expression between d45 and d30;
d60–d45 = expression between d60 and d45; d75–d60 = expression between d75 and d60; d90–d75 = expression days after flowering.·∗, ∗∗, ∗∗∗ denotes
significance at p = 0.10, p = 0.05, p = 0.01, p = 0.001, respectively.

there were two QTLs on chr1 in the traits PSII_1 and F0_1, at
silking stage, but the candidate SNPs are located at 47,775,156 bp
and 26,037,654 bp, respectively, which suggests that they are
different haplotypes (Supplementary Figure 1). There was no
common significant QTL (SNPs) for traits evaluated at both time
points, silking and 2 months later, suggesting that each QTL
was specific to the plant development time point at silking and
senescence stages. However, the same QTL peak was detected
for traits F0_2 and Chlo_2 on the chromosome 3 genomic
region at approximately 201,538,092 bp, the same region as
the Zm00001d043586 candidate gene, once more suggesting the
importance of this region at late developmental stages.

Our research provided novel QTLs that have not been
previously reported. These molecular markers were primarily
found with a flint European origin, likely because it was the
first time that senescence physiological traits were studied

using this genetic background. We found QTLs associated
with Chlo located on chromosomes 1, 3, 4, 5, 6, 7, 8, and
10, both at silking and 2 months after silking. Similarly,
Yang et al. (2017) reported six QTL on chromosomes 1,
4, 6, 8, and 9 associated with this same trait. For the
Fv/Fm trait, we detected associated QTLs positioned on
chromosomes 1, 3, 4, 6, and 10, whereas other researchers
found nine QTLs on chromosomes 1, 2, 3, 4, 5, 6, and 8
(Yang et al., 2017).

We found two genes associated with chlorophyll index (Chlo),
represented by the SNPs on chromosome 1 significantly
associated with Chlo_1 (S1_278163516, S1_278356935,
and S1_278992401) located within the candidate gene
Zm00001d034073 in the version 2 of the B73 genome and
corresponding to the gene Zm00001eb057820 in the version
5. This gene is homologous to the WRKY DNA-BINDING
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PROTEIN 57 gene (AT1G69310) in Arabidopsis, playing a role as
a convergence point between jasmonic acid and auxin-mediated
signaling during jasmonic acid-induced foliar senescence (Jiang
et al., 2014). Although the SNP associated with this gene was
only significantly associated with chlorophyll content at silking
stage, and not at senescence stage, it was upregulated at later
development based on the gene expression profiles studied in the
seven maize inbred lines, confirming that Zm00001d034073 plays
a role during naturally occurring leaf senescence.

On the other hand, SNPs significantly associated with
Chlo_2 on chromosome 3 (S3_201538092, S3_201538103,
S3_201538104, and S3_201538113) were located within the
candidate gene Zm00001d043586. The homologous gene in
Arabidopsis AT1G29640.1, also known as AtS40-1 (Fischer-
Kilbienski et al., 2010), has been described as a senescence
regulator. Proteins of the S40 family are induced during natural
senescence and may also be regulated in response to hormone
regulation (Krupinska et al., 2002; Zheng et al., 2019) because
some proteins may only be expressed during dark-induced
senescence (Kleber-Janke and Krupinska, 1997). For example, the
SAG12 encoding protein identified in barley (Hordeum vulgare)
produced by the nucleus gene HvS40 was associated with the
degeneration of chloroplasts occurring during naturally occurred
senescence (Krupinska et al., 2002). In our research, based on
the gene Zm00001d043586 expression profiles studied in seven
maize inbred lines, we detected that transcript expression was
upregulated during senescence in six out of the seven lines
studied when taking flowering time expression as reference. This
suggests that the overall importance of this gene was due to
natural induced senescence (Table 5 and Figure 1). However, we
observed that the pace of the senescence response regarding to
the chlorophyll degradation showed clear differences based on
the RNA-seq analysis. Early senescence lines showed high levels
of expression from silking stage up to d45 (Table 5); however,
for the middle senescence lines, the upregulation was initiated
at d45 until d75, and for the late-senescence line, PHW79,
transcription started at d60 to the end of the cycle, d90 (Figure 1).
Thus, our results suggest that the gene Zm00001d043586 is
associated with the speed of chlorophyll dismantle at late plant
cycle stages. This may be due to a difference in the chloroplast
degradation (Krupinska et al., 2002). Our results also suggest that
this chloroplast degradation is germplasm dependent, depending
upon the type of the diversity of the genotypes, because these
changes happened at later stages of plant development within the
different material. The general model of senescence proposed that
the initial decline rates of photosynthesis may be the senescence-
initiating factor (Hensel et al., 1993), and this is not the case
of the SAG12 gene because it does not rapidly respond to
senescence-promoting stresses, and it is only expressed in the
leaves as they age (Weaver et al., 1998). Thus, we observed a
similarly trend in maize represented in Figure 1, as reported

by Noh and Amasino (1999) in Arabidopsis and by Zheng et al.
(2019) in rice.

This study provides a systematic phenological characterization
of a maize MAGIC population on two temporal time points
conditions. We were able to identify not previously detected
QTL loci for all the traits studied related to the onset of
senescence at flowering time and also at late developmental stage,
2 months later. By using a multifounder maize population, we
were able to capture much of the genetic variation present in elite
cultivars and in particular the flint European genetic background.
Thus, fine-scaling genomic regions of the developmental and
physiological patterns can be exploited for senescence line
development. We showed that the Zm00001d043586 gene was
significantly associated with the chlorophyll rate, and it was of
particular importance at later plant development due to its rate
of gene expression response. This research supports the use of
MAGIC population for QTL mapping that can assist in pyramidal
selection using complementary alleles for crop enhancement.
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Functional foods are natural products of plants that have health benefits beyond necessary
nutrition. Functional foods are abundant in fruits, vegetables, spices, beverages and some
are found in cereals, millets, pulses and oilseeds. Efforts to identify functional foods in our
diet and their beneficial aspects are limited to few crops. Advances in sequencing and
availability of different omics technologies have given opportunity to utilize these tools to
enhance the functional components of the foods, thus ensuring the nutritional security.
Integrated omics approaches including genomics, transcriptomics, proteomics,
metabolomics coupled with artificial intelligence and machine learning approaches can
be used to improve the crops. This review provides insights into omics studies that are
carried out to find the active components and crop improvement by enhancing the
functional compounds in different plants including cereals, millets, pulses, oilseeds,
fruits, vegetables, spices, beverages and medicinal plants. There is a need to
characterize functional foods that are being used in traditional medicines, as well as
utilization of this knowledge to improve the staple foods in order to tackle malnutrition and
hunger more effectively.

Keywords: nutrition, genomics, transgene, functional foods, nutraceuticals

INTRODUCTION

To address global food and nutritional security, there is a need to increase the agricultural production
and nutritive value of food. Assured access to nutritionally adequate and safe food is essential for
attaining the nutritional security. With urbanization and changing food habits, “smart foods with
higher nutrition per bite” is the need. The awareness of utilization of these foods for prevention and
treatment of certain diseases prompted the researchers to discover active compounds that render
health benefits. Foods that have an additional physiological benefits besides providing basic
nutritional needs were first referred to as “functional foods” in Japan in the mid-1980s. Broadly,
functional foods can be categorized according to the active components that have health benefits.
Based on their origin, they can be classified as naturally derived products (plant or animal sources) or
synthetic products (synbiotics, nutraceuticals) (Mohanty and Singhal, 2018). The functional
products from plant origin include phytochemicals such as polyphenolic compounds, alkaloids,
flavonoids, carotenoids, saponins, allyl sulfides, catechins, nutraceuticals, etc. (Table 1; Figure 1).
There are clear evidences from epidemiological studies and clinical trials that a plant-based diet can
reduce the risk of chronic diseases and disorders such as cancer (Velmurugan et al., 2005;
Aghajanpour et al., 2017; Sayeed et al., 2017), diabetes (Hannan et al., 2007; Ballali and Lanciai,
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2012; Alkhatib et al., 2017), obesity (Hill and Peters, 2002;
Riccardi et al., 2005; Baboota et al., 2013), cardiovascular
ailments (Alissa and Ferns, 2012; Hamid and Abd Hamid,
2019) and other effects on human health (Lobo et al., 2010).
Most of the functional foods with scientific supporting evidence
are the native/familiar foods that were used in traditional
medicine for generations (Hasler, 1998; Fokunang et al., 2011;
Abbott, 2014).

The scientific advances and next generation sequencing
technologies available in recent years have impacted
significantly on crop breeding and food science (Varshney
et al., 2009; Kato et al., 2011). There is a lot of scope to utilize
these technologies to understand the functional compounds that
have health benefits and to improve the crops with respect to its
nutritional status along with productivity related traits.
Utilization of different omics technologies in research related
to food and nutrition with the objective of improving the human
health and well-being is referred as foodomics (Capozzi and
Bordoni, 2013). An integrated use of omics technologies
approaches to increase the nutrient potential of any crop,
further applications in food processing and formulations can
influence the nutritional security to greater extent (Bagchi et al.,
2015; Tian et al., 2016).

The omics discipline comprises of four major broad areas like
genomics, transcriptomics, proteomics and metabolomics.
Integrated use of the omics technologies provides a holistic
approach to study the systems biology (Pazhamala et al.,
2021). Genomics includes the sequencing of whole genomes,
assembly and annotation of the sequences, study of the genes,

identification and development of molecular markers and
quantitative trait loci (QTLs) for target traits, genomics
assisted breeding, genomic selection, etc. (Varshney et al.,
2005; Kole et al., 2015; McGuire et al., 2020). Transcriptomics
deals with the dynamic expression of gene products in specific
tissue at particular stage. The study of differential expression is
quantified by using different molecular biology tools such as RNA
sequencing, microarrays, Serial analysis of Gene Expression
(SAGE), qRT-PCR, etc. While microarray, SAGE and qRT-
PCR technologies determine the abundance of defined
transcripts, the RNA-sequencing utilizes the advantage of
high-throughput sequencing to identify the novel transcripts
(Lowe et al., 2017). Proteomics can be effectively used to study
protein structure, function, and interaction with other proteins or
ligands such as bioactive compounds. Advanced techniques like
Matrix-assisted laser desorption/ionization Time of flight
(MALDI-TOF) and Liquid chromatography coupled to mass
spectrometry (LC-MS) are able to detect expression of specific
proteins. Metabolomics identifies and quantifies specific
metabolites present in a sample. Metabolomics can be
beneficial for quantification of biologically active compounds,
food fingerprinting, and food profiling. Techniques like Gas
chromatography coupled to mass spectrometry (GC-MS),
Liquid chromatography coupled to mass spectrometry (LC-
MS), Inductive couple plasma (ICP), nuclear magnetic
resonance (NMR), Near infrared spectrometry (NIR) have
been used for characterization of metabolites (Prakash et al.,
2018; Kumar et al., 2019). Besides these omics approaches,
genome editing tools like RNAi, CRISPR/Cas9, TALENs, ZFNs

TABLE 1 | Functional compounds and their health benefits.

Sl.
No

Compound Health benefits References

1 Tocopherols,
β-carotene

Antioxidants, reduce the risk of heart diseases and few types of cancers and protect
from age-related muscular degeneration

Sies and Stahl, 1995; Gul et al., 2015, Jacobo-
Valenzuela et al., 2011

2 α-linolenic acid Cardioprotective in nature, modulation of an inflammatory response, and improves
central nervous system functions

Stark et al. (2008)

3 Astaxanthin Antioxidant and anti-inflammatory improves blood circulation and brain functions,
promote an integrated immune response

Kidd, (2011)

4 Anthocyanins Acts as dietary antioxidants helps to prevent neural diseases, cardiovascular
problems, diabetes, inflammation and many other diseases

Yousuf et al. (2016)

5 Tannins Antioxidant, anti-inflammatory, anticancerous, antiallergic, antihelminthic and
antimicrobial activities

Sharma et al. (2019)

6 β-glucan Beneficial role in insulin resistance, dyslipidemia, hypertension, and obesity El Khoury et al. (2012)
7 Lycopene Antioxidant, anticancer, protect against cardiovascular diseases, modulation of

inflammatory responses, cholesterol reduction
Thies et al. (2017)

8 Flavonoids Antioxidant, prevention of coronary heart diseases, hepatoprotective and anti-
cancer activity

Yao et al., 2004; Yadav et al., 2020, Basu et al., 2018

9 Vitamin C Prevent scurvy, coronary heart diseases stroke and cancer Granger and Eck (2018)
10 Alkaloids Analgesic, antipyretic, antioxidants, anti-inflammatory, improves brain functioning,

antidiabetic and helps to treat gastroenteritis and chronic diseases
Derosa et al., 2016; Street et al., 2017, Adams et al.,
2014

11 Saponins Lowers blood lipids, lower blood glucose response and cholesterol levels, reduce
cancer risks

Shi et al. (2004)

12 Eugenol Antioxidants, anti-inflammation, helps to control hyperglycemia, elevated
cholesterol levels, neural disorders and cancer. Also, possess antimicrobial agent

Khalil et al. (2017)

13 Polyphenols Neuroprotectve, anti-aging, Antioxidant, anti-inflammatory Lau et al. (2005)
14 Isothiocyanates Lowers the risk of liver, breast, lung cancers Aghajanpour et al., 2017; Mohanty and Singhal,

2018; Kartikey et al., 2019
15 Phytosterols Anticancer, antibacterial, antiviral, and cholesterol-lowering activity Chongtham et al. (2011)
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can be utilized to improve the crop plants. Use of computational
and bioinformatics tools is indispensable while using all the above
mentioned technologies. Advances in data science with
applications of artificial intelligence and machine learning has
enabled deep learning of the data for better understanding of the
biological processes and crop prediction modelling in genomic
selections (Figure 2). In this review, we discuss about the
utilization of omics technologies in determining and
enhancing the active food compounds in major crop plants
including cereals, millets, pulses, oil seeds, fruits, vegetables,
spices and medicinal plants.

Cereals
Cereals are the major part of our daily diet and source of
carbohydrates but lack an adequate amount of nutrition in
terms of vitamins, and essential amino acids (Munck, 1972).

Hence there is a need to improve the quality and nutritional
parameters of cereals. Recent advances in genomics and genetic
engineering are useful in targeted improvements especially by
improving the quality and nutritional value in crop plants
(Sedeek et al., 2019). Several omics technologies have been
used to improve rice, wheat, barley especially for disease
resistance and improving the yield of the crops (Zenda et al.,
2021). However, there are only a few reports related to
deciphering the functional compounds in cereal crops using
modern biotechnological tools (Table 2). For instance, rice is
improved with higher carotenoid content leading to increased
Vitamin A (Dubock, 2019) and biofortified with micronutrients
like Fe and Zn (Welch and Graham, 2004; Trijatmiko et al., 2016).
A genetic engineering approach was successfully used to develop
“Golden Rice” with significant levels of β-carotene that will help
to combat vitamin A deficiency. Ye et al. (2000) and Shao et al.

FIGURE 1 | An infographics showing the functional components of the food and their potential health benefits to human beings.
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(2011) reported the marker loci/QTLs underlying the naturally
occurring variations of grain color and nutritional quality traits in
416 rice germplasm accessions, including 361 white rice, 50 red
rice, and six black rice across 41 marker loci. These markers could
be further used for marker-assisted breeding to improve rice for
nutritional qualities. The efforts were also made to dissect the
nutrient traits especially Fe, Zn and anthocyanin content using
genome-wide association studies on diversity panel consisting of
156 accessions of colored rice (Descalsota-Empleo et al., 2019).
QTLs for functional components like phenolic content, flavonoid
content and antioxidant capacity were identified using 127 double
haploid lines developed through anther culture (Jin et al., 2009).
Genome editing tools like CRISPR-Cas9 have also been utilized to
enhance the amylose content (Sun Y. et al., 2017b). There are also
efforts to develop fragrant rice by knocking out of betaine
aldehyde dehydrogenase (BADH2) gene using TALEN
technology (Shan et al., 2015).

Similar to rice, there are many reports to utilize the omics
approaches in wheat to improve the nutrition and functional
components. To list a few, an enriched wheat with high vitamin A
content was developed by transforming the two bacterial
carotenoid biosynthetic genes CrtB and CrtI into wheat
cultivar Bobwhite (Wang et al., 2014). In addition to this,
candidate genes involved in carotenoid biosynthesis and
catabolism have been elucidated using GWAS studies in wheat
(Colasuonno et al., 2017). Genomic regions for the color,

carotenoids, and polyphenol oxidase activity of flour in wheat
have been studied using linkage-based QTL analysis (Zhao et al.,
2013). Hussain et al. (2017) reported QTLs for several nutrients,
including Zn, Fe, Mn, Cu, Ca, Mg, etc. under saline conditions. In
wheat, candidate genes for enhancing the grain Zn content have
been identified by GWAS using high-density genotyping arrays
on 369 wheat genotypes (Alomari et al., 2018). Genetic
improvement in grain quality and micronutrients has been
instrumental in quality breeding for wheat (Distelfeld et al.,
2006; Balyan et al., 2013; Pu et al., 2014). Apart from this,
there is also a need to utilize genomics approaches to decrease
heavy metal (for example, Cadmium) uptake (Knox et al., 2009)
and improve digestibility with reduced flatulence (Sharma et al.,
2002). Genetically modified maize and wheat have showed
increased accumulation of folate (Vitamin B9) levels (Liang
et al., 2019).

Many economically backward countries rely on crops such as
sorghum and maize as their staple food. In maize, biofortification
with micronutrients like Zn and Fe (Zhao, 2007), enhanced
β-carotene (Muthusamy et al., 2014), and amino acids like
Lysine (Mertz et al., 1964; Shetti et al., 2020) have been
carried out to ensure the nutritional security. To dissect the
genomic regions for various metabolites in maize (Zea mays),
a metabolome-based GWAS was carried out (Zhou et al., 2019).
An integrated omics-based mapping to unravel flavonoid
biosynthesis was also attempted in maize (Jin et al., 2017).

FIGURE 2 | Integrated omics approaches for enhancing functional foods. In this figure, the crop categories specified are orderly arranged in descending manner
with respect to the utilization of omics technologies to improve functional foods. Abbreviations: GWAS, Genome-Wide Association Studies; MAS, Molecular Assisted
Selection; GS, Genomic Selection; qRT-PCR, Quantitative Real Time polymerase Chain Reaction; 2D GE, 2-Dimensional Gel electrophoresis; XRC, X-Ray
Crystallography; MALDI-TOF, Matrix-Assisted Laser Desorption/Ionization-Time Of Flight; LC-MS/MS, Liquid Chromatography—Mass Spectrophotometry; GC-
MS, Gas Chromatography—Mass Spectrophotometry, HPLC: High Performance Liquid Chromatography; UPLC, Ultra Performance Liquid Chromatography; NMR,
Nuclear Magnetic Resonance; CE, Capillary Electrophoresis and SFC, Supercritical Fluid Chromatography; RNAi, RNA interference; TALENs, Transcription Activator-
Like Effector Nucleases; ZFNs, Zinc Finger Nucleases.
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There have been extensive efforts to breed for quality protein
maize (QPM) with nearly as twice lysine and tryptophan content
than the usual (Gibbon and Larkins, 2005). In addition to this, a
transgenic approach has been used to increase protein by
reducing zein content (Huang et al., 2006), and increasing
Provitamin A content (Aluru et al., 2008). CRISPR-Cas9 and

TALEN approaches have been used inmaize to reduce phytic acid
content, a food inhibitor that chelates micronutrients and
prevents their bioavailability for mono gastric animals,
including humans (Liang et al., 2014).

The reports related to the use of omics approaches to enhance
functional compounds in barley (Hordeum vulgare) and oats

TABLE 2 | Study of functional foods in cereals and millets using biotechnological approaches.

S.
No

Crop Functional food Gene(s)/QTL(s) Methodology References

1 Rice β-carotene Daffodil &crtI gene Transgenic and expression
studies

Beyer et al. (2002)
GtHMG1, GZmPsy1 and GPaCrtI1 genes Tian et al. (2019)

Fe and Zn Ferritin Transgenic and interval
mapping

Lucca et al., 2002; Vasconcelos
et al., 2003; Zhang et al., 2014

genes (OsMTP6, OsNAS3, OsMT2D, OsVIT1, and
OsNRAMP7) and 7 QTLs for each Fe and Zn

GWAS Descalsota et al. (2018)

48 MQTLs and 8 genes related to grain Fe and Zn
concentration

MQTL analysis Raza et al. (2019)

α-linolenic acid rich chimeric gene consisting of a maize Ubi1-P-int and a
soybean GmFAD3 cDNA

Transgenics Anai et al. (2003)

Astaxanthin sZmPSY1, sPaCrtI, sCrBKT, and sHpBHY genes Transgenics Zhu et al. (2018)
α-tocopherol OsGGR2 gene RNA interference Kimura et al. (2018)
Phytic acid OsITP5/6K-1 gene RNA interference Karmakar et al. (2020)
Resistant starch sbe3-rs gene MAS Yang et al. (2020)

2 Wheat Micronutrients and
Vitamins

Gpc-B1 gene and DArT markers MAS Distelfield et al., 2006; Uauy
et al., 2006

Zn, Fe, Cu, Mn, Se
rich

QTLs for Zn, Fe, Cu, Mn, Se Interval mapping Pu et al. (2014)

Anthocyanins Ba gene
Pp3 and Pp-D1 genes

MAS Gordeeva et al., 2019;
Gordeeva et al., 2020

3 Wheat and
Barley

PUFAs Artificial D6-desaturase gene Transgenics using the biolistic
method

Čertík et al. (2013)

4 Sorghum Lysine BHL-9 Transgenics Zhao et al. (2003)
Protein hl gene and P721 opaque gene Mutation breeding and MAS Axtell et al., 1979; Welch and

Graham, 2004
Vitamin A Prolamin and lysine alpha-ketoglutarate reductase

genes z
Transgenics Lipkie et al. (2013)

Fe and Zn QTLs and candidate genes like CYP71B34, ZFP 8 QTL mapping Kotla et al. (2019)
starch and amylose Grain quality/starch pathway genes Sh2, Bt2, SssI,

Ae1, and Wx
GWAS De Alencar Figueiredo et al.

(2010)
Tannin antioxidant tan-1, tan-1a and tan-1b GWAS and expression analysis Wu et al. (2012)
β-carotene
andZeaxanthin

3 QTLs for β carotene and 4 QTLs forZeaxanthin GWAS Cruet-Burgos et al. (2020)

5 Maize Vitamin C and E rich DHAR cDNA Transgenics Chen et al. (2003)
pro-vitamin A crtB and crtI Transgenics Aluru et al. (2008)

lcyE MAS Yang et al. (2018)
lcyE, crtRB1, and o2 MABB Sagare et al. (2019)

Fe and Zn SNPs associated with kernel Fe and Zn content GWAS and QTL mapping Hindu et al. (2018)
6 Barley Hordothionin rich Hordothionin Mutation breeding and MAS Rao et al. (1994)

β-glucan Csl genes and QTLs GWAS and paired-end-RNA
sequencing-based
transcriptome

Cai et al., 2013; Chen et al.,
2014; Shu and Rasmussen
2014

Malting protein 13–30 candidate genes like metallothionein,
α-amylase, α-glucosidase, limit dextrinase, and
β-ketoacyl synthase

cDNA array-based gene
expression analysis and SAGE

White et al., 2006; Lapitan et al.,
2009

Palatable and easily
digestible

starch branching enzymes SBEIIa and SBEIIb RNAi technology Regina et al. (2010)

— 20 QTLs associated with TPC, FLC and AOA GWAS Han et al. (2018)
7 Oats β-glucan QTL’s for β-glucan GWAS, MAS, QTL mapping Gazal et al. (2014)
8 Pearl millet Fe and Zn QTLs (11 for Fe and 8 QTLs for Zn) QTL mapping Kumar et al. (2018)
9 Finger millet Calcium Calmodulin and Cax1 transporter genes Differential expression/

accumulation
Kumar et al. (2014)

10 Foxtail millet
(Setaria italica)

storage associated
genes

storage associated genes and noncoding RNAs Transcriptome analysis Qi et al. (2013)
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(Avena sativa) are limited as compared tomajor cereals. In barley,
the β-glucan content greatly improves the malting properties and
its presence has been found to increase palatability (Chen et al.,
2014). A gene expression study using SAGE analysis identified six
proteins associated with the malting property (White et al., 2006).
Other functional compounds like total polyphenols, flavonoids,
and antioxidant properties were studied in 67 cultivated and 156
Tibetan wild barley accessions using GWAS (Han et al., 2018). In
oats, a GWAS study was conducted in a global germplasm
collection to identify molecular markers associated with
β-glucan content (Newell et al., 2012; Gazal et al., 2014).

Sorghum and Millets
Sorghum and millets are small-grained cereals and seed grasses
that are traditional staple foods in African and Asian countries. In
recent times, sorghum and millets are being utilized as an
alternative to major cereals because of their higher nutritional,
mineral, dietary fiber content along with climate-resilient nature.
Besides, they are gluten-free and play a pivotal role in preventing
and curing several lifestyle health issues like diabetes (Anitha
et al., 2021). The genetic and genomic resources have been
developed in some of the small millets (Vetriventhan et al.,
2020) and efforts to utilize the genomic tools to improve the
nutrient components are underway (Table 2). The nutraceutical
property is mainly based on the kernel color in these crops. In this
regard, QTL analysis of endosperm color and carotenoid
(provitamin A) content in sorghum grains utilized in breeding
high provitamin sorghum crop (Fernandez et al., 2008). Another
effort using GWAS analysis with 404,628 SNP markers identified
novel marker-trait association for polyphenols in a global
diversity panel of 381 sorghum accessions (Rhodes et al., 2014).

There are limited efforts to utilize genomics tools in all other
millets for improving the nutritional properties. The
biofortification of millets seemed to be a good option for
improving the nutritionally rich millets (Vinoth and
Ravindhran, 2017). The QTLs controlling the content of
micronutrients like Zn and Fe were identified in pearl millet
(Kumar et al., 2018; Govindraj et al., 2019). Finger millet
(Eleusine coracana) has been studied at various stages of
growth and development using transcriptomics and was found
to have high absorption and accumulation of calcium during
grain development (Mirza et al., 2014). Glucosinolates in millets
were found to reduce carcinogen-DNA interaction resulting in
detoxification. Similarly, the isoflavones (phytoestrogens),
genistein, and daidzein were found to reduce the incidence of
many cancers, coronary heart diseases, and osteoporosis
(Bandyopadhyay et al., 2017). The bioavailability of the
micronutrients present in millets needs to be elucidated and
utilized in crop improvement.

Pulses and Oilseeds
Pulses are a rich source of protein, with low fat, high fiber content
and low glycemic index. Soluble fiber helps to decrease blood
cholesterol levels and control blood sugar levels, and insoluble
fiber helps with digestion. The biotechnological application for
nutritional improvement mainly concentrates on enriching
micronutrients and vitamins in pulses (Table 3). Pulses are
known for the functional component saponins and several
health benefits associated with them (Singh et al., 2017).
Although pulses have been studied for several biotic and
abiotic stresses at the molecular level, there are very few
reports related to the genetic dissection of antioxidant activity

TABLE 3 | Study of functional foods in pulses and oilseeds using biotechnological approaches.

S.
No

Crop Functional food Gene(s)/QTL(s) Methodology References

1 Soybean Vitamin E 21 QTLs QTL mapping Li et al. (2010)
α-tocopherol 6 QTLs associated with

α-tocopherol content
QTL mapping Park et al. (2019)

— 19 QTLs were identified GWAS Sui et al. (2020)
Tocopherol and tocotrienol At-VTE3 co-expressed with At-

VTE4
Transgenics Van-Eenennaam et al.

(2003)
2 Chickpea β-carotene, leutin rich 1-4QTLs QTL mapping Abbo et al. (2005)
3 Groundnut β-carotene, lutein and

cryptoxanthin
Phytoene synthase 1 (psy1) Transgenics Bhatnagar et al. (2010)

Anthocyanidin a putative candidate gene and
linked marker InDel02

eQTLmapping Huang et al. (2006)

Oleic acid ahFAD2 gene MAS Bera et al. (2018)
Resveratrol 9 QTLs identified ddRAD sequencing and High-

Density genetic map
Luo et al. (2021)

4 Safflower (Carthamus
tinctorious)

Gamma linolenic acid (GLA) Delta-6- desaturase gene Transgenics Devi et al. (2008)

5 Mustard (Brassica spp.) δ-tocopherol gamma-TMT gene Transgenics Yusuf and Sarin, (2007)
Carotenoid crtB Transgenics Shewmaker et al. (1999)
β-carotene, zeaxanthin,
violaxanthin and lutein

Epsilon cyclase gene RNAi technology Yu et al. (2008)

6 Sunflower (Helianthus
annuus)

Oleic acid FAD2 Transgenics Smith et al. (2007)

7 Canola Protein-rich ACC7 gene Transgenics Roesler et al. (1997)

Frontiers in Genetics | www.frontiersin.org November 2021 | Volume 12 | Article 7420956

Nayak et al. Enhancing Functional Foods in Plants

43

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


and nutrition-related traits. Biofortification of pulses with Fe and
Zn in lentils, chickpeas and field pea (Pisum sativum) has been
carried out to address global malnutrition and micronutrient
deficiencies (Thavarajah and Gupta, 2014). In chickpea, the
GWAS study conducted in 94 diverse chickpea genotypes
showed eight SNPs associated with Fe and Zn content in the
seeds (Diapari et al., 2014). Similarly, a GWAS study in lentils
identified two tightly linked SNP markers for Fe and Zn content
(Khazaei et al., 2017).

Omega-3 fatty acids are considered to be essential for brain
development, which is mainly available through oil seed crops in
human diet. The areas of crop improvement in terms of nutrition
in oilseeds rely on improving oil quality, resveratrol content and
improved shelf life (Pandey et al., 2014; Qi et al., 2014; Shasidhar
et al., 2017; Luo et al., 2021). Profiling of nutraceutical properties
of 60 groundnut cultivars differentiating in kernel colors has been
carried out and marker-trait association studies have been carried

out (Nayak et al., 2020). The expression of phytoene synthase
showed 50-fold increased levels of carotenoids in rapeseed using
genetic engineering (Shewmaker et al., 1999). An increased
expression of zeaxanthin, violaxanthin and lutein by targeting
the downregulation of the epsilon cyclase gene using RNAi
technology) has been reported in mustard (Yu et al., 2008).
The molecular mapping and QTL analysis of flavonoid genes
was also elucidated in rapeseed (Qu et al., 2016), soybean (Li et al.,
2016), and groundnut (Mondal et al., 2015). Efforts are being
carried out to use advanced biotechnological applications to
improve oilseeds nutritionally for further crop improvement
(Table 3).

Fruits
Fruits are promoted as functional foods as they are a rich source
of several antioxidants, polyphenols, minerals, soluble fibers,
vitamins especially C, A and E. They primarily consist of

TABLE 4 | Study of functional foods in fruits and vegetables using biotechnological approaches.

S.
No

Crop Functional food Gene Methodology References

1 Orange Lycopene Carotenoid and MEP pathway genes Mutation breeding Alquezar et al. (2008)
2 Pummelo Naringin Naringin In vitro and In vivo studies

followed by molecular docking
Cheng et al. (2020)

3 Apple Astaxanthin bkt and crtR-B genes Transgenics Jia et al. (2019)
Flavanols, anthocyanins and
hydroxycinnammic acid

79 QTLs identified for 17 polyphenolic content QTL mapping and candidate
gene mapping

Chagné et al., 2012

4 Grapes Flavonols, anthocyanin and
tannins

VviGST1, VviGST3, and VviGST4 Transgenic Pérez-Díaz et al.
(2016)

5 Watermelon Lycopene 2 candidate genes Cla005011 and Cla005012 MAS Wang et al. (2019a)
6 Walnut Walnut Protein

Hydrolysate (WPH)
Walnut Protein Hydrolysate (WPH) Invitro and In vivo studies Wang et al. (2019b)

7 Strawberry Total flavonoids 7 QTLs and 2 candidate genes (FaMYB1 and FaF3′H)
controlling flavonoid content identified

QTL analysis and Expression
studies

Karmakar et al.
(2020)

8 Tomato Anthocyanin Anthocyanin 1 (ANT1) TALENs and CRISPR/Cas9
achieved gene

Čermák et al. (2015)

Anthocyanin Phytoene desaturase (SlPDS), CRISPR/Cas9 Pan et al. (2016)
Lycopene Lycopene β/ε -Cyclase RNAi technology and

Agrobacterium-mediated gene
transformation

Ma et al. (2011)

Carotenoid Brassicajuncea3-Hydroxy-3-methylglutaryl-coenzyme
asynthase (BjHMGS)

Mutation breeding Galpaz et al., 2008,
Liao et al. (2018)

Carotenoids, Vit-C, Vit-E and
Phenolic acids

7 QTLs for carotenoids, 6 for Vit-C, 5 for Vit-E, 3 for
Glutathione, and a total of 43 QTLs for phenolic acids were
identified

QTL mapping Colak et al. (2020)

9 Cabbage Anthocyanin Purple (Pr) gene (flavonoid 3′-hydroxylase, dihydroflavonol
4-reductase, and leucoanthocyanidindioxygenase)

Transgenics Chiu et al. (2010)

10 Carrot Carotenoid DCAR 032551 gene Genome assembly and
Transcriptomics

Iorizzo et al. (2016)

11 Bell pepper Alkaloid compound-
Capsaicinoids

Deaminase (TD) and prephenate aminotransferase
enzyme identified

de novo transcriptome
assembly

Liu et al., 2013,
Bennett and Kirby,
1968

12 Potato Essential amino acid-rich
protein and rich in methionine

AmA1 Transgenics Chakraborty et al.
(2010)

Inulin producing Constitutive expression of the 1-SST and 1-FFT (genes of
globe artichoke)

Transgenics Hellwege et al. (2000)

β-carotene and lutein rich crtB gene Transgenics Ducreux et al. (2005)
13 Chilli β-carotene lycopene beta-cyclase (β-Lcy) gene Transgenics El Nagar, (2018)
14 Brinjal β-carotene crtB gene Transgenics Mishiba et al. (2020)
16 Sweet

potato
α-tocopherol tocopherol cyclase (IbTC) Transgenics Kim et al. (2019)

17 Broccoli Sulforaphane MAM1, myrosinase and FMOGS–OX2 genes Transgenics Cao et al. (2021)
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flavonoids including flavonols, flavones, isoflavones, flavanones
and anthocyanins, and non-flavonoid polyphenolics including
phenolic acids, lignans and stilbenes (Joy et al., 2018). Though
fruits are the major source of functional foods, systematic
experimental reports on the utilization of omics technologies
to improve functional components are limited to a few fruit crops
(Table 4).

In citrus, GWAS studies were conducted on 787 different
citrus fruits using 1,841 SNP markers, and marker-trait
associations were studied on fruit quality traits, including acid
%, taste, and aroma (Minamikawa et al., 2017). Specific locus
amplified fragment (SLAF) sequencing was performed over C.
reticulata × P. trifoliata F1 pseudo testcross population and have
constructed a high density integrated genetic map with 3,817
markers. This study has identified 17 significant QTLs of which
three colocalized genomic regions were observed for multiple
carotenoid constituents (Zheng et al., 2018). In another study, a
navel orange (Citrus sinensis L. Osbeck) mutant (“Cara Cara”)
was developed with bright red pulp with presence of lycopene
(Alquezar et al., 2008). The expression analysis of genes involved
in the carotenoid pathway using HPLC, northern hybridization,
and RT-PCR indicated the increased accumulation of lycopene
content in the mutant compared to navel orange. To elucidate the
basis of lycopene accumulation in Cara Cara, the carotenoid
profile and expression of three isoprenoids and nine carotenoid
genes in flavedo and pulp of Cara Cara and Navel fruits
throughout development and maturation were studied. The
results indicated the accumulation of lycopene along with
phytoene and phytofluene from early developmental stages in
pulp as well as peel (Alquezar et al., 2008). Lemons are known for
several functional components, including phenolics, vitamins,
minerals, dietary fiber, essential oils and carotenoids (González-
Molina et al., 2010). In the case of Sicilian blood oranges,
retrotransposons were shown to induce seed-specific
accumulation of anthocyanins during cold stress (Butelli et al.,
2012). Edmunds et al. (2012) reported that the anti-inflammatory
property of kiwifruit extract is due to the changes in the
expression level of genes involved in the immune signaling
pathway and metabolic processes using microarray technique.

The king of fruits “mango” (Mangifera indica) is a rich source
of various polyphenolic compounds and is found in all the parts
of the plant including pulp, peel, seed, bark, leaf, and flower.
Mango polyphenols, especially mangiferin, acts as an antioxidant
and has several health benefits (Masibo and He, 2008). The
transcriptomics and proteomics studies in mango have
predicted the involvement of genes involved in the
anthocyanin biosynthesis pathway during the fruit
development stage of mango (Wu et al., 2014). There is little
effort towards the use of biotechnological approaches to improve
the functional components of mango.

Red grapes are significant sources of anthocyanins, the main
compounds responsible for the color of red grapes and wine
(Mazza and Francis, 1995). Metabolite profiling of bioactive
components of grapes especially flavonols, anthocyanins, and
tannins indicated the presence of several bioactive compounds.
The quercetin and kaempferol content was found to be greater in
white grapes than red ones, but the red grapes were reservoirs of

other bioactive components such as myricetin, laricitrin,
syringetin and isorhamnetin (Mattivi et al., 2006). Resveratrol,
an antioxidant that is known to lower blood pressure, and act as a
chemopreventive with antiaging benefits are present in grapes.
These flavonoids not only provide health benefits to humans but
also help plants to fight against several biotic and abiotic stresses.
For instance, transformation of bHLH transcription factor gene,
VvbHLH1 from grapes into Arabidopsis, resulted in an increased
accumulation of flavonoids and enhanced salt and drought
tolerance (Wang et al., 2016).

In Japanese plum (Prunus salicina), the molecular marker
associated with transcription factors found in the flavonoid
pathway was used to study population diversity (González
et al., 2016). Date palm (Phoenix dactylifera) fruits are
composed of minerals (Se, Cu, K, and Mg), vitamins (C, A,
B6, B9, B2, B3) besides being a good source of total phenolics and
natural antioxidants (such as anthocyanins, ferulic acid).
Phenolic compounds and selenium present in date fruit
impart antioxidant activity (Guizani, 2013). Similarly,
transcriptome sequencing in Indian gooseberry (Phyllanthus
emblica) revealed the genes involved in flavonoid and vitamin
C biosynthesis (Kumar et al., 2016). In many fruits,
biotechnological approaches, including “omics” studies and use
of molecular markers for trait mapping to improve bioactive
components are very limited.

Vegetables
Among vegetables, most of the genomics studies have been
carried out in tomatoes as this crop is considered to be one of
the model plants in genetic transformation and other genomics
studies. The most critical functional component present in the
tomato is carotenoids, especially lycopene and anthocyanins. To
obtain lycopene-rich tomatoes, the genes encoding lycopene
β/ε-cyclase, responsible for the conversion of lycopene to
carotenoid, were silenced using RNAi technology. Significant
increases in lycopene content were observed in transgenic
plants (Ma et al., 2011). A mutation breeding approach was
also used to increase the carotenoid content of tomatoes by 30%.
Abscisic acid-deficient mutants in tomatoes have been shown to
increase the lycopene content (Galpaz et al., 2008). Further,
vegetables rich in anthocyanins were developed by
overexpression of specific genes of the carotenoid biosynthesis
pathway that induced a purple color, especially in tomato and
cauliflower (Brassica oleracea var. botrytis) (Gonzali et al., 2009;
Chiu et al., 2010).

Genome-editing technologies, especially CRISPR-Cas9,
has potential use in horticultural crops (Karkute et al.,
2017). Recently, this technique was used to edit five genes
that are involved in the carotenoid pathway to increase
lycopene content by inhibiting the conversion from
lycopene to β- and α-carotene in tomatoes that increased
lycopene content by five-folds (Li et al., 2018). In another
study, intense purple-colored tomato plants were obtained by
overexpressing an Anthocyanin mutant 1 (ANT1) gene that
encodes for Myb transcription factors using TALENs and
CRISPR/Cas9 approaches (Čermák et al., 2015).
Furthermore, phytoene desaturase (S1PDS), an essential
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enzyme in carotenoid biosynthesis, and phytochrome
interaction factor PIF 4 (S1PIF4) were targeted using
gRNAs with the stable transformed CRISPR/Cas9 system
(Pan et al., 2016). Most of the flavonoids in tomatoes are
present in the peel of the fruit. Hence, a holistic approach of
pathway engineering to increase the content of novel
flavonoids especially stilbenes in the flesh of the tomato
fruit was reported (Schijlen et al., 2006).

In carrot (Daucus carota subsp. Carota), a candidate gene,
DCAR_032551 that is responsible for carotenoid accumulation in
carrot taproot and is co-expressed with several isoprenoid
biosynthetic genes was identified from genome assembly and
transcriptomic studies (Iorizzo et al., 2016). A candidate gene-
based association study was carried out in carrots using 109 SNPs
in 17 candidates/carotenoid biosynthesis genes over 380 diverse
carrot cultivars, indicated the association of carotenoid content
with the root color (Jourdan et al., 2015). A terpene synthase gene
family of carrot was studied using QTL analysis and candidate
gene-based association on a panel of carrot diversity set of 85
cultivars. GBS approach was used to genotype the panel with
>168,000 SNPs (Keilwagen et al., 2017). Similarly, in bell pepper,
several putative candidate genes are involved in the biosynthesis
of capsaicinoids, such as Dihydroxyacid dehydratase (DHAD),
Thr deaminase (TD) and Prephenate aminotransferase (PAT)
were predicted from de novo transcriptome assembly (Liu et al.,
2013).

Besides, several transcriptomics studies related to functional
foods are available in crops such as lettuce (Lactuca sativa)
(Zhang et al., 2017). In general, there is much scope to use
genomics approaches to understand the molecular mechanisms

and to increase the functional components in fruits and
vegetables as evident by reports (Table 4).

Spices and Condiments
In spices and condiments, several studies have been carried out to
profile metabolites, especially flavonoids, tannins, and alkaloids
(Lee and Shibamoto, 2001; Shahidi and Ambigaipalan, 2015). In
cinnamon (Cinnamomum verum), DART-QToF-MS method
was utilized to discriminate true cinnamon from other species
(Avula et al., 2015). There are limited reports on trait mapping in
the case of spices (Table 5).

Most of the research in spices is related to the discovery of
functional components. For instance, garlic has organic sulfur
compounds as primary functional foods that have medicinal
properties to reduce common cold, blood pressure and
harmful cholesterol levels (Martin-Lagos et al., 1995). The
functional food in turmeric is referred as curcumin, which acts
as a acid neutralizer, blood purifier, tonic and antiseptic. The
biological properties of curcumin were explored by using protein
expression studies (Fang et al., 2011). The functional component
of cardamom (Elettaria cardamomum) is d-limonene with
antibacterial, anti-inflammatory, analgesic, and antispasmodic
activities (Nadiya et al., 2017). Similarly, eugenol and eugenyl
acetate, the functional components of clove (Syzygium
aromaticum) are natural oxidants (Lee and Shibamoto, 2001).
Coumarin, a functional component of cinnamon at lower doses
has blood-thinning, anti-fungicidal and anti-tumor activities
(Kawatra and Rajagopalan, 2015). Piperine from black pepper
(Piper nigrum) has antioxidant, anti-inflammatory, and
anticancer properties (Gorgani et al., 2017). Cumin (Cuminum

TABLE 5 | Study of functional foods in beverages, spices and condiments using biotechnological approaches.

S.
No

Crop Functional food Gene Methodology References

1 Coffee Caffeine N-methyltransferase genes, CaMXMT1 RNA interference method,
Transgenics

Ashihara et al. (2008)

65 caffeine associated SNPs identified Genome sequencing and
KEGG pathway-based analysis

Tran et al. (2018)

2 Tea epigallocatechingallate,
epigallocatechin, epicatechingallate

CsANR1 and CsANR2 Expression in E. coli Pang et al. (2013)
Kim et al. (2014)

Catechins and polyphenols Demethylase gene Transgenics followed by
metabolic engineering

Yadav et al. (2020)

Caffeine 27 QTLS were mapped to 8 linkage groups 2b-RAD Sequencing and High-
Density genetic mapping

Xu et al. (2018)

3 Cocoa Catechins and proanthocyanidins Glycerol-3-phosphate acyltransferase (GPAT)
genes, and lysophospholipid acyltransferase
(LPAT) genes

Expression studies in yeast Wei et al. (2018)

4 Cardamom d-limonene d-limonene RNA sequencing
Transcriptomics

Nadiya et al. (2017)

5 Clove Eugenol and eugenyl acetate Metabolites extracts Gas chromatography/mass
spectrometry

Lee and Shibamoto
et al. (2001)

6 Black
Pepper

Piperine Piperine Transcriptomics Hu et al. (2015)

7 Garlic Organic sulfur compounds Acetolactate synthase (ALS) gene Transgenics using the biolistic
method

Park et al. (2002)
Santhosha et al. (2013)
Al- Safadi et al. (2000)

8 Fenugreek Saponins diosgenin Gene expression studies Ciura et al. (2017)
9 Saffron Crocin made up of Apo carotenoids Carotenoids Induced mutation (gamma rays

and chemical mutation)
Khan et al., 2011;
Kyriakoudi et al., 2015
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cyminum) has cuminaldehyde that enhances appetite, taste
perception, digestion, vision, strength, and lactation. It is also
used to treat diseases such as fever, loss of appetite, diarrhea,
vomiting, abdominal distension, edema and puerperal disorders
(Sowbhagya, 2013). Ginger (Zingiber officinale) has gingerols,
shagols, and paradols with antioxidant, antimicrobial, and anti-
inflammatory potential (Butt and Sultan, 2011). Nutmeg
(Myristica fragrans) has tannin, flavonoid, and terpenoid
which are natural antioxidants (Assa et al., 2014). Coriander
(Coriandrum sativum) has carotenoids, polyphenols and essential
oils, which provides vitamin A and vitamin C (Laribi et al., 2015).
Fenugreek (Trigonella foenum-graecum) has quercetin,
kaempferol and vitexin derivatives which are anti-diabetic and
anti-nociceptive properties (Ghosh et al., 2015). Saffron (Crocus
sativus) has crocins, picrocrocin, and safranal, which is
antispasmodic, eupeptic, gingival sedative, carminative,
diaphoretic activities (Melnyk et al., 2010). Using mutation
breeding in saffron has increased yields (Khan et al., 2011)
that in turn increases the overall bioactive components per plant.

Transgenic research is still an emerging area in spices and
condiments. In garlic and turmeric (Curcuma longa), genetic
engineering approaches were utilized for developing herbicide
tolerant plants (Park et al., 2002; Shirgurkar et al., 2006).
Although there are some reports on the transcriptome of black
pepper fruits (Hu et al., 2015), ginseng (Panax ginseng) (Rai et al.,
2016), and cardamom (Nadiya et al., 2017) to study global
transcriptome, there are no reports related to functional
components in most of the spices. There is tremendous
potential to use genomics approaches including trait mapping,
transcriptomics, whole-genome studies and allele mining in case
of spices to demonstrate and increase the functional components.

Beverages
Beverage crops produce potable beverages other than water.
Major beverage crops include Coffee (Coffea spp.), Tea
(Camelia sinensis), Cocoa (Theobroma cacao), and Lemongrass
(Cymbopogon citratus). Coffee has caffeine as the primary
phenolic compound and is known to reduce the risk of stroke
and cancer. Caffeine in higher doses is harmful as it may lead to
insomnia, nervousness, restlessness, irritability, an upset
stomach, a fast heartbeat, and even muscle tremors. As a
result, there are efforts to improve decaffeinated coffee plants
using RNAi technology (Ashihara et al., 2008). Tea has catechins
and epicatechin as primary functional foods, and they are known
to possess chemopreventive activities against prostate and
ovarian cancers, anti-obesity and anti-diabetic effects. Efforts
are underway to elucidate the proanthocyanidin pathway, also
to reduce caffeine content (Pang et al., 2013). Lemongrass has
citral as its primary functional food which has antimicrobial and
medicinal properties. Little research has been performed on
this crop.

QTLs for flavonoid-related traits in a tea were identified using
a high-density genetic map (Xu et al., 2018). Several
transcriptomics studies have been carried out in tea to
elucidate genes involved in polyphenol synthesis, Catechin
biosynthesis and other regulatory networks (Mamati et al.,
2006; Wu et al., 2016; Sun P. et al., 2017). To knock down the

expression of the genes involved in caffeine biosynthesis, RNAi
was used to repress the expression of the gene encoding
theobromine synthase (CaMXMT1) that reduced the caffeine
content in the transgenic coffee plants up to 70% (Ogita et al.,
2003). In the case of tea, the functional characterization of the
proanthocyanidin pathway and potential applications in
metabolic engineering was elucidated (Pang et al., 2013).
Cocoa rich in catechins and proanthocyanidins has a
promising effect on lowering blood pressure, boosting moods,
and sharpening memory. Metabolic engineering of yeast for
cocoa butter production was attempted by cloning the genes
involved in triglycerol synthesis viz., glycerol-3-phosphate
acyltransferase (GPAT), lysophospholipid acyltransferase
(LPAT) from cocoa into yeast (Wei et al., 2018). Efforts are
being made to develop lemongrass varieties such as Jor Lab L-8
with higher amounts of essential oil and herbage production
(Mohan et al., 2016). The biotechnological applications have not
been effectively utilized to increase the functional components in
beverages and there are few reports related to this (Table 5).

Medicinal Plants
Medicinal plants are called so because of their antibiotic,
antidiabetic, antihyperglycemic, and antihyperlipidemic
properties. Most medicinal plants are not consumed as staple
foods, but as preventive medicines for several diseases ranging
from the common cold to complex diseases like cancer. Herbal
genomics has high potential to explore, though there are few
efforts related to molecular breeding and genetic engineering in
the medicinal crops (Chakraborty, 2018). However, metabolite
profiling of some medicinal plants has been studied. In the case of
a famous Ayurvedic crop Haritaki (Terminalia chebula), a
component of Triphala (an ayurvedic composition), the
metabolite profiling of polyphenols and evaluation of the
decoction as a chemopreventive agent was studied (Pellati
et al., 2013). Similarly, metabolite profiling was examined in a
highly traded South African medicinal plant commonly known as
pain brush lily (Scadoxus puniceus) and the bioactive compounds
were isolated (Naidoo et al., 2018). Efforts for profiling
polyphenols, alkaloids and other bioactive compounds are
being carried out in other Asian medicinal plants (Gibon
et al., 2006; Vega-Gálvez et al., 2011; Gantait et al., 2014; Hao
and Xiao, 2015; Saito, 2018). For instance, in the case of Candyleaf
(Stevia rebaudiana), the water extracts from leaf and calli were
shown to have antioxidant activity and contain bioactive
compounds including folic acid, vitamin C, catechin, quercetin
and pyrogallol. Higher reactive oxygen species (ROS) scavenging
activities were found in leaf extracts (Kim et al., 2011).
Transcriptomics studies have also been carried out in some of
the important medicinal plants including Ashwagandha
(Withania somnifera) to understand the secondary metabolites
which have therapeutic utilization (Tripathi et al., 2020).

Recent advances in metabolite and pathway engineering and
their utilization in medicinal plant research have positively
contributed to herbal genomics research. Most of the
molecular studies in medicinal plants involved either discovery
of the genes/enzymes/pathways related to secondary metabolites
or increasing the production of the secondary metabolites using
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elicitors, hairy root cultures or metabolite engineering
approaches.

FUTURE PROSPECTS

Current approaches in crop sciences using integrated omics
platform aims at providing a nutritionally rich, diverse
balanced diet to the society. Several leading edge technologies
in understanding and manipulating different segments of
scientific research areas viz. genomics, proteomics,
metabolomics etc. has enabled the researchers to enhance
contents of key nutrients in crop plants. Not just nutrition,
but reducing the unflavorful compounds (phytic acid,
acrylamide-forming amino acids, etc.) in food crops has
allowed people to consume a wide range of food crops. Bio
fortification has potential to solve nutrition deficiencies and in
this view several food crops viz. rice, maize, wheat, etc. have been
biofortified to have enhanced amounts of Fe, Zn, etc. (Ye et al.,
2000; Gil-Humanes et al., 2014; Mugode et al., 2014; Trijatmiko
et al., 2016). Crop improvement with new advancements in field
phenomics, employing applications of machine learning (Niazian
and Niedbala., 2020), nanotechnology and artificial intelligence
(Ben Ayed and Hanana, 2021; Zhang et al., 2021), biosensors like
lidar (Jin et al., 2021) followed by statistical analysis using data
science (Tong and Nikoloski, 2021) approaches will enable
researchers to precisely assess traits for plant breeding and
development (Deery and Jones, 2021).

In order to ensure the nutrional security, along with enhancing
the nutritional value, we need to work on reduced food-wastes that
has a significant economic, environmental and social impact (FAO,
2019). Several initiatives in estimating food waste and prevention
has been proposed (Moraes et al., 2021), however, devising
methodologies in estimating and reducing food wastage is still a
paradox (Richards et al., 2021). This can be featured as an
opportunity to overcome malnutrition in addition to food waste
reduction and stabilize bio-economywith sustainable processing of

food waste into bio-based products (Sharma et al., 2021). The
innovative technologies for extraction and microencapsulation of
bioactives using novel technologies inmetabolomics can be utilized
in enhancing plant based functional foods (Pattnaik et al., 2021).

The research in nutrition and omics technologies in food
science with epidemiological techniques should be classically
established (Palou et al., 2004). In the future, the advances in
foodomics and nutrigenomics can enable to achieve nutritional
security in most of the crops. Utilization of omics technologies to
identify the functional components in less explored crops like
fruits, vegetables, spices and medicinal plants is essential to
improve the functional components. There is a need to
integrate multi-omics technologies in functional food research
to elucidate and enhance the nutrition components in plants.
Nutrigenomics can provide insights into the interaction of
functional foods in human health and would provide allusion
towards scientifically personalized diet.
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Utilizing CRISPR-Cas in Tropical Crop
Improvement: A Decision Process for
Fitting Genome Engineering to Your
Species
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and Angel R. Del Valle Echevarria1,2*

1Department of Tropical Plant and Soil Sciences, University of Hawaii at Manoa, Honolulu, HI, United States, 2Hawaii Agriculture
Research Center, Waipahu, HI, United States

Adopting modern gene-editing technologies for trait improvement in agriculture requires
important workflow developments, yet these developments are not often discussed. Using
tropical crop systems as a case study, we describe a workflow broken down into discrete
processes with specific steps and decision points that allow for the practical application of
the CRISPR-Cas gene editing platform in a crop of interest. While we present the steps of
developing genome-edited plants as sequential, in practice parts can be done in parallel,
which are discussed in this perspective. The main processes include 1) understanding the
genetic basis of the trait along with having the crop’s genome sequence, 2) testing and
optimization of the editing reagents, development of efficient 3) tissue culture and 4)
transformation methods, and 5) screening methods to identify edited events with
commercial potential. Our goal in this perspective is to help any lab that wishes to
implement this powerful, easy-to-use tool in their pipeline, thus aiming to democratize
the technology.

Keywords: non-commodity, science democratization, orphan crop, genome engineering, CRISPR-cas, tropical crop

INTRODUCTION

Since its proposal as a eukaryotic gene-editing tool (Jinek et al., 2012), the Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR) and CRISPR-Associated protein (Cas)
technology has been widely applied in microorganisms, animals, and plants to study gene
function (Haque et al., 2018) due to its simplicity in design and straightforward execution.
Numerous CRISPR-Cas system reviews explain its discovery and aspects to consider when using
this powerful molecular tool, so we suggest reviewing Anzalone et al., 2020 for details on
specifics, such as the diverse engineered Cas nucleases. For this perspective, the reader must
know that the CRISPR-Cas tool is composed of a small guide RNA (sgRNA) complementary to a
DNA target sequence and a Cas endonuclease (i.e., Cas9 and Cas12a). The Cas endonuclease
recognizes a protospacer adjacent motif (PAM) sequence that is upstream [5′-TTTV-(22 nt of
target sequence)-3′] for Cas12a or downstream [5′-(20 nt of target sequence)-NGG-3′] for Cas9
of the target sequence (Jinek et al., 2012; Zetsche et al., 2015). The Cas nuclease associates with
the sgRNA to form a ribonucleoprotein (RNP) complex, which scans the genome for the PAM
sequence and, by complementation, the DNA target sequence (Jinek et al., 2012; Zetsche et al.,
2015). The RNP complex catalyzes a double-strand break (DSB) in the target DNA, triggering
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FIGURE 1 | CRISPR-Cas Gene Editing Workflow. Here we present a schematic for implementing CRISPR-Cas gene editing technology in a crop of interest.
Diamonds represent decision points, while boxes represent important processes. In order to develop a gene editing protocol using CRISPR-Cas technology, the genetic
basis for the trait of interest must be identified and well described (A). If genomic information is non-existent or limited for the varietal of interest, it must be extrapolated
from existing data on similar genotypes or from related species. Adequate genomic information is essential for the design and optimization ofCRISPR-Cas sgRNA,
nuclease selection, and off-target analysis (B). Identification of the genetic basis for a trait (A) and design of CRISPR-Cas components (B) constitute the genomic aspect
of the workflow, and consideration for both can take place independently of tissue culture (C) and transformation (D). We suggest testing various tissue culture protocols

(Continued )
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the cell’s error-prone DNA repair mechanism, which results in
the creation of a mutation that may generate a desirable change
in a trait of interest (Woo et al., 2015).

In agriculture, CRISPR-Cas technology has been used to
introduce added-value traits (Tian et al., 2018; Kaur et al.,
2020; Yoon et al., 2020) and to recapitulate domestication
processes (Soyk et al., 2017, 2019; Lemmon et al., 2018). Based
on these examples, it is clear that the application of the CRISPR-
Cas tool, coupled with traditional breeding practices, has
tremendous potential in alleviating threats to food security,
production, and sustainability (Jung and Till, 2021). Numerous
published studies state that the CRISPR-Cas tool can be used in
any crop due to its simplicity, but there are key aspects to consider
when applying this technology to specific types of crops.

Tropical crops present an appropriate case study where
implementation of the CRISPR-Cas technology would
significantly contribute to its improvement. However, a lack of
genomic resources, complex tissue culture procedures, and
reproductive compatibility constraints in many tropical crops
make utilizing this robust tool challenging (Atkins and Voytas,
2020; Maher et al., 2020). Although promising advances in
tropical crop improvement using CRISPR-Cas have recently
been achieved, most focus on proof-of-concept studies (Odipio
et al., 2017; Naim et al., 2018; Fan et al., 2020; Ntui et al., 2020; Eid
et al., 2021; Syombua et al., 2021; Zhao et al., 2021) and few on
value-added traits (Gomez et al., 2017; Bull et al., 2018; Fister
et al., 2018; Mehta et al., 2019; Oz et al., 2021). In this perspective
we outline critical points to consider when executing a gene-
editing project in a tropical crop species (Figure 1). This
perspective will outline key considerations at the main
decision points throughout the gene editing workflow.

Trait Variation and Genomic Structure
The foundation of any gene-editing project relies on
understanding the genetic mechanism(s) underlying trait
variation within the species of interest and identifying where
to source specific varietal material (i.e., genebanks, elite lines).
There are numerous international and regional institutions
dedicated to conserving tropical collections (FAO, 2010).
However, inherent properties of common tropical crops, such
as recalcitrant seeds (Bourdeix et al., 2020), low seed number or
viability (Batte et al., 2019; Kallow et al., 2020; Mertens et al.,
2021), and laborious maintenance of vegetatively propagated
crops (Balogun, 2009; Gaba and Singer, 2009; Panis et al.,
2020), tend to limit collection size.

Plant breeding efforts in tropical crops often focus on
domestication traits first, followed by value-added
commercialization traits (Ramstein et al., 2019; Bernardo, 2020).
Several challenges for efficient breeding in tropical crops include

polyploidy, clonal propagation, and obligate outcrossing biology
(Santantonio et al., 2020). Furthermore, lengthy growth cycles
(Batugal and Bourdeix, 2005; Wickramasuriya and Dunwell, 2018)
and unpredictable or asynchronous flowering (Amadi et al., 2012;
Darkwa et al., 2020) in some tropical cropsmake breeding intractable.
Tropical crops that have not become global commodities are often
clonal, and therefore have traits associated with domestication
syndrome that are not “fixed” (Denham et al., 2020). The lack of
research on many of these crops also impacts the identification of
genotypes with more desirable characteristics (Varshney et al., 2012).
Outbreeding tropical crops tend to be highly heterozygous (Ceballos
et al., 2004;Wickramasuriya andDunwell, 2018; Darkwa et al., 2020),
making inbred and double-haploid lines difficult to generate
(Ceballos et al., 2004). The inability to create inbred lines, which
are required for straightforward prediction of genetic gain and
consistent improvement of breeding material (Bernardo, 2014;
Cobb et al., 2019), limits the efficiency of conventional breeding
in many tropical crops and often makes knowing the exact genetic
basis of a trait difficult. However, genome engineering becomes a very
enticing technology for crop improvement when the genetic basis has
been identified, often in a tractable model species.

Critical to the development of a gene-editing workflow is
understanding the genetic variation that underlies trait expression
(Figure 1A). Genetic mapping is typically used to identify the
relative location of genes associated with specific traits on a
chromosome, though the process becomes more complex in
polyploid organisms. To date, success in gene editing has focused
on traits following qualitative, Mendelian inheritance [i.e., few, large
effect gene(s)] since many domestication traits behave in this
manner. For example, plant architecture (Li et al., 2016; Lemmon
et al., 2018; Zhang et al., 2020), flowering time (Soyk et al., 2017), and
some disease resistance traits (Macovei et al., 2018) have been
studied in detail in model organisms which identified their
genetic bases, making them attractive targets for similar
modification in tropical crops. Therefore, the identity of the
underlying genetic cause of the trait is key to being able to
“introduce” such traits into the crop of interest.

Another important workflow component is an annotated
reference genome, which allows for quick identification of target
sequences and homologous sites for genome editing (Bortesi and
Fischer, 2015). In cases where little to no genomic information is
available, information should be extrapolated from existing genomic
resources of closely related species, an approach Lemmon et al.
(2018) used to target domestication traits in the orphan crop
“groundcherry.” Though genome size and ploidy level often cause
challenges in genome assembly, reference genomes do exist for
several tropical crops (Ming et al., 2008; Argout et al., 2011; Prochnik
et al., 2012; Xiao et al., 2017; Lantican et al., 2019; Sahu et al., 2020;
Wang et al., 2020; Bally et al., 2021; Strijk et al., 2021). Pan-genomes,

FIGURE 1 | when they do not exist for the varietal of interest but do exist for a different genotype or related species (C). CRISPR-Cas reagents may be introduced to
cultured cells in several ways including Agrobacterium-mediated transformation, transient expression from transfected plasmids, and biolistic transformation with RNP
or RNA complexes. Selection of the transformation method will depend on the goals of the research. Following CRISPR-Cas design (B) and transformation (D), explants
should be screened, field tested, and propagated (E) to generate a phenotypically stable, CRISPR-Cas gene edited population. Screening for edited events (E) will
involve sequencing for allelic differences and phenotypic selection. Depending on the goals of the research, marker-guided selection and resistance genes may also be
used to screen for edited events.
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if available, offer a more robust view of a cultivar’s genetic variation
since they consist of a core genome shared by all sequenced
individuals, and reveal genetic variations that are present or
absent in re-sequenced genomes (Kyriakidou et al., 2018;
Marschall et al., 2018).

Design and Optimization of CRISPR-Cas
Components
Sequence information about the gene or region in the chromosome
associated with the trait of interest is critical in designing the
appropriate gRNA respective to the Cas endonuclease
(Figure 1B). Having the genomic sequence allows for
identification of the PAM sequence relevant to the Cas enzyme to
be used (i.e., 5′-NGG-3′ for Cas9 (Jinek et al., 2012) or 5′-TTTV for
Cas12a (Zetsche et al., 2015), where “N” is any nucleotide and “V” is
A, G, or C) and subsequent gRNA design. Several software programs
are available that screen for PAM sequences based on the Cas enzyme
of interest and suggest guide designs that target the region with a
quality score. If a reference genome is available, the software can also
identify potential off-target sites (Brazelton et al., 2015; Doench et al.,
2016). The guides can be synthesized in-house via in vitro
transcription (Liang et al., 2017; 2018b) or ordered commercially
(Banakar et al., 2019) to test the reliability of their design.

Once obtained, the guides should be assessed for editing efficiency
either in vitro or in vivo prior to tissue culture and transformation. In
both instances, the gRNA is incubated with their compatible Cas
nuclease to form the RNP complex before testing (Woo et al., 2015; Li
et al., 2016; Liang et al., 2017, 2018b; Banakar et al., 2019). The in vitro
assay is an enzymatic reaction similar to a restriction enzyme
digestion, wherein the target sequence has been amplified or
cloned and subsequently incubated with the RNP complex to
determine target-cleaving efficiency, while the in vivo assay
typically relies on transfection of protoplasts with the RNP
complex. In vitro gRNA design assays are a fast, cost-effective,
and reliable method for gRNA optimization. Post-transfection, the
target region of the genome is amplified and assessed enzymatically
(in vitro assay) or sequenced [i.e., Sanger, next-generation sequencing
(NGS)]], depending on resource availability and short-term goals
(Woo et al., 2015). If the in vitro assay is performed post-transfection,
the absence of cleavage is indicative of high efficiency gRNA design.
Sanger sequencing addresses whether an editing event occurred, as
well as the types and proportion of alleles produced. The Sanger
sequence data can be analyzed by different software such as TIDE
(Brinkman et al., 2018).When performed post-transfection, NGS can
quantify the different edited alleles produced, and, if a reference
genome is available, the relative number of off-target events.

Off-target events are unintended genetic modifications that can
arise during gene-editing and are usually due to target sequence
similarity (few or no mismatches) (Brazelton et al., 2015; Doench
et al., 2016). The risk of off-target editing can be addressed at the
gRNA design stage using various genomic strategies that typically
depend on the availability of a reference genome (Manghwar et al.,
2020). Without a reference genome, off-target editing sites can be
unpredictable and limit the widespread application of gene-editing
technology for commercial purposes. CIRCLE-seq is an in vitro
screen for genome-wide off-target cleavage sites which has

previously demonstrated potential as a genome-independent
method of off-target analysis, though the technology is limited to
the CRISPR-Cas9 system (Tsai et al., 2017; Lee et al., 2019). Notably,
off-target effects have been observedmore frequently in edited plants
produced by T-DNA transformation compared to “DNA-free”RNA
or RNP methods, wherein the likelihood of undesirable edits
dramatically decreases as more mismatches are present between
the target sequence and off-target regions (Modrzejewski et al.,
2020). Therefore, introducing the CRISPR-Cas system as RNP or
RNA may reduce the probability of off-target events.

Tissue Culture
Gene editing reagents need to be introduced into plant cells using
tissue culture (Figure 1C) and transformation methods (Sandhya
et al., 2020). A major challenge for CRISPR-Cas genome editing
in tropical crops is often the lack of efficient tissue culture and
transformation protocols due to their lengthy generation times
(Haque et al., 2018; van Eck, 2018). Development of efficient
tissue culture and regeneration protocols will depend on the
research group’s resources and the crop of interest. Thus far, there
are two ways of performing tissue culture and subsequent
regeneration post-transformation/transfection: chemical-based
and molecular genetic-based.

The most common approach is the chemical-based strategy
and is based on testing different ratios of auxin and cytokinin, two
important hormones in plant development (Gaba, 2004; Chin
and Tan, 2018). In this approach, plant regeneration is achieved
through direct or indirect routes. The direct route involves the
induction of shoots or roots directly from differentiated explant
tissue, resulting in genetically stable clonal plants at a low rate of
efficiency. On the other hand, the indirect route involves
dedifferentiation of somatic tissue into a callus phase and
subsequent production of somatic embryos occurring at a
higher efficiency (Chin and Tan, 2018). Genotype-dependency,
rate of somaclonal variation, and low rate of plantlet regeneration
present challenges for efficient tissue culture and regeneration
using this approach (Chin and Tan, 2018).

Molecular genetic-based tissue culture and transformation
methods fall broadly into three categories: developmental
regulators (DR), morphogenic factors, and Growth-Regulatory
plus GRF-Interacting Factors (GRF-GIF). The DR-based strategy
involves the expression of meristem-organizing genes, either in vitro
or ectopically, to generate new shoots that give rise to fertile plantlets
from somatic tissue (Maher et al., 2020). This method, however, is
not generalizable to all crops or regulatory systems (Nasti and
Voytas, 2021). On the other hand, the application of
morphogenic factors is genotype-independent and generates a
larger number of edited plants in less time (Lowe et al., 2016).
Briefly, the overexpression of morphogenic genes, such as Baby
boom (Boutilier et al., 2002) and Wuschel (Arroyo-Herrera et al.,
2008), can be used to efficiently induce somatic embryogenesis
directly from explant tissue without the need for a callus phase.
The GRF-GIF approach uses the overexpression of specific chimeric
GRF and GIF fusion proteins (Kong et al., 2020) to produce stable
transformants with increased regeneration efficiency. This approach
was instrumental in producing edited genotypes that were
recalcitrant to previous transformation methods.
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Transformation Platform
There are two general approaches to transformation using CRISPR-
Cas: transgenesis and transfection (Figure 1D). Transgenic
techniques introduce exogenous DNA fragments, or transgenes, to
target tissue genomes via bombardment or co-cultivation with
disarmed Agrobacterium tumefaciens strains that insert T-DNA
from binary vector systems (Bower and Birch, 1992; Fitch et al.,
1993; May et al., 1995; Nasti and Voytas, 2021). The advantage of the
transgene approach is that it uses selection to identify events that
carry the transgene versus those that do not, facilitating the screening
of CRISPR-Cas positive events. However, the integration of
transgenes is non-specific and sometimes unstable (Jaganathan
et al., 2018). Transfection techniques are possible because the gene
editing reagents can be assembled as RNP complexes or RNA
molecules in vitro (Zhang Y. et al., 2021) and subsequently
delivered to embryogenic calli via particle bombardment or
introduced in isolated protoplasts via transfection (Liang et al.,
2018b). The advantage of using the transfection approach is that
the edited events are transgene-free, which may or may not influence
regulatory processes required for commercial release of gene edited
crops. However, the disadvantage is that hundreds of events must be
screened due to the absence of a selectable marker (Fister et al., 2018).

Screening
Once gene-editing reagents have been inserted into plant cells and
cellular repair mechanisms have created edits, cells carrying these
genetic changes need to be identified, so that regenerated plantlets
that are chimeric or homozygous for the desired edit can be
recovered (Figure 1E). Edited events may be phenotypically
screened and subsequently verified through sequencing, or vice
versa depending on the trait of interest (Kaur et al., 2018). Many
methods are available (Slatko et al., 2018), but large-scale editing
projects typically require a high-throughput approach. Recent
advancements such as PacBio technology and Nanopore
sequencing can generate long DNA (and RNA) reads at
unprecedented volume, in contrast to first and second-
generation sequencing which mostly produce short-read
sequences (Slatko et al., 2018). The drawback of high-throughput
approaches is their relatively high error rate, though the large
computational capacity circumvents this problem. In the
transgenic approach, selectable markers, such as antibiotic
(Hardegger and Sturm, 1998) or herbicide resistance (Zhao
et al., 2000), have been essential in identifying and propagating
edited plants. However, concern over the presence of transgenes in
the final product and the prospects of successive rounds of
transformation and gene silencing have made marker
elimination a more attractive approach (Veluthambi et al., 2003).
Elimination of transgenes, T-DNA, and selectable markers depends
on the efficiency of progeny regeneration and the ability to segregate
the T-DNA from the edited allele through crosses (Russell et al.,
1992; Hohn et al., 2001; Veillet et al., 2019). Furthermore, edited
lines should be assessed in various field environments to ensure that
the desired phenotype is heritable and stable for commercial
application. Breeders must consider gene-environment
interactions (GEI) and trait stability to recommend ideal
varieties to growers and maximize success (Huang et al., 2016).

In the case of vegetatively propagated crops, or where traditional
breeding is cumbersome or not possible, screening must be
approached differently. Transgene-free methods remove the need
to segregate transgenic material out of desired lines and still retain
the edited event but rely on genomic analyses for selection. Briefly,
polymerase chain reaction (PCR)-based andDNA sequencing-based
methods are highly sensitive and specific, provided an adequate
reference is available (Grohmann et al., 2019). Although limited in
their application, alternative approaches include DNA hybridization
assays, protein- and metabolite-based methods (Grohmann et al.,
2019), and restriction enzyme assays (Kim et al., 2014; Shan et al.,
2014; Vouillot et al., 2015) combined with bioinformatic analysis
tools (Liang et al., 2018a). Probe-based quantitative PCR (qPCR) is a
simple, robust, and rapid approach that can be applied to a broad
range of genotypes (Falabella et al., 2017; Peng et al., 2018) and the
use of a locked nucleic acid (LNA) probe may offer increased
specificity by reducing off-target amplification (Zhang H. et al.,
2021). We suggest reviewing Grohmann et al., 2019 for an overview
of screening and selection methods to aid in protocol development.

CONCLUSION

The promise in genome engineering technology is clear, especially in
under-resourced regional tropical crops. Here, we have outlined a
clear workflow to operationalize CRISPR-Cas technology in any
species of interest, though it is important to understand the different
cultural relevance of underutilized crops to appropriately develop
resources (Gordon et al., 2021). The processes outlined here can be
developed independently at different times, but all need to be in place
in order to establish a CRISPR-Cas gene editing platform for
improvement of your target crop.
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TCP proteins are plant-specific transcription factors that have multipurpose roles in plant
developmental procedures and stress responses. Therefore, a genome-wide analysis was
performed to categorize the TCP genes in the rapeseed genome. In this study, a total of
80 BnTCP genes were identified in the rapeseed genome and grouped into two main
classes (PCF and CYC/TB1) according to phylogenetic analysis. The universal evolutionary
analysis uncovered that BnTCP genes had experienced segmental duplications and
positive selection pressure. Gene structure and conserved motif examination
presented that Class I and Class II have diverse intron-exon patterns and motifs
numbers. Overall, nine conserved motifs were identified and varied from 2 to 7 in all
TCP genes; and some of them were gene-specific. Mainly, Class II (PCF and CYC/TB1)
possessed diverse structures compared to Class I. We identified four hormone- and four
stress-related responsive cis-elements in the promoter regions. Moreover, 32 bna-
miRNAs from 14 families were found to be targeting 21 BnTCPs genes. Gene
ontology enrichment analysis presented that the BnTCP genes were primarily related
to RNA/DNA binding, metabolic processes, transcriptional regulatory activities, etc.
Transcriptome-based tissue-specific expression analysis showed that only a few genes
(mainly BnTCP9, BnTCP22, BnTCP25, BnTCP48, BnTCP52, BnTCP60, BnTCP66, and
BnTCP74) presented higher expression in root, stem, leaf, flower, seeds, and silique
among all tested tissues. Likewise, qRT-PCR-based expression analysis exhibited that
BnTCP36, BnTCP39, BnTCP53, BnTCP59, and BnTCP60 showed higher expression at
certain time points under various hormones and abiotic stress conditions but not by
drought and MeJA. Our results opened the new groundwork for future understanding of
the intricate mechanisms of BnTCP in various developmental processes and abiotic stress
signaling pathways in rapeseed.
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INTRODUCTION

Transcription factors (TFs) contribute to plant growth and
development, regulate gene expression, and play a significant
role in several cellular/biological processes (Hoang et al., 2017;
Karaaslan et al., 2020). The Teosinte Branched 1, Cycloidea, and
Proliferating Cell Factors (TCP) gene family is a group of plant-
specific TFs limited to higher plants (Cubas et al., 1999). These
TFs have numerous roles in controlling plant growth and
developmental procedures by directing cell proliferation
(Cubas et al., 1999; Martín-Trillo and Cubas, 2010). Notably,
these TFs are categorized by an extremely conserved 59-amino-
acid basic helix–loop–helix (bHLH) motif at the N-terminus
nominated as the TCP domain (Aggarwal et al., 2010). This
domain is accountable for nuclear targeting, DNA binding and
also contributes to protein-protein interactions (Kosugi and
Ohashi, 2002). Due to the dissimilarity in the TCP domain,
TCP gene family members are grouped into two main classes,
i.e., Class I (PCF) and Class II (CYC/TB1 and CIN sub-classes)
(Navaud et al., 2007; Viola et al., 2012). Along with the TCP
domain, several members of Class II retain 18–20-residue
arginine-rich motifs (Viola et al., 2012; Sarvepalli and Nath,
2018). This supposed R domain was anticipated to develop a
hydrophilic-helix or α-coiled-coil structure that facilitates the
protein-protein interactions in plants (Cubas et al., 1999).

Over the past few years, TCP gene families have been reported
in several plant species. For example, 16 TCP members in Moso
bamboo (Phyllostachys edulis) (Liu et al., 2018); 18 TCPmembers
in sweet potato (Ipomoea batatas L.) (Ren et al., 2021); 23 TCP
members in orchids (Phalaenopsis equestris) (Lin et al., 2016);
24 TCP members in Arabidopsis thaliana (Yao et al., 2007);
27 TCP members in cucumber (Cucumis sativus L.) (Wen
et al., 2020); 28 TCP members in rice (Oryza sativa L.) (Yao
et al., 2007); 38 TCPmembers in cotton (Gossypium raimondii L.)
(Ma et al., 2014); 39 TCP members in turnips (Brassica rapa ssp.
rapa) (Du et al., 2017); 63 TCP members in Brassica juncea var.
tumida (He et al., 2020), 73 TCPmembers in allotetraploid cotton
(Gossypium hirsutum L.) (Yin et al., 2018), etc. Several studies
have shown that TCP genes play significant roles in plant growth
and developmental processes, including trichome formation
(Wang et al., 2013), seed germination (Zhang et al., 2019),
petal development (van Es et al., 2018), floral development (Li
et al., 2019), shoot branching (Braun et al., 2012), and leaf
anatomical morphology (Ren et al., 2021). These findings
indicate the diverse role of TCP genes in regulating plant
developmental processes.

Likewise, several TCP genes expression is also regulated by
various hormones and abiotic stress treatments. For instance, in
cotton, the GhTCP14 gene is considered a vital switch in an
auxin-facilitated extension of fiber cells (Wang et al., 2013). In A.
thaliana, the expression level of AtTCP15 was induced by
gibberellic acid (Gastaldi et al., 2020), and AtTCP1 was
positively regulated by brassinosteroids treatment (Gao et al.,
2015). Furthermore, the different TCP genes also participate in
ethylene, strigolactone, and cytokinins signaling pathways (Braun
et al., 2012; van Es et al., 2018). Under abiotic stress conditions,
the expression level of AtTCP15 was induced by heat stress (Wu

et al., 2016), and TCP20/22 was positively regulated by the
circadian clock in A. thaliana (Wu et al., 2016). In cotton,
several GhTCP genes were significantly up-regulated under
heat, salt, and drought stresses (Yin et al., 2018). In cucumber,
many CsTCP genes significantly responded to temperature and
photoperiod and were also induced by gibberellic acid and
ethylene treatments (Wen et al., 2020). TCP genes are also
expressed in different tissues, such as many TCP genes mainly
expressed in flower, leaf, and stem, flower, bud differentiation,
and gametophyte development in Prunus mume (Zhou et al.,
2016).

Rapeseed (Brassica napus L.) is the second most crucial oilseed
crop and possesses a complex genome. However, its growth and
productivity are significantly affected at physiological,
biochemical, and molecular levels in response to various plant
hormones and abiotic stress conditions (Raza et al., 2021a; He
et al., 2021; Raza, 2021; Su et al., 2021). To date, the TCP gene
family and key TCP genes responding to abiotic stress have not
been fully characterized in rapeseed. Consequently, this is the first
genome-wide study to identify the TCP genes in the rapeseed
genome. To boost our understanding into TCP genes evolution in
rapeseed, their phylogenetic relationships, synteny study, gene
structures, conserved motifs, cis-elements, miRNA predictions,
and functional annotation were evaluated. Additionally, their
expression profile in numerous tissues/organs and under
various phytohormones and abiotic stress conditions were
largely appraised, which deeply improved our understanding
of the TCP genes in rapeseed.

MATERIAL AND METHODS

Identification and Characterization of TCP
Genes in Rapeseed
As described in our recent studies (Raza et al., 2021a; Su et al.,
2021), two methods were used to recognize TCP genes in the B.
napus genome, i.e., BLASTP and the Hidden Markov Model
(HMM). The genome of B. napus (ZhongShuang 11; ZS11
variety) was downloaded from the BnPIR database (http://cbi.
hzau.edu.cn/bnapus/index.php). For BLASTP, the amino acid
sequences of 24 AtTCPs were used as a query with an e-value
set to 1e−5. The amino acid sequences of 24 AtTCPs were attained
from the TAIR Arabidopsis genome database (http://www.
arabidopsis.org/). Secondly, the local software HMMER 3.1
(http://www.hmmer.org/) was used to search the TCP genes
with default constraints. Then, the HMM file of the TCP
domain (PF03634) was downloaded from the Pfam protein
domain database (http://pfam.xfam.org/). Finally, 80 BnTCP
genes were found by merging the two processes in the
rapeseed genome. Likewise, TCP genes were also identified in
Brassica rapa and Brassica oleracea genomes using the same
method. Their genome sequences were downloaded from JGI
Phytozome 12.0 database (https://phytozome.jgi.doe.gov/pz/
portal.html).

The physico-chemical properties of BnTCPs were evaluated
with the help of ProtParam (http://web.expasy.org/protparam/).
The subcellular localization of BnTCP proteins was prophesied
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from the WoLF PSORT server (https://wolfpsort.hgc.jp/). Genes
structures were created via TBtools software (V 1.068; https://
github.com/CJ-Chen/TBtools). The conserved motifs of BnTCP
protein sequences were recognized employing the MEME website
(https://meme-suite.org/meme/db/motifs).

Phylogenetic Tree and Synteny Analysis of
BnTCP Proteins
To explore the evolutionary relationship of the BnTCPs, a
phylogenetic tree between B. napus, B. oleracea, B. rapa, and
A. thaliana protein sequences were constructed. The sequence
alignment was executed using MEGA 7 software (https://
megasoftware.net/home). The neighbor-joining process was
accomplished to create a phylogenetic tree with 1,000
bootstrap replicates using the Evolview v3 website (https://
www.evolgenius.info/evolview) to display the phylogenetic tree.
Synteny relationships of TCP genes between B. napus, B. oleracea,
B. rapa, and A. thaliana were performed using the python-
package, JCVI (https://github.com/tanghaibao/jcvi) and
Multiple Collinearity Scan Toolkit (MCScanX; https://github.
com/wyp1125/MCScanX). The Ka/Ks ratios of all TCPs were
calculated using KaKs_Calculator 2.0 (https://sourceforge.net/
projects/kakscalculator2/).

Analysis of Cis-Regulatory Elements in the
BnTCPs Promoters
To investigate the putative cis-elements in the BnTCPs promoters,
we extracted the 2Kb sequence upstream of start codons in the B.
napus genome. Moreover, the promoter sequence of each gene
was examined applying the PlantCARE website (http://
bioinformatics.psb.ugent.be/webtools/plantcare/html/), and the
figure was drawn with the help of TBtools software.

Prediction of Putative miRNA Targeting
BnTCP Genes and GO Annotation Analysis
The CDS of BnTCPs was employed to distinguish possible target
miRNAs in the psRNATarget database (https://www.zhaolab.
org/psRNATarget/home) with default parameters. The
interaction network figure between the miRNAs and BnTCP
genes was constructed with Cytoscape software (V3.8.2;
https://cytoscape.org/download.html). Gene ontology (GO)
annotation analysis was accomplished by submitting all
BnTCPs protein sequences to the eggNOG website (http://
eggnog-mapper.embl.de/). At the same time, GO enrichment
analysis was performed with TBtools software.

Expression Profiling of BnTCP Genes in
Diverse Tissues
For tissue-specific expression profiling, the rapeseed RNA-seq
data was downloaded from the National Genomics Data Center
(https://ngdc.cncb.ac.cn/gsa/; BioProject ID: PRJCA001495). The
data were analyzed as described in a recent study (Raza et al.,
2021a). In short, Cuffquant and Cuffnorm were used to produce

normalized counts in transcripts per million (TPM) values. Due
to the large difference in the expression profiles, we used the log10
method to calculate the expression results to better visualize
differently expressed genes in diverse tissues. Based on log10
values, the expression heat map was created using GraphPad
Prism 9.0.0 software (https://www.graphpad.com/).

Plant Material and Stress Conditions
A widely used variety, ZhongShuang 11 (ZS11), was used for
stress treatments. Seeds of ZS11 were provided by the OCRI-
CAAS, Wuhan, China. The stress treatments were carried out as
described in our recent work (Raza et al., 2021a). All the
treatments were executed with three biological replicates. All
the samples were immediately frozen in liquid nitrogen and were
stored at −80°C for further experimentation.

RNA Extraction and qRT-PCR Analysis
Total RNA was extracted using TransZol Up Plus RNA Kit
(TransGen Biotech, Beijing, China), and cDNA was
synthesized using cDNA SuperMix kit (TransGen Biotech,
Beijing, China) according to developer instructions. The
complete data of qRT-PCR reaction has been explained in our
recent work (Raza et al., 2021a). The expression data were
investigated using the 2−ΔΔCT method as described by Wang
et al. (2014). All the primers used for qRT-PCR are listed in
Supplementary Table S1. The graphs were developed using
GraphPad Prism 9.0.0 software.

RESULTS

Identification and Characterization of TCP
Genes in Rapeseed
To identify TCP family genes in rapeseed, 24 AtTCP protein
sequences were used as queries for a BlastP search against the
rapeseed genome. As a result, a sum of 80 BnTCP genes was
identified with the TCP domain (Table 1). Hereafter, these genes
are named as “BnTCP1–BnTCP80.” Among which 38 genes were
positioned in the A subgenome, and 42 genes were positioned in
the C subgenome (Table 1). Comprehensive data of the
80 BnTCP genes are shown in Table 1. Briefly, gene length
varied from 531 bp (BnTCP10) to 9,673 bp (BnTCP40), the
CDS length varied from 531 bp (BnTCP10) to 5,193 bp
(BnTCP40), and the amino acid length varied from 176
(BnTCP10) to 1,730 (BnTCP40) amino acids. The number of
exons varied from one (BnTCP3–BnTCP6, BnTCP8–BnTCP10,
BnTCP12–BnTCP15) to 11 (BnTCP40) (Table 1). Notably, only
two genes (BnTCP40 and BnTCP66) had the highest number of
introns (11 and 8, respectively), and several genes lack introns,
such as BnTCP3-BnTCP6, BnTCP8–BnTCP10,
BnTCP12–BnTCP15 (Table 1). The forecasted molecular
weights of the 80 BnTCP proteins extended from 18.60 kDa
(BnTCP10) to 194.78 kDa (BnTCP40), and the isoelectric
points prolonged from 5.31 (BnTCP28/45) to 11.12
(BnTCP49). The differences in molecular weights and
isoelectric points are mainly due to the unusual high content
of basic amino acids and post-translational modifications. The
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TABLE 1 | Information of the identified TCP genes in rapeseed genome.

Gene ID Gene
name

Genomic
position
(bp)

Gene
length
(bp)

CDS
length
(bp)

Exon Intron Protein
length
(aa)

Molecular
weight
(kDa)

Theoretical
isoelectric

point
(pi)

Subcellular
localization

BnaA01T0093200ZS BnTCP1 A01: 5350331–5352930: − 2,600 1,077 2 1 358 39.2194 8.32 Nucleus
BnaA01T0326500ZS BnTCP2 A01:

30234583–30236602: −
2,020 1,284 4 3 427 48.7818 7.19 Nucleus

BnaA01T0351100ZS BnTCP3 A01:
31838550–31839623: −

1,074 1,074 1 0 357 38.9368 7.45 Nucleus

BnaA02T0029000ZS BnTCP4 A02: 1746997–1747686: + 690 690 1 0 229 23.9396 10.2 Nucleus
BnaA02T0147800ZS BnTCP5 A02: 8342653–8343498: + 846 846 1 0 281 30.2123 5.42 Nucleus
BnaA02T0165200ZS BnTCP6 A02: 9824501–9825541: − 1,041 1,041 1 0 346 39.2804 5.48 Nucleus
BnaA02T0176600ZS BnTCP7 A02:

10751996–10753110: −
1,115 1,011 2 1 336 38.2344 9.04 Nucleus

BnaA02T0183300ZS BnTCP8 A02:
11226562–11227527: +

966 966 1 0 321 33.8707 7.73 Nucleus

BnaA02T0196800ZS BnTCP9 A02:
12284709–12285833: +

1,125 1,125 1 0 374 39.0581 8.99 Nucleus

BnaA02T0389800ZS BnTCP10 A02:
33966392–33966922: −

531 531 1 0 176 18.6008 8.29 Mitochondria

BnaA02T0391800ZS BnTCP11 A02:
34141978–34143043: −

1,066 906 2 1 301 33.862 7.76 Nucleus

BnaA03T0030500ZS BnTCP12 A03: 1438953–1439693: + 741 741 1 0 246 27.3701 7.02 Nucleus
BnaA03T0032200ZS BnTCP13 A03: 1501650–1502354: + 705 705 1 0 234 24.2451 10.87 Nucleus
BnaA03T0221500ZS BnTCP14 A03:

11512211–11513155: −
945 945 1 0 314 33.4158 10.47 Nucleus

BnaA03T0286400ZS BnTCP15 A03:
15203307–15204224: +

918 918 1 0 305 34.0894 7.89 Nucleus

BnaA03T0339700ZS BnTCP16 A03:
18046255–18048379: +

2,125 1,218 3 2 405 44.1964 8.02 Nucleus

BnaA03T0354000ZS BnTCP17 A03:
18816141–18817922: +

1,782 1,278 4 3 425 48.4559 8.5 Nucleus

BnaA03T0405400ZS BnTCP18 A03:
21941344–21942444: −

1,101 1,101 1 0 366 40.739 6.68 Nucleus

BnaA03T0447400ZS BnTCP19 A03:
24280135–24281286: −

1,152 1,152 1 0 383 42.3337 7.69 Nucleus

BnaA04T0122600ZS BnTCP20 A04:
13913091–13913765: +

675 675 1 0 224 24.7676 7.82 Mitochondria

BnaA05T0054400ZS BnTCP21 A05: 2969609–2971094: − 1,486 975 1 0 324 34.5098 10.18 Nucleus
BnaA05T0129300ZS BnTCP22 A05: 7820651–7821986: + 1,336 1,047 2 1 348 38.6262 6.85 Peroxisome
BnaA05T0402900ZS BnTCP23 A05:

39177839–39180026: −
2,188 1,227 2 1 408 44.3164 7.55 Nucleus

BnaA06T0174300ZS BnTCP24 A06:
11013702–11015537: −

1,836 1,437 1 0 478 51.5508 7.21 Nucleus

BnaA06T0320300ZS BnTCP25 A06:
40732993–40733748: +

756 756 1 0 251 27.1051 10.33 Nucleus

BnaA06T0386200ZS BnTCP26 A06:
44783008–44783931: +

924 924 1 0 307 32.3907 7.96 Nucleus

BnaA07T0270200ZS BnTCP27 A07:
25405486–25406442: −

957 957 1 0 318 33.7336 8.08 Mitochondria

BnaA07T0280800ZS BnTCP28 A07:
26138757–26139815: +

1,059 1,059 1 0 352 39.9883 5.31 Nucleus

BnaA07T0291800ZS BnTCP29 A07:
26854045–26855100: −

1,056 1,056 1 0 351 39.9273 7.2 Nucleus

BnaA07T0312100ZS BnTCP30 A07:
27924720–27925685: +

966 966 1 0 321 34.0659 7.47 Nucleus

BnaA07T0330100ZS BnTCP31 A07:
29148894–29149970: +

1,077 1,077 1 0 358 37.3864 7.47 Nucleus

BnaA08T0015500ZS BnTCP32 A08: 1202449–1203435: + 987 987 1 0 328 35.6779 7.24 Nucleus
BnaA08T0205600ZS BnTCP33 A08:

22895827–22896753: +
927 834 2 1 277 30.8253 6.95 Nucleus

BnaA09T0037700ZS BnTCP34 A09: 2358891–2359727: − 837 837 1 0 278 29.6245 6.63 Nucleus
BnaA09T0073000ZS BnTCP35 A09: 4327191–4327838: − 648 648 1 0 215 23.0186 9.87 Chloroplast
BnaA09T0175800ZS BnTCP36 A09:

11575172–11576356: +
1,185 1,185 1 0 394 41.4311 6.46 Nucleus

(Continued on following page)
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TABLE 1 | (Continued) Information of the identified TCP genes in rapeseed genome.

Gene ID Gene
name

Genomic
position
(bp)

Gene
length
(bp)

CDS
length
(bp)

Exon Intron Protein
length
(aa)

Molecular
weight
(kDa)

Theoretical
isoelectric

point
(pi)

Subcellular
localization

BnaA09T0412200ZS BnTCP37 A09:
47278416–47282262: +

3,847 957 3 2 318 35.2881 8.13 Nucleus

BnaA10T0253900ZS BnTCP38 A10:
24336051–24336761: −

711 711 1 0 236 24.7343 8.55 Nucleus

BnaC01T0114300ZS BnTCP39 C01: 7792345–7794974: − 2,630 1,080 2 1 359 39.2785 8.32 Nucleus
BnaC01T0126300ZS BnTCP40 C01: 8666079–8675751: + 9,673 5,193 11 10 1730 194.7861 8.16 Nucleus
BnaC01T0404000ZS BnTCP41 C01:

46796515–46798601: −
2,087 1,293 4 3 430 49.2565 7.4 Nucleus

BnaC01T0435000ZS BnTCP42 C01:
50033768–50035625: −

1,858 1,089 2 1 362 39.202 7.25 Nucleus

BnaC02T0032000ZS BnTCP43 C02: 2159588–2160265: + 678 678 1 0 225 23.5673 9.85 Nucleus
BnaC02T0189600ZS BnTCP44 C02:

15598917–15599783: +
867 867 1 0 288 30.9993 6.15 Nucleus

BnaC02T0211700ZS BnTCP45 C02:
18337482–18338522: −

1,041 1,041 1 0 346 39.4164 5.31 Nucleus

BnaC02T0229100ZS BnTCP46 C02:
20787472–20790829: −

3,358 1,005 4 3 334 38.0556 7.95 Nucleus

BnaC02T0241600ZS BnTCP47 C02:
22073752–22074708: +

957 957 1 0 318 33.7857 7.71 Nucleus

BnaC02T0261700ZS BnTCP48 C02:
24613854–24614969: +

1,116 1,116 1 0 371 38.7778 9.38 Nucleus

BnaC02T0521300ZS BnTCP49 C02:
62454902–62455594: −

693 693 1 0 230 24.9241 11.12 Nucleus

BnaC02T0524000ZS BnTCP50 C02:
62771638–62772713: −

1,076 906 2 1 301 33.7318 6.72 Nucleus

BnaC03T0037100ZS BnTCP51 C03: 1909961–1910695: + 735 735 1 0 244 27.341 6.91 Nucleus
BnaC03T0039100ZS BnTCP52 C03: 2018328–2019035: + 708 708 1 0 235 24.258 10.87 Nucleus
BnaC03T0260500ZS BnTCP53 C03:

16121718–16122599: −
882 882 1 0 293 30.929 10.32 Nucleus

BnaC03T0344300ZS BnTCP54 C03:
23421941–23422903: +

963 963 1 0 320 35.7522 7.08 Nucleus

BnaC03T0408900ZS BnTCP55 C03:
28003605–28005738: +

2,134 1,215 3 2 404 44.0973 8.04 Nucleus

BnaC03T0429200ZS BnTCP56 C03:
29713443–29715268: +

1,826 1,278 4 3 425 48.6133 8.66 Nucleus

BnaC03T0620400ZS BnTCP57 C03:
59527128–59528955: +

1,828 1,422 1 0 473 51.1025 7.44 Nucleus

BnaC03T0663600ZS BnTCP58 C03:
64144410–64145333: −

924 924 1 0 307 34.4323 8.09 Nucleus

BnaC04T0060500ZS BnTCP59 C04: 5408796–5409773: − 978 978 1 0 325 34.6679 10.03 Chloroplast
BnaC04T0168800ZS BnTCP60 C04:

15546097–15547417: +
1,321 1,047 2 1 348 38.6283 7.04 Peroxisome

BnaC04T0410600ZS BnTCP61 C04:
53526218–53526877: +

660 660 1 0 219 23.7855 6.89 Mitochondria

BnaC05T0259700ZS BnTCP62 C05:
21147596–21148549: −

954 954 1 0 317 35.0458 8.13 Nucleus

BnaC05T0413400ZS BnTCP63 C05:
46522363–46523833: −

1,471 1,248 3 2 415 47.8023 8.78 Nucleus

BnaC05T0452400ZS BnTCP64 C05:
50135134–50137315: −

2,182 1,215 2 1 404 44.2776 8.38 Nucleus

BnaC05T0566500ZS BnTCP65 C05:
57728974–57732707: +

3,734 1,047 3 2 348 38.7422 7.42 Nucleus

BnaC05T0569300ZS BnTCP66 C05:
57878862–57886495: +

7,634 1,944 9 8 647 72.5415 8.6 Chloroplast

BnaC06T0305200ZS BnTCP67 C06:
40942818–40943765: −

948 948 1 0 315 33.6966 8.08 Mitochondria

BnaC06T0321700ZS BnTCP68 C06:
42719251–42720315: +

1,065 1,065 1 0 354 40.2017 5.86 Nucleus

BnaC06T0335100ZS BnTCP69 C06:
44122410–44123480: −

1,071 1,071 1 0 356 40.574 5.56 Nucleus

(Continued on following page)
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results of in silico subcellular localization prophesied that two
BnTCP proteins were located on the peroxisome, four BnTCP
proteins on the chloroplast, seven BnTCP proteins on the

mitochondria, and remaining 67 BnTCP proteins were located
on the nucleus (Table 1). Meanwhile, 24 genes
(AtTCP1–AtTCP24) from A. thaliana, 39 genes
(BraTCP1–BraTCP39) from B. rapa, and 40 genes
(BoTCP1–BoTCP41) from B. oleracea genomes were also
identified (Supplementary Table S2).

Phylogenetic Relationship of TCP Genes
To unreveal the evolutionary relationship between the BnTCPs,
BoTCPs, BraTCPs, and AtTCPs genes, an unrooted phylogenetic
tree was built by a multiple sequence alignment of the prophesied
TCP protein sequences from B. napus, B. oleracea, B. rapa, and A.
thaliana (Figure 1). Based on the standard classification of
Arabidopsis TCP genes (Yao et al., 2007), the 184 TCPs genes
from four plant species were distributed into two main classes,
i.e., Class I (PCF) and Class II. Further, Class II was further
divided into two sub-classes (CYC/TB1 and CIN) (Figure 1). The
TCPs from the four plant species were scattered in nearly all
clades, suggesting that the TCP family genes differentiated before
the separation of these ancestral plant species. The findings
discovered that Class I (PCF) was encompassed 91 TCP
members (39 BnTCPs, 19 BoTCPs, 20 BraTCPs, and
13 AtTCPs). Class II contained a sum of 92 TCP members.
Particularly, sub-class CYC/TB1 was comprised of 31 TCP
members (14 BnTCPs, eight BoTCPs, six BraTCPs, and three
AtTCPs), and CIN was comprised of 61 TCP members
(27 BnTCPs, 13 BoTCPs, 13 BraTCPs, and eight AtTCPs)
(Figure 1; Supplementary Table S3). In a nutshell, TCPs
grouping into the same sub-class may retain corresponding
functions. It is worth highlighting that BnTCP genes were
almost equally scattered in both classes with homologs from
other plant species (Figure 1; Supplementary Table S3). Mainly,

TABLE 1 | (Continued) Information of the identified TCP genes in rapeseed genome.

Gene ID Gene
name

Genomic
position
(bp)

Gene
length
(bp)

CDS
length
(bp)

Exon Intron Protein
length
(aa)

Molecular
weight
(kDa)

Theoretical
isoelectric

point
(pi)

Subcellular
localization

BnaC06T0353200ZS BnTCP70 C06:
45538660–45539631: −

972 972 1 0 323 36.4448 8.94 Nucleus

BnaC06T0362700ZS BnTCP71 C06:
46363762–46364718: +

957 957 1 0 318 34.0369 7.65 Nucleus

BnaC06T0386600ZS BnTCP72 C06:
48098081–48099548: +

1,468 1,068 1 0 355 37.2392 7.17 Nucleus

BnaC07T0302100ZS BnTCP73 C07:
44542787–44543746: −

960 960 1 0 319 33.6842 8 Nucleus

BnaC07T0373600ZS BnTCP74 C07:
49902745–49903473: −

729 729 1 0 242 26.0729 10.11 Nucleus

BnaC07T0378100ZS BnTCP75 C07:
50224221–50225315: −

1,095 1,095 1 0 364 40.5408 6.68 Nucleus

BnaC07T0422500ZS BnTCP76 C07:
53049841–53052375: −

2,535 1,125 2 1 374 41.2696 7.62 Nucleus

BnaC09T0023100ZS BnTCP77 C09: 1586085–1587093: − 1,009 831 2 1 276 29.3745 6.75 Mitochondria
BnaC09T0063000ZS BnTCP78 C09: 4101151–4101798: − 648 648 1 0 215 22.9824 9.87 Chloroplast
BnaC09T0197900ZS BnTCP79 C09:

17390038–17391216: +
1,179 1,179 1 0 392 41.1277 6.51 Mitochondria

BnaC09T0567700ZS BnTCP80 C09:
64952104–64952814: −

711 711 1 0 236 24.7502 7.81 Nucleus

In the genomic position, the positive (+) and negative (−) sign shows the presence of a gene on the positive and negative strand of that specific marker correspondingly.

FIGURE 1 | A neighbor-joining phylogenetic tree assessment of TCP
genes from B. napus, B. oleracea, B. rapa, and A. thaliana. Overall,
80 BnTCPs from B. napus (orange triangle), 40 BoTCPs from B. oleracea
(green circles), 39 BraTCPs from B. rapa (red boxes), and 24 AtTCPs
from A. thaliana (yellow stars) were clustered into two major classes, denoted
by exclusive colors.
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Class I (PCF) was observed to have a greater number of BnTCPs
(39), followed by CIN (27) and CYC/TB1 (14). Moreover, it was
observed that the BnTCPs have a more closely phylogenetic
relationship with the BoTCPs and BraTCPs in each class.

Chromosomal Locations and Synteny
Evaluation of TCP Genes
The chromosol location of 38 BnTCPs gene pairs was observed
(Figure 2; Supplementary Table S4), and 18 out of 19
chromosomes held BnTCPs genes (Figure 2). Mainly,
chromosomes A04 and A10 possessed only one gene,
chromosome A08 possessed two genes, chromosomes A01,
A05, A06, C01, C04, and C09 possessed three genes,
chromosomes A07, A09, and C07 possessed four genes,
chromosomes A02 and C05 possessed five genes, chromosome
C06 possessed six genes, chromosomes C02 and C03 possessed
eight genes. Chromosome A03 had the highest number of genes
(10). Astonishingly, the C08 chromosome did not contain any
BnTCP genes (Figure 2). The dataset displays that segmental
duplications have contributed to the development of BnTCP
genes (Supplementary Table S4). Notably, one putative
paralog pair, i.e., BnTCP16/BnTCP55, was produced by
tandem duplication (Supplementary Table S4). These results
showed the large-scale segmental duplication events involved in
the evolution of the BnTCP gene family in rapeseed.

Collinearity analysis was used to appraise the evolutionary
relationship of the TCP genes between B. napus and the other
heritable plant species (Figure 3; Supplementary Table S4). In
general, in the A subgenome, several B. napus genes showed

syntenic networks with various BraTCPs, and AtTCP. Notably,
one BnTCP gene at chromosome A10 also displayed a syntenic
relationship with a BoTCP gene at chromosome C09. Likewise, in
the C subgenome, many B. napus genes revealed syntenic
connections with different BraTCPs, and AtTCPs (Figure 3).
Mainly, three BnTCP genes at chromosome C03 and C05 also
showed a syntenic relationship with three BrTCP genes at
chromosome A03, A05 and A08 (Figure 3). On the other
hand, several homologues of A. thaliana, B. rapa, and B.
oleracea showed a syntenic alliance with BnTCPs genes in the
rapeseed genome, suggesting that whole-genome or segmental
duplication events represented a crucial role in the evolution of
BnTCPs gene family in the rapeseed genome (Figure 3;
Supplementary Table S4).

The Ka/Ks ratio is regarded as a considerable indicator in
assessing the sequence evolution in terms of selection pressures
and duplication types (Hurst, 2002). Hence, to comprehend the
evolutionary history of the BnTCPs, the Ka, Ks, and Ka/Ks ratio
was determined for B. napus and the other three plant species
(Supplementary Table S4). The calculations disclosed that all of
the duplicated BnTCP gene pairs had a Ka/Ks ratio of <1
(Supplementary Table S4), indicating that the BnTCP genes
may have undergone intense purifying selective pressure during
the evolution process (Supplementary Table S4). Similar
outcomes were also examined in B. rapa, B. oleracea, and A.
thaliana (Supplementary Table S4).

Assessment of Gene Structures and
Conserved Motifs of BnTCP Genes
The exon-intron configurations of the BnTCP genes were examined
to boost our knowledge of the evolution of the rapeseed TCP family
genes. The results showed that the number of introns and exons
ranged from 0 to 10 and 1–11, respectively (Figure 4B; Table 1).
Overall, 55 genes have one exon and zero intron; 13 genes have two
exons and one intron; five genes have three exons and two introns;
five genes have four exons and three introns; one gene has nine exons
and eight introns; and one gene has 11 exons and 10 introns
(Figure 4; Table 1). Notably, Class I (PCF) and Class II (CIN
and CYC/TB1) possessed almost similar structures except for a
few genes (Figure 4B). Losses or gains of exons were discovered
throughout the evolution of the TCP family genes. Our outcomes
advised that TCP genes retained a comparatively constant exon-
intron arrangement during the evolution of the rapeseed genome.
Moreover, BnTCP gene members inside a Class had extremely
matching gene structures, constant with their phylogenetic groups.

Furthermore, the full-length protein sequences were examined
to identify their conserved motifs (Figure 4C). The conserved
motif of the TCP genes varied from 2 to 7. Overall, nine conserved
motifs were identified, and the complete data (such as name,
sequence, width, and E-value) of discovered motifs are presented
in Supplementary Table S5. The motif dispersals were also
comparable within the Classes (Figure 4C). For example,
motifs 1, 2, 6, and 7 were specific to Class I; however, motifs 6
were also present in some genes belonging to Class II (mainly
CYC/TB1). In Class I, only one gene (BnTCP40) was found to
have a greater number of motifs (seven). In Class II (mainly CYC/

FIGURE 2 | Chromosomal locations and inter-chromosomal relations of
BnTCP genes. Grey lines in the background present all syntenic blocks in the
B. napus genome, and the red lines present syntenic BnTCPs gene pairs.
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TB1), motifs 5 and 9 were specific and absent in other genes.
Likewise, motifs 4, 8, and 3 were specific to Class II (CIN and
CYC/TB1) (Figure 4C). In short, the class organization’s

consistency was convincingly sustained by evaluating the
conserved motifs composition, gene structures, and
phylogenetic interactions, indicating that the TCP proteins

FIGURE 3 | Collinearity analysis of TCP genes in B. napus, B. rapa, B. oleracea, and A. thaliana chromosomes. Grey lines in the background display the collinear
blocks withinB. napus and other plant genomes. However, the red and green lines signify the syntenic TCP gene pairs. Genes located on theB. napus A subgenome are
syntenic with B. rapa, B. oleracea, and A. thaliana, while genes located on B. napus C subgenome are mainly syntenic with B. rapa, B. oleracea, and A. thaliana.

FIGURE 4 | The gene structure and motif analysis of BnTCPs genes. (A) Based on phylogenetic relationships, the BnTCPs were clustered into two major classes.
(B) Gene structure of BnTCPs genes. The pink color signifies UTR regions, the light green color denotes exon or CDS, the yellow color represents TCP domain, and the
black horizontal line symbolizes introns. (C) Conserved motif compositions detected in BnTCPs. Different color boxes represent different motifs.
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have tremendously well-maintained amino acid remains and
members within a class may possess parallel roles.

Examination of Cis-Elements in Promoters
of BnTCP Genes
The cis-acting elements in the gene promoter generally
regulate gene expression levels and functions. Therefore,
cis-acting elements in BnTCPs promoter localities were
analyzed to characterize the gene functions and regulatory

roles. The comprehensive data of cis-elements are shown in
Supplementary Table S6. Overall, we focused on and
identified eight types of elements. Particularly, four
phytohormone-correlated [(abscisic acid (ABA), auxin,
methyl jasmonate (MeJA), and gibberellin (GA)]
responsive elements consist of ABRE, TGA-element,
TGACG-motif, CGTCA-motif, P-box, GARE-motif, TATC-
box, were distinguished (Figure 5; Supplementary Table S6).
Specifically, several phytohormone-correlated elements were
anticipated to be limited to some genes and extensively

FIGURE 5 | Cis-elements in the promoter regions of the BnTCP genes are linked with different hormone- and stress-responsive elements. Different color boxes
show different identified elements. See Supplementary Table S6 for more information.
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dispersed (Figure 5; Supplementary Table S6), indicating
the essential role of these genes in phytohormone-arbitration.

Additionally, we identified four stress-associated (salt, drought,
low-temperature, and anaerobic) responsive elements, including
TCA-element, MBS, LTR, ARE, suggesting their contribution to
stress stimulation (Figure 5; Supplementary Table S6). TCA-
element associated with salt stress responsiveness was mainly
present in 38 BnTCP genes and widely distributed in four genes
(BnTCP16, BnTCP22, BnTCP45, and BnTCP55) (Figure 5;
Supplementary Table S6). Drought stress responsive element
(MBS) was mainly present in 36 genes and widely circulated in
12 genes (Figure 5; Supplementary Table S6). Low-temperature
responsive element (LTR) was particularly present in 26 genes and
widely scattered in six genes (BnTCP42, BnTCP44, BnTCP46,

BnTCP65, BnTCP78, and BnTCP80) (Figure 5; Supplementary
Table S6). ARE element associated with anaerobic responsiveness
was mainly present in 74 genes and largely dispersed in 35 genes
(Figure 5; Supplementary Table S6). Generally, these findings
recommended that BnTCPs expression profiles may differ under
phytohormone and abiotic stress conditions.

Genome-Wide Prediction of miRNA
Targeting BnTCP Genes
During the past few years, various investigations have
uncovered that miRNA-induced regulation participates in
the stress responses in plants. Consequently, for a
profound knowledge of miRNA-mediated post-

FIGURE 6 | miRNA targeting BnTCP genes. (A) Network figure of anticipated miRNA targeting BnTCPs genes. Green hexagon colors correspond to BnTCPs
genes, and bluish ellipse shapes represent miRNAs. (B) The schematic illustration signifies theBnTCPs targeted bymiRNAs. The RNA sequence of each complementary
site from 5′ to 3′ and the predicted miRNA sequence from 3′ to 5′ are exposed in the long-drawn-out areas. See Supplementary Table S7 for the detailed data of all
predicted miRNAs.
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transcriptional adjustment of BnTCP genes, we forecasted 32
miRNAs targeting 21 BnTCP genes (Figure 6A;
Supplementary Table S7). Some of the miRNA-targeted
sites are shown in Figure 6B, while the comprehensive
data of all miRNAs targeted genes/sites is given in
Supplementary Table S7. Overall, the results
demonstrated that one member of the bna-miR1140 family
targeted one gene (BnTCP57); one member of the bna-
miR161 family targeted one gene (BnTCP32); one member
of the bna-miR162 family targeted one gene (BnTCP77); one
member of the bna-miR2111a-3p targeted one gene
(BnTCP39); one member of the bna-miR6031 targeted one
gene (BnTCP61); one member of the bna-miR6033 targeted
one gene (BnTCP57); one member of bna-miR396 family
targeted three genes (BnTCP28, BnTCP34, and BnTCP68);
and one member of bna-miR159 family targeted 17 genes.
Two members of the bna-miR171 family targeted one gene
(BnTCP39); two members of the bna-miR6029 family
targeted two genes (BnTCP6 and BnTCP45); two members
of the bna-miR6030 family targeted two genes (BnTCP24 and
BnTCP57); and two members of the bna-miR394 family
targeted two genes (BnTCP40 and BnTCP56). Three
members of the bna-miR395 family targeted four genes
(BnTCP5, BnTCP61, BnTCP20, and BnTCP44). Four
members of the bna-miR172 family targeted five genes
(BnTCP11, BnTCP19, BnTCP58, BnTCP62, and BnTCP76)
(Figure 6A; Supplementary Table S7). In general, BnTCP5,
BnTCP19, BnTCP20, BnTCP39, BnTCP44, BnTCP57,
BnTCP58, BnTCP61, and BnTCP76 were predicted to be
targeted by a greater number (three and four) of miRNAs
(Figure 6A; Supplementary Table S7). In further
examination, the expression levels of these miRNAs and
their targeted genes require validation to preside their
biological functions in the rapeseed genome.

Functional Annotation Study of BnTCP
Genes
To further recognize the contribution of BnTCP genes, we performed
GO annotation and enrichment analysis based on biological process
(BP), molecular function (MF), and cellular component (CC) classes.
These terms can boost our understanding of the diverse function of
genes. The results of BP, MF, and CC exhibited several significantly
enriched terms (Supplementary Table S8). For instance, in GO-BP
class, 49 highly enriched terms were identified, including cellular
process (GO: 0009987), RNA biosynthetic process (GO: 0032774),
regulation of nucleic acid-templated transcription (GO: 1903506),
heterocycle metabolic process (GO: 0046483), organic substance
biosynthetic process (GO: 1901576), regulation of metabolic
process (GO:0019222), nitrogen compound metabolic process
(GO: 0006807) (Supplementary Table S8). The GO-CC
enrichment outcomes distinguished ten highly enriched terms,
including intracellular part (GO: 0044424), cell part (GO:
0044464), cellular_component (GO: 0005575), organelle (GO:
0043226), membrane-bounded organelle (GO: 0043227),
intracellular (GO: 0005622), nucleus (GO: 0005634)
(Supplementary Table S8). Similarly, the GO-MF results

projected eight significantly enriched terms such as transcription
regulator activity (GO: 0140110),molecular_function (GO: 0003674),
DNA binding transcription factor activity (GO: 0003700), organic
cyclic compound binding (GO: 0097159), nucleic acid binding (GO:
0003676) (Supplementary Table S8). Overall, GO enrichment
analysis validates the functional role of BnTCP genes in several
cellulars, molecular, and biological processes related to RNA/DNA
binding, metabolic processes, transcriptional regulatory activities
associated with rapeseed growth and developmental processes.

Expression Profiles of BnTCP Genes Under
Various Tissues
Tissue-specific expression profiles ofBnTCPs genes were examined in
six diverse tissues and organs, i.e., roots, stems, leaves, flowers, seeds,
and silique using RNA-seq data from B. napus (ZS11 variety)
(BioProject ID: PRJCA001495). Overall, the results showed that
only a few genes showed higher expression in some specific
tissues (Figure 7). For instance, some genes showed higher
expression levels in the root, including BnTCP9, BnTCP13,
BnTCP25, BnTCP31, BnTCP35, BnTCP36, BnTCP48, BnTCP52,
BnTCP72, and BnTCP74). In stem, a few genes showed higher
expression levels, including BnTCP9, BnTCP26, BnTCP31,
BnTCP36, BnTCP48, BnTCP52, BnTCP66, BnTCP67, BnTCP72,
BnTCP73, and BnTCP74). In leaf, BnTCP9, BnTCP13, BnTCP16,
BnTCP19, BnTCP22, BnTCP23, BnTCP35, BnTCP39, BnTCP52,
BnTCP55, BnTCP60, BnTCP64, BnTCP65, BnTCP66, BnTCP67,
BnTCP74, and BnTCP76 genes display higher expression patterns.
In flower, BnTCP16, BnTCP19, BnTCP23, BnTCP35, BnTCP42,
BnTCP55, BnTCP60, BnTCP64, BnTCP52, BnTCP55, BnTCP60,
BnTCP64, BnTCP66, BnTCP74, BnTCP76, and BnTCP79 genes
exhibited higher expression patterns. In seeds, several genes
showed higher expression in seeds at different time points, such
as BnTCP3, BnTCP9, BnTCP22, BnTCP25, BnTCP35, BnTCP36
BnTCP60, BnTCP74, BnTCP78, and BnTCP79). Likewise, in
silique, many genes including BnTCP9, BnTCP22, BnTCP24,
BnTCP25, BnTCP27, BnTCP30, BnTCP31, BnTCP35, BnTCP39,
BnTCP48, BnTCP52, BnTCP60, BnTCP64, BnTCP66, BnTCP67,
BnTCP71, BnTCP74, BnTCP78, and BnTCP80, showed higher
expression patterns at different time points (Figure 7). Notably,
some genes also showedmoderate expression levels in various tissues.
Overall, expression data show that only a few genes may significantly
contribute to rapeseed growth and development. Therefore, the
precise function of these genes could be discovered in future
investigations.

Expression Profiles of BnTCP Genes Under
Phytohormones and Abiotic Stress
Conditions
In this study, qRT-PCR-based expression profiles of ten randomly
selected BnTCPs genes were evaluated in response to abiotic (cold,
waterlogging, salinity, and drought), and phytohormones (ABA, GA,
IAA, andMeJA) stresses at different time points (Figures 8, 9). Under
abiotic stress conditions, most of the genes exhibited comparatively
low expression levels, apart from some genes. For example, in
response to cold stress, BnTCP53 showed significantly higher
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expression at 4 h (1.521 fold), 6 h (2.081 fold), and 8 h (1.616 fold);
BnTCP59 showed higher expression at 2 h (2.312 fold), 4 h (2.409
fold), 6 h (2.873 fold), and 8 h (2.187 fold); and BnTCP60 showed
higher expression mainly at 6 h (1.254 fold), and 8 h (1.598 fold),
compared to CK. Under waterlogging stress, BnTCP39 showed
higher expression at 2 h (11.684 fold), 8 h (13.369 fold); and
BnTCP53 showed higher expression at 2 h (10.865 fold),
compared to CK. Under salt stress, almost all genes showed
relatively higher expression at CK; however, BnTCP53 display

substantially higher expression at 2 h (1.402 fold), 4 h (1.395 fold),
6 h (1.109 fold), and 8 h (1.197 fold), compared to CK and other
genes. In response to drought stress, only BnTCP7 was up-regulated
at 4 h (29.946 fold), 6 h (31.192 fold), and 8 h (28.428 fold) (Figure 8).

Under phytohormones treatment, almost all genes showed
significantly higher expression except MeJA. Particularly,
BnTCP39, BnTCP64, BnTCP75, BnTCP25, BnTCP36, BnTCP53,
and BnTCP7 display higher expression levels in response to ABA
and GA treatments. These genes also possess ABA and GA-

FIGURE 7 | Expression profiling of BnTCP genes in various developmental organs/tissues. The 7, 10, 14, and 45 d tags specified the time-points when the
samples were harvested. The red, black, and green colors display high to low expression levels. The expression heat map was created by taking log10 of transcripts per
million (TPM) values.
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associated cis-elements in their promoter regions (Supplementary
Table S6). Furthermore, BnTCP39 under IAA treatment showed
higher expression at 2 h (1.568 fold); BnTCP64 significantly showed
higher expression at 2 h (2.209 fold), 6 h (1.384 fold), and 8 h (1.590
fold) compared to CK. Notably, BnTCP53 displays higher expression
at 6 h (4.487 fold) in response toMeJA treatment than CK (Figure 9).
However, BnTCP60 did not reveal any significant expression to any
stress conditions except cold stress, and BnTCP53 was found to be
more active in response to both hormones and abiotic conditions.
These results are also consistent with the identified cis-elements in the
promoter regions of genes.

DISCUSSION

Characterization and Evolution of TCPGene
Family in Rapeseed
Rapeseed is an allotetraploid crop that practices broad genome
replication and combination activities (Song et al., 2020).
Nevertheless, rapeseed yield is pretentious by numerous
environmental factors such as cold, heat, drought, salinity, and
heavy metals toxicity (Raza et al., 2021a; Raza et al., 2021b; He
et al., 2021; Raza, 2021; Su et al., 2021). The TCP TFs are antique
plant-specific proteins (Cubas et al., 1999). So far, these TFs are yet to

FIGURE 8 | Expression patterns of theBnTCP genes under different abiotic stress conditions. The 0 h (CK), 2, 4, 6, and 8 h labels presented the time points (hours)
when the samples were harvested for expression study after the stress treatment. Error bars represent the SD (n � 3).
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be reported in unicellular algae; and moss, pluricellular green algae,
lycophyte, and ferns possess five-six TCP genes in their genomes
(Martín-Trillo and Cubas, 2010). Owing to the development,
duplications, and divergence of TCP genes, the gymnosperms and
angiosperms plants possess bigger TCP gene families containing
more than ten TCP members (Martín-Trillo and Cubas, 2010).
Over the past few years, TCP gene families have been reported in
various crop plants such as Arabidopsis thaliana (Yao et al., 2007),
Moso bamboo (Liu et al., 2018), sweet potato (Ren et al., 2021),
cucumber (Wen et al., 2020), rice (Yao et al., 2007), Brassica rapa (Du
et al., 2017); Brassica juncea (He et al., 2020); and cotton (Ma et al.,

2014; Yin et al., 2018), etc. To our best knowledge, the TCP gene
family has not been fully characterized in the rapeseed genome. The
accessibility of the rapeseed genome sequences offers resources for
genome-wide identification of rapeseed genes (Song et al., 2020).
Here, we recognized 80 BnTCP genes in the rapeseed genome.
Notably, this is the largest TCP gene family found in the rapeseed
genome due to whole-genome duplication (WGD; polyploidy).
Previously, the highest number of TCP genes (73 members) was
reported in allotetraploid cotton (Yin et al., 2018).

In the rapeseed genome, the BnTCP gene family may be evolved
by WGD or segmental events, together with numerous tandem

FIGURE 9 | Expression patterns of the BnTCP genes under different hormones treatments. The 0 h (CK), 2, 4, 6, and 8 h labels presented the time points (hours)
when the samples were harvested for expression study after the stress treatment. Error bars represent the SD (n � 3).
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duplications. Notably, WGD differs from tandem duplication in that
WGD enhances the quantity of all genes altogether and produces
duplicate, theoretically redundant copies of all the genes within a
genome. In contrast, tandem duplication is another vital way for gene
expansion. Genes expanded by tandem duplication are always
scattered all together as a cluster in chromosomes (Sémon and
Wolfe, 2007; Fang et al., 2012). Gene duplication events of TCP
genes were also spotted in several plant species (Ma et al., 2014; Lin
et al., 2016; Yin et al., 2018;Wen et al., 2020). Apart from duplication
events, exon-intron associations and numbers can also explain the
evolutionary story of the gene family (Xu et al., 2012; Raza et al.,
2021a; Su et al., 2021). TheBnTCPs gene structure comparedwith the
same group presented that TCP genes contribute to analogous exon/
intron allocation in terms of exon and intron numbers; in the
meantime, BnTCPs with the same class exhibited comparable
motif patterns. These results imply that these TCP members may
play identical roles in response to a variety of abiotic stresses. Similar
observations have been reported in previousTCP gene families where
both classes showed comparable diverse intron/exon distribution and
motifs patterns (Ma et al., 2014; Lin et al., 2016; Yin et al., 2018; Wen
et al., 2020).

The Contribution of TCP Genes to Stress
Responses and Tolerance Mechanisms
To get further insights into the contribution of BnTCP genes
against various environmental cues, cis-elements in the
promoter regions were envisaged. The findings
demonstrated that two types of cis-elements were
documented, i.e., stress (salt, drought, low-temperature,
and anaerobic) and hormones (auxin, ABA, MeJA, and
GA) associated. Consistent with earlier studies, cis-elements
participate in the plant stress responses (Yamaguchi-
Shinozaki and Shinozaki, 1994; Liu et al., 2014).

For instance, in rice, TCA-element between −563 and
−249 bp upstream of OsPIANK1 was found to be associated
with resistance to Magnaporthe oryzae infection and
exogenous SA treatment (Mou et al., 2013). ABREs are a
class of cis-elements capable of binding to sturdily conserved
ABA-dependent transcription factors, which exist in the
promoter region of numerous stress-resistant genes and
normalize the expression level of associated genes under
abiotic stress conditions (Choi et al., 2000; Barbosa et al.,
2013; Fujita et al., 2013). In wheat, the expression pattern of
TaGAPC1 was regulated under osmotic and salinity stress
conditions. The promoter region of TaGAPC1 contains
various stress-related cis-regulatory elements (including
MBS, DRE, GT1, and LTR), and methylation changes were
observed during the stress treatments, leading to stress
tolerance and regulation in gene expression (Fei et al.,
2017). In the current study, these results were further
authenticated by the GO annotation evaluation. For
instance, GO enrichment analysis validates the functional
role of BnTCP genes in several cellulars, molecular, and
biological processes associated with RNA/DNA binding,
metabolic processes, transcriptional regulatory activities
related to rapeseed growth and developmental processes

under stress conditions. Likewise, numerous scholars stated
comparable outcomes in diverse crop plant species where TCP
genes were found to play a substantial part in plant growth
and developmental processes and responses to different
abiotic stress episodes (Yao et al., 2007; Lin et al., 2016;
Zhou et al., 2016; Wen et al., 2020). These results can
enhance our knowledge of BnTCP genes under different
stress conditions and rapeseed developmental processes at
a molecular level.

Moreover, 10 randomly selected BnTCP genes’ expression
profiling was appraised against various hormones and abiotic
stress treatments. Particularly, BnTCP7, BnTCP53, and
BnTCP59 exhibited higher expression in response to cold,
waterlogging, drought, and salinity stresses. Under hormones
treatment, many genes showed higher expression, mainly by
ABA, IAA, and GA treatments. These results are in agreement
with recent reports where several TCP genes displayed higher
expression levels under stress conditions. For example, in
cotton, 41 GhTCP genes responded significantly to heat,
salinity, and drought stresses (Yin et al., 2018). In
cucumber, several TCP genes were up-regulated in response
to photoperiod and temperature stresses; likewise, some genes
were also induced by phytohormones like ethylene and
gibberellin (Wen et al., 2020). In Moso bamboo, several
TCP genes were substantially up-regulated in response to
various hormones such as ABA, MeJA, and SA (Liu et al.,
2018). The overexpression of maize ZmTCP42 gene in A.
thaliana led to sensitivity to ABA in seed germination and
improved drought stress tolerance in transgenic A. thaliana
(Ding et al., 2019). In another study, the overexpression of the
MeTCP4 gene regulated the cold tolerance by mediating ROS
production and scavenging in transgenic A. thaliana. It also
enhances the expression levels of stress- and ROS-scavenging-
associated genes in the cold stressed A. thaliana plants (Cheng
et al., 2019). Overexpressed PeTCP10 gene improved salt and
ABA tolerance of transgenic A. thaliana at the vegetative
growth phase (Xu et al., 2021). These results indicate that
TCP genes pointedly contribute to hormone signaling
pathways and abiotic stress tolerance in various plant species.

Expression Pattern of TCP Genes in
Different Developmental Tissues
In the present study, tissue-specific expression profiles of
80 BnTCPs genes were assessed in six unique tissues using
a publicly available RNA-seq dataset (https://ngdc.cncb.ac.cn/
gsa/; BioProject ID: PRJCA001495). The aforementioned
studies have illustrated that TCP genes may exhibit diverse
expression profiles in various developmental tissues. For
instance, the RNA-seq data was used to analyze the tissue-
specific expression levels in cotton. The results showed that
many GhTCP genes exhibited higher expression in various
tissues, including mature leaves, stem, root, torus, petal,
stamen, pistil, calycle (bracts), ovules, and fibers (Yin et al.,
2018). In cucumber, qRT-PCR-based expression analysis
showed that almost all 27 CsTCP genes exhibited higher
expression in diverse tissues comprising root, stem, leaf,
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cotyledon, tendril, and flower (Wen et al., 2020). In B. rapa,
some BrTCP genes showed higher expression in roots, leaves,
and flower buds (Du et al., 2017). These results agree with our
results where some TCP genes showed higher expression in all
studied tissues (roots, stems, leaves, flowers, seeds, and
silique), demonstrating that these genes may participate in
rapeseed growth and development.

miRNA: Key Performers in the Adaptation of
Stress Responses
MicroRNAs (miRNAs) are a class of small-non-coding RNAs
produced from single-strand hairpin RNA precursors. These
miRNAs control gene expression through binding to
complementary sequences within target mRNAs (Shen et al.,
2015; Wani et al., 2020). Substantial development has been made
in discovering the targets of rapeseed miRNAs that act to diverse
stresses and also participate in developmental processes (Buhtz
et al., 2008; Huang et al., 2010; Körbes et al., 2012; Zhou et al.,
2012; Shen et al., 2015; Chen et al., 2018; Fu et al., 2019). In the
present study, we anticipated 32 miRNAs targeting 21 BnTCPs
genes. Recent reports support our results, e.g., five TCP genes,
including TCP2, TCP3, TCP4, TCP10, and TCP24, were targeted
by miR319 and have been involved in normalizing leaf
morphogenesis in A. thaliana (Schommer et al., 2008). In
cotton, three TCP (GhTCP21, GhTCP31, and GhTCP54) genes
were targeted by miR319 (Wen et al., 2020). The overexpression
of the miR319-associated TCP gene improves the growth, and it
also increases the tolerance to salinity and drought stresses in
transgenic bentgrass (Agrostis stolonifera L.) (Zhou et al., 2013).

The overexpression of soybean miR172c improves tolerance to
drought and salinity stress, and it also enhances sensitivity to ABA in
transgenic A. thaliana plants (Li et al., 2016). Recently, Cheng et al.
(2021) found that miR172s (mainly miR172a and miR172b) act as a
positive regulator of salt tolerance in rice and wheat. Further, it also
maintains the ROS homeostasis during salt stress, generally by
balancing the expression of several ROS-scavenging-related genes
in both wheat and rice (Cheng et al., 2021). The transgenic B. napus
plants overexpressing miR395 indicated a lower degree of cadmium-
induced oxidative stress compared to wild-type plants (Zhang et al.,
2013). Another miRNA (miR394) was reported to enhance the
multiple abiotic stress tolerance, including salinity and drought
(Song et al., 2013) and cold stress (Song et al., 2016), in A.
thaliana plants by ABA-dependent manner. These discoveries
stipulated that miRNA might play critical roles in plant growth,
development, and abiotic stress tolerance by regulating the expression
levels of their target and stress-responsive genes.

CONCLUSION

In summary, for the first time, we identified 80 putative
BnTCP genes in the rapeseed genome, which are
distributed on 18 chromosomes. Genome-wide in silico
analysis such as characterization, evolution, gene
structures, conserved motifs, cis-elements, miRNA
prediction, and GO annotation was performed to gain
insights into TCP genes in rapeseed. Furthermore, their
expression profiling was also appraised in different tissues
and against diverse hormones and abiotic stresses. In a
nutshell, this study laid the basis for additional functional
studies (such as overexpression, knockout via CRISPR/Cas
system, etc.) of the BnTCP genes in rapeseed breeding
programs under adverse environmental conditions.
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MADS-box gene, one of the largest transcription factor families in plants, is a class of
transcription factors widely present in eukaryotes. It plays an important role in plant growth
and development and participates in the growth and development of flowers and fruits. Sweet
potato is the seventh most important food crop in the world. Its tuberous roots, stems, and
leaves contain a large number of proteins, lipids, carotenoids, anthocyanins, conjugatedphenolic
acids, andminerals,which have high edible, forage, andmedicinal value, and is also an important
energy crop. At present, MADS-box genes in sweet potato have rarely been reported, and there
has been no study on the genome-wide identification and classification of MADS-box genes in
Ipomoea batatas. This study provided the first comprehensive analysis of sweet potato MADS-
box genes. We identified 95 MADS-box genes, analyzed the structure and protein of sweet
potato MADS-box genes, and categorized them based on phylogenetic analysis with
Arabidopsis MADS-box proteins. Chromosomal localization indicated an unequal number of
MADS-box genes in all 14 chromosomes except LG3, with more than 10 MADS-box genes
located on chromosomes LG7, LG11, and LG15. The MADS domain and core motifs of the
sweet potato MADS-box genes were identified by motif analysis. We identified 19 MADS-box
genes with collinear relationships and analyzed duplication events.Cis-acting elements, such as
light-responsive, auxin-responsive, drought-inducible, and MeJA-responsive elements, were
found in thepromoter region of theMADS-boxgenes in sweet potato,which further indicates the
basis ofMADS-boxgene regulation in response to environmental changes andhormones.RNA-
seq suggested that sweet potato MADS-box genes exhibit tissue-specific expression patterns,
with 34 genes highly expressed in sweet potato flowers and fruits, and 19 genes highly
expressed in the tuberous root, pencil root, or fibrous root. qRT-PCR again validated the
expression levels of the 10 genes and found that IbMADS1, IbMADS18, IbMADS19,
IbMADS79, and IbMADS90 were highly expressed in the tuberous root or fibrous root, and
IbMADS18, IbMADS31, and IbMADS83 were highly expressed in the fruit. In this study, the
molecular basis of MADS-box genes of sweet potato was analyzed from various angles. The
effects of MADS-box genes on the growth and development of sweet potato were investigated,
which may provide a certain theoretical basis for molecular breeding of sweet potato.
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1 INTRODUCTION

MADS-box family gene is a kind of transcription factor (TF)
widely existing in eukaryotes. MADS is the first letter
abbreviation of Mini chromosome maintenance 1 (MCM1)
gene in Saccharomyces cerevisiae (Passmore et al., 1988),
AGAMOUS (AG) gene in Arabidopsis thaliana (Yanofsky
et al., 1990), DEFICIENS (DEF) gene in Antirrhinum majus
(Sommer et al., 1990), and serum response factor (SRF) gene
in human serum (Norman et al., 1988). It is one of the largest TF
families in plants and plays an important role in plant growth and
development. Based on phylogenetic analysis, MADS-box genes
in plants are categorized into type I and type II (Parenicova et al.,
2003). Type I MADS-box gene, also known as M Type, usually
has one to two exons, encoding proteins with highly conserved
MADS domain. According to the differences inMADS domain, it
is further divided into Mα, Mβ, and Mc subfamilies (De Bodt
et al., 2003). Type II gene, also known as MIKC type MADS-box
gene, is a kind of plant-specific MADS-box gene with six to eight
exons. The encoded protein contains four conserved domains:
MADS-box (M domain), Intervening domain (I domain),
Keratin-like domain (K domain), and C-terminal domain
(Nam et al., 2005).

The completion of the whole genome sequences of many plant
species has led to the identification and characterization of
important gene families. MADS-box genes are integral to the
ABCDE model of flowering regulation. Fan et al. identified three
flower development class E genes, AGL2, AGL4, and AGL9 (Fan
et al., 1997). Class E genes cooperate with several other classes to
control calyx, petal, stamen, carpel, and ovule development
(Theissen, 2001). AP3 homolog genes in Chrysanthemum play
a role in the development of ray floret and disc floret in
chrysanthemum (Won et al., 2021), and nitrate signaling-
associated TFs such as AGL8, AGL21, and LBD29 are involved
in CmANR1-modulated control of root development. In
addition, CmANR1 also acts as a positive regulator to control
shoot growth and development (Sun et al., 2021). Wang et al.
found 15 tomato MADS-box genes involved in floral organ
identification and five tomato MADS-box genes related to fruit
development (Wang et al., 2019). AGL17 towards the elongation
zone is expressed in lateral root cap epidermal cells; AGL12 and
AGL21 are also expressed in the central cylinder of differentiated
roots. Both are expressed in developing embryos of Arabidopsis
(Burgeff et al., 2002).

Sweet potato [Ipomoea batatas (L.) Lam.], 2n � 6x � 90, is
an annual herb, and its underground parts are round, oval, or
spindle-shaped tuberous roots. The shape, skin color, and flesh
color of the tuberous root vary with varieties or soil (Wu et al.,
1998). Sweet potato is also the seventh important food crop in
the world, with high yield and wide use. The tuberous roots,
stems, and leaves contain a large number of proteins, lipids,
carotenoids, anthocyanin, conjugated phenolic acids, and
minerals, which have high edible, feed, and medicinal
values, and is also essential energy crop (Wang et al., 2016).
In 2002, Kim et al. cloned two MADS-box genes named
IbMADS3 and IbMADS4 from sweet potato for the first
time and found that these two MADS-box genes were

significantly expressed in pencil roots and tuberous roots of
sweet potato (Kim et al., 2002). In 2005, Kim et al. reported
three MADS-box genes of IbMADS79, IbAGL17, and IbAGL20;
and they found that IbMADS79 was only expressed in roots of
sweet potato (Kim et al., 2005). Subsequently, Ku et al. (2008)
cloned IbMADS1, indicating that IbMADS1 was involved in
the initiation of tuberous root differentiation of sweet potato.
Dong et al. (2018) cloned nine MADS-box TFs in 2018 and
found that IbMBP2, IbMBP3, IbMBP4, and IbMBP9 showed
high expression during storage roots development and were
upregulated by storage roots development-related hormones.
In 2020, Zhu et al. identified 37 MADS-box genes in Ipomoea
trifida, the close wild ancestor of sweet potato. They found that
MIKCC genes may be significant for regulating the floral organ
development in I. trifida (Zhu et al., 2020). The MADS-box
genes within the sweet potato genome have not been
completely mined; the function and mechanism of action
need to be verified; and the identification of more MADS-
box genes is beneficial to elucidating the molecular mechanism
of growth and development of sweet potato, providing a
certain theoretical basis for molecular breeding.

2 MATERIALS AND METHODS

2.1 Identification and Gene Structure
Analysis of MADS-Box Family Members in
Sweet Potato
The sweet potato genomic information was derived from I.
batatas “Taizhong 6” genomic data provided by the Ipomoea
genome hub (https://ipomoea-genome.org/). The MADS-box
family HMM model files SRF-TF (PF00319) and K-box
(PF01486) were downloaded from the Pfam database
(https://pfam.xfam.org/). The whole genome MADS-box
family genes of sweet potato were identified by HMMER
software (Krejci et al., 2016), and the MADS-box genes were
identified by the SMART website (http://smart.embl-heidel-
berg.de/) again. The genes containing the MADS-box domain
were named from IbMADS1 to IbMADS95, and the three
genes matching the published sequences of IbMADS1 (Ku
et al., 2008), IbMADS4 (Kim et al., 2002), and IbMADS79
(Kim et al., 2005) were still named as IbMADS1, IbMADS4,
and IbMADS79, respectively. IbMBP1, IbMBP4, and IbMBP8
(Dong et al., 2018) were named as IbMADS47, IbMADS38,
and IbMADS51, respectively, in this study. According to the
sweet potato genome gff3 annotation information, GSDS
online website was used (http://gsds.gao-lab.org/). The
MADS-box gene structure of sweet potato was analyzed
visually. TBtools (Chen et al., 2020) was used to plot the
innovative prediction results visually. TBtools (Chen et al.,
2020) was used for structure visualization. According to the
annotation information of the sweet potato genome, the
MADS-box genes structure of sweet potato was visualized
using GSDS online website tool (http://gsds.gao-lab.org/).
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2.2 MADS-Box Phylogenetic Tree
Construction
The Arabidopsis MADS-box protein sequence was obtained
from the Plant TFDB website (http://planttfdb.gao-lab.org/
index.php) (Jin et al., 2017). I. trifida MADS-box proteins
were obtained according to the research of Zhu et al. (Zhu et al.
, 2020). The MADS-box genes of sweet potato were divided
into two categories, type I and type II, based on the
phylogenetic analysis of the MADS gene with Arabidopsis.
ClustalW was used to compare the two types of MADS-box
proteins; a neighbor-joining (NJ) tree was constructed using
bootstrap analysis with 1,000 replicates, the amino acid
p-distance model, missing data treatment option set at
partial deletion, and a site coverage cutoff of 60%; and
MEGA-X (Kumar et al., 2018) was used to construct the NJ
phylogenetic tree (Saitou and Nei, 1987). The parameters for
constructing the evolutionary tree were as follows: Poisson
model, uniform rates, Sam (homogeneous), and pairwise
deletion. According to the classification method of Sheng
et al. (2019), the MADS-box gene subfamily of sweet potato
was categorized based on the MADS-box gene subfamily of
Arabidopsis, using Evolview online tools (https://www.
evolgenius.info/evolview/) to beautify the tree.

2.3 Chromosomal Localization of
MADS-Box Genes
According to the annotation information of the sweet potato
genome downloaded from the Ipomoea genome hub, the
positions of 95 sweet potato MADS-box genes on
chromosomes were obtained, and the chromosome mapping
was performed using Map Chart (Voorrips, 2002) software.
Origin 8.5 (https://www.originlab.com) was used to draw the
distribution cake map of sweet potato MADS-box genes.

2.4 Conserved Motif Analysis of MADS-Box
Proteins
The sweet potato MADS-box protein sequence was submitted to
MEME online tool (http://meme-suite.org/) (Bailey et al., 2009)
for the motif prediction. The discovery number of Motif was set
to be 8, the width of motif was 6–50, and other default settings
were used. The MADS-box motif domain of sweet potato was
visualized by TBtools.

2.5 Cis-Acting Elements Analysis of
MADS-Box Genes
According to the annotation information of the sweet potato
genome and sweet potato genome sequence, referring to Sumiya
(2021) and Zhang et al. (2021), the 2-kb upstream sequence of
sweet potato MADS-box genes was submitted to PlantCare
website (http://bioinformatics.psb.ugent.be/webtools/plantcare/
html/) (Lescot et al., 2002) for cis-acting element prediction.
The PlantCare analysis results were simplified, and TBtools was
used for visualization.

2.6 Collinearity Analysis of MADS-Box
Genes
According to the annotation information and the whole genome
protein sequence of sweet potato, MCScanX (Wang et al., 2012)
software was used to analyze the MADS-box collinearity of sweet
potato, and Circos (Krzywinski et al., 2009) software was used for
visualization.

2.7 Expression Analysis of MADS-Box
Genes
The tuberous root (greater than 10mm in diameter), pencil root
(2–5 mm in diameter), fibrous root (diameter of less than 1.5 mm),
flower (an incompletely opened bud), fruit (the peel is green and
the fruit form full), and stem tip (1–2 rachises of the rolled leaf at
the stem apex, excluding the rachis where the expanded leaf is
located) of “Jishu 26” (I. batatas cv. Ji 26) cultivated in an open
field for 100 days were selected. After rapid freezing in liquid
nitrogen, with dry ice sent to Biomarker Technologies
Company (Beijing, China, https://www.biocloud.net) for total
RNA extraction, library construction, and transcriptome
sequencing, raw data were uploaded to National Center for
Biotechnology Information (NCBI) project PRJNA744414; the
expression of sweet potato MADS-box genes was analyzed
based on genome information and local blast; the FPKM
value (Florea et al., 2013) was calculated to reflect the
gene expression; and the calculation formula is as follows:
FPKM � {cDNA Fragments\over{Mapped Fragments(Millions)
* TranscriptLength(kb)}}. Pheatmap package and ggplot2
package (Ito and Murphy, 2013) of R Statistics (https://www.r-
project.org) were used for data processing and visualization.

2.8 Verification of Gene Expression by
qRT-PCR
The tuberous root is the main harvest organ of sweet potato.
According to the expression profile of the MADS-box gene in
different parts, several genes highly expressed in tuberous root
were selected for qRT-PCR expression verification. The double-
stranded cDNA of fibrous root (F.R, sampling details were the
same as 1.7), tuberous root (T.R, sampling details were the same at
1.7), leaf (L, expanded leaf 1–2 at the apex of stem), stem (S, 1–2
rachises of the expanded leaf at the stem apex, excluding the rachis
where the rolled leaf is located), stem tip (S.T, sampling details were
the same at 1.7), fruit (F.T, sampling details were the same at 1.7),
and other tissues cultivated in open field for 100 days “Jishu 26”
were used as templates; β-actin was used as a reference gene, using
the CFX96™ quantitative PCR instrument to perform the
fluorescent quantitative PCR. The reaction program was as
follows: predenaturation at 95°C for 3 min, 95°C for 5 s, 60°C
for 30 s, 40 cycles; and 95°C for 15 s, 60°C for 6 s, 95°C for 15 s. The
reaction systemwas as follows: 2× universal SYBR green fast qPCR
mix (ABclonal Technology, Wuhan, China) for 5 μl, ddH2O for
3 μl, cDNA for 1 μl, forward primer for 0.5 μl, and reverse primer
for 0.5 μl. Primers were designed using Primer premier 6 (Singh
et al., 1998) based on the sequence of the amplified CDs of the
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MADS-box genes, and the primer sequences are listed in
Supplementary Table S1. Three biological replicates and three
technical replicates were set up, and relative gene expression was

calculated by the 2−ΔΔCtmethod (Livak and Schmitten, 2001). Data
processing and analysis were performed using SPSS software, and
column graphs were drawn using origin 8.5.

FIGURE 1 | SMART identification and structure of sweet potato MADS-box gene. (A) Type I gene structure. (B) Type I protein structure prediction by SMART. (C)
Type II gene structure. (D) Type II protein structure prediction by SMART.
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3 RESULTS AND ANALYSIS

3.1 Identification and Structural Analysis of
the MADS-Box Family of Sweet Potato
A total of 95 MADS-box genes were identified from the whole
genome of sweet potato and named according to
IbMADS1–IbMADS95 (Supplementary Table S2). According to
the gene structure, the sweet potato MADS-box genes were divided
into two categories: type I and type II (Figure 1). The different types

of MADS-box gene structures of sweet potato have apparent
differentiation. Most type I genes are less than 2 kb in length
and have one to two long fragment exons. On the other hand,
the type II gene is usually over 3 kb and contains more than six
exons, andmost exonic fragments are short. Smart protein structure
prediction found that the sweet potato MADS-box gene contains
other domains in addition to the MADS domain. Most type I genes
contained variable numbers of low-complexity region (LCR)
structures and coiled-coil region (CCR) structures. The 21 type
II genes contained a K-box domain; the K-box domain was
commonly found to be associated with SRF-type TFs, also the
signature domain of type IIMADS-box genes. And the type II genes
without a K-box domain usually belong to the MIKC* subfamily.

3.2 Phylogenetic Analysis of MADS Proteins
The NJ phylogenetic tree of MADS-box proteins from I. batatas, I.
trifida, and Arabidopsis were constructed by MEGA-X. Based on
the subfamily classification of Arabidopsis MADS proteins, sweet
potato type I MADS proteins were divided into three subfamilies:
Mα, Mβ, and Mc (Figure 2A). In comparison, type II MADS
proteins were divided into 12 subfamilies (Figure 2B). The type I
MADS proteins of sweet potato and Arabidopsis were cross-
distributed in each subfamily. Among them, both Mα subfamily
andMβ subfamily had 27 proteins each, andMc subfamily was less
abundant with 16 proteins, which was similar to the distribution of
the Arabidopsis protein subfamily. However, the type I proteins of
I. trifidawere mainly concentrated in Mα subfamily, with only one
gene each in the Mβ and Mc subfamilies.

The type II gene of I. batatas is phylogenetically closer to that of
I. trifida, as indicated by gene number and subfamily distribution.
The type II gene of I. batatas did not appear in the FLC subfamily
or TT16 subfamily, and other subfamilies were distributed, with
one to six proteins varying in number. The proteins for I. trifida are
mainly distributed in subfamilies such as SEP, PI, and SVP and
show deletions in several subfamilies. Twenty-two type II proteins
contain K-box region, while three sweet potato type II proteins
have no K-box region, one of them belongs to the AP1 subfamily,
and the other two belong to the MIKC* subfamily.

3.3 Chromosomal Localization of
MADS-Box Genes
Chromosome localization of 95 MADS-box genes in sweet potato
was performed (Figure 3). It was found that except LG3
chromosome, the distribution of MADS-box genes in sweet
potato varied in quantity in the other 14 chromosomes. More
than 10MADS-box genes were distributed on LG7, LG8, LG11, and
LG15 chromosomes. LG1, LG5, and LG12 chromosomes contain
fewer MADS-box genes, only one to three. Mα subfamily is mainly
distributed on chromosomes LG7, LG8, and LG15, with more than
five genes. In contrast, theMβ subfamily (blue) is more fragmented,
with one to four genes distributed in all chromosomes except LG16
and LG12. SevenMADS-box genes on LG6wereMc subfamily, and
the rest were sporadically distributed on LG4, LG9, LG10, LG12,
and LG14. The MIKC subfamily genes are widely distributed,
except for LG1, LG3, LG6, LG9, and LG12, which are more
numerous on chromosome LG11, with seven genes belonging to

FIGURE 2 | Phylogenetic tree of type I (A) and type II (B) MADS-box
proteins in Ipomoea batatas, Ipomoea trifida, and Arabidopsis. Red ID
indicates I. batatas gene, green ID indicates I. trifida gene, and blue ID
indicates Arabidopsis gene. The red star indicates the sequence
containing the SRF-box domain, and the green triangle indicates the
sequence containing K-Box domain.
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the MIKC subfamily. Gene cluster exists for LG6, LG7, LG8, LG14,
and LG15, especially in the interval 10413181 to 10505372 of LG15
containing nine MADS-box genes. Gene clusters were present on
chromosomes LG6, LG7, LG8, LG14, and LG15. In particular, the
interval 10413181 to 10505372 of LG15 contains nine MADS-box
gene presence distributed centrally.

3.4 Analysis of MADS Proteins Conserve
Motif
Conserve motif analysis of sweet potato MADS-protein sequence
was performed by online MEME tool. There are some differences
in the number of MADS-protein motif in sweet potato. Each
protein contains two to six motifs (Figure 4). All genes have motif
1 domain encoding 28 amino acids, and more than 90 genes
contain motif 2 and motif 5. The 51 amino acids encoded by these
three motifs are the core motifs of MADS-box genes, which are
related to the SRF-box region. In addition, the motif 3 domain
also plays an important role, and more than 50 proteins contain
highly conserved motif 3 domains encoding 29 amino acids,
including 22 type II MADS proteins.

3.5 Analysis of Cis-Acting Elements of
MADS-Box Gene Promoter Regions
The 2-kb upstream CDS sequences were extracted from the
promoter regions of 95 MADS-box genes of sweet potato. The
cis-acting elements in the promoter region of sweet potato

MADS-box were predicted by PlantCARE online tool. All
sweet potato MADS-box genes contain three to 12 light-
responsive elements, including Box 4, G-box, GT1-motif, and
TCT-motif. In addition, the promoter regions of sweet potato
MADS-box genes are mainly more than 200 MeJA-responsive
elements, including CGTCA-motif and TGACG-motif. And
ABA-responsive elements (ABRE), auxin-responsive elements
(TGA-element and AuxRR-core), and about 100 MYB
response elements are involved in drought inducibility and
light-responsiveness. In addition, there are a small number of
regulatory elements such as circadian control elements, meristem
expression elements, salicylic acid-responsive elements, low-
temperature-responsive elements, gibberellin-responsive
elements, defense, and stress-responsive elements. They
indicated that MADS-box genes could respond to various
environmental changes and coordinate the average growth and
development of sweet potato (Figure 5).

3.6 Collinearity Analysis of MADS-Box Gene
in Sweet Potato
Based on the collinearity analysis by MCScanX, a large number of
genes were found to be collinear relational (light pink and light
green) between and within chromosomes in sweet potato. There
are 19 sweet potato MADS-box genes with collinearity, of which
15 genes belonged to inter-chromosome segmental duplications
and four genes belonged to tandem duplications. Among them,
IbMADS4, IbMADS14, IbMADS32, and IbMADS56 genes share a

FIGURE 3 | Chromosome location (A) and distribution (B) of MADS-box gene in sweet potato. The purple name represents Mα subfamily, the blue name
represents Mβ subfamily, the green name represents Mc subfamily, and the red name represents type II MADS-box genes. LG3 has no MADS-box gene distribution.
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reciprocal segmental duplication relationship, with IbMADS51
showing a segmental duplication relationship with IbMADS56
and IbMADS4 but not with IbMADS14 or IbMADS32. There are
tandem duplications between IbMADS58 and IbMADS59, and
between IbMADS68 and IbMADS69. And there are segmental
duplications in the other 10 intergenic pairs. The most MADS-
box genes with collinear relationships were on chromosome
LG11 with five, and the remaining chromosomes had fewer
than two or no MADS-box genes with collinear relationships
(Figure 6).

3.7 Expression Profiles of MADS-Box Genes
in Sweet Potato
To investigate the expression patterns of MADS-box genes in
sweet potato, the 75 MADS-box gene expression profiles were
detected in six different tissues by transcriptome sequencing. The
results showed that sweet potato MADS-box genes were
expressed and differentiated in different tissues (Figure 7).
Cluster analysis clustered the sweet potato MADS-box gene
expression profiles into seven classes, with class I, II, and III
genes mainly expressed in different types of roots. Among them,

FIGURE 4 | Analysis of MADS-protein motif domain in sweet potato (A) and motifs (B).
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seven genes in class II were highly and specifically expressed in
the tuberous root. The class IV genes were expressed in the stem
tip and fibrous root. The class V genes were highly and specifically
expressed in the stem tip. The class VI genes were predominantly
expressed in flower, and a small proportion of these genes were
also somewhat expressed in fruits. The class VII genes are highly
and specifically expressed in fruit. Overall, 22 MADS-box genes
were highly expressed in flowers, 19 were highly expressed in
stem tips, 12 were highly expressed in fruits, and the remaining
genes were differentially expressed in different types of roots.

3.8 Expression Analysis of MADS-Box
Genes by qRT-PCR
qRT-PCR was used to further validate the expression profiles of
the 10 genes, which were more highly expressed in roots than
other tissues, according to transcriptome sequencing of MADS-
box genes in different tissues (Figure 8). Ten genes showed
tissue-specific expression at different levels in all tissues; and
IbMADS1, IbMADS18, IbMADS19, IbMADS79, and IbMADS90

were highly expressed in the fibrous root or tuberous root. Seven
genes were more highly expressed in the leaf, only IbMADS15was
highly expressed in the stem, and the remaining genes were
relatively poorly expressed in the stem. Ten genes were all
expressed at lower levels in the stem tip. IbMADS18,
IbMADS31, and IbMADS83 were significantly expressed in the
fruit. Some genes were highly expressed only in a single tissue,
and others were not significantly expressed, such as IbAMDS1,
which was significantly expressed only in the fibrous root;
IbMADS17 and IbMADS20, which were highly expressed only
in the leaf; and IbMADS31 and IbMADS83, which were
significantly expressed only in the fruit. The five remaining
genes were more highly expressed in two to three tissues.

4 DISCUSSION

MADS-box genes are widely present in eukaryotes. There are 108,
72, 168, and 160 MADS-box genes identified in Arabidopsis
(Livak and Schmittgen, 2001), Oryza sativa (Ray et al., 2007),

FIGURE 5 | Cis-acting elements analysis of sweet potato MADS-box. (A) Cis-acting element distribution. (B) Cis-acting element numbers.
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Nicotiana tabacum (Bai et al., 2019), and Brassica rapa (Duan
et al., 2015). Interestingly, I. trifida, a diploid plant belonging to
the genus Ipomoea, has 37 MADS-box genes (Zhu et al., 2020). In
this study, 95 sweet potato MADS-box genes were identified, the
number of which was approximately three times that of I. trifida.
Phylogenetic analysis found that the MADS-box genes of I.
batatas are not simply tripled by I. trifida. We discovered
more type I MADS genes in I. batatas, and the distribution of
type II genes was also more abundant than that of I. trifida.
Nevertheless, I. batatas are missing only in the FLC subfamily
and the TT16 subfamily. It is suggested that FLC genes are
repressors of flowering which affect multiple pathways for
controlling the flowering time (Michaels and Amasino, 1999;
Scott et al., 2003). Loss of FLC subfamily genes may indicate that
sweet potato vernalization is not regulated by its repression.
Consistently, a previous study also showed that the emergence
of FLC subfamily members is not detected in I. trifida (Zhu et al.,
2020). TT16 encodes a TF involved in the transcriptional
regulation of proanthocyanidin biosynthesis in the seed coat
(Nesi et al., 2002). The absence of sweet potato TT16
subfamily genes suggests the potential involvement of other

pathways for regulating proanthocyanidin biosynthesis in
sweet potato.

Moreover, we again found differentiation in the MADS-box
gene structure, which may be attributed to the presence of
I-domain, K-domain, and C-domain. Type II genes typically
exhibit a longer gene length and a greater number of exons,
which is also one of the basis for classifying subtypes of MADS-
box genes (Kaufmann et al., 2005). Consistent with the structure
feature, the type I genes of sweet potato have one to two exons,
and most of them range at 1 kb, while the type II genes are
generally larger than 3 kb and have more than six exons. In
addition, the MADS-box genes of sweet potato are distributed
more dispersedly on the chromosome. Their numbers differ from
those of chromosomes, which are similar to the chromosome
distribution of Arabidopsis (Lamesch et al., 2012), Jatropha curcas
(Tang et al., 2020), Cardamine hirsuta (Ghorbani et al., 2020),
and I. trifida. The MADS-box proteins in sweet potato have a
strong motif conservation among various subfamilies, with
different numbers and motifs. The core motifs are motif 1,
motif 2, and motif 5, which encode about 50 amino acids, and
they are related to the SRF-box domain (Ng et al., 2001). Sweet

FIGURE 6 | Collinearity analysis of MADS-box gene in sweet potato. The same color name indicates that the gene has a tandem repeat.
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potato is a hexaploid plant with both homologous and
heterologous chromosomes, which has a complex genetic
background (Yang et al., 2017). MCScanX analysis showed

that a large number of genes had collinear relationships within
the sweet potato genome, and the MADS-box genes also had a
certain homology of evolutionary relationship. Among them, 19
MADS-box-genes had collinear relationships. In particular,
reciprocal segmental duplications existed in IbMADS4,
IbMADS14, IbMADS32, and IbMADS56. IbMAD51 shared a
segmental duplication relationship with IbMADS4 and
IbMADS56, while it did not have a segmental duplication
relationship with IbMADS14 and IbMADS32. It is presumed
that IbMADS4, IbMADS14, IbMADS32, and IbMADS56 were
derived from a single duplication event, while IbMAD51 was
derived from another separate duplication event, possibly a single
segmental duplication event.

The MADS-box family is considered to be as a key family of
genes responsible for regulating reproductive growth and
vegetative organ development, which was initially characterized
as homeotic genes in floral organs. Also, the importance of the
MADS-box family in the morphogenesis and growth of other
organs of plants, especially roots and fruits, has been highlighted
(Riechmann et al., 1997; Zhao et al., 2019). Multiple types of cis-
acting elements have been identified in the promoter region of the
MADS-box gene from sweet potato, mainly including light-
responsive elements, auxin-responsive elements, MeJA-
responsive elements, abscisic acid-responsive elements, and
drought-inducible elements. It is indicated that MADS-box
genes in sweet potato respond to both hormones and
environmental factors, and they are closely related to the
normal growth and development of sweet potato. Expression
levels of MADS-box genes can reveal the relevant physiological
functions, Hasebe et al. (1998) found that most MADS-box genes
in ferns are expressed in reproductive and vegetative organs, while
most MADS-box genes in seed plants are only expressed in one
organism, and only a few are expressed in reproductive and
vegetative organisms. Transcriptome sequencing revealed that
the majority of MADS-box genes in sweet potato exhibit the
expression specialization. Thirty-four genes were specifically
expressed in sweet potato flowers and fruits, while the
remaining were mainly expressed in vegetative tissues like the
root and stem tip. The expression profiles of 10 genes in different
tissues of sweet potato were further verified by qRT-PCR.
IbMADS1 was highly expressed in the fibrous root; and
IbMADS79, IbMADS18, IbMADS19, and IbMADS90 were
highly expressed in the tuberous root. It has been reported that
IbMADS1 and IbMADS79 are associated with the root
development of sweet potato. In particular, IbMADS1 is an
important integrator at the initiation of tuberization (Kim et al.,
2005; Ku et al., 2008), which is consistent with our finding. Cis-
acting elements like the light-responsive elements, Zein
metabolism-regulation elements, and auxin-responsive elements
were found in the promoter region of IbMADS1; and light-
responsive elements, meristem-express elements, MeJA-
responsive elements, and salicylic acid-responsive element were
found in the promoter region of IbMADS79. IbMADS1 and
IbMADS79 may play an important role in the root
development process and may participate in the formation of
the tuberous root. The homologous genes IbMADS18 and
IbMADS19 of FEM11 were highly expressed not only in the

FIGURE 7 | Expression analysis of MADS-box gene in different
organisms of sweet potato.
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fruit but also in the tuberous root. And the homologous gene
IbMADS90 of AGL62 was highly expressed in the tuberous root
and leaf. FEM111 and AGL62 are associated with the flower and
fruit development in Arabidopsis (Kang et al., 2008; Portereiko

et al., 2006; Steffen et al., 2008). IbMADS18, IbMADS19, and
IbMADS90 are involved in the tuberous root development of
sweet potato and the fruit development to some extent. In
addition, IbMADS31 and IbMADS83 are also specifically

FIGURE 8 | The gene expression levels of some MADS-box genes in different tissues of sweet potato.
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expressed in the fruit. AGL61, a homolog of IbMADS83, functions
as a TF that controls the expression of downstream genes during
central cell development and is involved in the seed endosperm
development (Steffen et al., 2008). And AGL17, the homolog of
IbMADS31, is a significant downstream target of CURLY LEAF in
floral transition control (Shu et al., 2020). We found that cis-acting
elements like the MeJA-responsive elements, auxin-responsive
elements, abscisic acid-responsive elements, and gibberellin-
responsive elements in the promoter region of IbMADS31 and
IbMADS83 provided indirect evidences for the involvement of
IbMADS31 and IbMADS83 in the flower and fruit development of
sweet potato. IbMADS15, IbMADS17, IbMADS19, IbMADS20,
IbMADS79, and IbMADS90 were highly expressed in the leaf or
stem, which were all identified as type I genes. In addition, a large
number of type I genes were detected mainly expressed in the stem
tip by RNA-seq. It is suggested that type I genes were involved in
the nutritional growth process of the aerial parts of sweet potato, to
some extent.

Overall, the sweet potato MADS-box genes are involved in the
growth and development of reproductive organs like the flower
and fruit of sweet potato. They were vital in the process of
nutritional growth and development such as the root, stem,
and leaf of sweet potato.

5 CONCLUSION

In this study, the 95MADS-box family genes were identified from
the sweet potato genome by Hmmer, SMART, and other tools,
and they were divided into type I and type II subgroups according
to the gene structure. The phylogenetic relationship of MADS-
box genes between sweet potato and Arabidopsis was analyzed
based on the NJ phylogenetic tree. The type I genes of sweet
potato were further divided into three subfamilies, Mα, Mβ, and
Mc, whereas the type II genes were divided into 12 subfamilies.

The distribution of the sweet potato MADS-box genes on
chromosomes was analyzed by chromosomal localization, and
the analysis of the motif identified the MADS-box conserved
domain motifs. Collinearity between and within chromosomes of
sweet potato was analyzed using MCScanX to identify 19 MADS-
box genes with segmental duplications or tandem duplications.
Analysis of the MADS-box promoter region of sweet potato

revealed that the MADS-box genes contain light-responsive
elements, auxin-responsive elements, MeJA-responsive
elements, abscisic acid-responsive elements, drought induction
elements, and other cis-acting elements that respond to multiple
environmental changes and coordinate growth and development.
Furthermore, we analyzed the expression patterns of MADS-box
genes in various tissues of sweet potato by transcriptome
sequencing and qRT-PCR, and we found that the sweet potato
MADS-box genes are involved in the growth and development of
reproductive organs such as the flower and fruit, but also the
growth and development of nutritional organs such as the root,
stem, and leaf of sweet potato.
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Genome-Wide Analysis of the Fatty
Acid Desaturase Gene Family Reveals
the Key Role of PfFAD3 in α-Linolenic
Acid Biosynthesis in Perilla Seeds
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Perilla (Perilla frutescens), a traditional medicinal and oilseed crop in Asia, contains
extremely high levels of polyunsaturated α-linolenic acid (ALA) (up to 60.9%) in its
seeds. ALA biosynthesis is a multistep process catalyzed by fatty acid desaturases
(FADs), but the FAD gene family in perilla has not been systematically characterized.
Here, we identified 42 PfFADs in the perilla genome and classified them into five
subfamilies. Subfamily members of PfFADs had similar exon/intron structures,
conserved domain sequences, subcellular localizations, and cis-regulatory elements in
their promoter regions. PfFADs also possessed various expression patterns. PfFAD3.1
was highly expressed in the middle stage of seed development, whereas PfFAD7/8.3 and
PfFAD7/8.5 were highly expressed in leaf and later stages of seed development,
respectively. Phylogenetic analysis revealed that the evolutionary features coincided
with the functionalization of different subfamilies of PUFA desaturase. Heterologous
overexpression of PfFAD3.1 in Arabidopsis thaliana seeds increased ALA content by
17.68%–37.03%. These findings provided insights into the characteristics and functions of
PfFAD genes in perilla.

Keywords: perilla, α-linolenic acid (C18:3), fatty acid desaturases, genome-wide analysis, plant transformation

INTRODUCTION

Fatty acids (FAs), as a major energy source of plants and animals, are the main components of
membrane lipids (e.g., phospholipids) and seed storage lipids (e.g., triacylglycerols) in plants (Manan
et al., 2017). α-Linolenic acid (ALA, C18:3 Δ9,12,15) is primarily synthesized in oil-producing algae
and terrestrial plants (Ángela et al., 2015). As one of ω-3 polyunsaturated fatty acids, ALA is crucial
for maintaining the fluidity of membrane lipids in plants and a precursor of FA-derived signaling
molecules such as jasmonic acid, which play important roles in plant development and stress
responses (Weber, 2002). ALA is also the precursor for the biosynthesis of eicosapentaenoic acid
(C20:5 Δ5,8,11,14,17) and docosahexaenoic acid (C22:6 Δ4,7,10,13,16,19), which have important health
benefits for humans, such as regulating body development, promoting brain development, reducing
blood pressure, and inhibiting senescence, with therapeutical effects on neurological, cardiovascular,
and cerebrovascular diseases (Baker et al., 2016). Since most animals do not produce ALA, they must
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obtain ALA from plants in their diet. Hence, oilseed crops rich in
ALA have become an important research focus in recent years
(Baker et al., 2016).

Perilla (Perilla frutescens var. frutescens, 2n � 40) is an annual
herbaceous plant of the Lamiaceae family (Nitta et al., 2005).
Perilla originated in China and is widely cultivated in Asian
countries including Japan and Korea (Park et al., 2008). As a
traditional medicinal and edible plant, perilla is widely used in the
pharmaceutical, healthcare, functional food, and cosmetics
industries (Igarash and Miyazaki, 2013; Mungmai et al., 2020).
Perilla is also an important oilseed crop with high seed oil content
(40%), of which ALA accounts for 60.9% (Ciftci et al., 2012).

Polyunsaturated fatty acid (PUFA) biosynthesis is catalyzed by
a series of enzymes called fatty acid desaturases (FADs) (Alonso
et al., 2003). In higher plants, the first-step desaturases are
catalyzed primarily by Δ7/Δ9 desaturases (Smith et al., 2013).
Δ9 desaturases, the only desaturases present in all organisms are
soluble acyl-acyl carrier protein desaturases (Kachroo et al.,
2007). Δ12 and ω-3 desaturases are widely reported in plants.
They are used as secondary and tertiary desaturases catalyzing the
conversion of oleic acid (C18:1) to linoleic acid (C18:2) and
further produce ALA, respectively (Bhunia et al., 2016). Front-
end FADs are functionally heterologous enzymes that produce
long-chain PUFAs (Meesapyodsuk and Xiao, 2012). FAD4s, a
novel class of FADs, produce Δ3-desaturated FAs in plants (Gao
et al., 2009; Horn et al., 2020). Three highly conserved histidine
motifs are present in most FAD proteins, which are thought to be
pivotal for maintaining their catalytic activities (Sperling et al.,
2003; Berestovoy et al., 2020).

ω-3 Desaturases (ω-3 FADs) are catalytic enzymes for ALA
biosynthesis. Three genes encoding ω-3 FADs (FAD3, FAD7, and
FAD8) in Arabidopsis thaliana share over 65% sequence identity
(Iba et al., 1993; Watahiki and Yamamoto, 1994). FAD3 encodes
an endoplasmic reticulum membrane-bound desaturase that
mainly functions in ALA biosynthesis in seeds (Zhou et al.,
2010). FAD7 and FAD8 encode plastid membrane-bound
desaturases with non-redundant roles in plant responses to
low temperature and other environment stresses (Matsuda
et al., 2005; Ángela et al., 2015). ω-3 FAD orthologous genes
have been cloned and characterized in diverse plant species, such
as flax (Linum usitatissimum) (Vrinten et al., 2005), soybean
(Glycine max) (Anai et al., 2005), and rapeseed (Brassica napus)
(Yang et al., 2012). These enzymes play important roles in ALA
accumulation in plants.

PfFAD3 cDNA was isolated from developing perilla seeds and
determined to be specifically expressed in seeds (Abdelreheem
and Hildebrand, 2013). Transcriptome analysis suggested that
PfFAD3 encodes one major desaturase for seed ALA content in
perilla (Zhang et al., 2017). However, the heterologous expression
of PfFAD3 in yeast resulted in limited production of ALA (1.3%)
(Lee et al., 2016). Therefore, the specific function of PfFAD3
remains unclear.

In this study, we performed genome-wide analysis and
identified 42 PfFAD genes in the perilla genome. We also
performed phylogenetic analysis of PUFA desaturase (FADs
related to polyunsaturated FA synthesis) in plants.
Transcriptomic analysis and quantitative reverse-transcription

PCR (qRT-PCR) revealed the tissue-specific expression patterns
of PfFAD genes. We cloned PfFAD3.1, which is highly expressed
in perilla seeds, and heterologously overexpressed this gene in A.
thaliana. The systematic identification and functional feature laid
the foundation for functional research on other PfFADs.

MATERIALS AND METHODS

Plant Materials
A perilla variety (Perilla frutescens var. frutescens) with high seed
oil content was selected for this study. The plants were grown in a
greenhouse at the Institute of Medicinal Plant Physiology and
Ecology, Guangzhou University of Chinese Medicine (23°06ʹN,
113°40ʹE).The hypocotyls and cotyledons of perilla were collected
10 days after seed germination; the roots, stems, and leaves of
perilla were collected at the three-leaf period of seedling growth,
and flowers were collected at the flowering period. Seeds of perilla
were collected 5 days after flowering (DAF), 10DAF, 15DAF, and
20DAF. All tissues were immediately frozen in liquid nitrogen
and stored at −80°C until use for RNA extraction and qRT-PCR
analysis.

Columbia wild-type (WT) Arabidopsis thaliana was used for
gene transformation. WT and transgenic A. thaliana were kept in
the dark at 4°C for 3 days to break dormancy (stratification) and
then moved into a climate chamber with a photoperiod of 16 h
light/8 h dark at 22°C.

Identification of PfFAD Gene Family
Members
Two methods were used to identify PfFAD gene family members.
For hidden Markov method (HMM) searches, an HMM file
(FA_desaturase domain: PF00487; FA_desaturase_2 domain:
PF03405) was downloaded from the Pfam database (http://
Pfam.xfam.org/search#tabview�tab3) (Finn et al., 2016), and
HMMER 3.0 was used to retrieve the FAD sequences from the
genome database (Potter et al., 2018). For BLAST alignment, the
A. thaliana FAD protein sequences (Supplementary Table S1)
were download from The Arabidopsis Information Resource
(version 9.0: https://www.arabidopsis.org/) and used as queries
to search for perilla FADs using the BLATSP programs with an E
value of 1e–10. The sequences identified using the two methods
were merged, and genes lacking the intact FAD domain were
removed.

The whole-genome shogun contigs (WGS) of perilla (taxid:
48,385) was used to analyze the position of PfFAD genes (Zhang
et al., 2021). Complete domain verification of the acquired perilla
FADs was performed in Pfam (http://pfam.xfam.org/
search#tabview�tab1). The structures of the perilla FAD genes
were identified with the GSDS tool (http://gsds.cbi.pku.edu.cn/)
based on genomic DNA sequences and coding sequences (CDSs)
(Hu et al., 2014). The conserved domains and motifs of the perilla
FADs were analyzed using the online software Pfam and MEME
(http://meme-suite.org/) (Bailey et al., 2009). The chemical
properties and subcellular localizations of the proteins were
examined using ExPASy (http://web.expasy.org/protparam/)
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and Cell-PLoc (http://www.csbio.sjtu.edu.cn/bioinf/plant/)
(Artimo et al., 2012; Chou and Shen, 2008). To analyze the
promoters of the FAD genes, the upstream 2,000-bp sequences of
the genes were extracted and the cis-acting regulatory elements
were scanned in the PlantCARE website (http://bioinformatics.
psb.ugent.be/webtools/plantcare/html/) (Lescot et al., 2002).

Phylogenetic Analysis
FAD protein sequences of prokaryotic algae, eukaryotic algae,
bryophytes, pteridophytes, and other plants (Supplementary
Table S1) were downloaded from the National Center for
Biotechnology Information (NCBI, https://www.ncbi.nlm.nih.
gov/). A phylogenetic tree of PfFAD sequences was
constructed using the neighbor-joining (NJ) method with
MEGA-X (MEGA_X_11.0.1) software with a bootstrap value
of 1,000. The online software tool iTOL (https://itol.embl.de/)
was used for visualization (Kumar et al., 2018; Letunic and Bork,
2019).

Gene Expression Analysis
Transcriptome data from different perilla tissues were
downloaded from NCBI (accession number: SRP111892)
(Zhang et al., 2017), the fragments per kilobase of transcript
per million mapped reads (FPKM) values of FAD gene families
were extracted, and TBtools software was used for clustering and
visual analysis (Chen et al., 2020).

qRT-PCR was used to analyze the expression of FAD genes.
Total RNA was extracted from the plant tissues using a Quick
RNA Isolation Kit (TaKaRa, Beijing, China), and cDNA was
synthesized from the RNA using a PrimeScript RT Reagent Kit
(TaKaRa, China). qRT-PCR reactions were performed using the
2x SYBR Green Pro Taq HS Premix (Accurate, Dongguan,
China). Each 10-µl reaction mixture contained 5 µl 2x SYBR
Green Pro TaqHS Premix, 0.3 µl of each primer, and 4.4 µl cDNA
diluted 20 times. The qPCR cycling conditions were 1 cycle of
pre-denaturation at 95°C, 30 s; 40 cycles of 95°C for 5 s and 60°C
for 30 s; dissolution at 95°C for 5 s; and 60°C for 1 min. Each
experiment was performed four times, and the data were
processed by the 2−ΔΔCT method (Livak and Schmittgen,
2001). AtActin and PfActin were used as endogenous control
genes to normalize the semiquantitative RT-PCR analysis of
plants. Primers used for qRT-PCR are listed in
Supplementary Table S2.

Gene Cloning and Arabidopsis
Transformation
Primers with BamHI and SalI enzyme loci were used for
PfFAD3.1 gene amplification. The amplified CDS of PfFAD3.1
was digested with the restriction enzymes and inserted into the
pCAMBIA2301-KY vector [under the control of the cauliflower
mosaic virus (CaMV) 35S promoter] to generate the 35S::
PfFAD3.1 construct. The construct was transformed into
Agrobacterium tumefaciens strain EHA105 and introduced into
A. thaliana using the floral dip method (Clough and Bent, 1998).
The transformed seeds were germinated on half-strength
Murashige and Skoog medium with 40 mg/l kanamycin.

Seedlings with well-established roots and green leaves were
transferred to moistened potting soil and were verified by the
PCR method and GUS staining (Supplementary Figure S1). The
transgenic T1 lines exhibiting a 3:1 segregation of resistance to
40 mg/l kanamycin were considered the T2 generation, and T2
transgenic lines were finally acquired. Mature seeds of the T2
generation overexpression PfFAD3.1 Arabidopsis were collected
for gene expression and FA content analyses.

FA Analysis
Dry Arabidopsis seeds (0.15 g), pulverized in liquid nitrogen and
FA methyl esters (FAMEs), were prepared according to the
method by Li et al. (Li et al., 2015). FAMEs were analyzed
using a GC8890 instrument (Agilent, Santa Clara, CA, USA)
and a 30 m × 0.25 mmDB-23 column with a nitrogen carrier. The
gas chromatography (GC) procedure used the following
parameters: split ratio 10:1, initial column temperature held at
100°C for 2 min, then raised to 230°C at the rate of 15°C min−1

with the final temperature held for 5 min; injection port
temperature 230°C; transfer line temperature 250°C; ion source
temperature 230 °C; speed of carrier gas 1.0 ml min−1; and
injection volume 1 μL. Methyl heptadecanoate was used as an
internal standard, and a standard curve method was used as the
quantitative approach to identify FAMEs (Yin et al., 2018).

RESULTS AND ANALYSIS

Identification and Analysis of FADS in Perilla
We identified 39 and 58 PfFAD candidate genes in the perilla
genome using HMM searches and BLAST alignment,
respectively. After merging the data, the pfam database was
used to predict the conserved domains of the protein encoded
by the candidate genes. Thirteen genes lacking the intact FAD
domain and two genes with partial FAD domains were identified
as pseudogenes and removed. A total of 42 protein-coding genes
were confirmed finally, which are located on the other 18 perilla
chromosomes except for the 14th and 18th chromosomes
(Supplementary Figure S1). The protein sizes range from 178
to 1,111 amino acids, with molecular weights ranging from 20.91
to 126.81 kDa and theoretical isoelectric points ranging from 5.21
to 9.51 (Supplementary Table S3).

By comparison with the A. thaliana FAD family, the PfFAD
genes were divided into five typical subfamilies based on
phylogenetic analysis and sequence characteristics, including
Δ7/Δ9 desaturases (Δ7/Δ9 FAD), Δ12 desaturases (Δ12 FAD),
ω-3 desaturases (ω-3 FAD), front-end desaturases, and FAD4
desaturases (Figure 1). The Δ7/Δ9 desaturase subfamily contains
15 genes belonging to two types (Kazaz et al., 2020). Thirteen
PfFAB2 genes encode Δ9 desaturases containing an
FA_desaturase2 domain (PF03405), and three conserved
motifs (8, 9, 10), which were predicted to lack transmembrane
domains (TMDs). Two PfADS3 genes encode Δ7 desaturases with
an FA_desaturase domain (PF00487), two motifs (4, 5), and one
or two TMDs (Figure 2A and Supplementary Table S3). Δ7/Δ9
desaturases in perilla were predicted to localize in chloroplast.
The novel PfFAD4 desaturase subfamily includes five genes,
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which contain the TMEM189_B_domain (PF10520) and two
motifs (6 and 7).

Front-end desaturase, Δ12 desaturase, and ω3 desaturase
proteins all contain FA_desaturase as the main domain. The
front-end desaturase subfamily includes 10 genes, which encode
endoplasmic reticulum-localized proteins and is divided into two
clades. Four of these genes (PfDESs) encode sphingolipid Δ4
desaturases, which contain two exons and conserved motifs (1
and 3). Both PfDES1.1 and PfDES1.2 lack TMDs, and the
remaining two genes encode proteins with five TMDs. Six
PfSLD genes encode sphingolipid Δ8 desaturases, which
contain one conserved motif (1, 2, or 3) but no introns.

The two types of Δ12 desaturase subfamily members contain
three conserved motifs (1, 2, and 3). Among them, two PfFAD6
genes contain 10 exons and encode proteins that only contain the

FA_desaturase domain, which were predicted to have a
chloroplast signal peptide at the N-termini and three or four
TMDs (Xue et al., 2021). Three PfFAD2 genes lack introns and
encode proteins with an FA_desaturase domain and one short
DUF3474 domain. PfFAD2 proteins were predicted to contain an
endoplasmic reticulum retention signal peptide embedded within
Φ-X-X-K-Φ (Φ is a hydrophobic amino acid residue) and three to
six TMDs.

ω-3 desaturases are key enzymes for ALA formation (Lee et al.,
2016). Here, seven ω-3 desaturase genes were identified in perilla,
which were classified into two types (PfFAD3 and PfFAD7/8)
consistent with previous classification reports. Two PfFAD3 genes
encode proteins containing an endoplasmic reticulum retention
signal (SKKI) at their C-termini and three PfFAD7/8 genes
contain a chloroplast transit peptide at their N-termini. Both

FIGURE 1 | Phylogenetic relationships of FAD genes from perilla and Arabidopsis. The tree was constructed using MEGA X by the neighbor-joining method with
1,000 bootstraps. Subcellular localizations were predicted using ExPASy combined with Cell-PLoc.
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FIGURE 2 | Structure and cis-acting elements of FADs in perilla. (A) Analysis of gene structures (i), domains (ii), and motifs (iii) of the PfFADs. Introns/exons were
identified using the GSDS tool. Conserved domains andmotifs were analyzed using Pfam andMEME. (B) Analysis of the cis-acting elements in the promoters of PfFADs.
The cis-acting regulatory elements in the upstream 2,000-bp sequences of the genes were identified using the PlantCARE website. Orange and red shading indicates
the number of cis-acting elements present; light blue shading means no cis-acting elements were present.
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FIGURE 3 | Expression profiles of FAD genes in P. frutescens. (A) Expression patterns of PfFADs based on fragments per kilobase of transcript per million mapped
reads (FPKM) from perilla. The color gradient blue–white–red indicates low to high levels of gene expression. (B)Relative expression levels of PfFAD genes determined by
qRT-PCR and shown as FPKM. The perilla Actin gene was used as an internal control for normalization. Error bars represent SD from at least three biological replicates.
Ro, roots; St, stems; Le, leaves; Fl, flowers; 2D–20D, seeds at 2–20 days after flowering.
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types contain seven or eight exons and encode proteins with three
TMDs, including an FA_desaturase domain and one longer
DUF374 domain. Most of these genes contained four motifs
(1, 2, and 3). However, there are two special PfFAD7/8 genes
(PfFAD7/8.4 and PfFAD7/8.5) in perilla, which contain 16 exons,
more than other PfFAD7/8 genes in perilla, and other species
(Xue et al., 2018). The proteins encoded by these genes contain
chloroplast signals but no TMDs, and they also contain an Iso_dh
domain in their N-termini in addition to the FA_desaturase
domain.

Highly conserved histidine motifs are pivotal for maintaining
the catalytic activity of FAD proteins. Based on our predictions,
all three histidine boxes were present in the front-end desaturases,
Δ12 desaturases, and ω-3 desaturases (Supplementary Table S4).
Among the ω-3 desaturases, the histidine-rich motifs HDCGHG,
HRTHH, and HVAHH were identified in PfFAD3 and
HHDCGH/T(I)AVGHG, HRTHHQN, and HVAHH were
identified in PfFAD7/8. The histidine-rich motifs HECG(A)
HH, HR(D)RHH, and HVA (IP)HH were identified in Δ12
desaturases. PfFAD4 desaturase subfamily members also
contain three histidine boxes: FQG (LD/Y)HH, HA/SWAH,
and HAA (TK)HH. However, there are also exceptions.
Among front-end desaturases, the histidine-rich motifs
HDSGH, HNAHH, and QLEHHL were identified in all SLD1
proteins except PfSLD1.5, and the histidine-rich motifs HELSH,
HLEHH, andHNEHHwere identified in all DES1 proteins except
PfDES1.4. Among Δ7/Δ9 desaturases, PfFAB2 of Δ9 desaturase
subfamily members contain two highly conserved histidine-rich
motifs, EENRHG and DEKRHE, but lack the third histidine-rich
motif. PfADS3 of Δ7 desaturase subfamily members contain the
HRHHH and HNNHH motifs but lack the first histidine-rich
motif (Kazaz et al., 2020) (Supplementary Table S4).

The cis-regulatory elements in the promoter regions of PfFAD
family genes were predicted using the online PlantCARE software
(Figure 2B). Many light-responsive elements, hormone-
responsive elements, and stress-responsive elements were
identified in the promoters of PfFAD genes. Abscisic
acid–responsive elements (ABREs) were widespread in the
promoters of 30 PfFAD genes, and the ABRE motif was
especially enriched in PfFAD2.1 and PfFAD3.1. The GT1-motif
and box4 light-responsive elements were widespread in the
promoters of PfFAD genes. These results suggest that PfFAD
genes might be involved in stress response and hormonal
regulation.

Expression Analysis of PfFAD Family Genes
Based on transcriptome data from different tissues (Figure 3A
and Supplementary Table S5), among Δ9 desaturases, most
PfFAB2 genes were highly expressed during the middle and
later periods of seed development, except for PfFAB2.1 and
PfFAB2.6, which were expressed at very high levels in flowers,
and PfFAB2.2 was highly expressed in stems. Two PfADS3 genes
were highly expressed in leaves, and five PfFAD4 genes were
highly expressed in roots and seeds during the middle stages of
development. Among genes in the front-end desaturases, PfDES1
expression increased during early seed development, and PfSLD1

FIGURE 4 | Evolutionary analysis of PUFA desaturases. Δ9 desaturases
from A. thaliana was used as the outgroup. The tree was constructed using
MEGA X by the neighbor-joining method with 1,000 bootstraps. Detailed
information on prokaryotic algae, eukaryotic algae, bryophytes,
pteridophytes, and monocot and dicot plants is shown in Supplementary
Table S1.
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genes showed two major expression patterns during early and
later seed development. Among genes in the Δ12 FAD subfamily,
PfFAD6.1 and PfFAD6.2 were mainly expressed in leaves, stems,
and flowers, and PfFAD2.1 and PfFAD2.2 expressions were
increased during later seed development. PfFAD2.3 was not
expressed in all tissues. Among ω-3 FAD subfamily members,
PfFAD3.1 and PfFAD3.2 were highly expressed during the middle
and later stages of seed development, whereas PfFAD7/8.3
expression increased in leaves. PfFAD7/8.4 and PfFAD7/8.5
expression increased during the early and later stages of seed
development.

To verify the expression patterns, we examined tissue-specific
gene expression patterns by qRT-PCR (Figure 3B). These
patterns showed the same tendency as the FPKM. The
expression of PfFAD3.1 and PfFAD2.1 increased during seed
development, which were highly expressed during the later
stages of seed development. PfFAD7/8.3 and PfFAD6.1 were
highly expressed in leaves. PfFAD7/8.5 was highly expressed in
leaves, flower, and the later stage of seed development. PfDES1.3,

PfSLD1.1, and PfADS3.1 were expressed in flowers, and
PfFAB2.10 was expressed in flowers and during the later stages
of seed development. The various expression patterns of PfFAD
genes imply their functional differentiation.

Phylogenetic Analysis
To investigate the evolutionary relationships of PUFA desaturase
genes in plants, we performed a phylogenetic analysis ofΔ12 FAD
and ω-3 FAD subfamily members in algae and plants using A.
thaliana Δ9 desaturases (AtFAB2s) as the outgroup (Figure 4 and
Supplementary Table S1). FAD6 of the Δ12 desaturases
differentiated earlier than FAD2 and ω-3 desaturases (FAD3
and FAD7/8). The ancestral Δ12 desaturases arose first in
prokaryotic algae. Then, they independently differentiated to
form Δ12 desaturases in bryophytes and pteridophytes and
chloroplast-localized FAD6 in eukaryotic algae and higher
plants. The endoplasmic reticulum-localized FAD2 derived
from prokaryotic algae Δ12 desaturases. FAD2 independently
evolved in eukaryotic algae and lost introns during evolution. ω-3

FIGURE 5 | Effect of transgenic PfFAD3.1 expression on FA composition in A. thaliana seeds. (A) Transgenic CaMV35S::PfFAD3.1 Arabidopsis plants and seeds.
(B) The expression of PfFAD3.1 transgenic 35S::PfFAD3.1 Arabidopsis seeds determined by qRT-PCR. (C) FA composition in the seeds of transgenic 35S::PfFAD3.1
Arabidopsis. Error bars represent SD from at least three biological replicates. The asterisks indicate significant differences (*p < 0.05, Student’s t-test).
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FAD also arose in prokaryotic algae. From prokaryotic algae to
pteridophytes, the differentiation of ω-3 FAD was consistent with
the evolution of terrestrial plants. A differentiation event
subsequently occurred during the seed plant formation period
to form the endoplasmic reticulum-localized FAD3 and the
chloroplast-localized FAD7/8 groups in higher plants. Both
Δ12 FAD and ω-3 FAD diverged earlier in monocotyledonous
plants than dicotyledonous plants. Perilla FAD3 and FAD7/8
appear to be the latest diverged ω-3 FAD in dicotyledons. These
findings shed light on the evolution and functional differentiation
of FADs.

Heterologous Overexpression of PfFAD3.1
Based on previous reports and our genetic analysis, we
speculated that PfFAD3.1 is a key gene responsible for ALA
biosynthesis in perilla seed. To further explore the function of
PfFAD3.1, we amplified the full-length cDNA sequence and
transformed it into Arabidopsis plants driven by the CaMV

35S promoter (Supplementary Figure S2) (Lee et al., 2016;
Xue et al., 2018). After transgenic screening and
identification, six T2-generation transgenic homozygous
lines were obtained. Compared with the wild type, the
phenotype of leaves and plants, seed size, and thousand
seed weight of transgenic lines did not significantly vary
(Supplementary Figure S3).

Then, we analyzed the composition of FAs in mature seeds of
these plants using GC (Figure 5C). Compared with the wild type,
the ratios of linoleic acid (C18:2) and ALA (C18:3) in transgenic
CaMV35S::PfFAD3.1 Arabidopsis seeds were increased by
12.27%–24.36% and 17.68%–37.03%, respectively. Moreover, in
the transgenic Arabidopsis seeds compared to the wild type, the
ratios of the other long-chain unsaturated FAs (C20:1 and C20:2)
were also higher (6.02%–32.13% and 49.50%–65.35%), and the
ratios of palmitic acid (C16:0), stearic acid (C18:0), and oleic acid
(C18:1) were decreased by 42.34%–56.29%, 45.58%–48.87%, and
3.97–15.85%, respectively.

FIGURE 6 | The expression patterns of genes encoding key enzymes and transcription factors involved in α-linolenic acid biosynthesis in 35S::
PfFAD3.1 Arabidopsis seeds. Error bars represent SD from at least three biological replicates. The asterisks indicate significant differences (*p < 0.05, Student’s t-test).
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To investigate the possible role of PfFAD3.1 in regulating seed
lipid biosynthesis, we examined the expression levels of genes
involved in lipid biosynthesis and regulation in Arabidopsis seeds
by qRT-PCR (Figure 6). Genes encoding key enzymes involved in
lipid biosynthesis, including the acetyl-CoA carboxylase
(ACCase) gene AtaccD, fatty acyl-ACP thioesterase (FAT)
genes AtFATA and AtFATB, diacylglycerol acyltransferase
(DGAT) genes AtDGTA1-3, and fatty acid desaturase 2 gene
AtFAD2, were upregulated to different degrees in seeds of six
transgenic lines. WRINKLED1 (WRI1), LEAFY COTYLEDON1
(LEC1) and LEC2, ABSCISIC ACID INSENSITIVE3 (ABI3), and
FUSCA3 (FUS3) were reported as positive regulators of seed
maturation and seed storage lipid accumulation in Arabidopsis
(Mendoza et al., 2005; Mu et al., 2008; Elahi et al., 2016). The
expression levels of WRI1, ABI3, and FUS3 were upregulated in
all transgenic PfFAD3.1 Arabidopsis lines, and LEC1 and LEC2
expressions were upregulated in multiple parts of the transgenic
plants.

DISCUSSION

FADs catalyze PUFA biosynthesis, which are involved in
important physiological processes in the plant kingdom
(Alonso et al., 2003). In this study, we identified 42 FAD
protein-coding genes in the perilla genome. Similar to FADs
in other species, the PfFADs were classified into five subfamilies.
Members of each subfamily generally had similar exon/intron
structures, conserved domain sequences, and similar subcellular
localizations. Δ9 desaturases are soluble proteins located in
chloroplasts (Kazaz et al., 2020), which were predicted to
possess no TMDs in perilla. Δ12 desaturases and ω-3
desaturases included both endoplasmic reticulum-localized and
chloroplast-localized genes (Lee et al., 2016). In the perilla
genome, two kinds of desaturases were also identified. In
previous reports, the endoplasmic reticulum-localized FAD2
and FAD3 were highly expressed in seeds and catalyze ALA
accumulation in triacylglycerol biosynthesis in plant seeds.
Similarly, PfFAD3 and PfFAD2 expressions were increased
during seed development in perilla (Rajwade et al., 2014; Xue
et al., 2018). FAD6 and FAD7/8 encoded chloroplast-localized
proteins that play non-redundant roles in plant responses to low
temperature and drought stresses in previous studies (Ángela
et al., 2015; Xue et al., 2021). Here, PfFAD6 and PfFAD7/8 were
highly expressed in perilla leaves. The expression patterns of Δ12
and ω-3 desaturases were in accordance with their proposed
functions. Interestingly, PfFAD7/8.4 and PfFAD7/8.5 were
predicted as special ω-3 desaturases, which possess various
gene structures (contained 16 exons and encoded proteins
lacking TMD motifs) and expression patterns (upregulated
expression in leaves and flowers and in the later stage of seed
development) compared with other ω-3 desaturases.

Previous evolutionary analysis of FADs suggested that they
share a common origin, and theΔ9 desaturases are the ancestor of
membrane desaturase genes (Alonso et al., 2003; Nitta et al.,
2005). In the present study, phylogenetic analysis showed that
Δ12 and ω-3 desaturases share a common origin. The

chloroplast-localized FAD6 is previous PUFA desaturases,
which diverged before FAD2 and ω-3 desaturase genes. Most
ω-3FAD genes are present in single copy in algae before evolution
during land plant colonization (Xue et al., 2018). In this work,
inner differentiation events of ω-3FAD appeared to occur during
seed plants formation.

The phylogenetic relationships among PUFA desaturases are
strongly associated with their sub-functionalization. Δ9
desaturases, which catalyze the conversion of stearic acid (C18:
0) to oleic acid (C18:1), are the most ancestral group of FADs
(Kachroo et al., 2007; Zhang et al., 2015). Δ12 desaturases, which
differentiated fromΔ9 desaturases, catalyze the second desaturase
step from oleic acid (C18:1) to linoleic acid (C18:2) (Okuley et al.,
1994). ω-3 desaturases, as latter differentiated from Δ12
desaturases, catalyze the desaturase step from linoleic acid
(C18:2) to ALA (C18:3) (Shah et al., 1997). Δ9 desaturases are
the only desaturases present in most animals and plants, whereas
Δ12 and ω-3 desaturases are absent in animal evolutionary
lineages.

FAD3 is a primary enzyme catalyzing ALA (C18:3)
production in plant seeds. In previous reports, the expression
levels of AtFAD3 are connected with the seed C18:3 accumulation
in Arabidopsis (Shah et al., 1997). In Arabidopsis seeds of
overexpression AtFAD3, ALA contents decreased by
approximately 20% (James and Dooner, 1990; Lemieux et al.,
1990). Perilla seeds contain high levels of ALA. In this work, we
observed high levels of expression of PfFAD3.1 during seed
development. The PfFAD3.1 were cloned, which encoded
proteins sharing 100% homology to PfFAD3b and PfrFAD3-2
in previous reports (Supplementary Figure S4) (Lee et al., 2016;
Xue et al., 2018). PfFAD3b was previously cloned and
transformed into the budding yeast Saccharomyces cerevisiae.
However, the transformed yeast produced limited amounts of
ALA (1.3% ALA content) (Lee et al., 2016). These results showed
that the yeast system does not explain well the function of
PfFAD3.1. Hence, we constructed the 35S::PfFAD3.1
overexpression vector and transformed it into Arabidopsis. GC
analysis showed that the ratios of ALA were obviously increased
in 35S::PfFAD3.1-overexpressing Arabidopsis seeds. In a previous
report, overexpression of tree peony PsFAD3 significantly
increased (0.6–1.5 times) the ALA content in seeds from five
positive transgenic lines. The accumulation of ALA was
accompanied with decreased palmitic acid and increased
stearic acid and oleic acid (Yin et al., 2018). In the work, the
obviously increased ALA contents were along with upregulated
linoleic acid (C18:2) and other long-chain PUFA contents and
downregulated palmitic acid (C16:0), stearic acid (C18:0), and
oleic acid (C18:1) contents in transgenic Arabidopsis seeds. The
same conclusion showed that PfFAD3.1 possibly regulated FA
metabolic flux, which not only increased ALA biosynthesis and
PUFA content but also reduced saturated and monounsaturated
FA contents in the heterologous plant system.

Seed maturation in higher plants is associated with the
deposition of storage reserves, such as oil accumulation in
oilseed plants (Bryant et al., 2019). Several important genes
and transcription factors were involved in oil accumulation
and seed maturation. ACCase catalyzes the formation of
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malonyl-CoA, an essential component in FA biosynthesis
(Madoka et al., 2002). FAT is a core enzyme in the FA
biosynthesis process that determines FA chain length.
DGAT catalyzes the covalent addition of a fatty acyl chain
to diacylglycerol. In our work, those key genes involved in
lipid biosynthesis were expressed at higher levels in transgenic
35S::PfFAD3.1 Arabidopsis plants. WRI1 of the APETALA2/
ethylene-responsive (AP2/EREB) family was the key
transcription factor regulating seed maturity and FA
biosynthesis (Baud et al., 2007). LEC1, an NF-Y family
trimeric transcription factor, activates the B3-domain
protein LEC2 during early seed development and targets
ABI3 and FUS3 during the later stages of embryogenesis in
Arabidopsis (Boulard et al., 2017). In previous reports, LEC2
and FUS3 can target WRI1 to regulate FA biosynthesis (Wang
and Perry, 2013; Na et al., 2019). In our work, WRI1, ABI3,
FUS3, LEC1, and LEC2 were upregulated in the transgenic
seeds. These results suggest that the heterogeneous
overexpression of PfFAD3.1 can influence the expression of
key biosynthesis genes and transcription factors involved in
FA biosynthesis in seed. These results suggest that the
heterogeneous overexpression of PfFAD3.1 can influence
the expression of key biosynthesis genes and transcription
factors involved in FA biosynthesis in seed. However, the
detailed molecular mechanisms remain unclean. We will
prioritize the study of the mechanism by which PfFAD3.1
may cause genetic changes related to seed development and
will also explore the role of other PfFADs in the synthesis of
ALA. It is expected to build a foundation for elucidating the
functions of perilla FADs and ALA biosynthesis.
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Co-Expression Analysis of ARF and
IAA Family Genes in Euscaphis
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Triterpenoids and Anthocyanin
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Euscaphis konishii is an evergreen plant that is widely planted as an industrial crop in
Southern China. It produces red fruits with abundant secondary metabolites, giving E.
konishii high medicinal and ornamental value. Auxin signaling mediated by members of the
AUXIN RESPONSE FACTOR (ARF) and auxin/indole-3-acetic acid (Aux/IAA) protein
families plays important roles during plant growth and development. Aux/IAA and ARF
genes have been described in many plants but have not yet been described in E. konishii.
In this study, we identified 34 EkIAA and 29 EkARF proteins encoded by the E. konishii
genome through database searching using HMMER. We also performed a bioinformatic
characterization of EkIAA and EkARF genes, including their phylogenetic relationships,
gene structures, chromosomal distribution, and cis-element analysis, as well as conserved
motifs in the proteins. Our results suggest that EkIAA and EkARF genes have been
relatively conserved over evolutionary history. Furthermore, we conducted expression and
co-expression analyses of EkIAA and EkARF genes in leaves, branches, and fruits, which
identified a subset of seven EkARF genes as potential regulators of triterpenoids and
anthocyanin biosynthesis. RT-qPCR, yeast one-hybrid, and transient expression analyses
showed that EkARF5.1 can directly interact with auxin response elements and regulate
downstream gene expression. Our results may pave the way to elucidating the function of
EkIAA and EkARF gene families in E. konishii, laying a foundation for further research on
high-yielding industrial products and E. konishii breeding.
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INTRODUCTION

Plant secondary metabolites are not only important to plant
development, but are also significant as nutritional resources
for humans, as sources for color and odorants, and as potential
materials for drug discovery (Huang et al., 2020a; Bing et al.,
2021). Secondary metabolites include terpenes, phenolic
compounds, and alkaloids, which play essential roles as food
additives and in medicine, cosmetics, skincare, and industrial
chemicals. The biosynthesis of plant secondary metabolites is very
complex and is regulated by various environmental signals and
development cues. Because of their critical roles, much attention
is being paid to the biosynthesis and regulatory mechanism of
secondary metabolites.

The phytohormone auxin regulates a wide range of processes
in plant growth and development, including vascular
differentiation, lateral root formation, apical dominance, and
fruit development (Liscum and Reed, 2002; Aloni et al., 2006).
The auxin/indole-3-acetic acid (Aux/IAA) and AUXIN
RESPONSE FACTOR (ARF) proteins are critical players of
auxin signal transduction (Hagen, 2015). ARFs are
transcription factors consisting of a DNA-binding domain
(DBD), a middle transcriptional regulatory region (MR), and a
dimerization domain at their C termini (CTD), with the MR
serving as an activation or repressor domain (Tiwari et al., 2003;
Guilfoyle and Hagen, 2007). ARF DBDs bind to auxin response
elements (AuxREs) located in the promoter region of auxin-
responsive genes to activate or repress their transcription,
depending on the type of MR (Tiwari et al., 2003; Guilfoyle
and Hagen, 2007). Aux/IAA proteins comprise four domains,
denoted domains I, II, III, and IV (Tiwari et al., 2001). Located at
the N terminus, domain I is characterized by the LxLxLx motif
and is mainly responsible for repression of gene expression.
Domain II mediates the degradation of the protein via the
degron sequence (GWPPV) by the 26S proteasome (Hagen
and Guilfoyle, 2002; Tiwari et al., 2004). Domains III and IV
at the C terminus interact with the CTD of ARFs to form homo-
and heterodimers, resulting in the transcriptional induction or
repression of downstream auxin-responsive genes (Ulmasov
et al., 1999; Guilfoyle, 2015). The interaction between Aux/
IAA and ARF proteins also depends on auxin concentration.
When auxin levels are low, ARFs bind to AuxREs, but
transcription is repressed through their interaction with Aux/
IAAs. With increasing auxin levels, Aux/IAAs are degraded via
the 26S proteasome, thus alleviating the repressive effect of Aux/
IAAs on ARFs (Gray et al., 2001; Winkler et al., 2017; Roosjen
et al., 2018). Both Aux/IAA and ARF proteins are encoded by
large gene families with distinct expression patterns and
regulatory mechanisms, contributing to the complexity of
auxin signaling (Luo et al., 2018).

Aux/IAA and ARF family members play critical and extensive
roles during the entire plant life cycle. During embryogenesis,
ARF5 is involved in organ formation in Arabidopsis (Arabidopsis
thaliana) (Hardtke and Berleth, 1998). ARF19 and ARF7
redundantly regulate lateral root initiation (Wilmoth et al.,
2005), while ARF1 and ARF2 control floral organ senescence
and abscission (Ellis et al., 2005). Most of the Aux/IAA family

members described in Arabidopsis, such as IAA3, IAA14, IAA28,
and IAA19, affect the growth and development of lateral roots
(Goh et al., 2012; Luo et al., 2018). Aux/IAAs and ARFs also play
important roles in regulating fruit development. ARF8 was
reported to play a negative role during fertilization and fruit
initiation in Arabidopsis (Goetz et al., 2006). SlARF10 and
SIARF6A are involved in chlorophyll and sugar accumulation
during tomato (Solanum lycopersicum) fruit development (Yuan
et al., 2018a; Yuan et al., 2019). Auxin signaling also interacts with
other phytohormone signaling pathways to control fruit
development. For example, the tomato gibberellic acid (GA)
repressor SlDELLA interacts with SlARF7/SlIAA9 to regulate
fruit initiation (Hu et al., 2018). Likewise, SlIAA3 contributes
to differential growth by integrating auxin and ethylene signaling
(Chaabouni et al., 2009). The accumulation of secondary
metabolites is an important biological process during fruit
ripening, which includes fruit color formation and
biosynthesis of volatile odorants. In apple (Malus domestica),
MdARF13 interacts with MdIAA121 to regulate anthocyanin
biosynthesis (Wang et al., 2018). Overexpression of MdIAA26
boosts anthocyanin biosynthesis in apple and Arabidopsis
seedlings (Wang et al., 2020). In addition to anthocyanins,
auxin induces the accumulation of flavonols by promoting the
expression of the gene encoding a key biosynthetic enzyme (Lewis
et al., 2011). Auxin signaling also participates in the accumulation
of glucosinolates, a class of important plant defense metabolites
(Mitreiter and Gigolashvili, 2021). Although auxin plays critical
roles in secondary metabolite biosynthesis, how auxin signaling
synergistically regulates the contents of multiple secondary
metabolites is unclear.

Euscaphis plants belong to the Staphyleaceae family and are
deciduous shrubs or small trees widely distributed in East Asia,
from Japan to Southern China (Zhang et al., 2012). These plants
constitute an important industrial crop due to the medicinal
compounds and other industrially desirable products extracted
from their fruits, leaves, and roots, such as triterpenes, phenolic
acid, and flavonoids (Liang et al., 2018). In China, E. konishii is
cultivated as an ornamental plant due to its beautiful red-winged
pericarp and also has a long history of use as a medicinal plant to
cure colds and allergies (Yuan et al., 2018b). The potential
medical applications of Euscaphis were recently supported by
data indicating that total phenolic and methanolic extracts of
Euscaphis plants can mitigate liver fibrosis in mice and inhibit
hepatic stem cell proliferation (Lee et al., 2009; Huang et al.,
2020b), prompting the expansion of E. konishii cultivation (Sun
et al., 2019). Therefore, E. konishii is an economically useful crop
for the production of medicinal compounds. However, the
molecular mechanisms governing the biosynthesis of these
compounds in this species are poorly understood, which
limits the breeding of improved E. konishii varieties. Although
the Aux/IAA and ARF families have been systematically
identified and characterized in many plants, including
Arabidopsis (Remington et al., 2004; Okushima et al., 2005),
rice (Oryza sativa) (Jain et al., 2006; Wang et al., 2007), poplar
(Populus trichocarpa) (Kalluri et al., 2007), maize (Zea mays)
(Wang et al., 2010; Xing et al., 2011), soybean (Glycine max) (Van
Ha et al., 2013; Singh and Jain, 2015), and pepper (Capsicum
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annuum) (Yu et al., 2017; Waseem et al., 2018), their functions in
E. konishii are not clear. Given the importance of Aux/IAA and
ARF proteins in plant development, we undertook a
comprehensive survey of the Aux/IAA and ARF gene families
in E. konishii to better understand the biosynthetic pathways of
medicinal secondary metabolites. In this study, we identified
34 Aux/IAA and 29 ARF genes in E. konishii and analyzed their

sequence features, phylogenetic relationships, cis-elements, and
co-expression profiles. We also explored the function of EkARFs
in the context of phenolic and anthocyanin biosynthesis. Our
results may have uncovered a potential role for auxin in the
biosynthesis of secondary products, which may provide useful
information for breeding E. konishii with a high content of
medicine compounds.

FIGURE 1 | Phylogenetic relationships and protein domain maps of E. konishii IAA (A) and ARF (B) proteins. Left, phylogenetic relationship of 34 IAAs and 29 ARFs
from E. konishii. Different colors represent different groups. Right, IAA and ARF protein domain composition. Bootstrap values are shown close to branch nodes.
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FIGURE 2 | Phylogenetic trees of EkIAAs (A) and EkARFs (B) from Arabidopsis, Amborella trichopoda, and E. konishii. Different groups have different colors. The
green open circles, gray circles, and green solid circles represent Arabidopsis, A. trichopoda, and E. konishii, respectively.
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MATERIALS AND METHODS

Identification of IAA and ARF Genes
Hidden Markov model (HMM) logos of Aux/IAA (PF02309) and
ARF (PF06507) proteins were downloaded from the Pfam
database (Finn et al., 2014) and used to scan the E. konishii
predicted proteome (Sun et al., 2021) with the HMMER software
package (Finn et al., 2011). The resulting Aux/IAA and ARF
candidates were further used to generate HMM logos for EkIAAs
and EkARFs using hmm-build from the HMMER suite (Finn
et al., 2011), before scanning the E. konishii proteome again.
Proteins with an E-value lower than 0.01 were retained, and the
presence of conserved ARF or IAA domains was confirmed using
the Conserved Domains Database (Marchler-Bauer et al., 2011),
Pfam (Finn et al., 2014), and the Simple Modular Architecture
Research Tool (Letunic and Bork, 2018). The proteins meeting all
of the above criteria were used for further study. The number of
amino acids, the predicted molecular weight, and the theoretical
isoelectric point (pI) were determined using the ExPASy server
(http://web.expasy.org/protparam/) (Gasteiger et al., 2003).

Gene Structure and Motif Analysis
TBtools (Chen et al., 2020) was employed to illustrate the exon/
intron structures of all EkIAA and EkARF genes. Conserved
protein motifs in their encoded proteins were predicted by the

MEME program (parameters: number of maximum patterns, 10;
maximum width, 50) (http://memesuite.org/tools/meme) (Bailey
et al., 2006).

Multiple Sequence Alignment and
Phylogenetic Analysis
The protein sequences for the 29 ARFs and 34 IAAs from
Arabidopsis were obtained from published references (https://
www.arabidopsis.org), and the protein sequences of 14 ARFs and
11 IAAs from Amborella trichopoda were identified following the
same method described for E. konishii. Full-length protein sequences
for all IAAs and ARFs identified in E. konishii, Arabidopsis, and A.
trichopodawere used for phylogenetic analysis. The phylogenetic tree
was built with themaximum likelihoodmethod on the IQ-TREEweb
server (http://iqtree.cibiv.univie.ac.at/) (Nguyen et al., 2015).

Analysis ofCis-acting Elements in theEkIAA
and EkARF Promoters
The upstream sequences (2 kb) of EkIAA and EkARF genes were
extracted via TBtools (Chen et al., 2020) and then submitted to
the PlantCARE database (Lescot et al., 2002) (http://
bioinformatics.psb.ugent.be/webtools/plantcare/html/) to
identify cis-elements.

FIGURE 3 | Chromosomal locations and segmental duplicated genes for 34 EkIAA and 29 EkARF genes. Linkage group numbers (LG01–LG12) are shown at the
bottom. Gray lines show all synteny blocks in the E. konishii genome, red lines show segmental duplication of IAA genes, and blue lines show segmental duplication of
ARF genes.
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FIGURE 4 | Gene structures of EkIAAs and conserved motifs in EkIAAs. (A) EkIAA phylogenetic tree and corresponding EkIAA gene structures. (B) Conserved
protein motifs within EkIAAs. The phylogenetic tree was generated using the IQ-tree web server. Gene structures of EkIAAs were predicted with TBtools. The conserved
motifs were analyzed using the MEME web server.
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EkIAA and EkARF Chromosomal Location
and Duplication Event Analysis
The chromosomal distribution and location of all EkIAA and
EkARF genes were acquired from the E. konishii genome
annotation file. Colinear circles for EkIAA and EkARF genes
were drawn with TBtools (Chen et al., 2020). Duplication events
were confirmed on the basis of coverage (>70% of the entire gene
body) and similarity (70%) of the two aligned sequences (Gu
et al., 2002) and were considered tandem duplication pairs if they
were located within 100 kb (Mehan et al., 2004). Genes located in
duplicated regions with 70% similarity were identified as
segmental duplications (Mehan et al., 2004). Ka/Ks values were
calculated with TBtools (Chen et al., 2020).

Expression Analysis of IAA and ARF Genes
by Transcriptome Deep Sequencing
(RNA-Seq)
The RNA-seq data for three development stages (green, turning,
and red fruit) and three tissues (red-winged pericarp, branch, and
leaf) were downloaded from the National Center for
Biotechnological Information (NCBI) Sequence Read Archive
(SRA) under the accession numbers PRJNA548305 and
PRJNA548305, respectively. The RNA-seq reads were mapped
to the E. konishii reference genome via Salmon algorithm, and the
transcripts per million reads (TPM) for AUX/IAA and ARF genes

were extracted for further analysis. The heatmaps were drawn
using TBtools (Chen et al., 2020).

Correlation Analysis
To study the effect of auxin on the regulation of anthocyanin and
terpenoid biosynthesis in E. konishii, a comprehensive correlation
analysis was first performed using the correlation test in R
between anthocyanin contents and the expression levels of
anthocyanin biosynthetic genes. Biosynthetic genes whose
expression was positively correlated with anthocyanin contents
were selected for further correlation analysis between their
expression levels and those of EkARF genes. Pearson’s
correlation coefficients (r, p-value < 0.05) were used to define
five correlation levels: no correlation (|r| ≤ 0.2), weak correlation
(0.21 ≤ |r| ≤ 0.35), moderate correlation (0.36 ≤ |r| ≤ 0.67), strong
correlation (0.68 ≤ |r| ≤ 0.90), and very strong correlation (0.91 ≤ |
r| ≤ 1), with r > 0 indicating positive correlations and r < 0
negative correlations (Prion and Haerling, 2014).

RT-qPCR Verification of EkARF5.1 Gene
Expression
Fruits at the green stage, turning stage, and red stage from E.
konishii were harvested as materials for RT-qPCR. Total RNA
was extracted using the RNAprep Pure kit (Tiangen, China), and
then 1 µg of total RNA per sample was subjected to reverse
transcription using the PrimeScript RT Reagent Kit

FIGURE 5 | Predicted cis-elements in the EkIAA and EkARF promoters. The promoter sequences (−2,000 bp) of 34 EkIAA and 29 EkARF genes were analyzed by
PlantCARE. The color bar indicates the number of cis-elements.
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FIGURE 6 | Heatmap representation of the expression of EkIAA (A) and EkARF (B) genes during fruit developmental stages (green, turning, red fruit, and red-
winged pericarp) in branches and leaves. The color bar indicates Log2-normalized transcripts per million reads (TPM). RW-P, red-winged pericarp.
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(Takara, China) with gDNA Eraser (Takara, China). The specific
primers for EkARF5.1 (F: 5′-GCAACCTCCAACTCAAGAGC-
3′, R: 5′-GACGCCTCACACCCACTAAT-3′) were designed by
Primer 5 software and synthetized by Sangon Biotech (Shanghai,
China). UBC23 (F: 5′-AGCCACATAATCTCCGTGTAAG-3′, R:
5′-GCTGACCATGTTCGAGTAGTT-3′) was used as an internal
reference (Yuan et al., 2018b). The reaction mixture consisted of
10 µl of 2× GoTaq qPCR Master Mix (Promega, United States),
0.4 µl of each gene-specific primer, 1 µl of cDNA (10× dilution),

0.4 µl of dye, and 7.8 µl of nuclease-free water. The reaction
conditions were as follows: 95°C for 2 min followed by 40 cycles of
95°C for 15 s and 60°C for 1 min. Relative gene expression levels
were calculated by the comparative ΔCt method. Three biological
replications were assessed per sample.

DNA Binding and Transactivation Assay
The full-length EkARF5.1 coding sequence was cloned into the
pGBKT7 vector to generate BD-EkARF5.1, which was then

FIGURE 7 |Correlation analysis between anthocyanin contents and EkARF expression, and triterpenoid contents and EkARF expression. (A) Red, EkARFs; yellow,
anthocyanins; blue, triterpenoids. The gray lines indicate weak correlation, and red lines indicate strong correlation. (B) RT-qPCR results. (C) Yeast one-hybrid analysis
results. (D) Results from GUS staining.
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introduced into yeast strain Y2HGold. The resulting colonies
were grown on synthetic defined (SD) medium lacking Trp and
His for 2 days to observe the transcriptional activation activity of
EkARF5.1, using empty pGBKT7 as a negative control.

To test the binding of EkARF5.1 to AuxREs, seven repeats of
the AuxRE element (TGTCTC) were inserted into the multiple
cloning site of the pAbAi vector to generate the 7×TGTCTC-
pAbAi vector, which was integrated into the Y1HGold genome to
construct the bait reporter strain. The AD-EkARF5.1 clone was
generated by subcloning the full-length EkARF5.1 coding
sequence into the pGADT7 vector. AD-EkARF5.1 was then
transformed into the bait reporter strain. The transformants
were spotted onto SD medium lacking Leu or the same
medium containing 100 ng/ml of the antibiotic aureobasidin A
(AbA) and allowed to grow for 48 h to analyze binding activity.

Constructs consisting of the β-GLUCURONIDASE (GUS)
reporter 7×TGTCTC:GUS (cloned in pMDC164) and 35S:
EkARF5.1 (cloned in pDMC32) were introduced into
Agrobacterium (Agrobacterium tumefaciens) strain GV3101 for
infiltration in Nicotiana benthamiana leaf epidermal cells.
Agrobacterium harboring 7×TGTCTC:GUS and 35S:EkARF5.1
were infiltrated into the abaxial side of N. benthamiana leaves
with a syringe as described previously (Liu et al., 2014). N.
benthamiana leaves were stained for GUS activity 3 days after
infiltration.

Data Availability Statement
Publicly available datasets were analyzed in this study. This data
can be found here: The E. konishii chromosome-level genome
assembly and annotation data (Accession No. PRJCA005268/
GWHBCHS00000000) were available from National Genomics
Data Center at BioProject/GWH (https://bigd.big.ac.cn/gwh c).

RESULTS

Genome-wide Identification of EkIAA and
EkARF Genes in the E. konishii Genome
To identify EkIAA and EkARF genes, we searched the E. konishii
genome using HMMER v3 in two rounds (see Materials and
Methods for details). We analyzed the resulting protein sequences
using the Conserved Domains Database, Simple Modular
Architecture Research Tool, and Pfam database, which
resulted in 34 Aux/IAA and 29 ARF candidate proteins
(Figure 1; Supplementary Table S1). We numbered the E.
konishii IAA and ARF genes based on their homologs in
Arabidopsis (Remington et al., 2004; Okushima et al., 2005);
the full list is provided in Supplementary Table S1, along with
their gene IDs, their coding sequences, genomic DNA and protein
sequences, the lengths of the coding and protein sequences, and
the predicted molecular weights and isoelectric points (pI) of the
proteins.

We observed a broad variation in the lengths and biochemical
properties of EkIAA and EkARF proteins. EkIAA proteins ranged
from 91 (EkIAA1.4) to 849 (EkIAA29.3) amino acids, with
predicted molecular weights from 10.5 to 97.2 kDa
(Supplementary Table S1). The predicted pI values of EkIAA

proteins varied from 4.7 (EkIAA32/34) to 9.3 (EkIAA33.2).
Similarly, EkARF proteins ranged in length from 432
(EkARF17.2) to 1,110 (EkARF24.1) amino acids with
predicted molecular weights from 48.2 to 122.7 kDa
(Supplementary Table S1). The predicted pI values of EkARF
proteins varied from 5.41 (EkARF5.1) to 8.42 (EkARF10.2)
(Supplementary Table S1).

Phylogenetic Analysis of EkIAAs and
EkARFs
To better understand their evolutionary history, we subjected all
IAAs and ARFs identified in the model plant Arabidopsis, the
early angiosperm A. trichopoda, and E. konishii to phylogenetic
analysis with the MEGA-X software package (Kumar et al., 2018)
and the IQ-TREE web server (Nguyen et al., 2015). In both
protein families, individual members clustered into five branches,
indicating that IAAs and ARFs are highly differentiated
(Figure 2A), as previously reported in Arabidopsis
(Remington et al., 2004) and poplar (Kalluri et al., 2007).
EkIAA proteins were equally divided among groups Ⅰ, Ⅲ, and
Ⅴ (Figure 2A). EkIAA5 and EkIAA15 from group I appeared to
have undergone gene duplication, while group I had no clear E.
konishii orthologs for Arabidopsis IAA6 or IAA19 (Figure 2A).
As illustrated by the size of groups Ⅱ and Ⅳ, EkIAA genes have
undergone gene duplication, especially IAA27 and IAA29
(Figure 2A). As with IAAs, the phylogenetic analysis of ARFs
also divided the proteins into five groups (Figure 2B), as
previously reported in Arabidopsis (Okushima et al., 2005).
Group I consisted of six EkARF and five Arabidopsis ARF
members, the latter having been reported to exhibit
transcriptional activation activity (Guilfoyle and Hagen, 2007).
Of note, ARF5, ARF6, and ARF8 all showed gene duplication in
the E. konishii genome, while orthologs for ARF7 and ARF19
appeared to be lacking. Some, but not all, group II members
showed signs of gene duplication (Figure 2B), for example, ARF1
and ARF9. Notably, IAAs and ARFs displayed the same
distribution across groups in Arabidopsis and E. konishii, with
the exception of group Ⅴ ARFs, which indicates that the IAA and
ARF gene families in E. konishii are likely conserved. Within each
group, several EkIAA and EkARF members had experienced
duplication, with the exception of group Ⅴ IAA members
(Figure 2A). In addition, we noted the absence of clear
orthologs for several IAAs and ARFs in several groups
(Figure 2), indicative of their independent evolution in E.
konishii since the divergence from Arabidopsis.

Chromosomal Location and Gene
Duplication Events of EkIAA and EkARF
Genes
We determined the genomic positions of all EkIAA and EkARF
genes along the linkage groups (LGs) of the E. konishii genome.
Both groups of genes were unevenly distributed in the E. konishii
LGs (Figure 3). For example, LG02 alone harbored eight EkIAA
genes, whereas no EkIAA gene mapped to LG07 or LG11
(Figure 3). Several EkIAA genes clustered in close proximity
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on LG01, LG2, LG03, and LG08 (Figure 3). The pattern for the
EkARF genes was similar: six EkARF genes mapped to LG03, five
to LG05, three each to LG06 and LG07, one each to LG09 and
LG12, and none to LG02 (Figure 3).

During genome evolution, gene duplication and
neofunctionalization are driven by tandem and segmental
duplication (Cannon et al., 2004; Freeling, 2009). To elucidate
the expansion of the EkIAA and EkARF gene families in E.
konishii, we studied their segmental and tandem duplications.
We identified 20 instances of segmental duplication events,
involving 11 EkIAA and 20 EkARF genes, but no tandem
duplication events in either gene family (Figure 3). For the
10 pairs of segmental duplicated EkIAA genes and the 10 pairs
of segmental duplicated EkARF genes identified above, we
calculated the ratios of nonsynonymous to synonymous
substitutions (Ka/Ks) to evaluate their molecular evolutionary
rates (Supplementary Table S2). The ratios for all duplicated
pairs were less than 1 (Supplementary Table S2), suggesting
that duplicated pairs of genes underwent purifying selection
during evolution, thus raising the possibility that the
biochemical characteristics of these EkIAAs and EkIAAs
may not have changed very much since the initial
duplication event.

Analysis of Conserved Motifs and Gene
Structure
Protein motifs are critical for protein function and structure
maintenance (Smith-Gill, 1991). Accordingly, we looked for
conserved functional motifs in the predicted EkIAA and
EkARF proteins with the MEME web server tool. We
identified four domains conserved in EkIAA proteins (motifs
1–4), corresponding to IAA domainsⅣ,Ⅲ, Ⅱ, and Ⅰ, respectively
(Figure 4). Of the 34 EkIAA proteins, 23 (61.8%) contained all
four conserved domains (domains I–IV) (Figure 4). Some EkIAA
proteins lost one or more domains: For example, EkIAA1.3,
EkIAA29.1, EkIAA29.2, EkIAA29.3, and EkIAA29.4 lack
domain I; EkIAA20/30, EkIAA32/34, EkIAA33.1, and
EkIAA33.2 lack domain II; EkIAA1.5 lacks domains I and IV;
EkIAA27.2 lacks domains III and IV; and EkIAA1.4 and
EkIAA27.3 have only domain I (Figure 4).

To understand the evolution of EkIAA genes, we examined
their exon-intron structures (Figure 4A). Most EkIAA genes
consisted of five exons and four introns, as in Arabidopsis,
although introns in EkIAA genes were larger than those in
their Arabidopsis counterparts (Figure 4). Three EkIAA genes
(EkIAA27.2, EkIAA33.1, and EkIAA33.2) comprised only two
exons and one intron, with another six EkIAA genes
(EkIAA1.1, EkIAA1.2, EkIAA1.4, EkIAA1.5, EkIAA5.1, and
EkIAA5.2) having three exons and two introns. Six EkIAA
genes (EkIAA20/30, EkIAA27.3, EkIAA29.1, EkIAA29.2,
EkIAA29.4, and EkIAA32/34) had four exons and three
introns. EkIAA9.2 had six exons and five introns, while
EkIAA29.3 had by far the most exons (20) and 19 introns
(Figure 4). As the presence of conserved domains in the
EkIAA proteins and the EkIAA gene structure are similar
to those in their Arabidopsis orthologs (Remington et al.,

2004), these results suggested that the EkIAA family in E.
konishii is conserved.

We analyzed the conserved motifs and gene structure of
EkARF proteins and EkARF genes, respectively
(Supplementary Figure S1). EkARF proteins belonging to the
same clade in the phylogenetic tree had the same functional
motifs (Supplementary Figure S1). The DNA binding domain
was represented by motifs 1, 9, and 10, while motifs 3, 6, and 8
matched the variable middle transcriptional regulatory region
(MR). Motifs 7 and 5 formed part of the C-terminal dimerization
domain (CTD) (Supplementary Figure S1). Of the 29 EkARFs,
21 (72.4%) contained all three functional domains, with only
eight EkARFs (EkARF3, EkARF10.1, EkARF10.2, EkARF16.1,
EkARF16.2, EkARF16.3, EkARF17.1, and EkARF17.2) lacking
the CTD (Supplementary Figure S1). This variation in
functional protein motifs may reflect mutations or deletions in
the gene structure. Most EkARF genes contained 14 exons and 13
introns (Supplementary Figure S1). However, EkARF17.1
consisted of only two exons and one intron, three EkARF
genes (EkARF16.1, EkARF16.2, and EkARF16.3) were
composed of three exons and two introns, EkARF17.2 had five
exons and four introns, and EkARF3 contained 11 exons and 10
introns, which is consistent with the observed variation in protein
domains (Supplementary Figure S1). Overall, EkIAA and EkARF
genes appeared to be relatively conserved during evolution, but
those derived from segmental duplication have experienced some
structural divergence.

Cis-element Analysis of EkIAA and EkARF
Promoters
To explore the transcriptional regulation of EkARF and EkIAA
genes and predict their functions, we analyzed the cis-regulatory
elements in their promoters. We extracted 2,000 bp of upstream
sequence, which we submitted to the PlantCARE online tool
(Lescot et al., 2002). We then counted the number of
phytohormone-, environment-, and flavonoid-responsive
elements and noted their locations (Figure 5). cis-elements in
EkIAA and EkARF promoters exhibited a similar pattern
(Figure 5). Indeed, phytohormone-responsive and
environmental stress–related cis-elements were present in all
promoters of the EkIAA and EkARF gene family in E. konishii.

Expression Patterns of EkIAA and EkARF
Genes in E. konishii
We then used publicly available RNA-seq datasets to analyze the
expression patterns of EkIAA and EkARF genes at four fruit
developmental stages, including green, turning red fruit, and red-
winged pericarp stages, as well as in branches and leaves (Yang
et al., 2020); the results are summarized as heatmaps in Figure 6.
EkIAA gene family members showed varying expression patterns.
Most EkIAA genes were highly expressed in green fruits, with the
exception of EkIAA15.2, EkIAA33.1, EkIAA33.2, and EkIAA29.3,
of which the first two were expressed specifically in branches,
whereas the latter two genes were specifically expressed in red-
winged pericarp (Figure 6A). EkIAA27.5 and EkIAA32/34 were
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highly expressed during the red fruit stage. EkARF genes were
highly expressed during the fruit maturation stage (Figure 6B), of
which EkARF1.2, EkARF2.2, EkARF4.2, EkARF5.1, EkARF5.2,
EkARF16.3, and EkARF17.1 showed high expression levels in
the red fruit stage. Most EkIAA and EkARF genes were highly
expressed in fruits, hinting at their potential involvement in fruit
maturation, including the accumulation of associated secondary
metabolites.

To assess the extent of functional diversification within these
two families, we focused on duplicated gene pairs (10 EkIAA pairs
and 10 EkARF pairs) and calculated the Pearson’s correlation
coefficients of their expression profiles. Several duplicated gene
pairs did in fact exhibit differential expression across the samples
tested. Six EkIAA gene pairs (EkIAA12/13.1/-12/13.2,
EkIAA14.1/-14.2, EkIAA14.1/-16.1, EkIAA14.1/-16.2,
EkIAA14.2/-16.1, and EkIAA16.1/-16.2) and three EkARF gene
pairs (EkARF5.1/-5.2, EkARF8.1/-8.2, and EkARF24.1/-24.2)
showed similar expression patterns within the pairs, as
evidenced by their high correlation coefficients (Figure 6B).
We also identified one EkIAA pair and one EkARF pair with
distinct expression levels between duplicated copies: EkIAA27.5
(expressed at high levels in all samples) and the duplicated copy
EkIAA27.4 (expressed at relatively low levels), with a correlation
coefficient of 0.15 (Figure 6C); and EkARF11/18.1 (expressed at
low levels in all tissues) and EkARF18.2 (highly expressed in
branches), with a correlation coefficient of 0.45. (Figure 6D).
These results suggested that the functions of duplicated genes
may have diverged following the initial duplication event.

EkARFs May Regulate the Biosynthesis of
Terpenoids and Anthocyanins
Medicinal compounds such as triterpenes, phenolic acids, and
flavonoids have been isolated from Euscaphis fruits, leaves, and
roots (Liang et al., 2018). The accumulation of anthocyanin and
terpenoid secondary metabolites coincides with E. konishii fruit
maturation (Yuan et al., 2018b; Liang et al., 2019). Generally,
genes with similar expression patterns may have related roles as
they belong to the same regulatory pathway or are regulated by the
same upstream factors. Thus, co-expression detected from our
correlation analyses may provide cues as to gene regulation or
function. Because anthocyanin contents, and the key anthocyanin
biosynthetic genes, were previously well characterized during
Euscaphis fruit development (Yuan et al., 2018b), we performed a
correlation analysis between anthocyanin levels and the expression
estimates for anthocyanin biosynthesis genes, EkIAA, and EkARF
genes. We determined that anthocyanin contents were positively and
strongly correlated with the expression of five genes encoding key
enzymes (CHALCONE SYNTHASE8 [CHS8], CHALCONE
ISOMERASE2 [CHI2], FLAVANONE 3-HYDROXYLASE1 [F3H1],
F3H2, and F3H3) and very strongly correlated with that of another
eight genes (CHS2, CHI3, F3H4, FLAVONOID 3′-HYDROXYLASE
[F3′H], DIHYDROFLAVONOL 4-REDUCTASE1 [DFR1],
LEUCOANTHOCYANIDIN REDUCTASE [LAR], FLAVONOL 3-
O-GLUCOSYLTRANSFERASE3 [UFGT3], andUFGT7) (Figure 7A).
Because ARF proteins regulate the expression of their target genes by
binding to their cognate cis-elements in promoters, we looked for

EkARF genes co-expressed with the anthocyanin biosynthetic genes
listed above (Figure 7A), leading to the identification of seven such
genes (EkARF1.2, EkARF2.2, EkARF4.2, EkARF5.1, EkARF5.2,
EkARF16.3, and EkARF17.1).

Triterpenoids accumulate to high levels in Euscaphis fruits and are
important raw materials for natural products, food additives, and
chemical products. Genes encoding the enzymes involved in the
biosynthesis of triterpenoids have been described in the Euscaphis
genome (Huang et al., 2019; Liang et al., 2019), prompting us to test
for correlations between their expression patterns and those of ARFs
genes (Figure 7A). This analysis highlighted seven EkARF genes
(EkARF1.2, EkARF2.2, EkARF4.2, EkARF5.1, EkARF5.2, EkARF16.3,
and EkARF17.1) whose expression was positively and strongly
correlated with genes involved in triterpenoid accumulation
(Figure 7). These results suggested that ARF genes contribute to
secondary metabolite biosynthesis in Euscaphis.

ARF proteins are transcription factors that can bind to AuxREs
(TGTCTC) to regulate the expression of their target genes. We
noticed at least one AuxRE either upstream, downstream, or
within intronic regions of anthocyanin and triterpenoid
biosynthetic genes (Supplementary Table S3). To assess the role
of ARFs in anthocyanin and triterpenoid biosynthesis, we selected
EkARF5.1 for further characterization. RT-qPCR showed that
EkARF5.1 is highly expressed during the red fruit stage, which is
consistent with the RNA-seq data (Figure 7B). We fused EkARF5.1
to the GAL4 activation domain (AD) (AD-EkARF5.1) and
introduced the resulting construct into yeast strain Y1HGold
carrying a reporter consisting of seven copies of the AuxRE
sequence driving the expression of Aureobasidin Resistance 1,
conferring resistance to the antibiotic aureobasidin A (AbA).
Whereas yeast colonies carrying AD or AD-EkARF5.1 grew on
synthetic defined medium (Figure 7C), only yeast cells harboring
the AD-EkARF5.1 construct survived growth on AbA-containing
medium (Figure 7C), supporting the notion that EkARF5.1 binds to
the AuxRE. We then tested the transactivation activity of EkARF5.1
by fusing full-length EkARF5.1 to the GAL4 DNA binding domain
(BD) to generate the BD-EkARF5.1 fusion protein; the resulting
encoding construct was introduced into yeast strain Y2HGold, which
harbors the His3 gene driven by a GAL4-responsive promoter
(Figure 7C). Only yeast cells carrying the BD-EkARF5.1 construct
survived on synthetic medium lacking histidine, unlike yeast cells
carrying the empty GAL4 DB vector (Figure 7C). These results
indicated that EkARF5.1 has transactivation activity in yeast cells.
Finally, we tested EkARF5.1 inN. benthamiana leaf epidermal cells by
co-infiltrating a construct overexpressing EkARF5.1 and a
β-GLUCURONIDASE (GUS) reporter construct whose expression
is driven by seven copies of the AuxRE. We detected GUS activity in
plant cells only when EkARF5 was co-expressed (Figure 7D). These
results demonstrate that EkARF5.1 may play a role during
anthocyanin and triterpenoid biosynthesis.

DISCUSSION

Plant secondary metabolites consist of various bioactive
compounds with applications in medicine and industry. The
biosynthesis of plant secondary metabolites is regulated not
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only by plant growth and development signaling, but also by
environmental stress cues. In China, E. konishii is widely planted
as a medicinal and ornamental plant, but the regulatory
mechanism of secondary metabolite biosynthesis is poorly
understood, which limits genetic improvement and
development of agronomic management techniques. In this
study, we identified 34 Aux/IAA genes and 29 ARF coding
sequences that map to some, but not all, linkage groups that
constitute the E. konishii genome. Co-expression analysis
suggested that seven EkARF genes may regulate anthocyanin
and triterpenoid biosynthesis in E. konishii. Our data improve the
understanding of the EkIAA and EkARF gene families and may
provide valuable information on their biological functions in the
context of secondary metabolite biosynthesis.

Auxin is an essential plant hormone, and Aux/IAAs and ARFs
are key components of the signaling transduction process. Most
of the current knowledge on Aux/IAA and ARF function, gene
expression, and regulation has been obtained from studies in
annual herbaceous plants such as Arabidopsis, rice, and tomato
(Luo et al., 2018), while much less is known about IAAs and ARFs
in longer-lived species, such as the evergreen shrub E. konishii. In
this study, we identified 34 Aux/IAA and 29 ARF family members
in the E. konishii genome (Figure 1; Supplementary Table S1),
which was comparable to the numbers in other species, such as
Arabidopsis (29Aux/IAAs and 23ARFs) (Remington et al., 2004),
poplar (35 Aux/IAAs and 39 ARFs) (Kalluri et al., 2007), maize
(31Aux/IAAs and 31ARFs) (Wang et al., 2010), and rice (31 Aux/
IAAs and 25 ARFs) (Jain et al., 2006). EkIAA and EkARF genes
clustered into five groups, as previously reported in Arabidopsis
(Remington et al., 2004). Most EkIAA and EkARF genes within
the same phylogenetic group shared similar exon-intron
structures and the same arrangement of functional motifs in
their encoded proteins (Figure 4), likely reflecting the gene
duplication events that have shaped the expansion of the EkIAA
and EkARF gene families in the E. konishii genome. Ka/Ks values of
homologous genes further showed that duplicated genes
underwent purifying selection (Supplementary Table S1). These
results indicated that the two gene families are evolutionarily
conserved with those from other plant species and may thus
exhibit the same function and biochemical characteristics in E.
konishii. However, we also identified six EkIAAs (EkIAA1.3,
EkIAA29.1, EkIAA29.2, EkIAA29.3, and EkIAA29.4) that lack
domain I (Figure 4), which are not expected to repress their
downstream targets because domain I can repress the
expression of target genes when in close proximity to the
promoter (Hagen and Guilfoyle, 2002). Therefore, the E.
konishii genome encodes conserved EkIAA and EkARF gene
family members, although some members exhibit domain loss,
possibly having arisen from unknown segmental duplication
events, which will increase the complexity of auxin regulation.

The phytohormone auxin plays critical roles during plant
growth. During fruit development, auxin also induces fruit set
and growth, whereas it represses fruit maturation and ripening
(Pattison et al., 2014). During tomato fruit maturation, the
SIARF2 expression level increases in response to stimulation
by ethylene, suggesting that auxin may repress fruit ripening
(Pattison et al., 2014). Although gene structure and their encoded

protein motifs were conserved in EkIAA and EkARF gene
families, a subset of EkIAA and EkARF genes showed high
expression during fruit maturation and ripening (Figure 6).
Seven EkARFs were highly expressed during fruit maturation,
of which EkARF1.2, EkARF2.2, EkARF4.2, EkARF16.3, and
EkARF17.1 encode proteins containing a proline/serine/
threonine-rich domain that acts as a transcriptional repressor
(Supplementary Figure S1) (Tiwari et al., 2003). These results
suggested that E. konishii fruit maturation and ripening may be
similar to tomato. Interestingly, the two ARF5 homologs
EkARF5.1 and EkARF5.2 contained a glutamate-rich domain
that functions as a transcriptional activator domain; their
encoding genes were highly expressed during E. konishii fruit
maturation and ripening (Supplementary Figure S1) (Tiwari
et al., 2003; Guilfoyle and Hagen, 2007), indicating that auxin
signaling may play distinct roles during E. konishii fruit
maturation and ripening processes. In Arabidopsis, ARF5
affects meristem development (Dastidar et al., 2019), while we
showed here that EkARF5 is highly expressed during fruit
maturation and ripening, likely reflecting changes in the
promoter region associated with E. konishii and suggesting
that the EkARF family underwent subfunctionalization during
its evolutionary history. The high accumulation of secondary
metabolites is a main feature of E. konishii fruit maturation and
ripening (Yuan et al., 2018b). Co-expression analysis further
revealed that EkARF5.1 and EkARF5.2 expression is positively
and strongly correlated with that of anthocyanin and triterpenoid
biosynthetic genes (Figure 7A). We confirmed that EkARF5.1 is
highly expressed during fruit maturation and ripening stages and
that EkARF5.1 can directly bind to AuxREs located within the
promoter regions of anthocyanin and triterpenoid biosynthetic
genes to activate their transcription in yeast and plant cells
(Figures 7C,D). These results strongly suggest that EkARF5.1
and EkARF5.2 may be positive regulators of secondary metabolite
biosynthesis, although the exact mechanisms by which they
regulate anthocyanin biosynthesis require further study.

E. konishii fruit maturation and ripening involve pericarp
splitting, pericarp overturn, and the accumulation of secondary
metabolites (Yuan et al., 2018b; Liang et al., 2019; Huang et al.,
2019; Sun et al., 2021). Pericarp overturn, the process in which the
pericarp morphological changes after pericarp splitting
(Supplementary Figure S2), is the main difference between E.
konishii fruits and those of grape (Vitis vinifera) and tomato
(Yuan et al., 2018b; Liang et al., 2019; Sun et al., 2021), which
and may contribute to its survival and enable expansion to new
environments (Sun et al., 2021). Pericarp overturn may be the result
of uneven cell growth between epicarp and endocarp (Sun et al.,
2021), which is associated with cell growth or differentiation (Ding
et al., 2011). Auxin asymmetric distribution mediated by
development and environmental cues results in uneven cell
growth, thus regulating plant growth and response to
environmental changes (Ding et al., 2011). Therefore, the highly
expressed EkARF5s are probably involved in pericarp overturn in
the last stage of E. konishii fruit maturation (Figure 6B; Figure 7B).
It has been reported that auxin or its signaling is involved in
biosynthesis of secondary metabolites such as anthocyanin,
flavonols, and glucosinolates (Lewis et al., 2011; Wang et al.,
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2018;Wang et al., 2020). Given that pericarp split, pericarp overturn,
and secondary metabolites are coupled (Yuan et al., 2018b), they
may be regulated by similar or identical molecular mechanisms. In
our study, we identified AuxREs in the promoters of anthocyanin
and triterpenoid biosynthetic genes (Supplementary Table S3), to
which EkARF5 can bind in yeast and plant cells, suggesting that
EkARF5-mediated auxin signaling may regulate multiple signaling
pathways in E. konishii fruit maturation.

CONCLUSION

We comprehensively analyzed the Aux/IAA and ARF gene
families in E. konishii, which are evolutionarily well conserved.
Expression and co-expression analyses showed that EkARF5 may
play critical roles during the regulation of secondary metabolite
biosynthesis. This study provides the basis for uncovering the
regulatory mechanisms necessary to boost the production of
industrial products and breed new E. konishii varieties with
high economic output.
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Genome-Wide Diversity of MADS-Box
Genes in Bread Wheat is Associated
with its Rapid Global Adaptability
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MADS-box gene family members play multifarious roles in regulating the growth and
development of crop plants and hold enormous promise for bolstering grain yield potential
under changing global environments. Bread wheat (Triticum aestivum L.) is a key stable
food crop around the globe. Until now, the available information concerning MADS-box
genes in the wheat genome has been insufficient. Here, a comprehensive genome-wide
analysis identified 300 high confidence MADS-box genes from the publicly available
reference genome of wheat. Comparative phylogenetic analyses with Arabidopsis and
rice MADS-box genes classified the wheat genes into 16 distinct subfamilies. Gene
duplications were mainly identified in subfamilies containing unbalanced homeologs,
pointing towards a potential mechanism for gene family expansion. Moreover, a more
rapid evolution was inferred for M-type genes, as compared with MIKC-type genes,
indicating their significance in understanding the evolutionary history of the wheat genome.
We speculate that subfamily-specific distal telomeric duplications in unbalanced
homeologs facilitate the rapid adaptation of wheat to changing environments.
Furthermore, our in-silico expression data strongly proposed MADS-box genes as
active guardians of plants against pathogen insurgency and harsh environmental
conditions. In conclusion, we provide an entire complement of MADS-box genes
identified in the wheat genome that could accelerate functional genomics efforts and
possibly facilitate bridging gaps between genotype-to-phenotype relationships through
fine-tuning of agronomically important traits.

Keywords: genome-wide analysis, in-silico expression, TaMADS’s, transcription factors, Triticum aestivum, wheat
adaptability
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INTRODUCTION

In the fight for global food security and safety, bread wheat
represents one of the largest contributing grain crops. It is one of
the most produced, stored, and consumed food crops worldwide
and a major source of energy and nutrients in the developing
countries (Igrejas and Branlard, 2020). However, following the
green revolution, improvement of wheat grain production has
been hindered by various bottlenecks. This includes, but is not
limited to, the non-availability of a reliable and fully annotated
reference genome (Brenchley et al., 2012; Lukaszewski et al., 2014;
Chapman et al., 2015; Clavijo et al., 2017; Zimin et al., 2017). The
slow progress in harnessing a fully annotated reference genome
was mainly due to the genome’s allohexaploid nature, which
comprises three closely related, but independently maintained,
sub-genomes, known as A, B, and D. This, in combination with a
high frequency of repetitive sequences, particularly hindered
progress. Recently, an alliance of geneticists combined
resources over 13 years, to produce a fully annotated sequence
of the wheat genome, which had a resultant size of ∼17 Gbps. This
is the largest known genome among crop plants (Appels et al.,
2018). To add to this, the high-quality of the reference genome,
together with large scale RNA-seq data and expression
repositories (Borrill et al., 2016; Ramírez-González et al.,
2018), provide a rich resource for studying evolutionary
dynamics and functional characterization of important gene
families, which in turn could facilitate crop improvement efforts.

MADS-box transcription factors (TFs) are a well-documented
group of genes known for playing vital roles in regulating the growth
and development of several important plant species (Smaczniak
et al., 2012; Ali et al., 2019). These genes influence diverse biological
functions, including cell development, signal transduction, biotic and
abiotic stress responses, vegetative organs development, control of
flowering and anthesis time, formation of meristems and flower
organs, ovule development, embryo development, dehiscence zone
formation, and ripening of fruits and seeds (Colombo et al., 1995;
Rounsley et al., 1995; Kuo et al., 1997; Riechmann and Meyerowitz,
1997; Alvarez-Buylla et al., 2000; Samach et al., 2000; Saedler et al.,
2001; Moore et al., 2002; Messenguy and Dubois, 2003; Pařenicová
et al., 2003; Smaczniak et al., 2012; Ali et al., 2019). Given their
importance, identification, and characterization ofMADS-box genes
in agriculturally important species are critical for crop improvement
and fine-tuning of specific traits through genetic exploitations.

All MADS-box genes contain a highly conserved MADS (M)
domain of approximately 58–60 amino acids. The M domain
enables DNA binding and is in the N-terminal region of the
protein (Yanofsky et al., 1990). Members of this gene family are
classified into M/type I and MIKC/type II super clades, which
were generated after an ancient gene duplication event that
occurred before the separation of animal and plant lineages
(Becker and Theißen, 2003). M-type genes have simple intron-
exon structures (zero or one intron), only contain a single M
domain, and encode Serum Response Factor (SRF)-like
proteins. These can be subcategorized into four clades (Mα,
Mβ, Mγ, andMδ). However, theMδ clade genes closely resemble
those within the MIKC* group, as previously reported (De Bodt
et al., 2003).

In comparison, MIKC-type genes have four domains: 1) a
highly conserved DNA binding M domain, 2) a less conserved
Intervening (I) domain of ∼ 30 AA involved in dimer formation,
3) a moderately conserved Keratin (K) domain of ∼ 70 AA which
regulates heterodimerization of MADS proteins, and lastly 4) a
highly inconstant C-terminal region which contributes to
transcriptional regulation and higher-order protein complex
formation (Henschel et al., 2002; Díaz-Riquelme et al., 2009).
MIKC-type genes encode Myocyte Enhancer Factor 2 (MEF2)-
like proteins and are categorized into MIKCc and MIKC* clades
(Kaufmann et al., 2005). MIKC*-type genes have duplicated K
domains and relatively longer I domains than MIKCc -types
(Duan et al., 2014). MIKCc-type genes can be further
categorized into several subclades based on their phylogenetic
relationships in flowering plants (Gramzow and Theißen, 2015).

Like what has been observed in other model and crop plant
species, in wheat MADS-box genes are known to confer drought
tolerance through regulation of drought tolerance genes and
micro-RNAs (Budak et al., 2015). In addition to this,
TaMADS51, TaMADS4, TaMADS5, TaMADS6, and
TaMADS18 all showed up-regulation, where TaMADAGL17,
TaMADAGL2, TaMADWM31C, and TaMADS14 were
downregulated, under phosphorous (P) starvation, and further
functional analysis confirmed their role in P-deficient stress
responses (Shi et al., 2016). In another study, several MADS-
box genes were activated and differentially expressed after
inoculation of wheat spikes with fusarium head blight (FHB)
(Kugler et al., 2013). Furthermore, a simple yet elegant ABCDE
floral organ identity model explained the complex genetic
interactions among MIKC-type wheat MADS-box genes for
determining the fate of floral organs (Ali et al., 2019). These
significant roles of MADS-box genes in biotic and abiotic stresses,
fertilizer response, and flower development highlight the
necessity of their comprehensive identification and
characterization in the bread wheat genome.

Genome-wide identification and characterization of
important gene families are becoming main stream research
approaches during recent years (Ahmed et al., 2021; Aleem
et al., 2022). Previously, comprehensive genome-wide analyses
of MADS-box genes have been carried out in diverse plant
species. However, the available information about wheat
MADS-box genes is comparatively sparse. For example, Ma
et al. (2017) reported the first genome-wide analysis of
MADS-box genes using only a draft version of the wheat
genome (TGACv1) which contains a lesser number of genes.
Likewise, Schilling et al. (2020) studied only MIKC-type MADS-
box genes from an updated genome version (Ref. Seq 1.0).
Moreover, a significant number of low confidence and/or
truncated protein-coding pseudogenes were also included in
the before-mentioned studies.

To bridge the gaps in knowledge, in this study we
comprehensively identify the entire complement of high
confidence, full-length, protein-coding MADS-box genes
present in the publicly available reference genome of bread
wheat (IWGSC RefSeq v1.1). Through a combination of
different search approaches, 300 high confidence, non-
redundant, full-length MADS-box genes were identified.
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Comparative phylogenetic analyses with model plant MADS-box
genes further classified these into at least 16 Arabidopsis and/or
grass specific subfamilies. Moreover, homeologous and
duplicated genes were identified to study probable gene family
expansion and evolution mechanisms. Furthermore, expression
patterns of identified MADS-box genes were studied under
several biotic and abiotic stress conditions. In this way, we
provide a comprehensive resource of wheat MADS-box genes
which have the potential to facilitate molecular breeders in fine-
tuning important traits for further improvement.

MATERIAL AND METHODS

Identification of MADS-Box Genes
The publicly available genome version of wheat (IWGSC Ref. Seq
v1.1) was accessed through the ensemble plants database (Bolser
et al., 2017) and searched using protein family database (Pfam)
identifiers of MADS (PF00319) and K (PF01486) domains. A
total of 281 MADS-domain and 131 K-domain encoding genes
were identified. Additionally, a query-based search using
“MADS” yielded 300 genes. Together, these searches identified
a total of 712 genes (Supplementary Table S1), among which 300
were found to be high confidence and non-redundant and
considered for further analyses. Detailed information of these
300 genes was retrieved from the ensemble plants database and is
provided in Supplementary Table S2. Moreover, amino acid
sequences for the identified genes were uploaded into the NCBI
conserved domain database (Marchler-Bauer et al., 2015) for
validation of putative protein domains (Supplementary Table
S3). Gene identifiers were used as gene names for subsequent
analyses; however, alternative names used in previous studies
(Schilling et al., 2020) were also provided in Supplementary
Table S4.

Comparative Phylogenetic Analyses and
Subfamily Classifications
Differentiation between type I (M-type) and type II (MIKC-type)
MADS-box proteins were achieved by separate MAFFT
alignments using only the MADS domain (L-INS-i algorithm)
(Katoh and Standley, 2013; Katoh et al., 2018) between
Arabidopsis (Pařenicová et al., 2003) and wheat, and rice
(Arora et al., 2007) and wheat MADS-box proteins.
Subsequently, maximum likelihood (ML) phylogenies were
inferred using IQ-TREE (Nguyen et al., 2015) by choosing JTT
+ F + G4 best fit substitution model according to the Bayesian
information criterion (BIC) (Kalyaanamoorthy et al., 2017). The
consistency of the ML trees was validated by setting an Ultrafast
bootstrap value of 1,000 (Minh et al., 2013; Hoang et al., 2018).
The final phylogenetic trees were visualized withMEGA7 (Kumar
et al., 2016).

Subfamily classifications were accomplished by separate
MAFFT alignments within M-type (L-INS-i algorithm) and
MIKC-type (E-INS-i algorithm) MADS-box protein sequences
of Arabidopsis, rice, and wheat (Katoh and Standley, 2013; Katoh
et al., 2018). The full-length alignments were subjected to the Gap

Strip/Squeeze v2.1.0 tool (www.hiv.lanl.gov/content/sequence/
GAPSTREEZE/gap.html) for masking the individual residues
by removing the gaps with default parameters. Then, masked
alignments of M-type and MIKC-type proteins were
independently subjected to the IQ-TREE software (Nguyen et al.,
2015) for generating ML phylogenetic trees as described above.
Subfamily names were given by following subfamily
classifications in Arabidopsis and/or major grass species
(Gramzow and Theißen, 2015) (Supplementary Table S2
and Supplementary Table S4).

Homeologs Identification
Putative homeologs were recognized based on strong
phylogenetic relationships (Ultrafast bootstrap value >90)
within different sub-families. Classifications reported in
previous studies were also considered (Appels et al., 2018).
The homeologs status of thirty-one genes could not be
determined due to lower Ultrafast bootstrap values
(Supplementary Table S5).

Gene Duplication and Evolution Analyses
Coding sequences (CDS) of all wheat MADS-box genes were
retrieved from the ensemble plants database and blasted against
each other using Sequence Demarcation Tool V1.2 (Muhire
et al., 2014) for the identification of sequence identities. Gene
pairs with ≥ 90% identity (E value < 1e−10) and non-
homeologous status were considered as duplicated (Ning
et al., 2017) (Supplementary Table S6). If the duplicated
homologous gene pair was located on the same chromosome
it was defined as tandem duplication. Otherwise, when
homologous gene pairs were located on different
chromosomes it was defined as segmental duplication. The
CDS sequences of duplicated genes were MAFFT aligned,
masked, and subjected to the Synonymous Non-Synonymous
Analysis Program V2.1.1 (www.hiv.lanl.gov/content/sequence/
SNAP/SNAP.html) to compute the synonymous (Ks) and non-
synonymous (Ka) substitution rates. To find out which type of
codon selection operated during evolution, the ratio of Ka/Ks
was also calculated. The approximate divergence time between
duplicated gene pairs was calculated by using formulae T � Ks/
2r × 10−6 assuming a substitution rate (r) of 6.5 × 10−9

substitutions/synonymous site/year (El Baidouri et al., 2017)
(Supplementary Table S6).

In-Silico Expression Analysis
Expression data under all available abiotic and biotic stress
conditions were retrieved from the expVIP Wheat Expression
Browser (Borrill et al., 2016; Ramírez-González et al., 2018) as
Log2 TPM (processed expression value in transcripts per million)
obtained via RNA-seq analysis. Detailed information about
expression levels of individual genes in tested tissues/growth
stages and stresses/diseases are provided in the supplementary
information (Supplementary Table S7). TBtools (Chen et al.,
2020) was used to generate a heatmap from the obtained
expression data. Expression based clustering of genes was
achieved by following the K-means clustering method (K � 10,
iterations � 1,000, runs � 5) (Supplementary Table S8).
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RESULTS

MADS-Box Genes Galore in Wheat Genome
In this study, conserved domains and query search-based
approaches identified a total of 300 high confidence and
non-redundant MADS-box genes from the publicly
available wheat genome (Figure 1A, Supplementary Table
S2). The NCBI-CDD batch search further revealed that 167
(∼55.7%) encode MADS-box proteins, 125 (∼41.7%) encode
MADS and K-box proteins, and only 8 (∼2.6%) encode K-box
domain-containing proteins (Supplementary Table S3). The
protein lengths, molecular weight, and isoelectric points of
MADS domain-containing proteins ranged from 58 to 450
amino acids, 6.483–48.304 kD, and 4.420–12.123 pI,
respectively (Supplementary Table S2). This data suggests
that different MADS-box genes may function within different
environments.

Comparative phylogenetic analyses between Arabidopsis and
wheat MADS-box genes (Supplementary Figure S1), as well as
between rice and wheat (Supplementary Figure S2),
distinguished wheat genes into M- and MIKC-types
(Supplementary Table S2). In wheat, 128 (∼43%) MADS-box
genes exhibited high sequence similarity with Arabidopsis and
rice M-type (type-I) genes, whereas 172 (∼57%) revealed more
homology with MIKC-type (type-II) genes. In general, MADS-
box genes were equally distributed among the 21 wheat
chromosomes, apart from the three homeologous
chromosomes (7A, 7B and 7D), which harboured a
significantly higher number of genes and displayed peak gene
density values (Figure 1A). This observation could be explained
by the higher prevalence of duplicated gene pairs on these
chromosomes (Appels et al., 2018). However, M-type genes
were randomly distributed among chromosomes and were
predominantly located on three homeologous chromosomes of
3rd, 6th, and 7th linkage groups (Figure 1A and Supplementary
Figure S3). In comparison, MIKC-type genes were equally
distributed on all chromosomes. Furthermore, the percent
contributions of A, B, and D genomes were also comparable

(Figure 1B). As expected, MIKC-type genes were the largest
group of MADS-box genes in wheat.

Subfamily Diversity in MADS-Box Genes
Separate ML phylogenies among Arabidopsis, rice, and wheat
MADS-box genes exposed 14 MIKC-type and 3 M-type major
subfamilies. The 172 MIKC-type genes were unevenly dispersed
into AP1 (9), AP3 (6), PI (6), AG/STK (12), SEP (28), AGL6 (3),
AGL12 (6),AGL17 (31), Bsister (19),MIKC* (27),OsMADS32 (3),
SOC1 (13), and SVP (9) subfamilies (Figure 2A, Supplementary
Table S2). As expected, monocot (OsMADS32) and eudicot
(FLC) specific gene subfamilies were also witnessed. Likewise,
128 M-type genes were randomly distributed into Mα (53), Mβ
(28), and Mγ (47) subfamilies (Figure 2B).

In general, Arabidopsis, rice and wheat MADS-box gene
subfamilies roughly followed the species-specific phylogenetic
clades. Triads of wheat homeologous genes exhibited close
relationships with one or more rice genes, with Arabidopsis
genes representing a sister group association to grass genes
(e.g., the AP1, AP3, PI, AG/STK, AGL6, AGL12, OsMADS32,
SOC1, and SVP subfamilies; Figure 2A). Whereas the subfamily
phylogenies were more complex in the case of AGL17, Bsister,
MIKC*, SEP, and all M-type MADS-box genes, probably due to
multiple duplication events during the polyploidization of wheat
genome.

Previously Classified FLC-Like Genes
Grouped With MIKC*-Like Genes
FLOWERING LOCUS C (FLC)-like genes have been confirmed to
regulate flowering time and vernalization responses in plants
(Distelfeld et al., 2009; Andrés and Coupland, 2012) and their
wheat and rice counterparts have been reported based on
sequence homology and phylogenetic tree reconstructions
(Ruelens et al., 2013; Schilling et al., 2020). However, in this
study, despite employing updated resources and tools (see
Materials and Method section), none of the wheat and rice
MADS-box genes fell into the Arabidopsis specific FLC-clade

FIGURE 1 | Distribution pattern of MADS-box genes on wheat chromosomes and sub-genomes. (A) Number of MADS-box genes and their density on individual
wheat chromosomes. (B) Percent contribution of each sub-genome to MADS-box genes galore.
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(Figure 2A). All the wheat genes which were previously classified
as FLC-like (Supplementary Table S4) were grouped with
MIKC*-like MADS-box genes. Furthermore, we compared the
amino acid sequences of Arabidopsis specific FLC genes and
found that these were significantly different from MIKC*-like
genes (Figure 3). The most significant differences were detected
in MADS domain region at 30th, 34th, and 50th positions where
glutamic acid (E), glutamine (Q), and alanine/glycine/serine
(A/G/S) residues of FLC genes were substituted with lysine (K),
glutamic acid (E), and proline (P), respectively. Collectively,
these results indicate that wheat and rice genomes might lack
FLC clade.

Subfamily-Specific Gene Duplications in
MADS-Box Genes
Overall, MADS-box genes were equally located in the interstitial and
proximal regions (R2a, R2b and C) and distal telomeric (R1 and R3)
ends of chromosomes (49 and 51%, respectively) (Supplementary
Table S2). However, substantial differences were observed among
gene locations of M-type and MIKC-type genes, as well as among
subfamilies. Most of the M-type genes were in distal telomeric
segments (62%), whereas MIKC-type genes were more prevalent
in central chromosomal segments (57%). Generally, a larger portion
of genes belonging to significantly expended subfamilies tend to be in
distal telomeric ends, whereas genes of smaller subfamilies were
more clustered in central chromosomal segments (Supplementary
Table S2).

Gene duplications were identified through sequence
similarities in coding sequences of all MADS-box genes. A
total of 201 duplicated gene pairs with ≥90% sequence
homology were identified, which corresponded to 123 non-
redundant genes (Figure 4, Supplementary Table S6). Two
genes (TraesCSU02G209900, TraesCSU02G235300) with
unknown chromosomal location information were also
recognized to be duplicated. However, TraesCSU02G235300
showed duplications with genes located on chromosome 3B
only, strongly suggesting that it was also located on the 3B
chromosome. The MIKC-type MADS-box genes were also
found to be more duplicated than M-type genes (60 vs 40% of
duplicated gene pairs, respectively), particularly due to expended
subfamilies (e.g., AGL17, Bsister, MIKC*, SEP, and SOC1).
Remarkably, duplicated gene pairs were subfamily-specific and
particularly recognized in subfamilies containing unbalanced
homeologs, except for the AP3 subfamily (Table 1,
Supplementary Table S5 and Supplementary Table S6).
Among subfamilies, Mα, AGL17, MIKC*, and SEP contained
25, 21, 14, and 12% of the total duplicated gene pairs, respectively,
and the majority of these were in distal telomeric and sub-
telomeric (one gene located on the telomeric segment and
other on the central segment) chromosomal regions. We also
observed that the majority of the duplicated gene pairs (∼51%)
were in distal telomeric segments, whereas only 26 and 23% of the
duplicated gene pairs were in proximal and sub-telomeric
segments of chromosomes. These results could be explained
by higher gene density in distal vs central chromosomal

FIGURE 2 |Comparative phylogenetic analysis-based subfamily classifications of wheat MADS-box genes. Arabidopsis, rice, and wheat MADS-box proteins were
MAFFT aligned (Katoh and Standley, 2013; Katoh et al., 2018), maximum likelihood phylogenies inferred using IQ-TREE software (Nguyen et al., 2015) and final trees
visualized with MEGA7 (Kumar et al., 2016). Separate phylogenetic trees were inferred among Arabidopsis, rice, and wheat MIKC-type (A) and M-type (B) proteins.
Wheat MADS-box genes are highlighted with solid black circles. Only bootstrap values ≥ 50%, as calculated from 1,000 replicates, could be displayed on the tree
nodes. Subfamily-specific colouring was adopted for differentiating the different subfamilies. Subfamily names (outer bands) were given by following the subfamily
classifications in Arabidopsis and/or major grass species (Gramzow and Theißen, 2015). Alternate gene names used in previous studies are also provided in
Supplementary Table S4.
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segments (Appels et al., 2018). Furthermore, segmental
duplications were more prevalent than tandem duplications
(61 and 37%) in 197 of the duplicated gene pairs with
available chromosomal information (Supplementary Table
S6). Interestingly, >37% of all tandem duplications were
identified on chromosome 3B, consistent with IWGSC
findings (Appels et al., 2018). Collectively, these results
strongly suggest that unbalanced homeologs in distal telomeric

regions derive MADS-box subfamilies expansion through
segmental duplications.

Rapid Evolution of M-Type MADS-Box
Genes
To investigate evolution rates, we estimated substitutions in
coding sequences and computed approximate divergence time

FIGURE 3 | Structural differentiation between FLC- andMIKC*-like MADS-box genes. Amino acid sequences of representative genes from both subfamilies were
aligned using Clustal Omega (Sievers et al., 2011) with default parameters and multiple sequence alignment visualized with MEGA7 (Kumar et al., 2016). FLC-like genes
(above solid black line) were separated fromMIKC*-like genes (below solid black line). The conserved and diverged residues were indicated with star (*) and asterisk (#)
symbols, respectively. Multiple sequence alignment demonstrated conservation of amino acid residues/motifs within both subfamilies, whereas diversification
between subfamilies.
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between duplicated gene pairs (Supplementary Table S6). In
M-type genes, 1st and 3rd quartiles of synonymous
substitutions (Ks) were considerably narrower than MIKC-
type genes, whereas non-synonymous to synonymous
substitution ratios (Ka/Ks) of M-type genes were
significantly higher than 1st and 3rd quartiles of MIKC-type
genes (Figure 5). Furthermore, the percentage of duplication

events because of positive/Darwinian selection (Ka/Ks ratio
>1) was almost doubled (23%) in M-type genes as compared
with MIKC-type genes (12%) (Supplementary Table S6).
Additionally, the estimated divergence time of M-type genes
was significantly narrower than the MIKC-type genes. The
mean divergence time of M-type genes was nearly half of the
mean of MIKC-type genes (Figure 5). Taken together, these

FIGURE 4 | Subfamily-specific gene duplications among wheat MADS-box genes. Duplicated genes were plotted in a circular diagram using respective physical
positions with shinyCircos (Yu et al., 2018). The outer track indicates three different sub-genomes (shades of green), and the inner track represents chromosomal
segments (R1 and R3, purple; R2a and R2b, sky blue; C, light grey) (Appels et al., 2018). Duplicated genes were identified through sequence similarity (Supplementary
Table S6; see material and method section) and linked with subfamily-specific colours as in Figures 2A,B, except for AGL17-like genes which were linked using
chocolate colour. The linked duplicated genes positioned on different wheat chromosomes represent segmental duplications, whereas tandem duplications were
indicated by incomplete links within the same chromosomes.
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data strongly indicate a rapid evolution of M-type MADS-
box genes.

Expression Patterns of MADS-Box Genes
Under Abiotic and Biotic Stresses
Extensive investigations have been carried out to study the
expression patterns of MADS-box genes during the growth
and development of crop plants. However, their
transcriptional regulation under stressful conditions is

somewhat obscure. Therefore, we analysed RNA-seq based
expression data of 300 MADS-box genes under all available
biotic and abiotic stress conditions in the exVIP wheat
expression browser (Borrill et al., 2016; Ramírez-González
et al., 2018) (Figure 6, Supplementary Table S7). Out of the
total 300 genes, nearly 57% were expressed (log2 TPM 0.20–7.89)
during at least one developmental stage of one or more of the
stresses included in this study. Whereas the remaining 43% of
genes showed no or very low expression (log2 TPM <0.0) and
were subsequently considered as not expressed.

TABLE 1 | A potential relationship between unbalanced homeologs and gene duplications in wheat MADS-box gene family.

Subfamily Total homeologsa Balanced homeologsb Unbalanced homeologsc Gene duplications

Mα 53 33 20 Present
Mβ 28 10 18 Present
Mγ 47 26 21 Present
AG/STK 12 12 0 Absent
AGL12 6 6 0 Absent
AGL17 31 22 9 Present
AGL6 3 3 0 Absent
AP1 9 9 0 Absent
AP3 6 6 0 Presentd

Bsister 19 10 9 Present
MIKC* 27 21 6 Present
OsMADS32 3 3 0 Absent
PI 6 6 0 Absent
SEP 28 25 3 Present
SOC1 13 12 1 Present
SVP 9 9 0 Absent

aTotal number of gene copies from three different wheat genomes (A, B, D).
bAt least one gene copy is present in all diploid genomes.
cGene copy is missing in one or two genomes.
dException-gene duplications identified despite holding balanced homeologs.

FIGURE 5 | Boxplots showing evolution patterns in M- and MIKC-type wheat MADS-box genes. The coding sequences of the duplicated genes were MAFFT
aligned (Katoh and Standley, 2013; Katoh et al., 2018), masked and subjected to SNAP V2.1.1 program for computing the synonymous (Ks) and non-synonymous (Ka)
substitution rates. The divergence time between duplicated genes pairs was estimated in million years ago (MYA) by following El Baidouri et al. (2017) and boxplots were
generated using Microsoft Excel 2019.
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FIGURE 6 | Expression patterns of wheat MADS-box genes under stressful conditions. RNA-seq based expression data of all MADS-box genes were retrieved
from the exVIP wheat expression browser (Borrill et al., 2016; Ramírez-González et al., 2018) and a heatmap was generated with TBtools (Chen et al., 2020). Processed
expression levels of all genes under different abiotic (I, spikes with water stress; II, drought and heat-stressed seedlings; III, seedling treated with PEG to induce drought;
IV, shoots after 2 weeks of cold stress; V, phosphate starvation in roots/shoots/leaves) and biotic stresses (VI, coleoptile infection with Fusarium
pseudograminearum/crown root; VII, FHB infected spikelets (0–48 h); VIII, FHB infected spikelets (30–50 h); IX, spikes inoculated with FHB and ABA/GA; X, CS spikes
inoculated with FHB; XI, leaves naturally infected with Magnaporthe oryzae; XII, PAMP inoculation of seedlings; XIII, stripe rust infected seedlings; XIV, stripe rust and
powdery mildew infection in seedlings; XV, Septoria tritici infected seedlings; XVI, Zymoseptoria tritici infected seedlings) (columns) and in different subfamilies (rows) are
presented as Log2 transcripts per million (Log2 TPM). Detailed information about expression levels of individual genes in tested tissues/growth stages and stresses/
diseases are provided in Supplementary Table S7.
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Overall, MIKC-type MADS-box genes were highly expressed
under all studied stresses, whereas nearly 75% of the non-
expressed genes belonged to the three M-type subfamilies.
Interestingly, the remaining 25% of the non-expressed genes
belonged to MIKC-subfamilies containing duplicated genes,
e.g., AGL17, MIKC*, and Bsister. As most of the duplicated
genes were in distal telomeric and sub-telomeric segments of
chromosomes, it could be expected that promoters of these genes
had undergone H3K27me3 (trimethylated histone H3 lysine 27)
hypermethylation which resulted in their lower or non-existent
expression (Ramírez-González et al., 2018).

In general, genes of all MIKC-type subfamilies (except AGL17)
were ubiquitously expressed in fusarium head blight infected
spikelets/spikes (Figure 6). Nevertheless, floral homeotic genes
(AP1, AP3, PI, AG/STK, AGL6, and SEP) showed the highest
expression patterns. SVP, MIKC*, AGL12, and SOC1-like genes
were also ubiquitously expressed in all studied abiotic and biotic
stresses, strongly indicating that genes belonging to these
subfamilies are active guardians of the wheat genome under
stressful environments. Remarkably, all AP1-like genes
demonstrated high expression in Magnaporthe oryzae infected
leaves, suggesting disease-specific expression, as well as the
involvement of these important subfamily genes in diverse
aspects of wheat growth and development. Similarly, AGL17-
like genes were expressed only in seedlings under drought, heat,
and phosphate starvation conditions (Figure 6).

We also calculated expression based hierarchical clusters to
analyze diversification in expression patterns present within
subfamilies (Supplementary Figure S4, Supplementary Table
S8). The MIKC* and SOC1-like genes were grouped into seven
and six random clusters, respectively. Similarly, Bsister and SEP-
like genes were separately grouped into five random clusters. By
contrast, AP1 and Mγ-like genes exhibited no variation in their
expression patterns, as all genes were grouped into a single
random cluster. Likewise, AGL6, AGL17, AP3, OsMADS32,
Mα, and Mβ-like genes displayed little diversification in
expression, and genes of each subfamily were grouped into
two random clusters. In comparison, many of the genes with
no or very low expression (∼58%) were grouped into cluster 10
and all belonged to subfamilies with duplicated genes
(Supplementary Table S8).

DISCUSSION

Recent Significant Advancements in
Identification and Characterization of
MADS-Box Family Members in Wheat
MADS-box gene family members have been identified across all
groups of eukaryotes and are known to confer diverse biological
functions. In plants, these play a central role during growth and
development and are thus very important targets for crop
improvement (Ali et al., 2019). Recently, significant
advancements have been made in the identification and
characterization of MADS-box family members in wheat,
which could facilitate crop breeding efforts and aid in the

development of more resilient and higher-yielding cultivars.
Ma et al. (2017) reported the first genome-wide analysis of
MADS-box family members and identified a total of
180 MADS-box genes in an earlier genome version
(Lukaszewski et al., 2014). Their in-silico expression data
provided insights into the stress associated functions of
MADS-box genes. To add to this, Schilling et al. (2020)
conducted a comprehensive analysis of MIKC-type MADS-box
genes and identified a total of 201 genes from an updated genome
version (Ref. Seq 1.0) (Appels et al., 2018). They speculated that
pervasive duplications, functional conservation, and putative
neofunctionalization may have contributed to the adaptation
of wheat to diverse environments. These advancements, along
with results presented in this study, have begun to elucidate the
broad landscape of wheat MADS-box genes and provide new
insights into the phylogenomics, evolution, and stress associated
functions of MADS-box family members.

MADS-Box Genes Are Underestimated in
the Wheat Genome
Bread wheat is a hexaploid species (AABBDD, 2n � 6x � 42), that
originated from a series of naturally occurring hybridization
events among three closely related and independently
maintained sub-genomes. Its full genome size is ∼17 Gbps,
among which ∼14.5 Gbps (85%) is sequenced and contains
∼107,891 coding genes (Appels et al., 2018). In this study,
through a comprehensive genome-wide analysis, we identified
a total of 300 high confidence MADS-box genes (Figure 1,
Supplementary Table S2). To date, this is the second-highest
number of MADS-box genes identified in a crop plant, closely
following Brassica napus (Wu et al., 2018), which contains
307 full-lengths and/or incomplete (pseudo) MADS-box genes.
Possible explanations for the abundance found in wheat may
encompass the larger genome size, higher gene number, high rate
of homeolog retention, and hexaploid nature of bread wheat
(Appels et al., 2018). Moreover, at least 35 low confidence MIKC-
type MADS-box genes were recently reported in the IWGSC
reference genome (Schilling et al., 2020). If these low confidence
genes are also included with the 300 MADS-box genes identified
in this study, then the final number will be the highest identified
in a plant genome. Furthermore, a more recent chromosome-
scale assembly of the bread wheat genome revealed hundreds of
new genes and thousands of additional gene copies (Alonge et al.,
2020) which were substantially missing from the IWGSC
reference genome explored in the current study. Collectively,
all these observations strongly suggest that MADS-box genes are
underestimated in wheat and their exploration might help in
understanding the rapid global adaptability of wheat.

Cereal Genomes Probably Lack FLC-Like
Genes
FLCs are key genes conferring vernalization requirement, which
act as flowering repressors in Arabidopsis (Whittaker and Dean,
2017). High expression of FLCs repress other flowering activator
genes and causes delayed flowering. In winter varieties of
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temperate cereals, including barley, Brachypodium, and wheat,
vernalization is regulated through VERNALIZATION genes
(VRN1, VRN2, VRN3) (Greenup et al., 2009). To date, strong
disagreement exists in the published literature regarding the
presence or absence of FLC-like genes in grasses (Paolacci
et al., 2007; Zhao et al., 2011; Ruelens et al., 2013; Wei et al.,
2014; Fatima et al., 2020; Schilling et al., 2020). Previously, grass
genes were classified into FLC-like based on synteny and
phylogenetic reconstruction methods (Ruelens et al., 2013;
Schilling et al., 2020). However, despite using a more recent
reference genome sequence and sophisticated phylogenetic tree
reconstruction methods, we could not find FLC-clade in wheat
and rice genomes (Figure 2A). Interestingly, all those genes
which were previously classified as FLC-like (Ruelens et al.,
2013; Schilling et al., 2020), as well as OsMADS37 and
OsMADS51/65, were grouped with MIKC*-like genes
(Figure 2A, Supplementary Table S4). In comparison, all
other FLC homologs were grouped into a separate distinct
Arabidopsis-specific FLC clade. Moreover, we also compared
the multiple sequence amino acid alignments of FLC- and
MIKC*-like genes and observed that these were significantly
dissimilar and none of the grass genes shared sequence
homology with Arabidopsis FLC paralogs (Figure 3).
Altogether, these results indicate that FLC-like genes might
have been lost in cereal genomes after they diverged from
eudicots. Several other studies are also in agreement with
current results and were unable to identify FLC-like genes in
grass genomes (Arora et al., 2007; Paolacci et al., 2007; Zhao et al.,
2011; Wei et al., 2014; Fatima et al., 2020). These observations
suggest that vernalization pathways in monocots and dicots
evolved independently and are regulated through a completely
different set of genes. However, earlier reports on the
identification of FLC-like genes in grasses (Ruelens et al., 2013;
Sharma et al., 2017; Schilling et al., 2020) and functional
conservation of ODDSOC2 with FLC in the regulation of
vernalization (Greenup et al., 2010), suggest that evolution of
vernalization pathways between monocots and dicots may not be
fully independent. Thus, the biological question of the presence or
absence of FLC-like genes in grass genomes still needs to be
explored. Further research efforts in this direction might address
this fundamental question, and propitious outcomes could help
in breeding efforts to develop winter varieties of temperate cereals
which are adapted to changing environments.

Subfamily-Specific Distal Telomeric
Duplications in Unbalanced Homeologs
Facilitate Rapid Adaptation to Changing
Environments
Distal telomeric chromosomal segments are evolutionary
hotspots for frequent recombination events and give rise to
fast-evolving genes (Glover et al., 2015; Chen N. W. G. et al.,
2018). Many adaptability traits related genes that are induced in
response to external stimuli are found to be predominately
located in distal chromosomal segments. In comparison, genes
related to housekeeping and conserved developmental functions
are positioned in central chromosomal segments (Appels et al.,

2018; Ramírez-González et al., 2018). In this study, the majority
of the identified duplicated gene pairs were in distal telomeric
(∼51%) and sub-telomeric (23%) chromosomal segments
(Figure 4, Supplementary Table S6). Remarkably, all these
duplications were subfamily-specific and primarily identified in
larger subfamilies containing unbalanced homeologs (Mα, Mβ,
Mγ, AGL17, Bsister, MIKC*, SEP, and SOC1) (Table 1).
Interestingly, genes belonging to these subfamilies have been
reported to regulate plants adaptability in changing
environments. For example, OsMADS57 (AGL17-like gene in
rice) is induced by abscisic acid, chilling, drought, and salinity
stresses (Arora et al., 2007), promotes cold tolerance by
interacting with a defence gene (OsWRKY94) (Chen L. et al.,
2018), and modulates root to shoot nitrate translocation under
deprived nitrate conditions (Huang et al., 2019). Similarly,
downregulation of a SEP clade gene in pepper (CaMADS)
caused more sensitivity to cold, salt, and osmotic stresses,
whereas its overexpression in Arabidopsis conferred higher
tolerance against these stresses (Chen et al., 2019). By contrast,
almost negligible duplications were identified in a single smaller
subfamily (AP3) with completely balanced homeologs (Table 1).
These results strongly indicate that unbalanced homeologs of
expended subfamilies have undergone subfamily-specific distal
telomeric duplications, thus facilitating the rapid adaptation of
bread wheat to diverse global environments. Contrarily,
completely balanced homeologs of functionally conserved
smaller subfamilies might have some evolutionary advantage
in minimizing the developmentally detrimental gene copy
number variations, due to their localization in central
chromosomal segments.

M-Type MADS-Box Genes Are Evolving at a
Faster Rate
Unlike MIKC-type MADS-box genes, the M-type genes have not
been extensively studied and little information is available about
their evolutionary origin in crop plants (Masiero et al., 2011). In this
study, we observed that M-type genes were predominately located in
distal telomeric chromosomal segments (Supplementary Table S2)
and are evolving at a faster rate, probably due to the higher frequency
of tandem gene duplications and stronger purifying selections
(Figure 5, Supplementary Table S6). Moreover, lesser
synonymous substitutions and higher non-synonymous to
synonymous substitution ratios of M-type duplicated genes
exposed their more rapid evolution as compared with MIKC-type
genes (Figure 5, Supplementary Table S6). These results agree with
Nam et al. (2004), who also reported faster birth-and-death
evolution of M-type genes in angiosperms. This data might
indicate the significance of M-type MADS-box genes in
understanding the evolutionary history of the bread wheat genome.

MADS-Box Genes as Active Guardians of
Plants Against Pathogen Insurgency and
Harsh Environments
MADS-box genes regulate diverse developmental processes, and
their functions are well studied in plant morpho- and
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organogenesis (Smaczniak et al., 2012; Ali et al., 2019). However,
several members of the MADS-box gene family are reported to be
involved in the regulation of biotic and abiotic stress responses
(Zhang et al., 2016; Wang Q. et al., 2018; Castelán-Muñoz et al.,
2019), which point towards possible dynamic roles in stress
response. In this study, we analysed the complete atlas of their
expression profiles in all publicly available wheat transcriptomic
data under biotic and abiotic stresses (Figure 6 and
Supplementary Figure S4, Supplementary Table S7 and
Supplementary Table S8). Except for AGL17, genes of all
other MIKC-type subfamilies were ubiquitously expressed in
FHB infected spikes/spikelets (Figure 6) mimicking their
defensive roles against Fusarium infection. Previously, Yang
et al. (2015) functionally characterized FgMcm1 in the causal
agent (Fusarium graminearum) of barley and wheat head blight
disease and demonstrated that FgMcm1 played crucial roles in cell
identity and fungal development. More recently, Xu et al. (2020)
also reported a close relationship between anther extrusion and
field FHB resistance and pointed out that Rht and Vrn genes
might have pleiotropic effects on these traits. Since FHB is a floral
disease and floral organ identity is controlled by MIKC-type
MADS-box genes (Ali et al., 2019), this indicates a cooperate
relationship for their involvement in the pathogen response
network. In future, it would be interesting to investigate how
MADS-box genes are involved in fighting FHB infection.

Similarly, SVP, MIKC*, AGL12, and SOC1 subfamily genes
were ubiquitously expressed under all studied stresses
(Figure 6, Supplementary Table S7), pointing towards their
more critical role in stress associated functions. In comparison,
members of the largest MIKC group (AGL17) were expressed
under phosphate starvation, and heat and drought stress
conditions. Several functionally characterized genes
belonging to all these subfamilies have also been reported to
regulate different abiotic and/or biotic stresses in plants (Khong
et al., 2015; Shi et al., 2016; Wang Z. et al., 2018; Hwang et al.,
2019; Li P. et al., 2020). Interestingly, few M-type genes,
especially Mα-like, were weakly expressed under different
biotic stresses (Supplementary Table S7) and these
expression patterns agree with Guo et al. (2013), who
observed differential expression of an M-type gene in
response to stripe rust infection in wheat. Collectively, these
results strongly highlight MADS-box genes, especially MIKC-
type, as key members of gene regulatory networks (Castelán-
Muñoz et al., 2019) and their involvement in wheat response to
possible pathogen insurgency and harsh environments.

Towards Bridging the Gaps Between
Genotype andPhenotypeUsingGenetic and
Genomic Resources
Understanding the functions of candidate genes controlling
agronomically important traits is critical for the acceleration
of crop improvement efforts. Following the unveiling of recent
wheat genetic and genomic resources (Avni et al., 2017; Luo
et al., 2017; Maccaferri et al., 2019; Adamski et al., 2020), rapid
testing of previous model plant discoveries and their cross-
application in staple crops is paving the way towards bridging

the gap between genotype and phenotype. During recent years,
several wheat genes related to flowering, yield, quality, disease
resistance, male sterility, and nutrient use efficiency traits have
been cloned and functionally characterized [briefly reviewed by
Li J. et al. (2020)], which exposed the unprecedented potential of
these genetic and functional genomic resources in establishing
genotype-to-phenotype relationships. These resources could
also facilitate in elucidating the regulatory roles of neglected
MADS-box subfamilies, such as Mα, Mβ, Mγ, and MIKC*,
during wheat growth and development, and subsequently
help in deciphering whether MADS-box genes confer
pathogen resistance and/or abiotic stress tolerance.
Furthermore, many other fundamental biological questions
about their phylogenomics, evolutionary origin, and stress
associated functions, could be addressed by exploiting these
paramount resources.

CONCLUSION

MADS-box genes are critically important for wheat growth and
development and hold enormous promise for bolstering yield
potential under changing global environments. Our results
speculate that the abundance of MADS-box genes in the
wheat genome might be associated with its global
adaptability and that subfamily-specific distal telomeric
duplications in unbalanced homeologs facilitate its rapid
adaptation. In addition, through comprehensive genome-wide
and comparative analyses, we demonstrated that wheat and rice
genomes might lack FLC-like genes, which could help molecular
breeders in the identification of alternative target genes for fine-
tuning of winter wheat varieties. Moreover, our in-silico
expression data strongly indicated the possibility of
protective roles of MADS-box genes against pathogen attacks
and harsh climatic conditions. In this way, we provided an
entire complement of MADS-box genes identified in the wheat
genome that could accelerate functional genomics efforts and
possibly facilitate in bridging genotype-to-phenotype
relationships through fine-tuning of agronomically important
traits.
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Comparative Transcriptome Analysis
in Taraxacum koksaghyz to Identify
Genes that Determine Root Volume
and Root Length
Annika Wieghaus1†, Kai-Uwe Roelfs2†, Richard M. Twyman3, Dirk Prüfer1,2 and
Christian Schulze Gronover2*

1Institute of Plant Biology and Biotechnology, University of Münster, Münster, Germany, 2Fraunhofer Institute for Molecular
Biology and Applied Ecology (IME), Münster, Germany, 3TRM Ltd., Scarborough, United Kingdom

The Russian dandelion (Taraxacum koksaghyz, family Asteraceae) produces large
amounts of natural rubber in the laticifers of its roots. This species has been proposed
as an alternative source of natural rubber to augment or partly replace the rubber tree
(Hevea brasiliensis) but domestication would require genetic improvement to increase
rubber yields and agronomic optimization to facilitate harvesting and processing.
Optimization has focused thus far on the size and shape of the roots, the primary
storage organ for natural rubber and inulin. However, the corresponding genetic
factors are poorly understood. Here we describe the comparative transcriptomic
analysis of root tissues from T. koksaghyz plant sets featuring different root sizes and
shapes, aiming to identify differentially expressed genes correlating with root length or root
diameter in the upper root and root tip. The resulting datasets revealed multiple candidate
genes for each trait and root part, including a glucan endo-1,3-β-D-glucosidase, an allene
oxide synthase 3, and a TIFY10A/JAZ1 homolog. These three genes were tested by qRT-
PCR in outdoor-grown plants with diverse root morphology, and the expression of two
genes correlated with the appropriate root morphotype, confirming the effectiveness of our
method. We evaluated the candidate genes to gain insight into their potential functions in
root development. Such candidate genes could be suitable for marker-assisted breeding
programs in the future.

Keywords: Taraxacum koksaghyz, root, natural rubber, transcriptomics, breeding

INTRODUCTION

The development of new crop varieties and the improvement of existing ones requires the
identification and subsequent introduction of new traits such as pest and disease resistance,
tolerance of extreme climatic conditions, and higher yields. Although research has focused on
food and feed crops to ensure food security, the same objectives mentioned previously apply to crops
that serve as feedstock for industrially relevant raw materials. One example is the Russian dandelion
(Taraxacum koksaghyz), a member of the family Asteraceae originally native to Kazakhstan, which
produces large amounts of natural rubber and inulin in its roots and has therefore been proposed as
an alternative source of both materials (Krotkov, 1945; Whaley and Bown, 1947; van Beilen and
Poirier, 2007a, 2007b).
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The Russian dandelion was first cultivated as a crop during
World War II when imports of natural rubber produced from the
primary source (the rubber tree Hevea brasiliensis) were
interrupted. But these attempts were abandoned in the early
1950s when the reinstatement of rubber imports made the
alternative source economically less attractive (van Beilen and
Poirier, 2007b; Schulze Gronover et al., 2011). More recently,
interest in alternative sources of natural rubber has returned due
to increasing demand and the disadvantages of the rubber tree
(Cornish, 2017). H. brasiliensis is a slow-growing species with a
long breeding cycle, is restricted to specific climate regions, and
mainly grows in monoculture plantations with narrow genetic
diversity and a high susceptibility to pathogens (Lieberei, 2007).
The Russian dandelion produces natural rubber of comparable
quality to the rubber tree, with yields of up to 15% of the root dry
weight (van Beilen and Poirier, 2007a). Furthermore, up to 50%
of the root dry weight is the storage carbohydrate inulin
(Uhlmann, 1951). This is used as a sweetener and additive in
the food industry and serves as feedstock for bioethanol
production (Ohta et al., 1993; Roberfroid, 2005). The current
main industrial source of inulin is chicory (Van Den Ende et al.,
2004).

The Russian dandelion is a fast-developing annual plant that
can produce large amounts of root biomass when cultivated in
temperate climate zones (van Beilen and Poirier, 2007b). If large-
scale regional cultivation were established, this species could
therefore meet a large proportion of the current demand for
natural rubber, reducing the vulnerability of supply chains and
the carbon footprint of rubber imports from South and Southeast
Asia. Several studies have already assessed the performance of T.
koksaghyz plants in terms of biomass accumulation, rubber and
inulin content, and cultivation time and conditions (Arias et al.,
2016a, 2016b; Kreuzberger et al., 2016; Eggert et al., 2018).
However, the agronomic performance requires further
optimization to increase yields and facilitate harvesting and
processing in order to make the crop more competitive. One
way to achieve these aims is to optimize the root volume
(increasing the capacity for rubber and inulin accumulation)
and root shape (medium length with more volume in the
upper part, to facilitate harvesting and extraction).

Root growth is influenced by internal and external factors,
particularly the interactions between phytohormones such as
brassinosteroids (Roddick et al., 1993; Clouse et al., 1996),
jasmonate (Dathe et al., 1981; Staswick et al., 1992) and auxins
(Chadwick and Burg, 1967), as well as various signaling peptides
(Yamada and Hsiao, 2021). In T. koksaghyz, only the influence of
the small signaling peptide TkRALF1 has been investigated thus
far (Wieghaus et al., 2019). Little is known about the hormonal
response to environmental conditions such as phosphorous and
nitrogen availability in the rhizosphere, the root microbiome, or
abiotic stresses such as water deprivation. The same applies to the
corresponding physiological and morphological adaptations in
the roots, thus limiting the value of population-wide analysis of
root growth to identify correlations between single genes and
phenotypes.

To address this knowledge gap, we analyzed the transcriptome
of Russian dandelion plant sets differing in terms of root length

and root volume. Massive analysis of cDNA ends (MACE) was
chosen for transcriptome generation because this technique is
able to detect rare transcripts at significantly lower sequencing
depth than classical RNAseq and is not susceptible to bias that
originates from different transcript lengths (Zawada et al., 2014;
Bojahr et al., 2016).

We used a forward genetics approach to identify genes
associated with beneficial root phenotypes suitable for future
breeding programs. Here we describe the first candidate genes,
and more importantly provide sets of candidate genes related
specifically to T. koksaghyz root volume or root length.

METHODS

Plant Cultivation and Processing
The plants used in this study were provided by Dr. Fred
Eickmeyer, ESKUSA GmbH, and originate from a wild-type
population of highly heterozygous individuals which is due to
the fact that T. koksaghyz is a facultative outcrossing, sexually
reproducing species. Seeds were collected from a large set of T.
koksaghyz plants grown under the greenhouse conditions
described below after open pollination. Seeds were sown in
rows in large buckets containing a mixture of 70% topsoil
(Botanical Garden Münster, Germany) and 30% sand. Seeds
started to germinate after 3 days and only seedlings that had
emerged on days three or four were used further. The plants were
grown in the greenhouse at 22–25°C (day) and 14–18°C (night)
with a 16-h photoperiod (20 klx light intensity). A first set of
plants was grown for transcriptomic analysis. We harvested the
plants after 12 weeks and assigned them to three pools of 21–36
plants based on root morphology: thick roots of medium length
(pool A), short and thin roots (pool B), or long and thin roots
(pool C) (detailed classification in Supplementary Table S1). The
roots were measured lengthwise using a ruler and the diameter
was determined using digital calipers. Each root was then divided
into two parts: proximal (upper root including lateral roots) and
distal (root tip up to the first emerging lateral root). The parts
were separately frozen in liquid nitrogen, lyophilized and ground
to powder for transcriptome analysis.

We then cultivated a second set of wild-type T. koksaghyz
plants as described above, but the pots were placed outside so that
the plants were exposed to natural weather and day length. This
second set of plants was used to validate first possible candidate
genes gained from the transcriptomic analysis of the first set of
wild-type plants. Quantitative real-time PCR (qRT-PCR) was
used for the gene expression analysis of individual plants
harvested from this second set. The roots were harvested after
12 weeks and measured as described above. We then processed
whole roots without division into proximal and distal segments,
using the same process of freezing, lyophilization and grinding as
described above. The whole-root material was used to provide
sufficient amounts of RNA for purification and cDNA synthesis
followed by qRT-PCR.

For spatial gene expression analysis, T. koksaghyz plants were
cultivated for 12 weeks as described above in the greenhouse. The
plants were harvested individually and subsequently separated
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into flower, peduncle, leaf, root, and latex. The tissue material was
then processed as described above.

MACE
Massive analysis of cDNA ends (MACE) libraries (one library per
pool) were prepared and sequenced by GenXPro (Frankfurt,
Germany) as previously described (Zawada et al., 2014; Bojahr
et al., 2016). The sequencing data generated by MACE are
deposited in the SRA under the bioproject accession
PRJNA783530.

Determination of the Natural Rubber
Content
The natural rubber content of the root material used to prepare
MACE libraries was quantified by accelerated solvent extraction
as previously described (Benninghaus et al., 2020). The natural
rubber content was determined gravimetrically by weighing the
empty collection vials and those containing dried hexane extracts,
then calculating the weight percentage as a proportion of root dry
weight using the exact quantity of root material.

Quality Control, Read Mapping and
Annotation
To increase mapping accuracy, low-quality bases (Phred score
<20) were trimmed from the 3′ end of all reads using cutadapt
v1.16 (Martin, 2011). Given the nature of the MACE technique,
reads originate from 50 to 800 bp upstream of the 3′ ends of the
transcripts, which often results in reads containing poly(A) tail
sequences. Therefore, following the previous step, a de novo script
was used to detect and remove poly(A) tail sequences, which
would otherwise interfere with mapping. Finally, reads <25 bp
were discarded using cutadapt to prevent nonspecific mapping.
Quality-trimmed reads were mapped to the reference genome
(Lin et al., 2017) using segemehl (Hoffmann et al., 2009) with split
reads included.

Differential Expression Analysis
Raw read counts were generated using bamutils v0.5.9 (Breese
and Liu, 2013) with partially counted multiple hits, which
represented the basis for differential expression analysis using
the MA plot method with random sampling (MARS) in the
DEGSeq R package v1.32.0 (Wang et al., 2009). Transcripts were
annotated by using the NCBI BLAST suite v2.7.1 (Altschul et al.,
1990) to screen the NCBI non-redundant proteins (O’Leary et al.,
2016) and UniProtKB/SWISS-PROT (Bateman et al., 2017)
databases. Transcripts with a normalized one-fold or greater
differential expression (log-2-fold change ≥ 1 or ≤ −1,
respectively) combined with a p-value less than 0.001 (p <
0.001) were considered significant and the corresponding
genes were defined as differentially expressed genes (DEGs).
Candidate genes for root length and diameter were selected
according to following conditions: transcripts that were
differentially expressed in pools A vs B and B vs C but not A
vs C were considered as candidates for root length, whereas those

differentially expressed in pools A vs B and A vs C but not B vs C
were considered as candidates for root diameter.

Data Analysis
Multi-dimensional scaling (MDS) plot analysis was performed
using limma R package v3.46.0 (Ritchie et al., 2015). Venn
diagrams were prepared using Vennplex (https://www.nia.nih.
gov/research/labs/vennplex; Cai et al., 2013). Heatmaps showing
differential gene expression were generated using heatmapper
(http://www.heatmapper.ca; Babicki et al., 2016). Gene Ontology
(GO) enrichment was analyzed using WEGO (http://wego.
genomics.org.cn; Ye et al., 2018, 2006) with all transcripts in
the corresponding root part used as the background.
Glycosylphosphatidylinositol (GPI) anchors, protein domains
and signal peptides were predicted using PredGPI (Pierleoni
et al., 2008), CD search (Lu et al., 2020) and SignalP v5.0
(Almagro Armenteros et al., 2019), respectively. Phylogenetic
trees were constructed using MEGA X (Kumar et al., 2018) and
graphically rendered using iTOL v6.3.1 (Letunic and Bork, 2021).

Extraction of Total RNA and cDNA
Synthesis
Total RNA was extracted from T. koksaghyz root material using
the innuPREP RNA Mini Kit (Analytik Jena, Jena, Germany)
according to the manufacturer’s instructions, and cDNA was
synthesized using PrimeScript RT Master Mix (TAKARA,
Clontech, Sain-Germain-en-Laye, France) according to the
manufacturer’s instructions.

Gene Expression Analysis by qRT-PCR
Quantitative real-time PCR was carried out as previously
described (Laibach et al., 2015) with slight modifications.
The elongation factor 1α (TkEF1α) and ribosomal protein
L27 (TkRP) reference genes were used for the normalization
of gene expression as described before (Niephaus et al., 2019;
Benninghaus et al., 2020). The qRT-PCR data were analyzed,
and normalized expression levels were calculated using Bio-
Rad CFX Manager v3.1 (Bio-Rad Laboratories, Hercules, CA,
United States). All oligonucleotides used for qRT-PCR analysis
are listed in Supplementary Table S2 along with
corresponding primer efficiencies. For determination of
primer efficiencies, a standard curve using a serial dilution
of a representative cDNA sample was generated and
subsequently analyzed using Bio-Rad CFX Manager v3.1.
Efficiencies are calculated by the software as described by
Pfaffl (2001) and Vandesompele et al. (2002), converted to
percentage efficiency.

Statistical Analysis
Data analysis using the two-tailed t-test, Kolmogorov-Smirnov
normal distribution analysis, Grubbs’s test for the identification
of outliers, and correlation studies (linear fit with calculation of
Pearson’s correlation coefficient) was carried out using OriginPro
2019b (OriginLab Corporation, Northampton, MA,
United States).
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RESULTS

Transcriptome Data Generation and
Processing
To identify genes that potentially affect T. koksaghyz root
morphology, we generated a set of wild-type plants and
subdivided it into three pools of plants with different root
characteristics. The root morphology of the pools differed
significantly in terms of primary root length, diameter
directly below the leaf rosette, and the volume of the
upper 5 cm, which was calculated by determining the root
volume at two defined points (Figure 1, Supplementary
Table S1). However, all three pools produced comparable
amounts of natural rubber (Supplementary Table S1). Pool
A comprised plants with medium to long roots that were also
thick (large volume), representing the most desirable root
phenotype for biomass accumulation as well as harvesting
and handling. Pool B comprised plants with short and thin
roots, whereas pool C comprised plants with long and
thin roots.

We compared gene expression profiles between pools in two
segments of the root. Each complete root was divided into the
proximal segment (upper root including lateral roots) and distal
segment (root tip up to the first emerging lateral root), resulting
in a total of six pooled samples. T. koksaghyz is a sexually
reproducing and self-incompatible species, so wild-type plants
show a high degree of genetic diversity. By pooling plants with
similar root morphology prior to transcriptome analysis, we
aimed to reduce the background noise and emphasize
transcripts that are differentially expressed between pools, thus

capturing those representing genes related to the development of
specific root characteristics.

We prepared and sequenced cDNA libraries from all six
samples using MACE technology (Kahl et al., 2012). The six
libraries contained between 4.65 × 106 and 6.68 × 106 single-end
raw reads of 16–145 bp in length, which were further processed
using a custom Python script to remove poly(A) tails. Following
the removal of adapters and the trimming of low-quality bases,
the libraries contained between 4.55 × 106 and 6.48 × 106 clean
reads, 86.3–87.3% of which mapped to the reference genome (Lin
et al., 2017), and 74.3–78.5% of which were uniquely matched
(Table 1). We obtained 30,955 unique transcripts from the six
libraries, which were then annotated using the NCBI and UniProt
databases. To confirm sufficient reduction of background noise
by pooling, we constructed an MDS plot, which showed the clear
separation of all samples (Supplementary Figure S1).

Identification Root Volume and Root Length
Candidate Genes by Differential Gene
Expression Analysis
Next, we identified the genes with significant differential
expression between pools, defined as those with a log2 fold
change (l2fc) ≥ 1 or ≤ –1 (p < 0.001) in any pairwise
comparison. We then constructed a Venn diagram and used
this to find genes related to either root volume or root length
(Figure 2A).

Genes with significant differential expression when comparing
pool A vs B and pool A vs C were considered as candidates
influencing root volume (RV in Figure 2A) because the volume of

FIGURE 1 | Characterization of the three plant pools selected for MACE. The primary root length and the volume of the upper 5 cm of the root in 12-week-old T.
koksaghyz wild-type plants were determined after harvesting. The plants were then assigned to three plant pools (A) Pictures of plants representing the three pools.
Scale bar � 1 cm (B) Primary root length (C) Volume of the upper 5 cm of the primary root, determined bymeasuring the root diameter immediately below the leaf rosette
and 5 cm further down. The boxes delimit values from the 25th to the 75th percentile of each dataset, the horizontal line in the box represents the median, the filled
square represents the mean, and the lower and upper whiskers represent values that differ least from 25th percentile –1.5*IQR or 75th percentile +1.5*IQR, respectively
(n � 15–35 plants, normal distribution confirmed using the Kolmogorov-Smirnov test, statistical significance confirmed using a two-tailed t-test; n. s � not significant; *p <
0.05; **p < 0.01; ***p < 0.001).
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the roots in pool A was significantly higher compared to both
pool B and pool C. The initial list of candidates was reduced by
excluding those also showing differential expression when
comparing pool B vs C because the roots in these pools were
similar in volume. By applying this last criterion, we arrived at a
final set of RV candidate genes (schematic description in
Supplementary Figure S2). Genes with significant differential
expression when comparing pool A vs B and pool B vs C were
considered as candidates influencing root length (RL in
Figure 2A) because the roots in pools A and C were
significantly longer than the roots in pool B. As above, we
narrowed the initial list of candidates by excluding those also
showing differential expression between pools A and C because
the roots in these pools were similar in length. By applying this
last criterion, we arrived at a final set of RL candidate genes
(schematic description in Supplementary Figure S2). The Venn
diagrams showed that DEGs defining the RV intersection were
either upregulated or downregulated in both comparisons (A vs B

and A vs C), but no counter-regulated genes were observed. In
contrast, all DEGs in the RL intersection were counter-regulated
(either upregulated in A vs B but downregulated in B vs C or vice
versa).

We identified 573 DEGs for the upper root segment. We
extracted 40 RV candidate genes from the 43 DEGs in the RV
intersection by manually excluding genes showing
differential expression when comparing pool B vs C with
p > 0.001, because we considered these l2fc values as not
statistically robust (Figure 2B). The corresponding heat map
revealed that 33% of the RV candidate genes were expressed
more strongly in roots with a higher volume (pool A)
compared to those with a lower volume (pools B and C) as
indicated by the positive l2fc values (Figure 3A). We also
extracted 55 RL candidate genes from the 58 DEGs in the RL
intersection (Figure 2B), 67% of which were expressed at
higher levels in long roots (pools A and C) compared to short
roots (pool B) (Figure 3C).

TABLE 1 | Summary of MACE alignment statistics in six libraries mapped to the reference genome.

Pool A Pool B Pool C

Upper root Root tip Upper root Root tip Upper root Root tip

Total base pairs 535,992,378 444,400,123 600,607,725 754,363,862 508,730,146 777,887,360
Total clean reads 5,288,641 4,551,524 4,941,227 6,265,938 4,807,513 6,479,601
Mapped reads 4,619,116

(87.34%)
3,956,571
(86.93%)

4,293,960
(86.90%)

5,415,759
(86.43%)

4,179,649
(86.94%)

5,593,472
(86.32%)

Unique matches among mapped
reads

3,608,474
(78.12%)

2,941,045
(74.33%)

3,370,356
(78.49%)

4,221,179
(77.94%)

3,202,090
(76.61%)

4,302,574
(76.92%)

Multi-position among mapped reads 750,024 (16.24%) 798,720 (20.19%) 654,546 (15.24%) 856,771 (15.82%) 745,256 (17.83%) 928,985 (16.61%)
Split-reads among mapped reads 260,618 (5.64%) 216,806 (5.48%) 269,058 (6.27%) 337,809 (6.24%) 232,303 (5.56%) 361,913 (6.47%)
Unmapped reads 669,525 (12.66%) 594,953 (13.07%) 647,267 (13.10%) 850,179 (13.57%) 627,864 (13.06%) 886,129 (13.68%)

FIGURE 2 | Venn diagram of differentially expressed genes (DEGs) identified by pairwise comparison of plant pools differing in root morphology. All pairwise
comparisons between the pools were set in relation to each other based on log2 fold change values in order to identify shared DEGs (A) Schematic Venn diagram
illustrating the identification of DEGs related to primary root volume or primary root length (B) Venn diagram showing DEGs identified by comparison among the pools in
the upper root (C) Venn diagram showing DEGs identified by comparison among the pools in the root tip. Pool A � plants with medium to long and thick roots (high
value for primary root length and volume in the upper 5 cm of the primary root). Pool B � plants with short, thin roots. Pool C � Plants with long, thin roots. RV � DEGs
influencing primary root volume; R �DEGs influencing primary root length; ↑ �DEGswith positive log2 fold changes (more abundant in the first pool in each comparison);
↓ � DEGs with negative log2 fold changes (more abundant in the second pool in each comparison); ↑↑ � DEGs with positive log2 fold changes for all comparisons (more
abundant in the first pool of each comparison); ↓↓ � DEGs with negative log2 fold changes for all comparisons (more abundant in the second pool of each comparison);
↑↓ � DEGs with opposing log2 fold change values (positive in one comparison but negative in the other).
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FIGURE 3 | Heat maps of root volume (RV) and root length (RL) candidate genes. Heat maps visualizing all RV and RL candidate genes identified in different root
parts with their corresponding log2 fold change values for pairwise comparisons among the three plant pools. Each row depicts the log2 fold change values of the
comparisons with blue, white and red boxes representing negative, close-to-zero and positive values, as indicated by the corresponding scale bars. Shown are RV
candidate genes identified in (A) the upper root and (B) the root tip, as well as RL candidate genes identified in (C) the upper root, and (D) the root tip. Each row
shows log2 fold change values of pairwise comparisons between the plant pools. Pool A � plants with medium to long and thick roots (high value for primary root length
and volume in the upper 5 cm of the primary root). Pool B � plants with short, thin roots. Pool C � Plants with long, thin roots. RV �DEGs influencing primary root volume.
RL � DEGs influencing primary root length.
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We identified 1,118 DEGs for the root tip, including 129 RV
candidate genes from 146 DEGs assigned to the RV intersection
and 56 RL candidate genes from 62 DEGs assigned to the RL
intersection (Figure 2C). We found that 58% of the RV candidate
genes were expressed at higher levels in roots with a larger volume
(Figure 3B), and 55% of the RL candidate genes were expressed at
higher levels in longer roots (Figure 3D). All DEGs and candidate
genes are listed in Supplementary Table S3.

GO Term Enrichment of the RV and RL
Candidate Genes
GO term enrichment analysis was carried out to determine the
putative functions of the RV and RL candidate genes. Overall, we
observed a similar distribution of second-level GO terms for all
sets of candidate genes in the three main GO categories: cellular
component, molecular function and biological process
(Supplementary Figure S3). The most abundant GO terms
assigned in the cellular component category were cell, cell part,
organelle, organelle part, and membrane. For the molecular
function category, the most represented GO terms were
catalytic activity and binding. For the biological process
category, the most represented GO terms were cellular process,
metabolic process, response to stimulus, biological regulation, and
regulation of biological process. Several GO terms were
significantly enriched or underrepresented at level 2
(Supplementary Figure S3). Among the RV candidate genes
in the root tip dataset, the cellular component extracellular region
was enriched compared to all transcripts, whereas multiple terms
(cell, cell part, membrane, and membrane part in the cellular
component category; cellular process,metabolic process, biological
regulation, and cellular component organization or biogenesis in

the biological process category) were underrepresented compared
to all transcripts. In addition to this general characterization,
more specific GO terms at deeper levels were also evaluated by
enrichment analysis (Table 2). Compared to all transcripts,
hydrolase activity was enriched in the RV candidate genes of
the upper root. Several GO terms describing response to different
stimuli (chemical, hormone, oxygen-containing compound) were
enriched in the RV candidate gene set in the root volume. Among
others, intrinsic component of membrane, integral component of
membrane, regulation of metabolic process, cellular metabolic
process, and cellular macromolecule metabolic process were
underrepresented in this candidate gene set. For the GO term
distribution in the RL candidate genes of the upper root we found
components not associated with membrane-bound organelles to
be enriched (non-membrane-bounded organelle, intracellular
non-membrane-bounded organelle) and vice versa (membrane-
bounded organelle, intracellular membrane-bounded organelle).
Cell periphery was enriched in the RL candidate genes of the
root tip.

Transcriptome Characterization
To characterize our transcriptome dataset further, we searched
for typical factors affecting root growth and development like
transcription factors, hormone pathway genes and cell wall/
glucan biosynthesis/degradation genes based on the UniProt
annotation (Supplementary Table S4–S6).

We identified 10 differentially expressed transcription factors
which mostly originate from the volume and length trait groups
in the root tip. Members of this set include two basic helix-loop-
helix transcription factors (Transcription factor bHLH62,
GWHPAAAA007503; Transcription factor bHLH145,
GWHPAAAA042185), a transcription factor of the TCP

TABLE 2 | Summary of the GO enrichment analysis at deeper GO levels.

Candidate gene set GO term (↑/↓) GO class and level

upper root - RV candidate genes hydrolase activity (↑) molecular function, level 3

root tip - RV candidate genes intrinsic component of membrane (↓) cellular component, level 3/4
integral component of membrane (↓) cellular component, level 4
nuclear part (↓) cellular component, level 4
response to endogenous stimulus (↑) biological process, level 3
cellular component organization (↓) biological process, level 3
regulation of metabolic process (↓) biological process, level 3/4
response to chemical (↑) biological process, level 3
cellular metabolic process (↓) biological process, level 3
primary metabolic process (↓) biological process, level 3
response to acid chemical (↑) biological process, level 4
response to hormone (↑) biological process, level 4
drug metabolic process (↑) biological process, level 4
cellular macromolecule metabolic process (↓) biological process, level 4
response to oxygen-containing compound (↑) biological process, level 4

upper root - RL candidate genes non-membrane-bounded organelle (↑) cellular component, level 3
membrane-bounded organelle (↓) cellular component, level 3
intracellular non-membrane-bounded organelle (↑) cellular component, level 4
intracellular membrane-bounded organelle (↓) cellular component, level 4
small molecule metabolic process (↑) biological process, level 3

root tip - RL candidate genes cell periphery (↑) cellular component, level 3/4

↑, enriched in candidate genes compared to all transcripts; ↓, underrepresented in candidate genes compared to all transcripts.
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family (Transcription factor TCP8, GWHPAAAA044352), an
AP2 domain containing or RAP2 (related to AP2) family protein
(Ethylene-responsive transcription factor RAP2-4,
GWHPAAAA002086) and Protein LIGHT-DEPENDENT
SHORT HYPOCOTYLS 10 (GWHPAAAA017340) of the
ALOG family. Other members of the ALOG family were
proposed to be developmental regulators because they
promote cell growth in Arabidopsis thaliana (Zhao et al., 2004;
Cho and Zambryski, 2011). This might indicate that the member
we identified in our dataset plays a role during root development
in T. koksagyhz.

We also found 16 genes associated with or induced by certain
hormone pathways, including brassinosteroids (Protein
EXORDIUM, GWHPAAAA001556 and GWHPAAAA007090;
Shaggy-related protein kinase eta, GWHPAAAA008535), auxin
(Auxin response factor 2A, GWHPAAAA014478; Remorin,
GWHPAAAA014754) and jasmonates (Protein TIFY 10A,
GWHPAAAA022842; Protein SGT1 homolog B,
GWHPAAAA001300; Allene oxide synthase 3,
GWHPAAAA036026). Most genes were found in the volume
trait groups of the upper root and root tip. Protein EXORDIUM
was shown to promote growth in the root and shoot when
overexpressed in A. thaliana (Coll-Garcia et al., 2004) and
Auxin response factor 2A downregulation increased root
branching in tomato (Hao et al., 2015).

The last group comprised 11 genes encoding cell wall/glucan
biosynthesis/degradation factors. Members of this group included
not only glucan endo-1,3-β-D-glucosidases (β-1,3-glucanases;
GWHPAAAA003778, GWHPAAAA042727,
GWHPAAAA038049, GWHPAAAA027039) and xyloglucan
endotransglucosylases (GWHPAAAA046431, GWHPAAAA046431,
GWHPAAAA013192, GWHPAAAA013193), but also a cellulose
synthase A catalytic subunit 6 (UDP-forming)-like gene
(GWHPAAAA015656). The latter was previously found to
play a crucial role in root and hypocotyl elongation in A.
thaliana (Hauser et al., 1995; Fagard et al., 2000) and is also
associated with the root length trait of the root tip in our dataset.

Verification of Candidate Genes by
qRT-PCR
To confirm the suitability of our approach for root transcriptome
analysis, we generated an independent set of wild-type T.
koksaghyz plants (Supplementary Table S7). These plants
were grown outside under natural climate conditions to
approximate field growth. The roots were harvested
individually after 12 weeks. Subsequently, qRT-PCR analysis
was performed using primers specific for a small set of genes
from the previous step, which were not obviously associated with
root growth, as our goal was to identify novel factors influencing
root morphology. They were also selected to represent various
types of developmental and cellular mechanisms.

GWHPAAAA042727 was differentially expressed in the root
tip and was annotated as a glucan endo-1,3-β-D-glucosidase (β-
1,3-glucanase; UniProt ID Q94G86). This gene was strongly
expressed in thin roots (pools B and C) but only weakly
expressed in thick roots (pool A) and therefore represented a

putative negative regulator of root volume. This was confirmed by
qRT-PCR (Figure 4A). Additionally, spatial gene expression
analysis showed the highest expression in roots
(Supplementary Figure S4A). Protein domain analysis
revealed a glycoside hydrolase family 17 (GH-17) domain
spanning amino acids 23–343 and an X8/CBM43 superfamily
domain spanning amino acids 372–456. The first part of the
N-terminus corresponded to a signal peptide with a cleavage site
between residues 21 and 22, but no GPI anchor site was predicted,
suggesting the protein is not attached to the membrane but
probably binds to carbohydrates through its X8/CBM43
domain (Barral et al., 2005). Phylogenetic analysis
(Supplementary Figure S5) revealed that this β-1,3-glucanase
belongs to the α-clade characterized by a diverse set of protein
domain structures and expression patterns (Doxey et al., 2007).
Like approximately one third of the β-1,3-glucanases in this clade,
the T. koksaghyz protein represents protein domain architecture
type II, consisting of a signal peptide, a GH-17 domain and an X8/
CBM43 domain.

GWHPAAAA036026 was differentially expressed in the
proximal root and was annotated as allene oxide synthase 3
(TkAOS3; UniProt ID Q8GZP5). This gene was also expressed
at higher levels in pools B and C compared to pool A and thus
represented another putative negative regulator of root
volume. Amino acid sequence analysis showed that it shares
the same characteristics as other CYP74 family P450
cytochromes, lacking the threonine residue required for the
binding and activation of oxygen in the I-helix of P450
monooxygenases (Chapple, 1998). Instead, the small
hydrophobic residue valine is found at this position, which
is common for CYP74 proteins (Itoh et al., 2002). TkAOS3 also
fulfils the CYP74 consensus sequence for cysteinyl heme ligand
residues near the C-terminus with the sequence NKQC (A/
P)(G/A)K(D/N)XV (Itoh et al., 2002). An unrooted
maximum-likelihood tree (Supplementary Figure S6)
containing several members of the CYP74 family from
different species was constructed to assign TkAOS3 to one
of the four CYP74 subfamilies. TkAOS3 clustered with other
members of CYP74 subfamily C, which show high affinity for
9-hydroperoxides of linolenic or linoleic acid (9-HPOT/9-
HPOD) derived from 9-lipoxygenase (9-LOX) activity,
yielding the corresponding allene oxides (9,10-EOD/9,10-
EOT) (Itoh et al., 2002; Stumpe et al., 2006). These unstable
intermediates are likely to undergo spontaneous cyclization
(forming 10-OPDA/10-OPEA) or hydrolysis (forming α-
ketol/γ-ketol). However, the tomato AOS3 gene (LeAOS3) is
thought to encode a multifunctional enzyme that can also
catalyze the cyclization or hydrolysis of the intermediate to
form rac-cis-10-OPEA or 9R-α-ketol, respectively (Grechkin
et al., 2008). The expression of AOS3 is restricted to the roots
in tomato (Itoh et al., 2002) and to the sprouting eyes, stolons,
tubers and roots in potato (Stumpe et al., 2006). Our qRT-PCR
analysis did not find any correlation because the expression of
GWHPAAAA036026 did not negatively correlate with root
volume (Figure 4B) as initially suggested by the MACE
dataset. Among the different plant tissues, we observed the
highest gene expression in latex, which is highly abundant in
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root tissue. In all other examined tissues, GWHPAAAA036026
is only weakly expressed in comparison to latex
(Supplementary Figure S4B).

GWHPAAAA022842 was differentially expressed in the root
tip and was annotated as a homolog of TIFY10A/JAZ1 (UniProt
ID Q9LMA8). This gene was expressed at significantly higher
levels in pools A and C compared to pool B, and was thus
considered a candidate for a positive regulator of root length. Our
qRT-PCR analysis in single plants revealed a positive correlation
with the primary root length (Figure 4C), consistent with the
MACE dataset. GWHPAAAA022842 is expressed in almost all
tissues except flowers at a moderate level, and the highest
expression was observed in the peduncle (Supplementary
Figure S4C). The protein contains a TIFY domain (spanning
residues 106–138) with a TIFLNG motif differing slightly from
the consensus sequence [TIF (F/Y)XG] (Vanholme et al., 2007). It
also features a Jas/CCT domain (spanning residues 182–207). A
maximum likelihood tree was constructed from A. thaliana
TIFY/JAZ proteins, revealing that our protein is closely related
to AtTIFY10A and AtTIFY10B (Supplementary Figure S7).
AtTIFY10A/JAZ1 belongs to the JAZ family of repressors that
target transcription factors such as MYC2, MYC3 and MYC4
(Chini et al., 2007; Fernández-Calvo et al., 2011). These
transcription factors promote the expression of several early
jasmonate response genes and are involved in defense
responses as well as developmental processes such as lateral
root formation (Yadav et al., 2005; Grunewald et al., 2009;
Kazan and Manners, 2013). The degradation of JAZ proteins
depends on jasmonyl-isoleucine (JA-Ile)-mediated interactions
with COI1 through its Jas domain, which is part of the
SCF(COI1) E3 ubiquitin ligase complex, and subsequent
processing by the 26S proteasome (Thines et al., 2007). The
TIFY domain of JAZ1 interacts with NINJA/AFPH2, which
recruits TOPLESS to repress MYC2 (Pauwels et al., 2010). In
turn, the expression of multiple JAZ genes (including JAZ1) is
promoted by MYC2 as well as the closely related transcription
factors MYC3 and MYC4, resulting in a negative feedback loop
to attenuate the jasmonate signal (Chini et al., 2007; Niu et al.,
2011).

DISCUSSION

Domestication of the Russian dandelion (T. koksagyhz) would
provide a sustainable source of natural rubber. However, it is first
necessary to develop breeding programs to optimize rubber yields
as well as the ease of harvesting and processing. Marker-assisted
selection is a powerful method to improve precision and
efficiency during plant breeding. Numerous quantitative trait
loci (QTLs) and/or associated genes for a variety of plant
species and traits have been identified to assist breeders in
plant selection as early as the seedling stage, for example in
rice (Yonemaru et al., 2010). Suitable markers have not yet been
identified in T. koksagyhz. Most studies thus far have focused on
dandelion metabolism (Schmidt et al., 2010; Epping et al., 2015;
Pütter et al., 2017; Stolze et al., 2017; Niephaus et al., 2019)
whereas few have considered growth characteristics (Munt et al.,
2012; Wieghaus et al., 2019) or field trials (Arias et al., 2016a;
Kreuzberger et al., 2016; Eggert et al., 2018; Keener et al., 2018).
Most of the relevant studies have aimed to improve yields or gain
knowledge about agronomic performance.

To facilitate the breeding of new dandelion varieties with
improved traits, we developed a MACE-based transcriptomic
approach to identify candidate genes involved in root growth.
Three sets of plants with diverse root morphotypes were
harvested and the roots were divided into upper (proximal)
and root tip (distal) segments. The primary root volume and
root length differed significantly between the morphotypes,
whereas the rubber content was consistent. By pooling the
plants, we increased the likelihood of identifying specific
transcripts associated with root morphology in a heterogenous
set of wild-type plants while minimizing differences in the genetic
background. This reduced the number of DEGs we recovered, but
ensured that they were associated with a given root phenotype.
The analysis of differential gene expression in the resulting
datasets produced four sets of candidate genes influencing
primary root volume or length in the upper root or root tip.

Our transcriptomic pipeline allowed the identification of
multiple genes for specific root traits. Several of these were
assigned to transcription factors, hormone pathway/responsive

FIGURE 4 | Expression analysis of three candidate genes identified in the T. koksaghyz root transcriptome. Gene expression in single T. koksaghyzwild-type plants
was determined by qRT-PCR. Normalized gene expression ofGWHPAAAA042727 (A) and GWHPAAAA036026 (B) was plotted against the primary root volume in the
upper 5 cm, and normalized gene expression of GWHPAAAA022842 (C) was plotted against the primary root length. Normal distribution of all parameters was
confirmed using the Kolmogorov-Smirnoff-test, and outliers were identified using Grubbs’s test. Red line � regression line; R � Pearson’s R correlation coefficient;
R2 � coefficient of determination; n � 33–38.
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factors and cell wall/glucan biosynthesis/degradation proteins.
We found that genes in these groups, encoding products such as
Protein EXORDIUM and cellulose synthase A catalytic subunit 6
(UDP-forming) are already known to play a role during root
development, but also highlighted several interesting genes which
are yet to be evaluated for a putative role in root growth and
morphogenesis.

We selected three candidate genes for verification in single T.
koksagyhz plants from a new set of wild-type plants grown under
simulated field conditions. Because of the heterogeneity of the
plants used, we did not expect the correlation to be very high.
Many factors determine the root phenotype and our candidate
genes might contribute to it. Therefore, we think that a weak
correlation might still be reasonable when combined with other
identified DEGs. Nevertheless, two of the candidate genes,
encoding proteins resembling β-1,3-glucanase 11 (TkBG11)
and jasmonate ZIM-domain protein 1 (TkTIFY10A/JAZ1),
were confirmed by qRT-PCR as more strongly expressed in
thinner and longer roots, respectively. In contrast, there was
no correlation in the expression of TkAOS3, encoding a putative
allene oxide synthase.

The TkBG11 protein may affect the architecture of
plasmodesmata during root development, influencing the way
all plant cells connect to their neighbors. The permeability of
these membrane-lined microscopic channels is controlled by
interactions between callose synthases and β-1,3-glucanases,
which regulate the accumulation of callose in the surrounding
cell walls and thus determine the aperture size (Wolf et al., 1991;
Levy et al., 2007; Vatén et al., 2011; De Storme and Geelen, 2014).
Plasmodesmata play an important role in cell–cell
communication via the symplastic transport of auxin (Liu
et al., 2017; Mellor et al., 2020), transcription factors such as
SHORT ROOT (Nakajima et al., 2001; Kim et al., 2002, 2005;
Carlsbecker et al., 2010; Vatén et al., 2011), LEAFY (Wu et al.,
2003), KNOTTED1 (Lucas et al., 1995) and PLETHORA 2
(Mähönen et al., 2014), and microRNAs such as miRNA165/6
(Carlsbecker et al., 2010; Vatén et al., 2011). For example, the
quiescent center in the meristematic zone of the root tip
maintains a single layer of immediately adjacent stem cells by
signaling through the plasmodesmata (Barclay et al., 1982; Van
Den Berg et al., 1997; Stahl et al., 2013; Liu et al., 2017). Likewise,
lateral root development in A. thaliana depends on symplastic
connectivity (Benitez-Alfonso et al., 2013). Several pathogen-
related β-1,3-glucanases of the PR-2 family not only play a
role in defense by degrading fungal cell walls (Thanseem et al.,
2005; Liu et al., 2009) but also by inhibiting the spread of viruses
through plasmodesmata (Zavaliev et al., 2013). Following the
hypothesis that TkBG11 plays a role in callose homeostasis in
root cell plasmodesmata, its impact on root development may
reflect the depletion of callose in the plasmodesmata to increase
the trafficking of hormones and/or miRNA.

TkTIFY10A/JAZ1 is likely to play a role during root
elongation because it was strongly expressed in long roots and
this was confirmed by qRT-PCR in plants grown under field
conditions. In A. thaliana, the knockdown of JAZ1 sensitized the
plants to methyl jasmonate (MeJA), which inhibited primary root
growth but increased the number of lateral roots (Grunewald

et al., 2009). In contrast, the overexpression of JAZ1 or knockout
of COI1 increased the hypocotyl length under far-red light
(Robson et al., 2010; Liu and Wang, 2020). Furthermore, JAZ1
is upregulated by auxin (Grunewald et al., 2009). These findings
indicate a similar role for JAZ1 during root development in T.
koksaghyz, because stronger expression was observed in plants
with significantly longer roots. However, it is unclear whether a
jasmonate-mediated response to pathogens resulted in shorter
roots in pool B.

Although qRT-PCR did not confirm the correlation between
primary root length and the expression of TkAOS3 as suggested
by the transcriptomic data, the gene may still influence root
development in the context of defense against pathogens, and this
may explain the discrepancy between our two sets of plants (one
grown in the greenhouse and the other exposed to pathogens in
the environment). This hypothesis is also supported by its high
expression in latex. The products of the 9-LOX pathway have
been proposed to mediate defense responses in plants (Vellosillo
et al., 2007; Gao et al., 2008; León Morcillo et al., 2012; Vicente
et al., 2012; Marcos et al., 2015; Christensen et al., 2016; Morcillo
et al., 2016). The strong expression of TkAOS3 therefore hints at a
thin-root phenotype resulting from interactions with pathogens
during root development. Interestingly, LeAOS3 is not detected in
the roots of jai1/myc2 tomato mutants (Itoh et al., 2002). MYC2
regulates several early jasmonate response genes as a component
of plant defenses (Yadav et al., 2005; Grunewald et al., 2009;
Kazan and Manners, 2013), which indicates a link between the 9-
LOX pathway and jasmonate defense system (Itoh et al., 2002).
Given that our TIFY10A/JAZ1 homolog, which is more strongly
expressed in long roots, may repress MYC2 (Chini et al., 2007;
Fernández-Calvo et al., 2011) and that our AOS3 homolog is
more strongly expressed in thin roots, the expression profile is at
least confirmed for pools A and B. But because pool C is
characterized by the stronger expression of both the AOS3
and TIFY10A/JAZ1 homologs, there appears to be a more
complex relationship between these pathways.

CONCLUSION

We have provided initial insight into the expression of genes in
the upper root and root tip of T. koksaghyz plants by identifying
genes that are differentially expressed between diverse root
phenotypes. Several candidate genes were identified and the
expression of three of them was tested by qRT-PCR in a new
set of wild-type plants grown under field conditions, correlating
with the transcriptomic data in two cases and confirming the
validity of our method.We also generated a set of candidate genes
suitable for further research and subsequent use in marker-
assisted breeding. The results strengthen our strategy of first
identifying bulk DEGs by comparing pools of plants with similar
phenotypes, followed by a verification on a separate set of plants.
The latter step reduces the overall number of candidate genes but
homes in on the most promising candidates. In this case, the
candidate genes TkBG11 and TkTIFY10A may be useful for the
optimization of root phenotypes in T. koksaghyz, which entails
roots of medium length with a high biomass preferably in the
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upper root part. Varieties showing this root phenotype are likely
to be more suitable for harvesting and processing, thereby
optimizing not only the yield of rubber and inulin but also the
recovery of these valuable products.
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Superoxide dismutase (SOD) is an important enzyme that serves as the first line of defense
in the plant antioxidant system and removes reactive oxygen species (ROS) under adverse
conditions. The SOD protein family is widely distributed in the plant kingdom and plays a
significant role in plant growth and development. However, the comprehensive analysis of
the SOD gene family has not been conducted in Cucurbitaceae. Subsequently, 43 SOD
genes were identified from Cucurbitaceae species [Citrullus lanatus (watermelon),
Cucurbita pepo (zucchini), Cucumis sativus (cucumber), Lagenaria siceraria (bottle
gourd), Cucumis melo (melon)]. According to evolutionary analysis, SOD genes were
divided into eight subfamilies (I, II, III, IV, V, VI, VII, VIII). The gene structure analysis exhibited
that the SOD gene family had comparatively preserved exon/intron assembly and motif as
well. Phylogenetic and structural analysis revealed the functional divergence of
Cucurbitaceae SOD gene family. Furthermore, microRNAs 6 miRNAs were predicted
targeting 3 LsiSOD genes. Gene ontology annotation outcomes confirm the role of
LsiSODs under different stress stimuli, cellular oxidant detoxification processes, metal
ion binding activities, SOD activity, and different cellular components. Promoter regions of
the SOD family revealed that most cis-elements were involved in plant development, stress
response, and plant hormones. Evaluation of the gene expression showed that most SOD
genes were expressed in different tissues (root, flower, fruit, stem, and leaf). Finally, the
expression profiles of eight LsiSOD genes analyzed by qRT-PCR suggested that these
genetic reserves responded to drought, saline, heat, and cold stress. These findings laid
the foundation for further study of the role of the SOD gene family in Cucurbitaceae. Also,
they provided the potential for its use in the genetic improvement of Cucurbitaceae.

Keywords: LsiSOD genes, phylogenetic analysis, stress response, duplication events, expression pattern
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INTRODUCTION

In natural conditions, plants are often susceptible to drought, salt,
extreme temperatures, heavy metals, and other stresses that have
a significant impact on the growth, development, and production
of plants (Mittler and Blumwald, 2010; Cramer et al., 2011).
When a plant is stressed, it adjusts its homeostatic apparatus by
producing more reactive oxygen species (ROS) in its cells and
ROS, toxic-free radicals produced under stress by plant cells that
can oxidize the protein, destroy the cell membrane, and cause
DNA damage (Lee et al., 2007; Karuppanapandian et al., 2011;
Feng et al., 2015). These stresses inevitably accompany the
development of ROS, including hydroxyl radicals (OH),
superoxide anion radicals (O2

−), peroxide radicals (HOO−),
hydrogen peroxide (H2O2), and singlet oxygen (1O2), which
cause damage to the cell membrane, peroxidization and
deterioration of macromolecules, and ultimately lead to the
death of cells. ROS are also considered signaling molecules in
different organisms and can affect various physiological processes
in plants, For example, some prominent active oxygen scavengers
can resist environmental stresses by regulating the expression of
enzyme reaction family genes such as superoxide dismutase
(SOD), catalase (CAT), peroxidase (POD), glutathione peroxidase
(GPX), and peroxidase (PrxR) (Mittler et al., 2004; Ahmad et al.,
2010; Bafana et al., 2011; Filiz and Tombuloğlu, 2015). Mainly, ROS
are formed in the apoplast, mitochondria, plasma membrane,
chloroplast, peroxisomes, endoplasmic reticulum, and cell walls
(Mittler, 2017; Hasanuzzaman et al., 2020). Therefore, to manage
ROS noxiousness, plants have established well-organized and
composite antioxidant defense systems, including numerous non-
enzymatic and enzymatic antioxidants.

SOD is a type of metal enzyme that is first found in bovine red
blood cells and then characterized in bacteria, vertebrates, and
higher plants (Mann and Keilin, 1938; Rabinowitch and Sklan,
1980; Tepperman and Dunsmuir, 1990; Kim et al., 1996; Zelko
et al., 2002). Researchers of different studies have found that
SODs can catalyze superoxide O2 to disproportionate into O2 and
H2O2 (McCord and Fridovich, 1969; Tepperman and Dunsmuir,
1990). SODs are detected in plants in roots, fruits, leaves, and
seeds, which provide necessary protection for cells against
oxidative stress (Tepperman and Dunsmuir, 1990). As per the
binding pattern of metallic cofactors that cooperate with vigorous
sites, SOD genes are categorized further into four groups: 1) iron
FeSODs, 2) copper/zinc Cu/ZnSODs, 3) manganeseMnSODs, and
4) nickel NiSODs (Mittler et al., 2004; Feng et al., 2016; Yan et al.,
2016; Su et al., 2021). The different subtypes of SODs have almost
comparable functions. However, they have different metallic
cofactors and amino acid sequencing, in vitro subcellular
location and crystal structure, and different hydrogen peroxide
sensitivity (Abreu and Cabelli, 2010; Yan et al., 2016). These
SODs are distributed in cell compartments individually and play
an essential role in oxidative stress (Alscher et al., 2002). Among
the SODs, Cu/ZnSODs are predominantly distributed in the
chloroplast, extracellular space, and cytoplasm, and are present
in certain bacteria and all eukaryotes, while MnSODs mostly
present in plant mitochondria (Pilon et al., 2011; Feng et al., 2015;
Song et al., 2018; Wang et al., 2018; Hu et al., 2019; Verma et al.,

2019; Lu et al., 2020; Silva et al., 2020). MnSODs in the plant
genome play a role in eliminating ROS from mitochondria
(Møller, 2001). FeSODs are primarily distributed in protozoa,
prokaryotes, cytoplasms, and plant chloroplasts, while NiSODs
are found in Streptomyces and also in some cyanobacteria, but not
in plants (Youn et al., 1996; Wuerges et al., 2004; Miller, 2012).

Recent studies have shown that SODs can protect plants from
abiotic stress such as heat, drought, cold, abscisic acid, salt, and
ethylene (Wang et al., 2004; Pilon et al., 2011; Asensio et al., 2012;
Feng et al., 2015). Several studies have shown that the SOD genes
can be induced and transcribed in different plants under various
stress conditions, such as heat, drought, cold, salt, osmotic stress,
oxidative stress, and hormonal signal transduction (Wang et al.,
2004; Pilon et al., 2011; Feng et al., 2015; Feng et al., 2016; Yan
et al., 2016). SOD gene family under different hormones and
abiotic stress conditions in rapeseed (Su et al., 2021), Salvia
miltiorrhiza (Han et al., 2020), Zostera marina (Zang et al.,
2020), and Hordeum vulgare (Zhang et al., 2021) were recently
published articles. Furthermore, diverse forms of SOD genes
display different expression patterns under different stress
conditions. In tomatoes, for example, SlSOD1 is the only
significantly upregulated gene in the nine SlSOD genes, while
SlSOD2, SlSOD5, SlSOD6, and SlSOD8 are regulated by salt stress.
However, the expression levels of four “SlSOD2, SlSOD5, SlSOD6,
and SlSOD8” genes are found high during imposed drought
environment (Feng et al., 2016). Furthermore, the expression
patterns of the same type of SOD gene were different under stress.
For example, the studies found that there was no change in the
expression ofMnSODs in Arabidopsis under oxidative stress, and
the researchers found that there was a significant change in the
expression ofMnSODs in peas, wheat, and Zostera marina under
salt stress (Gómez et al., 1999; Wu et al., 1999; Baek and Skinner,
2003; Zang et al., 2020). These results suggest that different SOD
genes have different expression patterns under different
environmental stresses. Furthermore, researchers have also
discovered that alternative splicing and miRNAs may be involved
in the regulation of SOD expression (Srivastava et al., 2009; Lu et al.,
2011). Until now, the SOD gene family has been described in many
plant species, including Arabidopsis, Sorghum, Musa acuminata,
Phaseolus vulgaris, and Populus (Kliebenstein et al., 1998; Zelko
et al., 2002; Ballal and Manna, 2009; Fernández-Ocaña et al., 2011;
Lin and Lai, 2013; Molina-Rueda et al., 2013; Filiz et al., 2014; Cui
et al., 2015; Feng et al., 2015; Feng et al., 2016; Ho et al., 2017; Verma
et al., 2019). Cucurbitaceae is a significant economic and nutritional
crop in the world and SOD gene exists as a superfamily. The
phylogeny line, genome circulation, gene assembly, preserved
patterns, and expression profiles of these genes in different
tissues have been thoroughly analyzed, laying the foundation for
functional identification of SOD genes in Cucurbitaceae.

MATERIALS AND METHODS

Retrieval of SOD Gene Family in Five
Cucurbitaceae Species
To study the SOD gene family of cucurbit plants, the whole
genome of individual species of Cucurbitaceae was searched by
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the Blastp search method and Arabidopsis sequence of SOD used
as the query (Kliebenstein et al., 1998). Genomic, protein, and
CDS (coding DNA sequence) sequences of SOD gene family have
been identified and downloaded from the Cucurbitaceae database
(CuGenDB) (http://cucurbitgenetics.org/) (Zheng et al., 2019)
Subsequently, we used two methods to identify SOD genes in five
Cucurbitaceae species, i.e., BLASTP (protein blast) and the
hidden Markov model (HMM). For BLASTP, we used eight A.
thaliana SODs (AT1G08830.1/AtCSD1, AT2G28190.1/AtCSD2,
AT5G18100.1/AtCSD3, AT4G25100.1/AtFSD1, AT5G51100.1/
AtFSD2, AT5G23310.1/AtFSD3, AT3G10920.1/AtMSD1, and
AT3G56350.1/At00MSD2) amino acid sequences as a query
with an e-value set to 1e−5. The amino acid sequences of
eight AtSODs were obtained from the TAIR Arabidopsis
genome database (http://www.arabidopsis.org/). The database
web resources SMART (http:/smart.embl-heidelberg.de/)
(Schultz et al., 1998) and the Pfam protein domain database
(http://pfam.xfam.org/) were used to scan certain amino acid
sequences conserved domain SOD_Cu (PF00080.21) and SOD_
Fe_C (PF02777.19). The ProtParam software (http:/web.expasy.
org/ProtParam) (Gasteiger et al., 2005) was used to evaluate the
physiochemical properties (molecular weight, amino acid length,
and isoelectric point) of each SOD protein.

Phylogenetic Analyses of SOD Gene Family
All SOD full-length protein sequences of the five Cucurbitaceae
species [Citrullus lanatus (watermelon), Cucurbita pepo
(zucchini), Cucumis sativus (cucumber), Lagenaria siceraria
(bottle gourd), Cucumis melo (melon)] including seven other
plant species were aligned using clustalX software with default
parameters (1,000 bootstraps, pairwise deletion) (Thompson
et al., 1997). A phylogenetic tree was constructed with a
maximum likelihood method (MLM) by using the online
version of the IQ-TREE software (http:/iqtree.cibiv.univie.ac.
at). Finally, the phylogenetic tree was visualized through
online iTOL software (https://itol.embl.de/) (Letunic and Bork,
2019; Manzoor et al., 2021a).

Chromosomal Distribution of SOD Genes
The chromosomal localizations of Cucurbitaceae were obtained
from CuGenDB database (http://cucurbitgenetics.org/). For
chromosome mapping of SOD gene, map inspect tool (http://
mapinspect.software.com) was used. The aforementioned
description is used to map the distribution of SOD gene
throughout the Cucurbitaceae family individual species used in
this study (Hu et al., 2016).

Intron/Exon Structure and Conserved Motif
Analysis of Protein
The genome sequence and the coding sequence of the SOD gene
were downloaded from the genome of the individual species of
the Cucurbitaceae family from CuGenDB database. The Gene
Structure and Display Server (GSDS) (http:/gsds.cbi.pku.edu.cn/)
(Hu et al., 2015) was used to evaluate intron distribution
dynamics and the splicing mechanism of each SOD gene. The
Multiple Expectation Maximization for Motif Elicitation

(MEME) software (Bailey et al., 2009) identified the conserved
SOD protein motif (http:/meme-suite.org/tools/meme). Finally,
the subcellular localization was predicted using WoLF PSORT
(http://wolfpsort.org) (Horton et al., 2007).

Prediction of the SOD Cis-Regulatory
Elements in the Promoter
For the prediction of regulatory elements on the promoter regions
of CuSODs, 1,500 kb upstream DNA sequence of each SOD gene
was collected from all SOD genes using the online web server
PlantCARE (http:/bioinformatics.psb.ugent.be/webtools/
PlantCARE/html/) (Higo et al., 1999; Lescot et al., 2002).

Gene Duplications and Collinearity
Relationship Analysis
Multiple collinearity scan toolkit (MCScanX) was used for
collinearity analysis with BLASTP (E < 1e−5) against five
Cucurbitaceae species (Wang et al., 2012; Qiao et al., 2018).
Different modes of duplications (WGD/segmental, dispersed,
proximal, and tandem duplications) among five Cucurbitaceae
species (Citrullus lanatus, Cucurbita pepo, Cucumis sativus,
Lagenaria siceraria, Cucumis melo) were used. Gene
duplications and collinearity relationships were visualized by
using TBtools (Chen et al., 2020) and circos software.

Gene Ontology Annotation and MicroRNA
Target Site Analysis
We used the CELLO v.2.5 software functional annotation
platform to determine the Cucurbitaceae SOD gene’s
functional Classification. CELLO (http://cello.life.nctu.edu.tw/
site) platform connects the genes with GO terms through
hierarchical vocabularies (Conesa and Götz, 2008). Functional
enrichment analysis of SOD genes was performed using DAVID
online tools (DAVID 6.8; http://david.ncifcrf.gov/) (Huang et al.,
2009). The GO terms were classified into three categories:
biological process (BP), cellular component (CC), and
molecular function (MF). The upregulated SOD genes and
downregulated SOD genes were entered separately and p <0.01
was considered to indicate a statistically significant difference.

To determine the miRNA-mediated posttranscriptional
regulation of SODs, we searched the 5′ and 3′ untranslated
regions (UTRs), and the coding regions, of the SODs for target
sites of Lagenaria siceraria miRNAs obtained from various
databases and published articles on the psRNA Target server
using default parameters (Dai et al., 2018).

Plant Materials and Abiotic Stresses
The L. siceraria plants were planted in the growth chamber; seeds
(variety: Winall 808) were provided by The National Engineering
Laboratory of Crop Resistance Breeding, School of Life Sciences,
Anhui Agricultural University, Hefei, China. To examine the
behavior of the SOD genes under abiotic stress, seedlings of 2-
week-old plants were carefully watered and grown under 24 h/
18 h light and 16 h/8 h dark conditions in a growth chamber
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before different stress inductions. However, seedlings were later
transferred to the growth chamber at 50°C under normal lighting
conditions during the heat treatment. The plant was treated for
salt and drought resistance on the Murashige and Skoog (MS)
liquid media containing 300 mM of PEG-6000. For the cold
treatment, seedlings in the growth chamber were transferred
to 4°C under light conditions (Hu et al., 2016). After
treatment, the leaves were collected at 0, 4, 8, 16, and 24 h,
and instantly frozen in liquid nitrogen immediately, and the
sample was obtained to determine the transcription level of the
SOD gene family in treated plant seedlings. Finally, all samples
were instantly frozen in liquid nitrogen and stored at −80°C until
further use.

RNA Isolation and Quantitative Real-Time
PCR Reaction
RNA extraction reagent kit (Trizol) was purchased fromHua and
Maike Biotechnology Co. Ltd., Beijing, China. Total RNA was
extracted following the manufacturer’s instructions. The RNA
reverse transcription kit (TaKaRa Company, Japan) and
Fluorescent Quantitative Reagent SYBR Green Master (Roche,
United States) were used, and qRT-PCR was performed using a
previously described method (Zhou et al., 2014). Gene-specific
primers of LsiSODs and Lsi-actin for the qRT-PCR system were
designed by using GenScript server (www.genscript.com) and
synthesized by Sangon Biotech (Shanghai) (Supplementary
Table S1).

Actin gene of L. sicerariawas used as an endogenous control to
detect the relative expression of LsiSOD genes based on previous
studies (Zhang et al., 2018). Primers used are given in
Supplementary Table S1. qRT-PCR reactions were performed
in biological triplicates. The relative expression level was
calculated by 2−ΔCt method and statistical analyses were
measured using Microsoft Office 2010.

RESULTS

Genome-Wide Characterization of SOD
Genes in Five Cucurbitaceae Species
In total, 43 SODs were identified in five Cucurbitaceae species
from CuGenDB, and 8–10 genes were retrieved for individual
species such as Citrullus lanatus (8 SODs), Cucurbita pepo
(10 SODs), Cucumis sativus (9 SODs), Lagenaria siceraria
(8 SODs), and Cucumis melo (8 SODs) (Supplementary Table
S2). The detailed information of Cucurbitaceae species
(molecular weight, starting and ending point, and theoretical
pI) of the protein are listed in Table 1, and all protein sequences
are shown in Supplementary Table S10.

In Citrullus lanatus, we detected eight SOD genes, containing
five copper/zinc SODs and three iron/manganese SODs. The
molecular weight, length, and pI of SOD protein were
15.12–35.01 kDa, 152–330 amino acids, and 5.31–7.95,
respectively: five Cu/ZnSODs (ClaSOD1, ClaSOD2, ClaSOD3,
ClaSOD6, ClaSOD8) were acidic in nature and one MnSOD
(ClaSOD5) was basic, and in the two FeSODs, ClaSOD7 was

acidic and ClaSOD4 was slightly basic. Subcellular localization
prediction results showed that six SODs (ClaSOD1, ClaSOD2,
ClaSOD3, ClaSOD6, ClaSOD7, ClaSOD8) of Cu/Zn SODs were in
the chloroplast, and Cla-SOD4 and Cla-SOD5 were localized to
the mitochondria.

In Cucurbita pepo, ten SOD genes were detected, including
seven Cu/ZnSODs and three Fe/Mn-SODs; the molecular weight,
length, and pI values of SOD proteins were within the ranges of
15.28–59.17 kDa, 52–530 amino acids, and 5.18–9.73,
respectively. The subcellular localization prediction showed
that Cu/ZnSODs CpSOD1, CpSOD3, CpSOD4, CpSOD6, and
CpSOD7 were localized to the chloroplast, and two Cu/
ZnSODs, CpSOD2 and CpSOD9, were localized to the
cytoplasm. Furthermore, CpSOD5 and CpSOD10 were
localized to the mitochondrion.

In Cucumis sativus, nine SODs were retrieved—six were Cu/
ZnSODs and three were Fe/MnSODs. The molecular weight,
length, and pI values of SOD proteins were within the range
of 15.26–86.82, while amino acids range from 73 to 318 and
4.97–9.83 kDa, respectively. CsaSOD2, CsaSOD3, CsaSOD4,
CsaSOD6, CsaSOD7, CsaSOD8, and CsaSOD9 were acidic and
CsaSOD1 and CsaSOD5 were basic. In the prediction of
subcellular localization, CsaSOD1 and CsaSOD2 were localized
to the mitochondrion. CsaSOD3, CsaSOD4, CsaSOD6, and
CsaSOD8 are localized to the chloroplast; CsaSOD5 and
CsaSOD9 are in the nucleus; and CsaSOD7 is localized to the
cytoplasm.

In Lagenaria siceraria, eight SODs were detected collectively,
including five copper/zinc SODs and three iron/manganese
SODs. The molecular weight, length, and pI of SOD protein
were 15.07–42.32 kDa, 152–397 amino acids, and 5.35–8.65,
respectively. LsiSOD1 and LsiSOD3 of Cu/Zn-SODs are basic
and LsiSOD6 is slightly basic; LsiSOD2, LsiSOD4, LsiSOD5,
LsiSOD7, and LsiSOD9 are acidic. Subcellular localizations of
LsiSOD1, LsiSOD4, LsiSOD5, LsiSOD6, LsiSOD7, and LsiSOD8
are found in the chloroplast while LsiSOD2 and LsiSOD3 are in
the mitochondrion.

In Cucumis melo, a total of eight SODs were identified,
including four Cu/ZnSODs and four Fe/MnSODs, and the
SOD protein’s molecular weight, length, and pI values were
observed within the ranges of 15.90–36.95 kDa, 134–347 amino
acids, and 5.16–8.49, respectively; three SODs such as MelSOD1,
MelSOD4, and MelSOD8 are basic, and MelSOD2, MelSOD3,
MelSOD5, MelSOD6, and MelSOD7 are acidic. The prediction of
subcellular localizations showed thatMelSOD1 andMelSOD8 are
in the mitochondrion, and MelSOD3 and MelSOD7 are in the
cytoplasm. MelSOD2, MelSOD4, and MelSOD5 are in the
chloroplast (Table 1).

Structural Phylogenetic Analysis of SOD
Genes Family in Five Cucurbitaceae
Species
To define the evolutionary relationship of SODs in different plant
species, we constructed a phylogenetic tree of SODs based on the
full length of protein sequences and divided them into eight
groups. A total of 106 SOD proteins were obtained from 13 plant
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TABLE 1 | Physio-chemical characteristics of 43 SOD identified genes and sequence information in five species of Cucurbitaceae family.

Entry ID Pfam domain Exon Intron Protein DNA

Localization
by PC

MW kDa1 AA2 pI3 pH4 Gray5 MW Da6 Length7

ClaSOD7 IMA, IMC PF00081, PF02777 8 7 Chloroplast 34.56 304 6.17 6.19 −0.757 1,415,651.18 4,585
ClaSOD8 HMA.CZ PF00080 7 6 Chloroplast 35.01 330 5.26 5.26 −0.083 1,453,499.90 4,704
CpSOD1 CZ PF00080 5 4 Chloroplast 12.45 122 6.71 7.32 −0.298 82,357.07 960
CpSOD2 CZ PF00080 6 5 Cytoplasm 17.14 162 5.18 5.18 −0.255 1,096,062.63 3,657
CpSOD3 CZ PF00080 2 1 Chloroplast 53.46 52 8.40 9.54 −0.010 20,704.82 246
CpSOD4 IMA, IMC PF00081, PF02777 8 7 Chloroplast 33.36 295 5.51 5.51 −0.603 842,465.78 2,730
CpSOD5 IMA, IMC PF00081, PF02777 6 5 Mitochondrion 26.23 235 7.94 8.07 −0.274 1,150,425.35 3,733
CpSOD6 CZ PF00080 8 7 Chloroplast 22.50 221 6.02 6.03 0.108 1,126,708.80 3,645
CpSOD7 CZ PF00080 6 5 Chloroplast 34.22 323 5.37 5.24 −0.053 347,046.97 4,122
CpSOD8 CZ PF00080 7 6 Chloroplast 15.28 152 5.28 5.28 −0.117 848,531.63 2,741
CpSOD9 CZ, Thio PF00080 5 4 Cytoplasm 59.17 530 9.73 9.73 −0.168 995,717.59 3,226
CpSOD10 IMA, IMC PF00081, PF02777 6 5 Mitochondrion 23.79 216 7.98 8.74 −0.197 229,375.36 2,730
CsaSOD1 IMA, IMC PF00081, PF02777 6 5 Mitochondrion 26.88 242 7.88 8.01 −0.245 1,145,395.55 3,707
CsaSOD2 IMA, IMC PF00081, PF02777 8 7 Mitochondrion 30.85 267 6.79 6.86 −0.390 2,029,893.05 6,567
CsaSOD3 CZ PF00080 7 6 Chloroplast 15.26 152 5.44 5.44 −0.140 1,369,045.72 4,434
CsaSOD4 CZ PF00080 7 6 Chloroplast 15.40 152 4.97 4.97 −0.121 1,446,146.27 4,677
CsaSOD5 CZ, HMA PF00080 5 4 Nucleus 22.09 223 9.83 10.44 −0.417 315,861.52 3,708
CsaSOD6 IMA, IMC PF00081, PF02777 8 7 Chloroplast 36.38 318 5.78 5.78 −0.825 1,242,734.18 4,017
CsaSOD7 CZ PF00080 7 6 Cytoplasm 15.87 157 6.53 6.57 −0.154 1,315,300.39 4,267
CsaSOD8 CZ PF00080 8 7 Chloroplast 22.62 223 5.87 5.88 0.178 1,851,704.38 5,987
CsaSOD9 CZ PF00080 3 2 Nucleus 86.82 73 5.80 5.85 −0.203 26,119.11 316
LsiSOD1 AP2, CZ PF00080 8 7 Chloroplast 42.32 397 8.51 8.52 −0.376 3,503,807.65 11,347
LsiSOD2 IMA, IMC PF00081, PF02777 8 7 Mitochondrion 32.45 292 6.67 5.36 −0.314 1,577,617.15 5,112
LsiSOD3 IMC, IMA PF00081, PF02777 6 5 Mitochondrion 31.25 274 8.65 8.66 −0.369 1,709,879.76 5,529
LsiSOD4 CZ PF00080 7 6 Chloroplast 15.07 152 5.59 5.59 −0.030 1,095,314.26 3,557
LsiSOD5 IMA, IMC PF00081, PF02777 6 5 Chloroplast 32.29 286 6.11 5.90 −0.753 1,752,081.95 5,669
LsiSOD6 HMA, CZ PF00080 6 5 Chloroplast 36.61 344 6.84 7.01 −0.125 1,422,371.22 4,647
LsiSOD7 CZ PF00080 10 9 Chloroplast 32.46 239 5.90 5.90 0.030 1,636,024.86 5,283
LsiSOD8 CZ PF00080 7 6 Chloroplast 17.93 171 5.35 6.12 −0.264 1,418,129.87 4,591
MelSOD1 IMA, IMC PF00081, PF02777 8 7 Mitochondrion 30.82 267 8.24 8.50 −0.378 1,216,363.52 3,937
MelSOD2 CZ PF00080 7 6 Chloroplast 17.59 172 5.61 6.16 −0.091 1,452,368.96 4,704
MelSOD3 CZ PF00080 6 5 Cytoplasm 13.73 134 5.48 8.28 −0.171 1,817,515.13 5,882
MelSOD4 IMA, IMC PF00081, PF02777 6 5 Chloroplast 36.94 347 8.49 5.48 −0.061 1,364,456.23 4,424
MelSOD5 IMA, IMC PF00081, PF02777 7 6 Chloroplast 33.07 291 6.15 6.57 −0.829 1,331,923.50 4,313
MelSOD6 CZ PF00080 7 6 Cytoplasm 15.90 157 6.53 5.61 −0.116 960,111.72 3,110
MelSOD7 CZ PF00080 7 6 Chloroplast 22.01 217 5.78 8.65 0.070 996,665.45 3,222
MelSOD8 IMA, IMC PF00081, PF02777 5 4 Mitochondrion 30.89 278 8.65 5.88 0.003 802,622.21 2,607

1, molecular weight of protein; 2, amino acid; 3, protein isoelectric point; 4, pH; 5, GRAVY; 6, molecular weight of DNA; 7, length. CZ, copper/zinc superoxide dismutase (PF00080) (SODC); IMA, iron/manganese superoxide dismutase alpha-
hairpin domain (PF00081); IMC, iron/manganese superoxide dismutase (PF02777), C-terminal domain; PC, ProtComp9.0 server.
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species including Arabidopsis thaliana, Lagenaria siceraria,
Citrullus lanatus, Cucurbita pepo, Cucumis sativa, Cucumis
melo, Gossypium arboretum, Solanum lycopersicum, Zea mays,
Solanum tuberosum, Sorghum bicolor, Populus trichocarpa, and
Oryza sativa. Three methods, maximum likelihood (ML),
minimal evolution (ME), and maximum parsimony (MP),
yielded nearly identical phylogenetic trees; therefore, only NJ
tree was used for further analyses (Kumar et al., 2016) (Figure 1;
Supplementary Figure S2). Based on the phylogenetic tree, the
SOD genes were divided into five subgroups according to
Arabidopsis (Silva et al., 2020). However, three unique clades
in a phylogenetic tree may have independent evolutionary
trajectories from other clades. It is also suggested that these
clades may have individual evolution that is different from
Arabidopsis (Nijhawan et al., 2008; Wei et al., 2012; Manzoor
et al., 2021a). According to the bootstrap values quoted on the
nodes, topography, and sequence similarities, all identified SODs
from the Cucurbitaceae species were categorized into eight
subfamilies (I–VIII). SOD protein sequences from all
Cucurbitaceae species contributed in all subfamilies (Figure 1).
These results suggested that there may have been gene loss or gain
events that occurred throughout the evolutionary process. The
gain and loss of specific SOD gene members caused functional
divergence.

Conserved Motif Analysis of SOD Gene
Family in Five Cucurbitaceae Species
The conserved motif analysis of the SOD family supported the
classification and evolutionary relationships of the five
Cucurbitaceae species SOD genes. In total, 20 motifs were
detected from 43 SOD genes in Citrullus lanatus, Cucurbita
pepo, Cucumis sativus, Lagenaria siceraria, and Cucumis melo.
All SOD genes contained at least two motifs except CpSOD3 and
CsaSOD5, which contain only one motif (Figure 2B): Cu/ZnSOD
and Fe/MnSODs. Besides, FeSODs andMnSODs were clustered in
the same group and belonged to a similar subcluster, while the
Cu/ZnSOD was clustered in a different group. A similar cluster
distribution was detected in the SOD proteins of each species,
indicating that these SOD genes are highly conserved in different
plants (Figure 2A). In Cucurbitaceae species, 5–9 exons were
detected in SOD genes by comparing the genomic DNA and CDS
sequences using the GSDS 2.0 utility (Figure 2C). However,
differences were observed in the size and number of exons/
introns in Cucurbitaceae. In the organization of exons/introns,
a high degree of conservation has been observed, which is
consistent with the high degree of similarity found by multiple
alignments between protein sequences, which gives high
similarities between them. The evolutionary analysis suggested
that structural gene diversity is the primary source for the
evolution of multigene families (Xu et al., 2012; Manzoor
et al., 2021b).

C. lanatus contains 6–8 exons and C. pepo contains 3–9 exons;
interestingly, CpSOD3 contains 2 exons with 1 intron. C. sativus
contains 5–8 exons while CsaSOD9 has 3 exons and 2 introns.
Both CpSOD3 and CsaSOD9 genes are the smallest genes among
all 43 SOD genes identified in five Cucurbitaceae species. C. melo

consists of 5–8 exons in which MelSOD8 has 5 exons and 4
introns. L. siceraria contains 6–10 exons; interestingly, LsiSOD1
and LsiSOD2 comprise 8/7 exons/introns. On the other hand,
LsiSOD3, LsiSOD5, and LsiSOD6 comprise 6/5 exons/introns that
have the upstream and downstream sequence. LsiSOD4 contains
exons/introns (7/6) with upstream and downstream sequences
and LsiSOD7 contains 10 exons with the only downstream
sequence. The remaining LsiSOD8 contains 7 exons and 6
introns with both upstream and downstream sequences.

Chromosomal Distribution and Promoter
Analysis of SOD Gene Family
The chromosomadal distribution of the SOD gene family of the
Cucurbitaceae species was determined, as shown in Figure 3
(Supplementary Table S3), and detailed data are given in
Supplementary Table S4. C. lanatus chromosome 2 contains
two genes, and chromosome 3 contains three genes, while
chromosomes 4, 7, and 10 contain only one gene. In C. pepo,
chromosome 0 contains three genes; 1, 2, 5, 11, and 20 contain
only one gene while chromosome 8 contains 2 genes. In C.
sativus, chromosome 1 contains three genes, and
chromosomes 4 and 6 contain two genes each, while only one
gene was found on chromosomes 2 and 3. In L. siceraria,
chromosomes 1, 2, 10, and 11 contain one gene, while
chromosomes 6 and 7 contain two genes, respectively. C. melo
contains two genes on chromosome 2, while chromosomes 5, 6, 7,
8, 11, and 12 contain only one SOD gene.

To clearly understand the function and regulation of SOD
proteins, cis-elements in the promoter sequence of SOD genes in
Cucurbitaceae were retrieved. The 1,500-bp upstream region of
the start codon of each SOD gene was analyzed by using the
PlantCARE database. According to the obtained results, the cis-
elements can be divided into three classes: stress related, light
related, and hormone response elements (Figure 4A). Five cis-
elements of stress response were determined, including LTR, TC
rich, MBS, ARE, and box-w1; these elements reflected the
response of plants to drought, low temperature, anaerobic
induction, stress defense, and fungal inducer. Four hormone-
sensitive cis-elements (SA, MeJA, GA, and ethylene) were
identified, which are associated with ABA, SA, ethylene, and
MeJA responses (Figure 4B). On the promoter region of SOD
gene family of Cucurbitaceae, a considerable number of phyto-
response cis-elements were detected (Supplementary Table S4).
The results suggested that the cis-elements of SOD promoter had
a positive response to abiotic stress and regulation mechanism of
plant growth and development.

Gene Duplication Events and Collinearity
Relationships in Five Cucurbitaceae
Genomes
To further understand the evolution and new function of genes,
gene duplication events of the SOD gene family were identified in
five Cucurbitaceae species (Citrullus lanatus, Cucurbita pepo,
Cucumis sativus, Lagenaria siceraria, Cucumis melo). We
analyzed three modes of gene duplications in all SOD gene
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families, including transposed duplication (TRD), dispersed
duplication (DSD), and whole-genome duplication (WGD).
We identified many kinds of gene duplications and their
contributions to the expansion of the SOD genes. Interestingly,
25 pairs of the duplicated gene were identified in five

Cucurbitaceae species, with a maximal number of duplicated
gene pairs derived from dispersed duplications (15 genes pair out
of 25), followed by transposed duplications (8 genes pair out of
25) and whole-genome duplications (2 genes pair out of 25)
showing that the expression of the SOD gene family was mainly

FIGURE 1 | Phylogenetic tree of 106 SOD proteins from Lagenaria siceraria and other plants including 13 plant species—Arabidopsis thaliana, Lagenaria siceraria,
Citrullus lanatus, Cucurbita pepo, Cucumis sativa, Cucumis melo, Gossypium arboretum, Solanum lycopersicum, Zea mays, Solanum tuberosum, Sorghum bicolor,
Populus trichocarpa, and Oryza sativa. Protein sequences were aligned using ClustalW2 sequence alignment program and the phylogenetic tree was constructed by
software MEGA7.
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associated with WGD, TRD, and DSD events (Supplementary
Table S5) (Figure 5). These results indicate that DSDs play a vital
role in SOD gene expansion in Cucumis sativus, Lagenaria
siceraria, and Cucumis melo. WGDs might contribute to the
expansion of the SOD gene family (Supplementary Table S5).
Our study showed that duplication events play an important role
in SOD gene expansion, and TRDs and WGD occurred at high
frequency in Cucurbitaceae species (Figure 6).

We further analyzed the collinearity relationships of SOD
genes between five Cucurbitaceae species (Citrullus lanatus,
Cucurbita pepo, Cucumis sativus, Lagenaria siceraria, Cucumis
melo) as these five plants belong to the Cucurbitaceae family and
shared a similar antique (Supplementary Table S6) (Figure 7). A
total of 35 collinear gene pairs were found between the five
Cucurbitaceae genomes, including 5 orthologous gene pairs
between Arabidopsis and Cucurbita pepo, 4 orthologous gene
pairs between Arabidopsis and Lagenaria siceraria, 4 orthologous
gene pairs between Arabidopsis and Cucumis melo, 8 orthologous
gene pairs between Citrullus lanatus and Cucumis sativus, 7
orthologous gene pairs between Citrullus lanatus and
Lagenaria siceraria, and 7 orthologous gene pairs between
Cucurbita pepo and Lagenaria siceraria, suggesting a close
relationship among the five Cucurbitaceae genomes. The
results show that the genetic relationship between SOD gene
pairs in C. lanatus, C. pepo, C. sativus, C. melo, and L. siceraria is
close. No pairs of collinear SODs are shared between Arabidopsis

and five Cucurbitaceae genomes, indicating the long distance
phylogenetic relationship between two species.

Gene Ontology Annotation Study of SOD
Gene Family
Functional enrichment analysis of SOD genes was performed using
DAVID. The SOD genes were categorized into three functional
groups—biological processes, molecular functions, and cellular
components—that are characteristics of genes or gene products,
which enable us to understand the diverse molecular functions of
proteins (Altschul et al., 1990). These results may be related to
protein sequence similarities caused by genomic events (8,
Supplementary Table S7). Evaluation of the biological processes
mediated by SODs indicated that the same percentage (~27%) of
proteins was involved in oxidoreductase activity and ion binding.
Among the SOD proteins, ~14.58% of members showed potential
involvement in protein binding, enzyme binding, andDNA binding,
respectively, while nucleic acid binding transcription factor activity
involvement is ~2.08% during the 8 LsiSOD genes of Lagenaria
siceraria life cycle (Figure 8). At the same time, in SOD genes of five
Cucurbitaceae species, “Cellular Components” includes 17.40%
response to stress and reproduction, respectively. Meanwhile,
15.83% of genes were involved in aging, and 10.73% of genes
were involved in homeostatic process and transport, respectively
(Figure 8). Furthermore, the SOD genes of 8 LsiSOD genes of

FIGURE 2 | (A) The protein structures of SODs based on the presence of conserved motifs were arranged corresponding to the phylogenetic tree. (B) All
conserved motifs of the SOD proteins were identified by the MEME program. Different motifs are highlighted with different colored boxes with numbers 1 to 10. (C)Gene
structures of SODs exons are shown as yellow boxes, introns are shown as thin black lines, and UTRs are shown as blue boxes.
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FIGURE 3 | Chromosomal locations of 43 SOD genes in the genome of five species of the Cucurbitaceae family. Watermelon: Cla; melon: Mel; cucumber: Csa;
zucchini: Cp; bottle gourd: Lsi. The chromosome numbers are indicated at the top of chromosomes, and the size of the chromosome is represented with a vertical scale.
The gene number is located on each chromosome and the left scale is in megabases (Mb).
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Lagenaria siceraria were involved in the molecular functions, 11.9%
of the genes were involved in intracellular, cell, cytoplasm, organelle,
and mitochondrion while 10.51% of the genes were involved in
plastid and 5.65% were involved in extracellular region, cytosol,
nucleus, and extracellular space, respectively (Figure 8). The results

corroborated the putative SOD promoter analysis (Jagadeeswaran
et al., 2009; Jia et al., 2009; Guan et al., 2013; Manzoor et al., 2021a).
Furthermore, analysis of the molecular function annotations
revealed that all of the LsiSOD protein functions were enriched
in SOD activity and metal ion binding.

FIGURE 4 | Analysis of cis-elements in putative promoters of SOD gene family of five species of Cucurbitaceae family. 1,500 kb upstream of the transcription
initiation site, sequences of SOD genes were retrieved and analyzed by PlantCARE. (A) Different stress-responsive and hormone-associated elements are identified, and
their numbers are plotted on the graph. Various elements in each promoter are coded in different colors according to the legend at the top. (B) The size of the pie charts
showed the percentage of promoter element in each category.
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Genome-Wide Analysis of miRNA Targeting
LsiSOD Genes
MicroRNAs (miRNAs) are endogenous microRNAs that play an
important role in plant growth/development and stress
responses. Thus, for a deep understanding of miRNA-
mediated post-transcriptional regulation of LsiSOD, we
identified 6 miRNAs (Lsi-MIR164a, Lsi-MIR164b, Lsi-
MIR164c, Lsi-MIR164f, Lsi-miRN1740, and Lsi-miRN1741)
with different classes of miRNA families (Figure 9;
Supplementary Table S8). The analysis indicated that
3 LsiSOD genes (LsiSOD3, LsiSOD6, and LsiSOD7) were
targeted on different miRNA. The expression profiles of these
miRNAs and their targets are needed to detect and verify in
further experiments to determine their biological functions in
bottle gourd. The regulation of SOD genes’ expression by miRNA
needs to be studied further.

Tissue-Specific Expression of LsiSOD
Genes
A strong link between gene expression and function has been
suggested and that the SOD gene family is primarily involved in
plant growth, development, and stress responses. To determine
the biological functions in Lagenaria siceraria, the expression
profiles of the 8 LsiSOD genes were analyzed in tissues (root,
flower, fruit, stem, and leaf) using RNA-seq data downloaded
from CuGenDB (http://cucurbitgenetics.org/) (Zheng et al.,
2019). These results indicated that LsiSOD genes have tissue-
specific expression patterns. However, LsiSOD4, LsiSOD5, and
LsiSOD6 exhibited low transcript abundance in root and flower
while their highest expression was detected in stems and leaves.
This suggested that they play an important role in the
development of plants. In addition, LsiSOD1, LsiSOD2, and
LsiSOD3 are highly expressed in all parts of plants especially
in the early stages of plant development (Figure 10). All LsiSOD
genes were widely expressed and showed tissue-specific
expression patterns while LsiSOD8 shows less expression in all
different developmental parts.

Gene Expression Analysis of LsiSOD Gene
Under Abiotic Stresses
To understand the role of the SODs, qRT-PCR was used to
analyze the expression patterns of the SOD gene in response
to stress from heat, cold, drought, and NaCl. Significant
differences were observed in the expression levels of the
LsiSOD genes under different treatments, and complexity was
detected in their expression patterns (Figure 11). The 8 LsiSOD
genes were induced by heat treatment, and their expression
profiles were significantly enhanced. Among them, at 4 h of
treatment one gene LsiSOD7 (2.62-fold), at 8 h of treatment
two genes LsiSOD3 (20.35-fold) and LsiSOD4 (14.62-fold), at
16 h of treatment two genes LsiSOD2 (13.22-fold) and LsiSOD3
(16.41-fold), and at 24 h 2 genes LsiSOD2 (18.24-fold) and
LsiSOD3 (24.16-fold) reached the highest expression level
respectively. Interestingly, the transcription of LsiSOD3 and

LsiSOD4 was gradually induced to 8 h, then decreased at 16 h,
and finally reached a high level at 24 h, as described in Figure 11.
Besides, in the expression of LsiSOD7, a dramatic increase was
observed, which reached the maximum level at 4 h and decreased
significantly at 8 h, then increased gradually with the treatment
(Figure 11A). During cold treatment at 4 h, many LsiSOD genes
were downregulated, LsiSOD3 (1.17-fold) remained unchanged,
LsiSOD7 (1.27-fold) slightly increased, and then LsiSOD3 (7.27-
fold) increased significantly at 8 h (Figure 11B). After 8 h, except
for the increased expression of LsiSOD2 (1.71-fold) at 16 h, the
other LsiSOD genes were significantly downregulated at 16 h and
continued to decline at 24 h as compared with 0 h. After 8 h, the
expression of LsiSOD7 (4.53-fold) and LsiSOD8 (4.39-fold) was
progressively induced, and the induction peak appeared at 16 and
24 h, respectively. Under the PEG stress treatment, almost all
LsiSOD gene expressions increased significantly at 4 h except
LsiSOD1, and then the level of transcription decreased. At the
same time, LsiSOD1 decreased somewhat at 4 h, and its
transcription remained unchanged (Figure 11C). At 4 h of
treatment with PEG, the expression of LsiSOD8 (4.27-fold)
was maximum, whereas the expression of LsiSOD8 (1.36-fold)
was highest during 8 h of treatment, while at 12 h of treatment
LsiSOD4 (2.17-fold) shows maximum expression. During NaCl
stress treatment, mostly the expression pattern of all LsiSOD
genes increased tremendously at 8 h, decreased at 16 h, and finally
increased at 24 h (Figure 11D). At 4 h of treatment, expression of
LsiSOD3 increased (3.71-fold), and at 8 h of treatment with NaCl,
expression of LsiSOD2 increased (8.59-fold), while at 12 h of
treatment, the expression of LsiSOD8 increased (3.01-fold) and
the expression of LsiSOD4 increased (4.53-fold). It should be
worth mentioning that LsiSOD2 transcription level increased
significantly in 24 h, which was significantly higher than other
LsiSOD genes.

DISCUSSION

Environmental pressure poses a considerable challenge to crop
production. Superoxide dismutase activity plays an important
role in plant resistance to different stresses, such as salt, drought,
and metal toxicity (Alscher et al., 2002; Schützendübel and Polle,
2002; Fernández-Ocaña et al., 2011; Atkinson et al., 2013; Lin and
Lai, 2013; Wang et al., 2018). SOD gene family is widely
distributed among many plant species, including Arabidopsis
(Kliebenstein et al., 1998), rice (Dehury et al., 2013), longan
(Lin and Lai, 2013), banana (Molina-Rueda et al., 2013), poplar
(Gosavi et al., 2014), sorghum (Nath et al., 2014), cotton (Feng
et al., 2015), and tomato (Filiz and Tombuloğlu, 2015; Zhang
et al., 2016; Wang et al., 2016; Wang et al., 2017). Our study
provides a systematic and comprehensive whole-genome
evolutionary analysis of SOD members obtained from five
Cucurbitaceae genomes while the focus of our study is on
Lagenaria siceraria, which is one of the excellent vegetables
that contain all the essential ingredients necessary for human
health and quality of life (Division and Jambheshwar, 2011).
SODs are identified as a crucial enzyme involved in many
oxidation processes and protect the plant against ROS
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(Alscher et al., 2002). Therefore, we systematically analyzed the
SOD gene family of Cucurbitaceae and determined the gene
expression patterns in L. siceraria under different abiotic
stresses (drought, heat, salt, and cold).

A phylogenetic study was conducted on SOD proteins in
Lagenaria siceraria and four other cucurbit plants, namely,
Citrullus lanatus, Cucurbita pepo, Cucumis sativus, and
Cucumis melo. SODs could be classified into eight groups with

FIGURE 5 | Chromosomal localization and duplication events of five Cucurbitaceae genomes and gene pairs are joined with a colored line.

FIGURE 6 | Comparison of gene duplication events in five Cucurbitaceae genomes. WGD, whole-genome duplicates; TRD, transposed duplicates; DSD,
dispersed duplicates.
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good statistical support in line with previous studies (Alscher et al.,
2002; Feng et al., 2015; Filiz and Tombuloğlu, 2015; Feng et al.,
2016; Wang et al., 2017; Verma et al., 2019). SOD genes are
localized to chloroplasts, and mitochondria were classified into
the same subgroups. Furthermore, nearly all LsiSODs are
systematically grouped with at least one member of all plant
species under consideration, highlighting the functional
conservation of LsiSODs with other plant species SODs (Figure 1).

In this study, SOD gene families were found in Cucurbitaceae
genome, including Citrullus lanatus, Cucurbita pepo, Cucumis

sativus, Lagenaria siceraria, and Cucumis melo. There are
considerable differences in the size of genomes and the
number of SODs in these plant organisms, but there is no
substantial dependence on the size of genomes. The number
of amino acids of SOD proteins ranged from 52 to 530 kDa,
showing a significant variation. The difference in the number of
SOD genes in different plant species may be due to gene
duplication. In addition, the difference between clades might
be related to different functions and diversity of exons/introns
and conserved motif structure. Intron and exon variations play a

FIGURE 7 | Collinearity relationships in five Cucurbitaceae genomes and Arabidopsis thaliana; different line color represents synteny relationships in the five
Cucurbitaceae genomes.
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major role in the evolution of different genes. The variation in
introns/exons and motif structure of SOD genes suggests a high
level of complexity between Cucurbitaceae species.

We further investigated the diversity between SODs by
analyzing their subcellular localization as localization plays a
vital role in their functions. The cytoplasm (34%), chloroplast
(33%), mitochondria (22%), and nucleus (11%) SOD gene
localizations were predicted in five Cucurbitaceae species
(Supplementary Table S8), and further study is needed to
confirm those localizations. Increasing evidence points to an

important role of miRNAs in stress tolerance. Several studies
have reported that miRNAs regulate the expression of stress-
responsive protein-coding genes at post-transcriptional level,
showing a reverse correlation between the miRNA and the
target expression (Sunkar et al., 2007; Lomakina, 2018;
Manzoor et al., 2020). These miRNAs resulted from
computational predictions and deep sequencing, and they are
involved in some biological processes reported in plants,
including responses to environmental stresses and regulating
cell growth, development, and metabolism (Qiu et al., 2007; Li

FIGURE 8 |Gene Ontology (GO) annotation results of SOD genes of five species in the Cucurbitaceae family. GO analysis of SOD protein sequences is analyzed for
their involvement or function in three important categories: biological process, molecular function, and cellular component.

FIGURE 9 | SODs targeted by miRNAs of Lagenaria siceraria (bottle gourd). The RNA sequence of each complementary site from 5′ to 3′ and the predicted miRNA
sequence from 3′ to 5′ are shown in the expanded regions.

Frontiers in Genetics | www.frontiersin.org February 2022 | Volume 12 | Article 78487814

Rehman et al. SOD Gene Family in Cucurbitaceae

167

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


et al., 2012). In the present study, we identified 3 miRNAs
targeting 8 LsiSOD genes (Figure 9; Supplementary Table
S8). In Lagenaria siceraria, the miR164 family comprises 3
members that generate four mature products, miR164a/b/c
and miR164f, which could target at least three LsiSOD genes.
The miR164 family is a highly conserved miRNA that has been
found in many plant species. miRNA164a thereby increased the
tolerance of the plant to the abiotic stress or increasing the
biomass, vigor, or yield of the plant. The miRNA miR164
plays a central role during the development of serrated leaf
margins in Arabidopsis. In this study, transcripts of three
miRNA families were identified because miRNA expression is
highly regulated under different abiotic stress conditions
(Figure 9). Further studies are needed to determine the role of
SODs in Lagenaria siceraria.

Gene duplications are an essential mechanism for creating
genetic novelty in all plants, which could help organisms to adapt
to environmental change (Alvarez-Buylla et al., 2000;
Kondrashov, 2012; Manzoor et al., 2020). There are different
kinds of gene duplication, including dispersed duplication (DSD),
transposed duplication (TRD), and whole-genome duplication
(WGD), which differentially contribute to the expansion of plant-
specific genes (Qiao et al., 2018, Qiao et al., 2019). Gene
replication can cause variation in the number of SOD genes in
different plant species, and involves tandem and segmented
replication, which plays an important role in SOD gene
diversity, expansion, and duplication (Filiz and Tombuloğlu,
2015; Wang et al., 2016; Zhang et al., 2016; Wang et al.,
2017). Thus, tandem repetition is likely to play a vital function
in the amplification of the LsiSODs, for example, the two
neighboring genes LsiSOD3 and LsiSOD6 on Chr6 (Figure 3).
Characterization of the gene structure describes that the number

of introns from the SOD gene family differed between the
observed Cucurbitaceae species (Figure 2); in addition, the
number of introns in L. siceraria was 6–8. Previous studies
have shown that the plant’s SOD gene has a strongly
conserved intron pattern and that seven introns are present in
most cytoplasmic and chloroplast SODs (Fink and Scandalios,
2002). In our study, only the LsiSOD members were predicted to
contain seven introns, as shown in Figure 2.

Analysis of the cis-elements in SOD gene promoters resulted
in the detection of three major types of cis-elements associated
with light, abiotic stress, and hormone response as well as cis-
elements related to developmental processes and tissue-specific
expression. A relatively large number of light-responsive
cis-elements were detected in SOD gene promoters, suggesting
that SODs might participate in the abiotic response. Some studies
have shown that SOD genes are involved in the response to
abiotic stress in different plants like Dendrobium catenatum,
Pennisetum glaucum, maize, and Arabidopsis (Divya et al.,
2019; Huang et al., 2020; Kliebenstein et al., 2020; Liu et al.,
2021). In addition, a series of cis-elements related to abiotic stress
responses were identified in SOD gene promoters, such as MBS,
ERE, TC-rich repeats, ARE, ABRE, and Box-4, which may
regulate gene expression under various stresses. Most of the
SOD genes in Arabidopsis, banana, rice, tomato, poplar,
cotton, and other different plants can be induced in response
to various abiotic stresses such as heat, cold, drought, and salinity
(Kliebenstein et al., 1998; Lee et al., 2007; Dehury et al., 2013;
Nath et al., 2014; Feng et al., 2016; Wang et al., 2016; Zhang et al.,
2016; Wang et al., 2017; Verma et al., 2019). GO annotation
analysis further verified these results (Supplementary Table S7).
In addition, some researchers have reported similar findings in
different crops and found that SOD gene plays an important role

FIGURE 10 | Relative expression profiles of SOD genes of five species in Cucurbitaceae family during different developmental stages. The FPKMs calculated by
RNA-seq data are shown as a heat map. The color scale is shown at the side of the heat map reflecting the higher and lower relative abundance in each tissue.
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under different stress conditions. GO annotation results
confirmed the LsiSOD’s role in response to different stress
stimuli, cellular oxidant detoxification processes, metal ion
binding activities, SOD activity, and different cellular
components. These results can promote our understanding
of LsiSOD genes under different environmental conditions.
We also found protein similarities (Supplementary Table
S9) by using protein–protein interactions (PPIs) handle a

wide range of biological processes, including metabolic and
developmental control and cell-to-cell interactions (Mittler,
2017). Regarding the possible role of SODs from
Cucurbitaceae, the expression profile of SODs in different
tissues was analyzed based on sequence evidence from RNA-
seq data. Data analysis suggests that the gene family of SOD was
expressed in all tissues; some SODs had tissue-specific
expression patterns (Figure 10).

FIGURE 11 | qRT-PCR study of SOD genes of bottle gourd in response to different abiotic stresses including (A) heat, (B) cold, (C) PEG, and (D) NaCl at different
time points (0, 4, 8, 16, 24 h). Error bars indicate ±SD based on three biological replicates.
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Expression Patterns of SOD Gene Family of
Lagenaria siceraria Under Heat, Cold,
Drought, and Salt Stress
Excess ROS resulting from abiotic stress can pose threats to L.
siceraria yield. The SODs play an active role in ROS removal from
plants caused by various abiotic stresses (Gill and Tuteja, 2010).
However, LsiSODs’ specific response to heat, cold, drought, and
salt is not well understood. Therefore, the analyses of qRT-PCR
provide important clues for understanding the possible role of
LsiSODs under various stresses. Based on the evaluation of cis-
elements of LsiSOD gene promoter, three main cis-element types
related to light, abiotic stress, and hormone response, as well as
cis-elements related to development process, were determined.
The cis-elements in LsiSODs promoter include TC-rich motif,
LTR motif, MBS motif, ARE motif, and ABRE motif, which is the
evidence of abiotic stress response (Supplementary Table S4).
These motifs were previously observed in different plant species
to cope with abiotic stresses, such as bananas, tomatoes, Brassica,
tobacco, and millet (Oppenheim et al., 1996; Kurepa et al., 1997;
Kliebenstein et al., 1998; Pilon et al., 2011; Feng et al., 2015; Wang
et al., 2018; Hu et al., 2019; Verma et al., 2019). In this study, the
expression level of eight LsiSOD genes also changed significantly
under different stresses, indicating that these genes play an
important regulatory role in stress response and may have a
certain functional relationship. Almost all LsiSOD genes were
upregulated during heat treatment, and some displays have
similar expression (Figure 11C).

Under cold stress, the expression level of all LsiSOD genes is
unregulated significantly, and their patterns of expression are
different from each other, as shown in Figure 11D, which means
that LsiSOD genes under cold stress may have functional
diversity. Similar expression patterns were observed in
LsiSOD1 with MaCSD1B and MaCSD2B (Feng et al., 2015). In
PEG treatment, almost all Lsi-SOD1 genes have identical
expression patterns, reach the highest level at 4 h, and then
decline, as shown in Figure 11A, meaning that the function of
the LsiSOD gene is related to drought.

The expression of most of the LsiSOD genes changed during
NaCl treatment; LsiSOD2 is the only one of the eight LsiSOD
genes with a significant increase, as shown in Figure 11B,
indicating that LsiSOD2 plays an active role in detoxification
of ROS during salt stress. Similar results were observed during salt
stress in tomato (Feng et al., 2016). SlSOD1 and LsiSOD2 were
grouped in the same subgroup, showing approximately high
amino acid sequence homology. Altogether, we conclude that
the LsiSOD gene plays a specific role in ROS removal induced by
abiotic stress, which enhances plant adaptability to stress. In
addition, some LsiSOD genes were correlated to abiotic stress
exhibiting different expression patterns. For example, cold
treatment reduced the expression of LsiSOD1, heat treatment
and NaCl treatment increased the expression of LsiSOD1, while
under PEG stress, the expression level remained the same without
significant change, as shown in Figure 11, which means that the
function of LsiSOD1 in different signaling pathways was different.
It needs to be further explored to elucidate the role of the LsiSOD
gene in L. siceraria under various abiotic stresses.

CONCLUSION

In this study, we identified SOD genes from the Cucurbitaceae
family and analyzed their genomic structure, GO annotation
analysis (molecular processes, biological functions, and cellular
components), miRNA, gene duplication events (TD, PD, DSD,
WGD, and TD), conserved motif patterns, phylogenetic
relationships, mode of gene duplications, subcellular
localization, and RNA-seq data analysis. qRT-PCR was used
to evaluate the LsiSOD gene regulatory response under a variety
of abiotic stresses, such as heat, cold, PEG, and NaCl. This
research provided insight and further functional identification
of the Cucurbitaceae family of SOD genes and laid the
framework for understanding the molecular mechanism of
the SOD gene in response to stress and plant growth.
Genome-wide study of SOD genes provides insights into the
evolutionary history and has laid a foundation for gene role,
functional characteristics, and molecular mechanism in the
plant development process and stress response (Mistry et al.,
2021).
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Stress-Responsive Annotated ESTs
With Predicted Genes, Gene Ontology,
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Sanjeev Kumar*†, Jyotika Bhati†, Arijit Saha†, Shashi Bhushan Lal, Pankaj Kumar Pandey,
Dwijesh ChandraMishra, MohammadSamir Farooqi, Anuj Kumar, Krishna Kumar Chaturvedi
and Anil Rai

Centre for Agricultural Bioinformatics, ICAR-Indian Agricultural Statistics Research Institute, PUSA, New Delhi, India

Cereals are the most important food crops and are considered key contributors to global
food security. Loss due to abiotic stresses in cereal crops is limiting potential productivity in a
significant manner. The primary reasons for abiotic stresses are abrupt temperature, variable
rainfall, and declining nutrient status of the soil. Varietal development is the key to sustaining
productivity under influence of multiple abiotic stresses and must be studied in context with
genomics and molecular breeding. Recently, advances in a plethora of Next Generation
Sequencing (NGS) based methods have accelerated the enormous genomic data
generation associated with stress-induced transcripts such as microarray, RNAseq,
Expressed Sequenced Tag (ESTs), etc. Many databases related to microarray and RNA-
seq based transcripts have been developed and profusely utilized. However, an abundant
amount of transcripts related to abiotic stresses in various cereal crops arising from EST
technology are available but still remain underutilized in absence of a consolidated database.
In this study, an attempt has been made with a primary goal to integrate, analyse, and
characterise the available resources of ESTs responsive to abiotic stresses in major cereals.
The developed CerealESTdb presents a customisable search in two different ways in the
form of searchable content for easy access and potential use. This database comprises
ESTs from fourmajor cereal crops, namely rice (Oryza sativa L.), wheat (Triticum aestivum L.),
sorghum (Sorghumbicolour L.), andmaize (Zeamays L.), under a set of abiotic stresses. The
current statistics of this cohesive database consists of 55,826 assembled EST sequences,
51,791 predicted genesmodels, and their 254,609 gene ontology terms including extensive
information on 1,746 associated metabolic pathways. We anticipate that developed
CerealESTdb will be helpful in deciphering the knowledge of complex biological
phenomena under abiotic stresses to accelerate the molecular breeding programs
towards the development of crop cultivars resilient to abiotic stresses. The CerealESTdb
is publically available with the URL http://cabgrid.res.in/CerealESTDb.
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INTRODUCTION

To provide more than nine billion people by 2050 with essential
nutrients and energy in their everyday diet, food production must
be increased by 70% with reduced fertilizer inputs (Wani et al.,
2021; Kumar et al., 2018; Balyan et al., 2016). Crop productivity
suffers due to multiple abiotic stresses during the crop life cycle.
The important four cereal crops, namely rice (Oryza sativa L.),
wheat (Triticum aestivum L.), sorghum (Sorghum bicolour L.),
and maize (Zea mays L.) show sensitivity to a wide range of
abiotic stress viz., abscisic acid (ABA), cold, drought, heat, and
salt (Askari-Khorasgani et al., 2021; Cramer et al., 2011). In crop
plants, mitigation mechanisms against these environmental
stresses are complex biological processes. Although, there is a
surge of biological information on plant responses to abiotic
stresses, the understanding of the molecular mechanisms
involved is still enigmatic (Zhang et al., 2021; Wani et al.,
2018; Gahlaut et al., 2016). The mining of candidate genes and
gene families responsive to multiple abiotic stresses from whole-
genome sequencing data facilitates the molecular understanding
of the complex cellular and molecular processes in a significant
manner. Also, functional and structural annotations of genes and
gene families will provide insight into the complex interactions
regulating stress responses (Takahashi et al., 2020; Atkinson et al.,
2013). Recently, advances in high throughput omics technologies
have accelerated the identification and characterization of novel
genes and their biological functions in a tissue-specific manner.
At the genome and transcriptome level, the pathway
reconstruction will play a principal role in quantifying and
characterising the genotype to phenotype relationship (Gupta
et al., 2020; Zhang et al., 2020; Feist and Palsson, 2008). In this
ongoing genomic era, a huge amount of genomic data have been
generated and analysed to provide key information leading to the
development of crop cultivars resilient to abiotic stresses (Alter
et al., 2015). This includes various transcriptomic data of gene
expression such as Expressed Sequence Tags (EST), microarray,
RNAseq etc. (Vincent et al., 2013; Zeng and Extavour, 2012).
Whlie the era of Next Generation Sequencing (NGS) generates a
huge amount of transcriptome data, previously generated EST
resources still hold an important position. EST sequence has been
defined as a short genomic sub-sequence and is important for the
identification of gene transcripts under different environmental
conditions. It can provide a means of accessing the gene space of
almost any organism (Bouck and Vision, 2007; Nagaraj et al.,
2007). EST libraries are a cost-effective tool and can serve as a
starting point for the development of effective molecular genetic
markers, such as gene-linked microsatellites, single nucleotide
polymorphisms, etc. However, these EST resources are too
scattered to provide insight into the biological process
including the involvement of genes/regulatory elements and
their functional role in responding to different abiotic stresses.
Though the process of generation of EST data is historical, simple,
cost-effective, and abundantly available it largely remains
underutilised due to the scarce availability of proper databases.
Efforts were made in the past by several research groups related to
the development of EST resources in cereals such as Gramene
(Jaiswal, 2011), cerealsDB (Wilkinson et al., 2012), Wheat

Genome (Lai et al., 2012), MaizeGDB (Lawrence et al., 2004),
Plant Stress Gene Database (Prabha et al., 2011), and Uniprot
(Apweiler et al., 2004) summarized in Table 1.

Therefore, an attempt has been made to develop a user
friendly, searchable, and interactive database of assembled and
annotated ESTs for major cereal crops i.e., maize, rice, sorghum,
and wheat along with associated genes and metabolic pathways
involved in abiotic stresses viz., ABA, cold, drought, heat and salt.
In order to develop this database, these abiotic stresses related
ESTs of considered cereal crops were collected from various
sources and assembled. Subsequently, genes were identified
and putative genes were predicted and further, these genes
were functionally annotated using bioinformatics tools (Bhati
et al., 2016; Chaduvula et al., 2015; Bhati et al., 2014). Partial
amplification of nine identified candidate genes related to salinity
stress response genes was standardised and carried out in Oryza
sativa var. indica IR64 (Bhati et al., 2016), and 12 candidate genes
were selected for salinity stress and amplified in nine indigenous
Sorghum bicolor genotypes (Chaduvula et al., 2015). Moreover,
information associated with various metabolic pathways
involving these genes was identified and collected. This
extracted and derived information was stored in relational
database management systems (RDBMS) and made available
through a searchable web interface as CerealESTdb which is
unique in terms of its contents and features. This database
provides various search options to retrieve the desired
information in a few clicks and selections. This database
contains 51,791 genes, 254,609 gene ontology terms, and 1,746
pathways. The primary goal of this database is to serve as a central
data repository of processed and annotated EST resources of
major cereal crops under abiotic stress conditions. The database is
accessible from http://cabgrid.res.in/CerealESTDb.

MATERIALS AND METHODS

Source of Data and Functional Annotation
The EST sequences (ESTs) were searched and downloaded from
National Centre for Biotechnology Information (NCBI) (www.
ncbi.nlm.nih.gov) by using various combinations of terms crop
name, the scientific name of crop, and stress name for four
important cereal crops viz., maize, rice, sorghum, and wheat
and five abiotic stresses viz., abscisic acid (ABA), cold, drought,
heat, and salt stresses (Figure 1). These EST sequences were re-
checked with the writing of suitable Perl scripts and filtered out all
non-related EST sequences. The remaining EST sequences were
also masked to eliminate the incorrect part in these sequences and
then finally assembled using EGAssembler (https://www.genome.
jp/tools/egassembler/) by considering the default parameter
settings and the similarity-based clustering was set to 80
percent overlap identity (Masoudi-Nejad et al., 2006). These
assembled EST-contigs were then translated to reading frames.
The BLASTx algorithm was applied against the protein sequence
database (NCBI nr) for the identification of potential translated
products (Altschul et al., 1990). The homologous EST-contigs
with annotated proteins that exists in the nr database were
selected for functional annotations based on maximum
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TABLE 1 | Summary of the comparison with other database resources.

Database Developed Updated Web address Advantages Limitations

Gramene (Jaiswal,
2011)

2010 2019 http://www.gramene.org/ It is a curated, open-source, integrated
data resource for comparative functional
genomics in crops and model plant
species

The information flow in this database is
not very user-friendly as this is a generic
data resource. End-users will have to
carry out a rigorous search to extracting
the required information

cerealsDB (Wilkinson
et al., 2012)

2012 2020 https://www.cerealsdb.uk.
net/cerealgenomics/
CerealsDB/indexNEW.php

This database contains data related to all
SNPs including flanking sequences as
well as links to various other genomics
tools for further analysis

This database contains SNP markers
related to wheat crops only

Wheat Genome (Lai
et al., 2012)

2012 No latest
update

http://www.wheatgenome.
info/

This repository stores Wheat genome
sequences generated from different
assembly processes

Information only on the genomic
sequences fails to provide other useful
information such as genes, proteins,
pathwaysetc.

MaizeGDB
(Lawrence et al., 2004)

2004 2020 http://www.maizegdb.org/ This service provides basic cultivation-
related information on Maize crops. It
also includes SNP,mutants, phenotypes,
and other useful tools

This resource is lacking in providing the
information related to genes, proteins,
and pathways along with ontologies
related to maize genomes

Plant Stress Gene
Database (Prabha
et al., 2011)

2011 No latest
update

http://ccbb.jnu.ac.in/
stressgenes/frontpage.html

This is a static database with 259 stress-
related genes of 11 important species
and these genes are linked to NCBI
resources for further information

The limitation of this resource is in
providing the proteins, pathways, and
GO terms with respect to stress-
specific genes

Uniprot (Apweiler
et al., 2004)

2002 2020 https://www.uniprot.org/ This resource acts as an encyclopaedia
of proteins and their related information

The stress-specific information for
important cereal crops is not included in
this data resource

FIGURE 1 | Data Summary—(A) ESTs, (B) Annotated contigs along with their corresponding (C) BLAST genes, (D) GO term, and (E) Pathway (GO: Gene
Ontology, BP, Biological process; MF, Molecular Function; CC, Cellular Components).
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E-value (1E−3) and the minimum alignment size of high scoring
pair (HSP) length of 33. Blast2GO v 2.5 was employed to perform
the functional analysis of the EST-contigs (Conesa and Gotz,
2008; Gotz et al., 2008). Further, the EST-contigs were categorized
according to the GO vocabularies into three categories i.e.
molecular function, biological process, and cellular component.
These EST-contigs were mapped to the Kyoto Encyclopedia of

Genes and Genomes (KEGG) database (Kanehisa and Goto,
2000) and attained the corresponding metabolic pathways. A
flowchart depicting the pipeline for above-described process is
presented in Figure 2.

Software Architecture and Database
Design
The CerealESTDb has been implemented using standard 3-tier
web architecture (Lee et al., 2009) followed to develop this web
application. Different components of CerealESTDb
architecture are presented in Figure 3. Access to this
database has been provided by developing an end-user
interface using HyperText Markup Language (HTML),
cascading style sheets (CSS), and javascript. The search
request will be submitted to a web server i.e., apache-
tomcat, and processed by corresponding servlets created
using Java Server Pages (JSP) and javascript. These servlets
fetched the data from the developed RDBMS in MySQL using
Java Database Connectivity (JDBC) technology to process and
send the response to the end user’s web browser.

The database has been implemented using MySQL and
contained different information related to crop, stress, gene
name, gene ontology, enzyme, and pathway. The design of the
database has followed the normalization procedure of a relational
database management system to maintain data consistency and
avoid data redundancy in the database. The database comprises
tables for crop, stress, contigs, gene ontology, enzyme, pathway,
contigs_pathway, and pathway_enzyme. The entity-relationship

FIGURE 2 | Schematic illustration of the process of development of
CerealESTDb.

FIGURE 3 | Three-tier architecture of the software used in CerealESTDb.
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(ER) diagram of this database is mentioned in Supplementary
Figure S1.

User Interface of CerealESTDb
The CerealESTDb comprises of Home, About, Search, Advance
Search, Important Link, Contact Us, and Help. The “Home” page
describes the database and its possible use in a molecular breeding
program. The “About” page describes the process workflow used
for extracting and processing the data, starting from collection of
data to annotation of the genes and finally populating into the
database. Various search options provide the facility to extract the
stored information in two ways namely, “Search”
(Supplementary Figure S2A) and “Advance Search”
(Supplementary Figure S2B).

Several options have been provided in the web interface to
enable a fast and efficient search for the end-user to retrieve the
desired results with and meet the varied requirements of end
users in terms of selecting various attributes. The users have the
option to enter the free text in the search box or select the
required values from dropdown lists. After selecting or entering
the values for various input boxes, the users will click on the
“Submit” button to obtain the required results. After clicking on
the “Submit” button, the selected and entered values are
converted into suitable Structured Query Language (SQL)
format and fetched the results from the database and
delivered the results in easy to use format to the end users’
browser window.

RESULTS AND DISCUSSION

Out of 610,893 ESTs downloaded for abiotic stresses viz., ABA,
cold, drought, heat, and salt across all four crops viz., maize, rice,
sorghum, and wheat, only 9% were assembled into contigs
(55,826 in number). ESTs for cold stress in sorghum were
not assembled because EGAssembler requires a minimum of
64 EST sequences and there were only 40 ESTs for cold stress in
sorghum. There were a total of 51,791 genes that were annotated
by BLAST out of 55,826 contigs across all the abiotic stresses.
The total number of the assembled contigs and corresponding
annotated BLAST genes against the nr database of NCBI, GO
terms, and pathways are shown in Figure 1. The options to
select the desired attributes have also been provided to the users
and avoided the unnecessary attributes from the database that
save the query response time too. Some of the important
attribute names are selected by default and users have the
option to either select or ignored other attributes, if needed.
These results can further be combined with identified GO terms
and associated pathways if any. The identified pathways will be
helpful for retrieving the enzymatic information and hyperlink
to pathways that can be further visualized for additional
information or relationships. The users can also download
the result in.xls format to the user’s desktop for later use.
The above description is summarized in Figure 4 for a better
understating of the retrieval process.

Stress-wise annotated genes are also represented using pie
charts for the cereal crops under study (Figure 5A). Figure 5B

shows the percentage of GO terms in different crops across
these five abiotic stresses. The GO terms were further classified
into three categories, biological process (BP), molecular
function (MF), and cellular component (CC). The number
of biological process-related GO terms are largest for each
stress in all crops, followed by cellular component and
molecular function, except in salt stress of maize, rice,
and wheat.

Many plant genes have their expression modulated by
stress conditions. The common genes in all crops and
conditions were auxin-binding protein/auxin response
factor (Guo et al., 2018), CCT motif transcription factor
(Li and Xu, 2017), heat-shock proteins (Jacob et al., 2017;
Shanker el at., 2012), Ser/Thr protein kinase (Islam et al.,
2013), ribosomal proteins (Moin et al., 2017), and zinc-finger
proteins (Zang et al., 2016). The small auxin upregulated
RNA (SAUR) is a plant-specific gene family of auxin-
responsive genes. As evident from previous reports, the
overexpression of these SAUR genes contributed to the
tolerance to drought and salt in Arabidopsis (Guo et al.,
2018). Auxin-response factor proteins have been well
studied in crop plants for their direct involvement in
response to multiple stresses (Stortenbeker and Bemer,
2019). The heat-shock proteins play key roles in protecting
plant cells or tissues from various abiotic stresses (Wen et al.,
2017). Other common genes such as 14-3-3 genes,
cytochrome c/b/p450, ubiquitin-like protein, etc., have
been identified in the present study. The 14-3-3 genes are
involved in various abiotic stresses of different plant species
such as rice (Chen et al., 2006; Chen et al., 2019), Populus
(Tian et al., 2015), Phaseolus vulgaris L. (Li et al., 2015), and
Hevea brasiliensis (Yang et al., 2014), as reported by previous
studies.

The maximum number of GO terms is pertaining to response
to stress/defense response in all abiotic stresses for all considered
plant species. Moreover, some GO terms are specific to the abiotic
stress like Abscisic acid stimulus/signalling/recovery, drought
response, response to heat, salt, and cold.

Further, there were 1,746 KEGG pathways associated with
the annotated genes in all crops for these five stresses. The
sugar metabolism pathway is the most common pathway in all
cereal crops under study. Sugars are chemically active
biomolecules and are involved in crucial Physico-chemical
mechanisms such as photosynthesis, respiration, seed
germination, flowering, senescence, and so forth. Therefore,
modulating sugar composition or concentration in plants may
improve their responses or adaptation to abiotic stress
(Gangola and Ramadoss, 2018). The other common
pathways were carbon fixation in photosynthetic organisms,
purine metabolism, and metabolic pathways. Evidence
suggests that certain purine metabolites like allantoin and
allantoate, products of purine metabolism contribute to
stress tolerance in plants (Casartelli et al., 2019; Watanabe
et al., 2014).

The user interface of this database has been developed to
provide access to the compiled resources in the form of
CerealESTDb and important links have been made for Home,

Frontiers in Genetics | www.frontiersin.org February 2022 | Volume 13 | Article 8428685

Kumar et al. CerealESTDb—A Comprehensive Resource of Cereals

178

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


About CerealESTDb, Search, Advance Search, Important Links,
Contact Us, and Help. There are two types of search options
developed in the user interface in the form of “Search” and
“Advanced Search”. The first option allows the user to select
crop or stress or a combination of crop and associated stress
(Figure 6A).

The users have the option to either click on “Submit” or
“Genes/Pathway”. If a user clicks on “Submit,” it will further
ask users to select the list of attributes or parameters from
available attributes (i.e., Crop Name, Stress Name, Gene
Name, Sequence, Sequence length, e-value, similarity, and
domains). After selecting the desired attributes, the required

information will be displayed to the users and this
information can also be downloaded and exported in.xls
format for further analysis. Another option is to select
genes and corresponding pathways for selected Crop/
Stress/Crop-Stress and further choose the required
attributes for additional information of the selected
combination (Figure 6B). After selecting the gene/pathway
option, it is compulsory to enter the gene name to proceed to
the next level of search to retrieve the desired results.

Further, the users have the option to search by specifying
“Gene Ontology” terms related to biological process, molecular
function, and cellular component (Figure 6C). The results under

FIGURE 4 | Browsing CerealESTDb features diagram.

FIGURE 5 | Distribution of (A) annotated contigs across different abiotic stresses in the crops. (B) GO terms—Biological Process (BP), Molecular Function (MF),
and Cellular Component (CC) across abiotic stress in crops.
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each selection will be displayed to the end-user along with a
pathway map (Figure 6D). The user can download these results
in.xls format and the corresponding pathway map can also be
saved as.gif.

The “Advanced Search” option provides users the ability to
directly search information from this searchable database by
selecting a specific gene name (Figure 7A), pathway name
(Figure 7B), or gene ontology type (Figure 7C). The user is
then asked to select the combination of crop name and stress
names (Figure 7D). The relevant tabular information is displayed
to the user which can be downloaded in.xls format (Figure 7E). In
order to make the search user-friendly, the gene name, pathway
name, and ontology type will be selected through a drop-down
menu displayed from the database to the user after typing the first
few letters of these in the search options.

“Important Link” helps the user find the web pages of relevant
organizations and databases. “Contact Us” gives contact details of
research team members and “Help” provides steps and flow of
various search routes of this database.

The features of the CerealESTDb are:

a. User-friendly, searchable, and interactive data resource for
searching a set of genomic information associated with
response to abiotic stresses in cereal crops.

b. Provides a unique platform for interactive retrieval of
annotated genes, GO terms, and corresponding generated
metabolic pathways.

c. Provides alternate ways to explore 51,791 genes, 254,609 GO
terms, and 1,746 generated metabolic pathways

d. Provides a facility to users to export results in.xls format for
further annotations.

The few advantages of the present database are given below:

a. The developed database will provide the desired information
related to search queries even without knowing anything
specific to search query criteria and also facilitate the users
through selection.

b. In this database, an effort has been made to collect various
ESTs related to four important cereal crops across five specific
abiotic stresses. A pipeline has been developed to mine the
genes/proteins and that can also be applied in other plant
species to annotate the ESTs and gene models.

c. The present database provides extensive information on
metabolic pathways and extracted GO information with the
help of BLAST2Go tool specific to particular abiotic stress i.e.
ABA, cold, drought, heat, or salt-related to considered
cereal crops.

FIGURE 6 | Details of Search Options in CerealESTDb (A) Crop-Stress Selection page with options of select either crop or stress or combination of both (B)
Gene-Pathway Selection page with mandatory field Gene and optional field Pathway (C) Gene Ontology Selection page, to select either of the three options of
Biological Process or Molecular Function or Cellular Component (D) Final Result page after going through all the three selection pages with pathway image (on click).
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CONCLUSION

The CerealESTdb, a user-friendly, searchable, and interactive
database has been developed with a primary goal to provide
information on assembled and annotated ESTs from four major
crop plants, namely wheat, rice, maize, and sorghum under
multiple environmental stresses including cold, heat, drought,
and salt stress as well as on the application of ABA. This
cohesive database will also provide extensive information
about genes, ontology, and corresponding metabolic
pathways related to these ESTs. The CerealESTdb also

facilitates users to access a description of the biological
functions of genes involved in more than one related abiotic
stress. This database will help in providing new solutions to
molecular biologists and plant breeders for accelerating
their efforts to develop abiotic stress-resistant cultivars
without compromising the nutritional quality through
introgression and gene pyramiding. With further progress
in NGS methods and the availability of genome sequences
data in the public domain, we hope that statistics of
CerealESTdb will eventually grow by two-to-three folds in
upcoming years.

FIGURE 7 | Details of Advance Search options of CerealESTDb. The search could be done through three options (A) Gene name search or (B) Pathway name
search or (C)Gene ontology term search, to select either of the three options of Biological Process or Molecular Function or Cellular Component and their corresponding
values (D) Common Crop-Stress Selection page with options of select either crop or stress or combination of both (E) Final Result page after selecting either of the three
options.
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Global Survey, Expressions and
Association Analysis ofCBLLGenes in
Peanut
Weifang Ren1,2,3, Zhaocong Zeng1,2,3, Sijian Wang1,2,3, Juncheng Zhang4, Jiahai Fang1,2,3*
and Liyun Wan1,2,3*

1Key Laboratory of Crop Physiology, Ecology and Genetic Breeding, Ministry of Education, Jiangxi Agricultural University,
Nanchang, China, 2Southern Regional Collaborative Innovation Center for Grain and Oil Crops in China, Nanchang, China,
3College of Agronomy, Jiangxi Agricultural University, Nanchang, China, 4Huazhong Agricultural University, Wuhan, China

Cystathionine γ-synthase (CGS), methionine γ-lyase (MGL), cystathionine β-lyase (CBL)
and cystathionine γ-lyase (CGL) share the Cys_Met_Meta_PP domain and play important
roles in plant stress response and development. In this study, we defined the genes
containing the Cys_Met_Meta_PP domain (PF01053.20) as CBL-like genes (CBLL).
Twenty-nine CBLL genes were identified in the peanut genome, including 12 from
cultivated peanut and 17 from wild species. These genes were distributed unevenly at
the ends of different chromosomes. Evolution, gene structure, and motif analysis revealed
that CBLL proteins were composed of five different evolutionary branches. Chromosome
distribution pattern and synteny analysis strongly indicated that whole-genome duplication
(allopolyploidization) contributed to the expansion of CBLL genes. Comparative genomics
analysis showed that there were three common collinear CBLL gene pairs among peanut,
Arabidopsis, grape, and soybean, but no collinear CBLL gene pairs between peanut and
rice. The prediction results of cis-acting elements showed that AhCBLLs, AdCBLLs, and
AiCBLLs contained different proportions of plant growth, abiotic stress, plant hormones,
and light response elements. Spatial expression profiles revealed that almost all AhCBLLs
had significantly higher expression in pods and seeds. All AhCBLLs could respond to heat
stress, and some of them could be rapidly induced by cold, salt, submergence, heat and
drought stress. Furthermore, one polymorphic site in AiCBLL7 was identified by
association analysis which was closely associated with pod length (PL), pod width
(PW), hundred pod weight (HPW) and hundred seed weight (HSW). The results of this
study provide a foundation for further research on the function of the CBLL gene family in
peanut.

Keywords: peanut, cis-acting element, genome-wide association analysis, CBLL gene family, expression pattern

INTRODUCTION

Sulfur-containing amino acids play an important role in the growth and development of plants and
animals (Lorraine et al., 1986). When plants lack sulfur-containing amino acid, their metabolic
processes will be abnormal and growth will be affected (Kery et al., 1994). Methionine (Met) is a
sulfur-containing amino acid that is essential to all organisms and indirectly regulates a variety of
cellular processes through S-adenosine methionine (SAM) (Amir, 2010). SAM is also a methyl donor
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for the methylation of proteins, lipids, DNA, and RNA, and is a
precursor to biosynthesis of the plant hormones ethylene,
polyamines, and biotin (Benkova et al., 2003). A recent study
showed that Met activates GLR (glutamate receptor), thereby
activating Ca2+ channels that regulate stomatal movement and
plant growth (Galili et al., 2016). Met also promotes root
morphogenesis and enhances chlorophyll content to enhance
photosynthesis (Sarropoulou et al., 2013).

Met biosynthesis requires cystathionine γ-synthase (CGS),
cystathionine β-lyase (CBL), and Met synthase enzymes
(Messerschmidt et al., 2003). In plants, CGS first converts
cystine (Cys) and activates the conversion of homoserine to
cystathionine. Cystathionine is then cleaved by CBL to yield
homoCys, pyruvate, and ammonia. Met synthase finally
methylates homo-Cys to produce Met (Ravanel et al., 1998).
Animals and some microorganisms can metabolize Met back to
Cys by a reverse trans-sulfuration pathway that involves
cystathionine β-synthase (CBS) and cystathionine γ-lyase
(CGL). Plants and certain bacteria are proposed to have an
alternative route (or routes) to convert methionine to cysteine,
of which the first step is mediated by methionine γ-lyase (MGL).
The subsequent steps in this pathway(s) have not been
definitively established (Goyer et al., 2007). Arabidopsis
mutants perturbed in Met metabolism have been
described,mto alleles carried single base-pair mutation in a
conserved domain led to over-accumulation of Met (Goto
et al., 2002). Over-expression of AtCGS caused an increased
level of Met, which induced the up-regulation of genes
involved in ethylene and abscisic acid homeostasis and light,
sucrose, salt and osmotic stresses regulation (Hacham et al., 2013;
Cohen et al., 2014, 2017;Whitcomb et al., 2018). Pharmacological
treatment of plants with inhibitors against CGS or CBL induced a
deficiency in Met biosynthesis and caused growth inhibition
(Ravanel et al., 1998). Knockdown of CGS and CBL in
Arabidopsis led to abnormal leaf development stunted (Kim
and Leustek., 2000; Levin et al., 2000). CBL is crucial for
embryo patterning and the maintenance of the root stem cell
niche in Arabidopsis (Liu et al., 2019). The Met homeostasis gene
METHIONINE GAMMA LYASE (AtMGL) is up-regulated by
dual stress in leaves, conferring resistance to nematodes when
overexpressed, AtMGL regulates Met metabolism under
conditions of multiple stressors, Met degradation, and plays a
subordinate role to threonine deaminase (Goyer et al., 2007; Joshi
and , 2009; Atkinson et al., 2013). A similar strategy has been
applied to produce transgenic plants with reduced CBL levels in
potato. These CBL antisense plants exhibited a short bushy
stature, altered leaf morphology, and small tuber size
(Maimann et al., 2000). In soybean, the overexpress of AtD-
CGS notably increased the level of soluble Met in developing
green seeds (3.8–7-fold), and these soybean seeds also showed
high levels of other amino acids; furthermore, the total Met
content, which included Met incorporated into proteins,
notably increased in the mature dry seeds of these two
transgenic lines by 1.8- and 2.3-fold, respectively (Song et al.,
2013).

Peanut is an annual leguminous herb, is widely cultivated
around the world as an important source of oil and protein for

humans (Yang et al., 2014; Liao et al., 2018; Bertioli et al., 2019).
Peanut kernels are rich in natural nutrients such as proteins, fatty
acids (FAs), vitamins, minerals, and fiber (Chen et al., 2010).
Studies have demostrated that the protein content of peanut seeds
is around 23–33%; however, the content of sulfur-containing Met
and Cy is low, especially for the former (Yang et al., 2001). Met
and the enzyme coding genes involved in the Met/Cys
interconversion pathway play inhibitory roles in both amino
acid composition and content of storage protein, and also in
tissue development and stress response regulation. Therefore, it is
of great significance to further explore the CBLL gene family in
peanut and identifythe function of family members in improving
peanut yield, quality, and stress tolerance. In this study, we
defined the genes containing the Cys_Met_Meta_PP domain
(PF01053.20) as CBL-like genes (CBLL). Twenty-nine CBLL
genes were identified from the peanut genome, whose
conserved domains, phylogenetic tree, chromosome
distribution, gene structure and expression pattern were
analyzed. The results provided a basis for the role of peanut
CBLL in the development and formation of peanut pods, and
stress response regulation. This research laid a foundation for the
identification and utilization of peanut CBLL genes, which is of
great significance for the molecular based breeding of cultivars
with multi-resistance, high yield, and good quality.

MATERIALS AND METHODS

Identification of the CBLL Genes in Peanut
To identify CBLL genes in peanut, the predicted protein
sequences were downloaded from PeanutBase (https://
peanutbase.org) (Arachis Duranensis V14167: A-genome;
Arachis Ipaensis K30076: B-genome). The Cys_Met_Meta_PP
domain (PF01053.20) was identified from the protein sequences
by using the HMMER 3.0 program at a standard E-value < 1 ×
10−5 (Deng et al., 2019; Misra et al., 2019). Conserved domain
searches were performed against the conserved domain database
in NCBI (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.
cgi). Members with incomplete conserved functional domains
were removed. The CBLL genes were named as AdCBLL1 to
AdCBLL9, AiCBLL1 to AiCBLL8, and AhCBLL1 to AhCBLL12
according to their positions on peanut chromosomes.
Physicochemical parameters of peanut CBLL proteins were
then generated by ProtParam Tools, including theoretical
isoelectric points (pI) and molecular weights (MW) (Gasteiger
et al., 2005).

Analyses of Phylogeny, Gene Structure, and
Conserved Motifs
Phylogenetic analysis was carried out based on the protein
sequences of the CBLL genes in peanut (A.hypogaea L.,
A.duranensis, A.ipaensis) and Arabidopsis. The protein
sequences were aligned by ClustalW, and the unrooted
Neighbor-Joining (NJ) phylogenetic tree was constructed by
MEGA 5.2 software with 1,000 bootstrap replicates. Gene
annotation information was downloaded from PeanutBase
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(http://www.peanutbase.org/) and GSDS 2.0 (http://gsds.gao-lab.
org/) was used to visualize the gene structure. The composition of
conserved motifs was searched by the Multiple EM for Motif
Elicitation (MEME) online tool by setting a maximum number as
20 (http://meme-suite.org/tools/meme).

Gene Duplication and Synteny Analysis of
the Peanut CBLL Genes
MCScan (http://chibba.agtec.uga.edu/duplication/mcscan) was
used to identify AhCBLs duplications and the synteny block of
CBLL genes of peanut and the other four species (Arabidopsis,
rice, grape and soybean). BLASTP was applied to find
homologous sequences of CBLL genes between peanut and
Arabidopsis, after that literatures were reviewed to explore the
function of published CBLL genes in Arabidopsis. Tandem
duplications were defined as adjacent homologous genes on
the same chromosome with a distance of <50 kb (Cannon
et al., 2004). If they were paralogs located on duplicated
chromosomal blocks, they were defined as a segmental
duplication event (Guo et al., 2016). Non-synonymous (Ka)
and synonymous (Ks) substitution of each duplicated genes
were calculated using the PAL2NAL program (Suyama et al.,
2006), which was based on the codon model program in PAML
(Yang, 2007).

Cis-Acting Element Analysis in the
Promoters of Peanut CBLLs
Regulatory elements of promoter sequences can control gene
expression. The 2-kb promoter sequences of 29 CBLL genes were
downloaded from PeanutBase (http://www.peanutbase.org/) and
used to predict the cis-regulatory element through the
PlantCARE database (http://bioinformatics.psb.ugent.be/
webtools/plantcare/html/) (Lescot, 2002). The radar figures
were manually generated by R3.5.1 scripts.

Expression Profiles of AhCBLL Genes in
Different Tissues
RNA-seq data sets of 22 peanut tissues were downloaded from
PeanutBase and the NCBI SRA database to explore the expression
profiles of AhCBLL genes in different tissues, which were
submitted by Clevenger et al. (Clevenger et al., 2016).

Plant Materials, Growth Conditions and
Treatments
Different experimental treatments were carried out for 10-day-
old seedlings of a Chinese elite peanut cultivar Changhua18
which were planted in vermiculite and irrigated with sterilized
water (26°C, 16-h light/8-h dark). For hormone treatments,
seedlings were sprayed with solutions containing 6-benzyl
amino purine (6-BA) (25 μM), indole-3-acetic acid (IAA)
(50 μM), gibberellic acid (GA) (100 μM), salicylic acid (SA)
(100 μM), abscisic acid (ABA) (100 μM), ethylene (ACC)
(500 μM) and methyl jasmonate (MJ) (100 µM)(Jain et al.,

2006; Wang et al., 2016). For heat and cold stresses, the 10-day-
old seedlings were transferred to two environmental
temperatures of 40°C (H40) and 4°C (Cold 4) respectively
(Jain et al., 2006; Wang et al., 2016). Seedling samples were
collected at 0, 1, 3, 6, 9 and 12 h after the above treatment. For
submergence (Sub), the seedlings were soak in water to a depth
of 5 cm from tip to surface, and samples were collected at 0, 6,
12, 24, 48, and 72 h after treatment (Wang et al., 2016). For the
NaCl and polyethylene glycol (PEG) treatments, the 10-day-
old seedlings were immersed in NaCl solution (200 mM) and
PEG6000 (20%, w/v) (Jain et al., 2006; Song et al., 2009), and
samples were collected after 0, 0.5, 1, 3, 6, 12, and 24 h after
seedling treatment. Three biological replicates were
performed; each sample included around eight seedlings. All
samples were placed in liquid nitrogen during sampling and
stored at −80°C to preserve RNA integrity.

The genotype data of the CBLL genes used here were obtained
from transcriptome sequencing data of a peanut germplasm
population with 146 accessions (unpublished data). Each line
of the peanut populations was planted in five different
environments (Wuhan 2016, Wuhan 2017, Yangluo 2016,
Yangluo 2017, and Zhanjiang 2016). All seedlings were
planted within the experimental plot with 12 plants in a line
in each environment.

RNA Isolation and qRT-PCR Analysis
Total RNA of samples were isolated using TRIzol reagent
(Invitrogen) according to the manufacture’s requirements.
M-MLV reverse transcriptase (Promega) was used to
synthesize the first chain of cDNA from 5 µg total RNA.
Quantitative Real-Time PCR (qRT-PCR) was performed
using 2×SYBR Green Master Mix (Bio-Rad) on a 96-well
plate with a gene-specific primer (Supplementary Table
S1). The thermal cycle was as follows: 95°C for 5 min; 40
cycles of 95°C for 10 s, primer-specific annealing temperature
of, 72°C for 10 s, for 15 cycles; then the melt curve was from 65
to 95°C.

RESULTS

Identification of the CBLL Gene Family in
Peanut
In order to identify CBLL gene families in peanut, we
downloaded the published peanut genome sequence from
PeanutBase (https://peanutbase.org/). The Cys_Met_Meta_PP
domain (PF01053.20) containing proteins were identified by
HMMER 3.0 with a standard E-value < 1 × 10−5; further, we
removed the incomplete sequences, and identified 29 AhCBLL
members (Table 1) from the cultivated peanut (A. hypogaea L.)
and its diploid progenitors (A. duranensis, A. ipaensis). Table 1
summarizes genes with complete sequences, among which
17 CBLLs were from A-genome, and 12 CBLLs were from
B-genome; they were distributed unevenly across
chromosomes. The 12 members from A. hypogaea L. were
named as AhCBLL1~AhCBLL12, the nine AhCBLLs from A.
duranensis were named as AdCBLL1~AdCBLL9, and the eight
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AhCBLLs from A.ipaensis were named as AiCBLL2~AiCBLL8,
respectively, according to their chromosomal order. We then
determined the chromosome location, amino acid number
(AA), mRNA length, theoretical isoelectric points (pI) and
other information of peanut CBLLs (Table 1). The open
reading frame (ORF) lengths of the CBLL genes ranged from
462 bps to 5,944 bps (Table 1). The protein sequences of the
peanut CBLL genes were significantly different; sequence
lengths ranged from 77 to 1855 aa. The molecular weights
(MWs) of AdCBLLs varied from 8.44 kDa (AdCBLL3) to 53.
51 kDa (AdCBLL5); AiCBLLs ranged from 15.03 kDa
(AiCBLL6) to 60.63 kDa (AiCBLL8); and AhCBLLs varied
from 15.69 kDa (AhCBLL8) to 205.59 kDa (AhCBLL5). The
pI was small for the overwhelming majority of CBLLs, ranging
from 4.92 (AhCBLL3) to 9.07 (AiCBLL1). AhCBLL8 carried one
conservative transmembrane domain (TMDs), AdCBLL4
carried two TMDs, and other peanut CBLLs did not
contain TMDs.

Phylogeny, Gene Structure, and Conserved
Motifs of the CBLL Gene Family in Peanut
Arabidopsis thaliana emerged is the model organism of choice
for in plant biology research, we screened CBLL members

through the A. thaliana genome, and four members were
detected. To investigate the evolutionary relationships of the
CBLL family genes in peanut, we conducted an NJ-
phylogenetic tree, and analyzed the gene exon/intron
structural and conserved motifs. The results demonstrated
that the 29 peanut and four Arabidopsis CBLL proteins
could be integrated into five clades (Figure 1A). Eight, six,
one, four, and 10 CBLLs pertained to clade I (CGS clade), clade
II (MGL clade), clade III (new clade), cladeⅣ (CBL clade) and
clade Ⅴ (new clade), respectively (Figure 1A). All the four large
clades included CBLLs from the cultivated peanut and its two
diploid progenitors. Interestingly, these five distinct groups
have different gene structure and motif arrangement. The CGS
clade had approximately 11 exons, and only AiCBLL3 had 10
exons. In sharp contrast to those in clade I, the MGL clade
possessed two-three exons with one exception (AiCBLL1, 10
exon); the CBL clade had the greatest exon number, ranging
from 12 to 29. For the two new clades, the only gene in clade III
had 13 exons and clade Ⅴ had 2–13 exons (Figure 1B). Further,
we identified 20 different conserved motifs (Figure 1C). In
general, clade I, clade II, and clade Ⅳ had more motifs than
clade III and clade Ⅴ. Motif 1 was the most common, present in
all CBLL genes except AdCBLL8, AiCBLL5, and AhdCBLL3.
Otherwise, the vast majority of CBLLs included motif 2, 3, 4, 6,

TABLE 1 | CBLL genes identified in peanuts.

Gene name Gene locus CDS length (bp) AAa MW (kDa)b pIc TMDd Chr

AdCBLL1 Aradu.02IGP 1,520 426 46.17 5.93 0 Aradu.A04
AdCBLL2 Aradu.M0JX8 1,158 248 27.97 8.77 0 Aradu.A04
AdCBLL3 Aradu.V9ADB 618 77 8.44 7.82 0 Aradu.A04
AdCBLL4 Aradu.N0LVM 772 182 20.62 5.01 2 Aradu.A04
AdCBLL5 Aradu.W013I 1,545 497 53.51 6.02 0 Aradu.A04
AdCBLL6 Aradu.JQ7JG 1,843 464 50.42 6.18 0 Aradu.A06
AdCBLL7 Aradu.93LBV 1,020 208 22.83 4.96 0 Aradu.A06
AdCBLL8 Aradu.UE7BN 1,758 308 33.45 6.30 0 Aradu.A10
AdCBLL9 Aradu.FE0Z7 1,441 313 35.17 6.76 0 None
AiCBLL1 Araip.3V2A7 946 204 22.36 9.07 0 Araip.B01
AiCBLL2 Araip.V3B0A 1,654 426 46.07 6.01 0 Araip.B04
AiCBLL3 Araip.I7QC8 1,891 137 15.40 6.09 0 Araip.B04
AiCBLL4 Araip.26T6F 1,635 471 51.31 7.64 0 Araip.B04
AiCBLL5 Araip.P8SRT 1,858 464 50.39 6.06 0 Araip.B06
AiCBLL6 Araip.B0SMD 2,090 141 15.03 5.28 0 Araip.B09
AiCBLL7 Araip.H1TPN 1,724 442 48.10 6.25 0 Araip.B09
AiCBLL8 Araip.KUG1C 2,237 564 60.63 5.90 0 Araip.B10
AhCBLL1 Arahy.AA870A 1,876 250 26.57 5.30 0 Arahy.04
AhCBLL2 Arahy.C0PD3X 462 153 16.85 8.45 0 Arahy.04
AhCBLL3 Arahy.2E7M4N 623 204 22.79 4.92 0 Arahy.04
AhCBLL4 Arahy.0JH0K6 1,822 531 56.85 6.40 0 Arahy.04
AhCBLL5 Arahy.F5KNV4 5,885 1,855 205.59 6.00 0 Arahy.06
AhCBLL6 Arahy.AGM2GS 2,887 560 60.28 5.85 0 Arahy.10
AhCBLL7 Arahy.V9A8GQ 1,852 426 46.07 6.01 0 Arahy.14
AhCBLL8 Arahy.Q4SW2C 915 139 15.69 8.13 1 Arahy.14
AhCBLL9 Arahy.I2BVW6 1,815 531 56.81 6.40 0 Arahy.14
AhCBLL10 Arahy.0AC10P 5,944 1,830 202.91 5.98 0 Arahy.16
AhCBLL11 Arahy.1FPN7V 1,646 442 48.11 6.25 0 Arahy.19
AhCBLL12 Arahy.S7AN2D 2,691 564 60.63 5.90 0 Arahy.20

aLength of the amino acid sequence.
bMolecular weight of the amino acid sequence.
cIsoelectric point of the AhCBLL.
dNumber of transmembrane domains, as predicted by the TMHMM Server v2.0.
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8, and 11. Motif 18, and 19 were clade-specific elements in
clade I, motif 13 and 14 only existed in clade II, and motif 15
only existed in clade Ⅳ.

Gene Duplication and Synteny Analyses of
Peanut CBLLs
Chromosomal location analyses revealed that the 12 AhCBLLs
were distributed unevenly on seven chromosomes
(chromosomes 04, 06, 10, 14, 16, 19 and 20); nine AdCBLLs
were present on chromosomes A04, A06 and A10; and eight
AiCBLLs were distributed on chromosomes B01, B04, B06,
B09, and B10 (Figure 2). A total of 17 chromosomal fragment
repeat gene pairs were identified without tandem repeats
(Figure 3 and Supplementary Tables S2–S5). Genomic
synteny analyses between cultivated and wild peanut species
uncovered five (AiCBLL1, AiCBLL6, AdCBLL3, AdCBLL7 and
AdCBLL9) wild species-specific CBLL members (Figures 2, 3
and Supplementary Tables S2–S5). Further, we calculated the
Ks (synonymous) and Ka (non-synonymous) values of the

duplicated gene pairs and found that the Ka/Ks ratio for
duplicated AhCBLL gene pairs ranged from 0.03 to 0.95
with an average of 0.25 (Supplementary Table S6). The ω
values of all duplicated gene pairs were less than one,
domostrated that purifying selection occurred on these
duplicated gene pairs. The whole genome-wide collinear
analysis identified that 41.38% (six AhCBLL genes, six pairs,
Supplementary Table S7; three AdCBLL genes, three pairs;
three AiCBLL genes, three pairs, Supplementary Table S8),
41.38% (six AhCBLL genes, eight pairs, Supplementary Table
S9; three AdCBLL genes, three pairs; three AiCBLL genes, three
pairs, Supplementary Table S10), and 48.28% (six AhCBLL
genes, six pairs, Supplementary Table S11; four AdCBLL
genes, seven pairs; four AiCBLL genes, seven pairs,
Supplementary Table S12) of the AhCBLLs were
orthologous with Arabidopsis, grape, and soybean CBLLs,
but none with rice, respectively (Figure 4). Synteny analysis
with soybean, Arabidopsis, and grape revealed three conserved
CBLL genes (AhCBLL4, AhCBLL6, and AhCBLL9) in these
species. Both collinear and BLAST methods were used to

FIGURE 1 | Comparison of the gene structure and motif of 29 CBLL genes in peanut. (A) Unrooted phylogenetic tree with over 50% bootstrap value above the
branch. The clade I, II, III,Ⅳ and Ⅴ were displayed in pink, orange, green, blue and dark blue colors, separately. The names of species were abbreviated to two letters,
named as Arachis duranensis (Ad), Arachis ipaensis (Ai), Arachis hypogaea L. Tifrunner (Ah). (B) Exon/introns and untranslated regions (UTRs) of CBLLs. Green boxes
denote UTR (untranslated region); yellow boxes denote CDS (coding sequence); black lines denote introns. The length of protein can be estimated using the scale
at the bottom. (C) Motif architectures of all CBLL genes. Each motif is illustrated with a specific color, and the distribution of identified motifs corresponds to their
positions.
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identify AhCBLL gene orthologs between peanut and
Arabidopsis; 13 orthologous pairs were found (Table 2).
The orthologs in Arabidopsis included AtMGL participating
in Met degradation and plant defense (Ricarda et al., 2005;
Goyer et al., 2007; Joshi and Jander, 2009; Atkinson et al.,
2013), AtMOT1/CGS relating to the regulation of seed growth
and metabolism in Arabidopsis (Goto et al., 2002; Hacham
et al., 2013; Cohen et al., 2014, 2017; Whitcomb et al., 2018),
and AtCBL relating to the synthesis of plant hormones (Kim
and Leustek., 2000; Levin et al., 2000; Liu et al., 2019).

Therefore, we speculated that these AhCBLL homologous
genes might play multiple roles in peanut growth,
development, and stress resistance.

Cis-Acting Element Prediction of Peanut
CBLLs
We analyzed and predicted cis-acting elements in the 2-kb
upstream sequences of CBLL genes via the PlantCARE
database. In total, 51 cis-regulatory elements were detected

FIGURE 2 | Chromosomal locations of peanut CBLL genes. Chromosomal positions of the peanut CBLL genes were mapped based on data from PeanutBase.
The chromosome number was indicated above each chromosome. Genes in red indicated wild species specific.

FIGURE 3 | Chromosomal distribution and gene duplications of the AdCBLL, AiCBLL, and AhCBLL genes. The scales on the circle were in Megabases. Each
colored bar represented a chromosome as indicated. Gene IDs were labeled on the basis of their positions on the chromosomes. Red frames indicated wild species
specific CBLL genes.
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(Figures 5A–C), 11 subclasses and four main categories were
defined as plant growth, abiotic stress, phytohormone
responsiveness, and light responsiveness element groups
(Figures 5D–F). In the promoter region of the AdCBLLs, the

largest subdivision was the light responsiveness group, containing
44.1% predicted cis-elements, phytohormone responsiveness
elements ranked second (34.1%); abiotic stress response
elements were 14.7%, and elements involved in plant growth

FIGURE 4 | Comparative physical mapping showed the degree of orthologous relationships of AhCBLL genes with (A) peanut, (B) Arabidopsis, (C) grape and (D)
soybean. Red arrows indicated common collinear CBLL gene pairs.

TABLE 2 | The function of genes homologous to AhCBLL genes in Arabidopsis.

Peanut Arabidopsis Function Reference

AdCBLL1/AiCBLL2/AiCBLL7/AhCBLL1/
AhCBLL7/AhCBLL11

AtMGL (AT1G64660) Regulate methionine degradation, involved in the response to simultaneous
biotic and abiotic stresses

Ricarda et al. (2005)
Goyer et al. (2007)
Joshi and Jander,
(2009)
Atkinson et al.
(2013)

AdCBLL5/AdCBLL8/AiCBLL4/AhCBLL9 AtMTO1/AtCGS
(AT3G01120)

Influences Met metabolism in seeds, related to light, sucrose and salt and
osmotic stresses regulation

Hacham et al.
(2013)
Cohen et al. (2014)
Cohen et al. (2017)
Whitcomb et al.
(2018)

AdCBLL6/AiCBLL5/AhCBLL5 AtCBL (AT3G57050) Associated with MET biosynthesis, crucial for embryo patterning and the
maintenance of root stem cell niche

Kim and Leustek,
2000
Levin et al. (2000)
Liu et al. (2019)
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accounted for 7.1%. AdCBLL5 had the greatest number of
elements with 33 in total (Figure 5D). For AiCBLLs, the
percentage of light, phytohormone, abiotic stress, and plant
growth responsiveness cis-elements was 43.6, 25.8, 22.1, and
8.6% (Figure 5E). AiCBLL7 had the greatest number of
elements at 35 in total. In AhCBLLs, the similar proportions
were 43.7, 28.7, 21.6, and 6.0% (Figure 5F). In the light response
category, Box 4tbox4 (light-responsive element) and GT1-motif
(part of a module for light response) were the most dominant.
Meanwhile, cis-acting elements responding to auxin, abscisic
acid, gibberellin, flavonoids, methyl jasmonate and salicylic
acid were involved in the phytohormone responsiveness group.
The CGTCA-motif and TGACG-motif (methyl jasmonate
response elements) were followed by ABRE (related to the
abscisic acid response). In the abiotic stress response category,
ARE (elements regarding oxygen-deficient induction) covered
the largest portion, and both WUN-motif (wound-responsive
element) and LTR (relating to low-temperature responsiveness)

exited in the promoters of AdCBLLs, AiCBLLs, and AhCBLLs.
GCN4 motif (elements related to endosperm expression) and
CAT-box (referred to meristem expression) were the largest
motifs in plant growth regulation. Intriguingly, all types of cis-
regulatory elements were distributed widely throughout the
promoter regions of CBLL genes.

Expression Profile of AhCBLLs in Different
Tissues of Peanut
Previous studies showed the involvement of CBLL family genes
during different development stages (Kim and Leustek., 2000;
Levin et al., 2000; Maimann et al., 2000; Goto et al., 2002; Joshi
and Jander, 2009; Atkinson et al., 2013; Hacham et al., 2013; Song
et al., 2013; Cohen et al., 2014, 2017; Whitcomb et al., 2018; Liu
et al., 2019). Thus, the holistic expression patterns of peanut
CBLLs in different tissues are needed to provide more insight into
their roles during plant growth and development. Tissue analyses

FIGURE 5 | Identification of cis-acting elements in all the peanut CBLL genes. (A) Distribution of cis-acting elements in 2 kb upstream of each AdCBLLs. (B)
Distribution of cis-acting elements in 2 kb upstream of each AiCBLLs. (C) Distribution of cis-acting elements in 2 kb upstream of each AhCBLLs. The different colored
boxes indicate distinct promoter elements. (D) Assessment AdCBLL different subclass and category proportions in a radar chart. (E) Assessment AiCBLL different
subclass and category proportions in a radar chart. (F) Assessment AhCBLL different subclass and category proportions in a radar chart. The lengths of the petals
are proportional to the number of elements in each subclass qualitatively. Purple, blue, green and red petals represent plant growth regulation, abiotic stress responses,
phytohormone and light responsiveness, respectively.
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of 12 CBLL genes showed distinct tissue-specific expression
patterns across the 22 tissues (leaf, stem, root, flower, pod and
seed) (Figure 6). AhCBLL2, 4, and 9 showed higher expression
level in almost all the sink tissues; AhCBLL5 and 10 were
expressed mostly in the early seed developmental stages (seed
pattee 5 and 6); AhCBLL1 and 7 had strong expression during the
relatively later seed developmental stages (seed pattee 7, 8, and
10), especially in seed pattee 8. AhCBLL6 and 12 were highly
expressed in root, nodule, and peg tip; Additionally, AhCBLL6
was enriched in peg tip pat 1 andAhCBLL11was expressed highly
in the peg and fruit tissues.

Expression Pattern of the AhCBLLs in Plant
Hormone Response
To uncover the possible functions of AhCBLLs in response to
hormone stress, we conducted qRT-PCR to analyze their relative
expressions under 6-BA, NAA, ACC, GA, MeJA, and ABA
treatments (Figure 7). In this study, a two-fold change (|log2|
> 1) was considered as significantly different for gene expression
under each treatment. Of all the 12 AhCBLLs, nine genes showed
increased expression under all treatments, while the remaining
three (AhCBLL2, 4 and 6) had reduced expression at least one
treatment (ABA, ACC, or 6-BA). For instance, AhCBLL6,
AhCBLL4, and AhCBLL2 were down-regulated under ABA,
ACC, and 6-BA treatments, respectively. Interestingly, the
responses of the AhCBLLs to these plant hormones were
different; AhCBLLs responded to NAA, ACC, and MeJA in
the early time series, later to 6-BA, and were to slow
responded to GA and ABA (mostly at 24 h after treatment).
The results indicated that these AhCBLL genes might regulate
relevant hormone signaling pathways.

Expression Pattern of the AhCBLLs Under
Abiotic Stresses
Plants suffer from a wide variety of environmental stressors
under natural conditions. We investigated the expression of
AhCBLL genes, responding to five abiotic stressors (Figure 8).
Results showed that the accumulation of AhCBLL1, AhCBLL2,
AhCBLL3, AhCBLL8, AhCBLL9, and AhCBLL11 transcripts
occurred at different time points after the submergence
treatment, while the remaining six showed obviously down
or up regulated curves. Expression levels of AhCBLL3,
AhCBLL8, and AhCBLL9 were elevated starting at 6 h under
cold stress and the other nine members reached their highest
expression at 24 h. Interestingly, all analyzed AhCBLL genes
showed a positive response to heat stress. AhCBLL 1, 5, 7, and 8
were up-regulated rapidly after 1 h of treatment, while
AhCBLL 3, 4, 6, 10, 11, and 12 were strongly upregulated
after 3 h of treatment. Moreover, three AhCBLL genes,
AhCBLL1, -2, and 3 were inhibited under NaCl stress, and
the remaining nine were up-regulated after NaCl treatment at
different time points. Surprisingly, all AhCBLLs were induced

FIGURE 6 | The expression profiles of AhCBLL genes. The heat map of
the AhCBLL gene expression levels was hierarchically clustered using the R
package “pheatmap” with the data normalization method of Z-score
standardization. The color scale bar ranging from blue to red represents
low and high expression, respectively. Abbreviation of the 22 tissues used in
the expression profiles of AhCBLL genes were as following: seedling leaf
10 days post emergence (leaf 1), main stem leaf (leaf 2), lateral stem leaf (leaf
3), vegetative shoot tip from main stem (veg shoot), reproductive shoot tip
from first lateral (repr shoot), 10-day roots (root), 25-day nodules (nodule),
perianth, stamen, pistil, aerial gynophore tip (peg tip 1), subterranean peg tip
(peg tip 2), Pattee 1 stalk (peg tip Pat. 1), Patte 1 pod (fruit Pat. 1), Pattee 3 pod
(fruit Pat.3), Pattee 5 pericarp (pericarp Pat.5), Pattee 6 pericarp (pericarp
Pat.6), Pattee 5 seed (seed Pat. 5), Pattee 6 seed (seed Pat. 6), Pattee 7 seed
(seed Pat.7), Pattee 8 seed (seed Pat. 8), Pattee 10 seed (seed Pat.10).

FIGURE 7 | Relative expression of AhCBLLs under 6-BA, NAA, ACC,
GA, MeJA and ABA treatments. Expression characteristics of AhCBLLs in
response to different phytohormone at six-time points (00, 01, 03, 06, 09 and
12 h) were normalized to 00 h treatment. The fold changes values were
calculated by the 2−△△Ct method and log2 and represented in color scale
legend at the left of the heatmap: red indicated up-regulation and blue showed
down-regulated expression.
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after PEG stress. In summary, AhCBLL genes might play
important roles in various types of environmental stress
regulation.

Association Analysis of Peanut CBLLs with
104 Traits of Peanut
To uncover the roles of CBLL genes in peanut development and
stress response, we performed candidate gene association analysis
using five SNPs (single nucleotide polymorphisms) in AhCBLLs
from transcriptome data of 146 peanut lines, and 104 phenotypes
related to peanut development and stress response were collected
from the five environments. The results indicated that one
polymorphic site [B09_90283818(C/M/A)] was significantly
associated with PL, PW, HPW, and HSW traits (Figure 9A
and Supplementary Tables S13–S15). The site B09_90283818
mainly formed three haplotypes [B09_90283818(C/M/A))
(Figure 9B) in the population and were located in the
predicted exon region of AiCBLL7 (Figure 9C). Results
showed that PL, PW, HPW, and HSW in haplotype A were
significantly higher than those in haplotype C (Figure 9D).

DISCUSSION

Duplication Contributed to AhCBLLs
Expansion
Gene duplication contributes significantly to the proliferation of
genes in plant species (Davidson et al., 2013; Hou et al., 2014), and
leads to gene diversification or drives the evolution of genes.
Based on synteny analyses, nine of the 12 AhCBLLs had syntenic
relationships, all of them were inherited from A. duranensis and
A. ipaensis genomes (Figures 2, 3 and Supplementary Table S2);
the main expansion mechanism of AhCBLLs was whole-genome
duplication (allopolyploidization), while none-segmental and
tandem duplication events occurred in the tetraploid stage.

FIGURE 8 | Expression changes of AhCBLLs under different abiotic
stresses. The abbreviation represented as following, Sub: submergence,
Cold4: cold of 4°C, H40: the heat of 40°C, NaCl: 200 mM NaCl, and PEG,
polyethylene glycol.

FIGURE 9 | Association mapping results and the phenotypes of the polymorphic sites of the peanut CBLLs associated with HPW/HSW/PL/PW variation. (A)
Association results between HPW/HSW/PL/PW and the polymorphisms in peanut CBLLs. (B) Sequences of site significantly associated with HPW/HSW/PL/PW variation.
(C) The gene structures of AiCBLL7. (D) Phenotypic comparison of haplotypes of the associated site with HPW/HSW/PL/PW in five environments of the population.
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Duplicated genes often evolve to lose their original functions
and/or obtain new functions to enhance the adaptability of plants
(Dias et al., 2003). Previous research demonstrates that a
diversified expression pattern might be a significant reason for
retaining duplicated genes in the genome (Gu et al., 2002). The
duplicated genes lead to gene-dose effects or result in functional
diversity. We found that all the AhCBLL gene pairs from
allopolyploid species displayed a similar tissues expression
pattern. For example, gene pair AhCBLL1 (Arahy.04)-
AhCBLL7 (Arahy.14) was mainly expressed in the later seed
development stage. Pat.8; AhCBLL4 (Arahy.04)-AhCBLL9
(Arahy.14) showed a higher expression level in peg. tip. Pat.1,
AhCBLL5 (Arahy.06)–AhCBLL10 (Arahy.16) were enriched in
the earlier seed development stage. Pat.5 and 6, and Ah CBLL6
(Arahy.10)-AhCBLL12 (Arahy.20) were highly expressed in root,
nodule, and peg tip. Pat.1 (Figure 6). Most of the four
allopolyploidy duplicated gene pairs demonstrated similar
expression patterns to hormone treatments and abiotic stresses
that might result in the way of gene-dose-effect; however, the
expression of AhCBLL4 was inhibited under submergence and
ACC treatment while AhCBLL9 was active ated; AhCBLL6 was
down-regulated under ABA treatment while AhCBLL12 was up-
regulated (Figures 7, 8); this opposite expression profile of the
allopolyploidy duplicated gene pairs implied functional diversity.
These results suggested that gene duplication of the CBLL family
in peanut provided intricate regulation of signal transduction.

Subfunctionalization of the AhCBLL Genes
in Peanut
The phylogenetic tree divided all the 29 peanut CBLL proteins
into four clades (Figure 1A). Eight, six, one, four, and 10 CBLLs
pertained to clade I (CGS clade), clade II (MGL clade), clade III
(new clade), clade IV (CBL clade), clade V (new clade),
respectively. The members in the CGS clade, MGL clade and
CBL clade might have similar functions to the corresponding
Arabidopsis genes; however, the function of the members in clade
III and clade V was uncertain. The annotation of the one gene of
clade III and most genes of clade V were CBLs; however, the gene
structure and motif arrangement were quite different from those
in the CBL clade, indicating divergence in gene function.

The prediction of cis-acting elements can provide important
clues for the study of gene expression regulation (Zhu et al., 2017).
In this study, analysis of the 2-kb upstream sequences of the
initial codon of AhCBLL genes showed that the AhCBLLs
contained multiple stress and hormone response elements, but
the types and numbers were different. The percentage of cis-
acting elements to phytohormone in A. duranensis was
approximately 12%, which was more than that in A. ipaensis,
indicating that the transcriptomic regulation of AdCBLLs might
be more complex than in AiCBLLs.Most AhCBLL genes not only
had cis-acting elements respond to abiotic adversity, but also had
elements that responded to hormonal signals such as gibberellin,
abscisic acid, salicylic acid and methyl jasmonate (Figure 5). For
example, TCA-element, LTR, circadian and TC-rich repeats were
exited in the promotor region of AhCBLL1, implying that
AhCBLL1 might respond to salicylic acid signals and

participate in the regulation of cold stress, circadian rhythm
and plant defense response. The positive response of most
AhCBLLs genes to hormones was the mainstream regardless of
the AhCBL2 and AhCBL6 were down-regulated in 6-BA and
ABA, respectively (Figure 7), implying their relevant roles in
these hormone signal pathways. Surprising finding was that all
analyzed AhCBLL genes showed positive response to heat and
PEG stresses (Figure 8), suggesting that the AhCBLL may be
important for peanut resistance to heat stress (Figure 8).
Similarly, AhCBLL1, AhCBLL2, AhCBLL3, AhCBLL8,
AhCBLL9, and AhCBLL11 were found to up-regulated by
submergence (Figure 8), indicating the physiological function
of these genes in peanut water logging stress tolerance
mechanisms. Additinally, the expression of the nine AhCBLL
genes except AhCBLL1, 2, and 3 were obviously enhanced after
NaCl treatment at different time points (Figure 8). Considering
the common positive response of AhCBLL8, AhCBLL9, and
AhCBLL11 under heat, drought, submergence, and salt
stresses, overexpression of these three genes in peanut may be
an effective method to improve the peanut comprehensive abiotic
stress resistance. Many important genes were selectively
expressed in specific tissues during various physiological and
developmental processes (Wan et al., 2014). Tissue expression of
the AhCBLLs showed multiple tissue expression patterns
suggesting subfunctionalization of this family.

Among the 13 CBLL orthologous pairs between peanut and
Arabidopsis (Table 2), the functions of the corresponding
ortholog genes in Arabidopsis have been determined; they
functioned in influencing flowering, cell elongation, pollen
tube growth, and played an important role in seed
germination (Table 2). AtMOT1/AtCGS have been found to
affect the physiological and behavioral processes of seeds,
related to the biosynthesis of ethylene and polyamines (Goto
et al., 2002; Hacham et al., 2013; Cohen et al., 2014, 2017;
Whitcomb et al., 2018). Furthermore, AtMGL, regulates Met
degradation, involved in the response to simultaneous biotic
and abiotic stresses (Ricarda et al., 2005; Goyer et al., 2007;
Joshi and Jander, 2009; Atkinson et al., 2013). Therefore, these
AhCBLL orthologous genes may also playmultiple roles in peanut
development, and plant hormone synthesis or response.

AhCBLL Gene Plays an Important Role in
Peanut Pod and Seed Development
The single-nucleotide polymorphic sites in AiCBLL7
(corresponding to AhCBLL11), were significantly associated
with PL, PW, HPW and HSW variation. The polymorphic site
in AiCBLL7, [B09_90283818(C/M/A)], located in the predicted
exon region of the gene, B09_90283818(C/M/A) led a 268E to
268 K amino acid transition in the peanut population. These
results indicated that B09_90283818(C/M/A) sequence
polymorphisms might be the actual functional sites. Further,
AhCBLL11 was mainly expressed in the peg and fruit,
especially in early fruit development stages, which provided
additional evidence for its function in peanut pod
development. Most AhCBLLs exhibited tissue-specific
expression patterns, almost all the AhCBLLs were expressed in
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higher levels in the peg, fruit, or seed (Figure 6). Further
investigation was needed to confirm the roles of AiCBLL7
(AhCBLL11) in the pod and seed development of peanut.

CONCLUSION

In summary, this genome-wide identification, characterization
and expression analysis of peanut CBLL genes provides valuable
information for understanding the evolution and molecular
functions of the peanut CBLL gene family, and highlights
potential CBLL genes involved in peanut pod (seed)
development and abiotic stress responses. The results of this
study provide a foundation for further research regarding the
function of the peanut CBLL gene family.
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Genome-Wide Identification and
Expression Analysis of the Thioredoxin
(Trx) Gene Family Reveals Its Role in
Leaf Rust Resistance in Wheat
(Triticum aestivum L.)
Ramesh Bhurta1†, Deepak T. Hurali 1†, Sandhya Tyagi2, Lekshmy Sathee2*,
Sandeep Adavi B2, Dalveer Singh2, Niharika Mallick1, Viswanathan Chinnusamy2, Vinod1

and Shailendra K. Jha1*

1Division of Genetics, ICAR-IARI, New Delhi, India, 2Division of Plant Physiology, ICAR-IARI, New Delhi, India

Bread wheat (Triticum aestivum L.; Ta) is the staple cereal crop for the majority of the
world’s population. Leaf rust disease caused by the obligate fungal pathogen, Puccinia
triticina L., is a biotrophic pathogen causing significant economic yield damage. The
alteration in the redox homeostasis of the cell caused by various kinds of reactive oxygen
species (ROS) and reactive nitrogen species (RNS) in response to pathogenic infections is
controlled by redox regulators. Thioredoxin (Trx) is one of the redox regulators with low
molecular weight and is thermostable. Through a genome-wide approach, forty-two (42)
wheat Trx genes (TaTrx) were identified across the wheat chromosome groups A, B, and D
genomes containing 12, 16, and 14 Trx genes, respectively. Based on in silico expression
analysis, 15 TaTrx genes were selected and utilized for further experimentation. These 15
genes were clustered into six groups by phylogenetic analysis. MicroRNA (miRNA) target
analysis revealed eight different miRNA-targeted TaTrx genes. Protein–protein interaction
(PPI) analysis showed TaTrx proteins interact with thioredoxin reductase, peroxiredoxin,
and uncharacterized proteins. Expression profiles resulting from quantitative real-time PCR
(qRT-PCR) revealed four TaTrx genes (TaTrx11-5A, TaTrx13-5B, TaTrx14-5D, and
TaTrx15-3B) were significantly induced in response to leaf rust infection. Localization of
ROS and its content estimation and an assay of antioxidant enzymes and expression
analysis suggested that Trx have been involved in ROS homeostasis at span 24HAI-72HAI
during the leaf rust resistance.

Keywords: wheat, leaf rust, thioredoxin, reactive oxygen species (ROS), genome-wide analysis

INTRODUCTION

Wheat (Triticum aestivum L.) leaf rust disease caused by Puccinia triticina L. is the most
prevalent disease among the three rust-related diseases. About 50% yield reduction has been
reported when conditions are favorable for leaf rust infection and depending on the plant’s
developmental stage at disease (Huerta-Espino et al., 2011; Dakouri et al., 2013). Though the
damage caused by rust can be minimized through chemicals, host resistance is the most
economical and sustainable way to cope with this disease. So far, eighty (80) leaf rust
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resistance genes have been identified and designated, and
different Lr genes (APR and SR) are being used in different
wheat breeding programs to develop rust-resistant varieties
(Tomar et al., 2014; Kumar et al., 2021).

A strategy for manipulating resistance can be developed by
understanding the pathways involved in defense signaling.
Plants develop and execute various multifaceted sensory
mechanisms to recognize a particular pathogen attack and
work against it to maximize plant survival (Lamers et al.,
2020). These molecular mechanisms are well elucidated and
explained to a great depth (Wang et al., 2019). The impact of
thioredoxin (Trx) and reactive oxygen species (ROS) as a
critical factor in the plant system against biotic stress
responses is one area to understand and exploit its role in
resistance. Regulations of cysteine modification depend on Trx
activity. Thiol-based redox modification of Trxs alters the
activity of target proteins involved in the interaction
network (Rouhier et al., 2015). Reactive oxygen species and
oxidative stress produced by metabolism, respiration, and
defense responses are sensed by thioredoxins, and the
downstream target signaling proteins are modulated to
regain redox balance (He et al., 2017).

Thioredoxins (Trxs) are heat-stable multifunctional
ubiquitous proteins that act as oxidoreductase and are
involved in various metabolic processes such as
photosynthesis and response to abiotic and biotic stresses,
depending on their inherent biochemical properties
(Holmgren, 1968; Wong, 2002). Thioredoxins are also
confirmed to be involved in the orchestration of Systemic
Acquired Resistance (SAR) in plants by its redox activity
that converts the oligomeric form of the nonexpressor of
pathogenesis-related gene1 (NPR1), a master regulator of
SAR, into a monomeric form in Arabidopsis (Fu et al.,
2012; Moreau et al., 2012). Trxs possess a characteristic
conserved active site consisting of WCGPC residues that
catalyze thiodisulfide bridges (Collet et al., 2003). Trx
proteins exhibit numerous variants, and in plants, they are
classified as Trxf, Trxm, Trxh, Trxo, Trxx, and Trxy isoforms
(Gelhaye et al., 2004). Apart from their prominent role in the
redox-based modification of proteins that are involved in
resistance response, thioredoxins are also associated with
various biochemical processes, viz., enzyme regulation
(Holmgren, 1989), modulation of transcription factor
(Schenk et al., 1994), as the donor of hydrogen (Holmgren,
1989), protection against oxidative stress (Chae et al., 1994),
and in-plant resistance (Mata-Pérez and Spoel, 2019).

The role of ROS/RNS is well known as an essential mediator
of redox signaling in defense pathways (Apel and Hirt, 2004;
Baxter et al., 2014; Mittler, 2002; Noctor et al., 2018; Mittler
et al., 2004; Torres et al., 2006). The activation of the plant
resistance responses against a pathogen with the rapid
production of an enormous amount of ROS and reactive
nitrogen species (RNS) that results in alteration of redox
homeostasis of the cell (Mata-Pérez and Spoel, 2019). Plants
induce a defense response against pathogen attack via inducing
pathogenesis-related (PR) genes and localized cell death at the
infection site, collectively known as the hypersensitive

response (HR). Further ROS is generated after pathogen
recognition in various subcellular compartments responsible
for the orchestration of HR (Zubriggen et al., 2010). Wang
et al. (2020) demonstrated that ROS (superoxide radicals and
H2O2) is generated during the interaction of leaf rust, Puccinia
triticina (Pt) and wheat. When a pathogen attacks the plant,
the plant–microbe interaction is sensed by membrane
receptors, and an oxidative (ROS) burst occurs in the
apoplast by activating NADPH oxidases (NOX/RHOH)
(Rahikainen et al., 2016). Furthermore, ROS signaling is
also required to induce immunity-related genes (de Torres
Zabala et al., 2015).

Cellular ROS homeostasis involves several enzymatic and
non-enzymatic antioxidant systems in plants (Lu and
Holmgren, 2014; Considine and Foyer, 2020). Among these
antioxidant systems, Trx modulates ROS scavenging and
actively regulates cellular redox homeostasis. It was
reported that functional loss of Trx leads to altered levels of
ROS (Vieira Dos Santos and Rey, 2006; Schmidt et al., 2016).
For instance, thioredoxin genes Trxh8 and Trxh5 are highly
induced in response to abiotic and biotic stresses in rice
(Tsukamoto et al., 2005). A novel cis-element regulates
three antioxidant genes Trxh, Grx, and SOD in rice
(Tsukamoto et al., 2005). These studies advocate the
coordinated participation of thioredoxin and other
antioxidants in cellular defense against high levels of ROS.
In the recent past, significant advancements have been made in
understanding the pathway of defense responses against rust
pathogen, and new dimensions are expected to be added in the
future. However, to our best knowledge, change in the
expression profile of Trx genes against leaf rust resistance in
wheat and its relation with ROS have not been studied yet.
Therefore, based on the importance of Trx proteins in biotic
stress response and ROS balance during plant–pathogen
interaction, we conducted 1) genome-wide identification
and in silico analysis of Trx family genes in wheat and 2)
expression profiling of selected TaTrx family genes in response
to leaf rust infection in wheat.

MATERIALS AND METHODS

In Silico Chromosome Localization of
Wheat Trx Genes
The amino acid sequences of Trx proteins from Arabidopsis
(AtTrxh3; At5G42980)) and rice (OsTrxh5; Os07T0190800)
were extracted from TAIR (https://www.arabidopsis.org/index.
jsp), and The Rice Annotation Project database rap-db (https://
rapdb.dna.affrc.go.jp). The hiddenMarkov model (HMM) profile
of the Trx domain (PF00085.22) and (PF00085.22) was used as a
query to identify the wheat Trx domain in the wheat genome
database using the software HMMER (http://pfam.sanger.ac.uk.
A BLAST algorithm was also used to identify the putative Trx
genes present across the wheat genome. The amino acid
sequences of Trx candidate genes from Arabidopsis and rice
were used OsTrxh5, Os07T0190800 as a query against the fully
annotated genome sequence of wheat accessible at Ensembl
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Plants release 47 (https://plants.ensembl.org/index.html). All
non-redundant sequences with E-values < 1.0E-05 were
identified and selected. Protein, CDS, cDNA, and genomic
sequences of all the chosen IDs were downloaded for further
analysis. All the identified sequences were further analyzed to
search conserved domains using secondary databases,
including InterPro (https://www.ebi.ac.uk/interpro) and
PROSITE (https://prosite.expasy.org). To determine the
conserved or diverse Trx genes among the different wheat
species, a BlastP search was also conducted using the genome
databases. This analysis used the sequence release 52 of three
wheat species T. Urartu (A genome), T. turgidum (AB genome),
and A. tauschii (D Genome) available on Ensembl Plants. All the
identified wheat Trx genes (TaTrx) IWGSC IDs screened against
information available in public repositories, including IWGSC-
URGI (https://wheat-urgi.versailles.inra.fr/) and EnsemblPlants
(Bolser et al., 2016) and were in silico mapped on seven
homeologous chromosome groups accordingly.

Physiochemical Properties and Subcellular
Localization of Trx Protein
The amino acid sequences of all the identified Trx proteins
retrieved from Ensembl Plants were analyzed using the
ProtParam tool (Expasy website: https://web.expasy.org/
protparam/) (Gasteiger et al., 2005) to obtain different
physiochemical properties like the grand average of
hydropathicity (GRAVY), isoelectric point (IP), aliphatic index
(Ai), molecular weight (Mw), and instability index (Ii). Further,
BUSCA (http://busca.biocomp.unibo.it/) (Savojardo et al., 2018),
a web server, was used to predict the subcellular location of
candidate Trx proteins.

Gene Structure, Conserved Motif
Identification, and Evolutionary Analysis
Both cDNA and genomic sequences were analyzed in GSDS v2.0
(Gene Structure Display Server) (Hu et al., 2015). The regulatory
motif variation in identified TaTrx genes was analyzed using the
amino acid sequence of respective TaTrx genes in MEME 5.0.5
(Bailey et al., 2009) with selection criteria set at 15 AA, minimum
length of 6, and a maximum length of 50 amino acids (Bailey
et al., 1994). Phylogenetic analysis was performed using the
identified amino acid sequences of TaTrxs and the Trxs earlier
reported in Arabidopsis and rice. For this purpose, protein
sequences of Arabidopsis (22 Trxs) and rice (28 Trxs) were
downloaded from TAIR (https://www.arabidopsis.org/) and
rap-db (https://rapdb.dna.affrc.go.jp/), respectively. All the
collected amino acid sequences of identified Trx genes were
aligned with ClustalW (http://ebi.ac.uk/Tools/msa/clustalW2).
The aligned output file was used by the software MEGA7.0
(Kumar et al., 2016) to establish evolutionary relationship
among extracted all Trx proteins. MEGA 7.0 constructed a
phylogenetic tree using the maximum likelihood method
(Kumar et al., 2016) with the substitution model, uniform
rates, and pair-wise deletion with bootstrap values for 1,000

iterations calculated and expressed as percentages (Felsenstein,
1985).

Putative Cis-Regulatory Element
Identification in the Promoter Region of the
TaTrx Genes
The 1,000 bp TaTrx gene sequences upstream to the start codon
were retrieved from Ensembl Plants. TaTrx sequences were
analyzed in the PlantCARE database (http://bioinformatics.psb.
ugent.be/webtools/plantcare/html/) to scan cis-regulatory
elements (Lescot et al., 2002). These 1,000 bp upstream
sequences were investigated to identify the cis-regulatory
elements to hormone responsiveness (involved in stress) and
defense and stress responsiveness.

Potential miRNA Target for TaTrx Genes
Prediction of potential miRNA target(s) for all the identified
TaTrx genes were made by aligning the mRNA sequence against
the miRNAs in wheat with perfect or near-perfect
complementarity to mRNA using the psRNATarget server
with default parameters (Dai X. et al., 2018). The interaction
network of potential miRNA and Trx genes in wheat was
predicted using Cytoscape (Dai L. et al., 2018).

Homology Modeling and 3D Structure
Analysis of TaTrx Proteins
To compare the three-dimensional (3D) structure of TaTrx
proteins, Homology modeling (comparative modeling) was
done using the SWISS server (https://swissmodel.expasy.org/)
to compare the three-dimensional (3D) structure of TaTrx
proteins. Position-specific iterated BLAST (PSI-BLAST) was
done to align template and target proteins; homolog template
was selected based on similarity from protein database (PDB).
The 3D structure of TaTrx proteins was predicted by an
automated SWISS-MODEL server (https://swissmodel.expasy.
org) (Waterhouse et al., 2018) and was further visualized in
UCSF CHIMERA (Pettersen et al., 2004). TaTrx proteins were
compared against templates 3d22.1.A, 2iwt.1.A, 2vlt.1.A, 2vm1.3.
A, 1fb0.1.A, and 1faa.1.A from PDB. Ramachandran plot, per
cent sequence identity of the target TaTrx proteins with template
protein, template protein ID, QMEAN, template description,
oligo state, and Ramachandran favored per cent were analyzed
using the SWISS server.

Analysis of Protein–Protein Interaction
Network
Interaction of TaTrx proteins with other proteins was analyzed using
amino acid sequences of respective TaTrx proteins in STRING v11.0
(https://string-db.org) (Szklarczyk et al., 2019), the protein with the
highest bit score was considered for analysis. GeneMANIA server
(Warde-Farley et al., 2010) was also used for protein–protein
interaction analysis by utilizing Arabidopsis interactome data.
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In Silico Expression Analysis
Wheat RNA transcriptome data [WheatEXP (http://www.wheat-
expression.com/)] available under different biotic stress (Powdery
mildew pathogen E09 and stripe rust pathogen CYR31)
treatments were used to compare the relative expression of all
the identified TaTrx genes. Extracted transcript IDs were used for
generating a heat map using the Wheat Expression browser
expVIP (http://www.wheat-expression.com).

Plant Materials and Pathogen
The seeds of two contrasting wheat genotypes, Chinese spring
(CS; susceptible genotype) and Transfer (TR; resistant genotype),
an Introgression line of leaf rust resistance gene (Lr9) in CS
background available at the Division of Genetics, IARI New
Delhi, were used for the current experiment. The uredospores
of leaf rust pathogen Puccinia triticina Eriks Pathotype 77-5 (121-
R-63) were used to inoculate two wheat genotypes.

Inoculation and Sampling
Seedlings of CS and TR were grown in the National Phytotron
Facility at ICAR-Indian Agricultural Research Institute, New
Delhi, following the protocol by Prabhu et al. (2012). Ten to
fifteen seeds of each genotype were sown, raised, and seedlings at
the two-leaf stage were inoculated with the pathotype 77-5 using
the protocol by Dhariwal et al. (2011). After inoculation, seedlings
were kept in a humidity chamber for 24 h. Sampling was done by
collecting the leaves at 0 HAI (Hours After Inoculation,
uninoculated), 24 HAI, 72 HAI, and 144 HAI for analysis.

Isolation of Total RNA and cDNA
Preparation
Total RNA was extracted from sampled leaf tissues (3
biological and 3 technical replicates) of control and treated
plants at different intervals after leaf rust infection using
RNAeasy kit (Qiagen Inc., Chatsworth CA 91311,
United States, Cat No: 749040) as per the protocol and
instruction described in the kit. RNA was quantified using a
Thermo nanodrop spectrophotometer, and the purity was
analyzed by checking the values of the ratio of A260/A280

and using gel electrophoresis. The cDNA was prepared
using Invitrogen, Life Technologies, United States, reverse
transcriptase kit.

Primer Designing and qRT-PCR Analysis
cDNA sequences of all the identified TaTrx genes were used to
design primers (Supplementary Table S1). The qRT-PCR
assay was performed to determine the expression level of
Trx genes in wheat. The qRT-PCR assay was done using a
mixture of cDNA, forward primer, reverse primer, and SYBRp

Green Master Mix (Applied Biosystems, United States) on a
real-time detection system (CFX96 Touch real-time PCR
detection, BIO-RAD life sciences). To set up qRT-PCR, all
components of cDNA, forward and reverse primer, and SYBRp

Green were carefully added in PCR plates and centrifuged for
1–2 min. All components were thawed properly to avoid
differences in concentration. All the above steps were

performed on ice. Care was taken to prevent the exposure
of SYBRp Green to light and high temperatures. A master mix
includes 4.5 µl RNase-free water, 0.75 µl forward primer,
0.75 µl reverse primer, and 7.5 µl Power SYBR Green Master
Mix. 1.5 µl cDNA template was pipetted out into the PCR plate
followed by the master mix. The master mix was kept in the
dark to avoid light exposure. Wheat gene TaActin
(housekeeping gene) was used as an internal control for
normalization of the data for each transcript (Sathee et al.,
2018) and level of expression or fold change in expression of
TaTrx genes were analyzed using the 2−ddCt method (Livak and
Schmittgen., 2001).

Estimation of Reactive Oxygen Species
Based on previous reports on ROS and RNS abundance (Qiao
et al., 2015), 72 HAI samples were selected to study ROS
localization and the activity of antioxidant enzymes. After
inoculation with pathotype 77-5, the leaves of the two
genotypes were sampled 72 h after inoculation for ROS
staining, ROS determination, and for an assay of antioxidant
enzymes. The second leaves of inoculated and uninoculated
wheat seedlings were used to analyze tissue localization of
superoxide ions (O2−) anions and H2O2. For determining O2−

radicals, 1 cm long leaf cuttings were incubated in a 6 mM NBT
solution prepared in sodium citrate buffer (pH 7.5). The samples
were vacuum infiltrated at 60 KPa for 10 min. After 10 min at
room temperature, the samples were boiled in 80% ethanol in
boiling water until the tissue turned translucent. Samples were
mounted on glass slides after dipping in 20% glycerol. The
formation of the dark blue color specified the localization of
O2− radicals. For detecting the formation of H2O2, the leaf
cuttings were incubated in 1 mg/ml (pH 3.8) DAB (3,3′-
Diaminobenzidine) solution. Vacuum infiltration and
chlorophyll removal steps were followed as described
previously. The formation of the brown color specified the
localization of H2O2. The slides were observed under
stereomicroscope (EVOS XL Core), and the images were
captured following Kumar et al. (2014).

Assay of Oxidative Stress
Spectrophotometric assay quantitatively estimated superoxide
radicals at 72HAI in fresh leaf tissue (Chaitanya and Naithani,
1994). The amount of NBT reduced by O2− radicals was assayed.
Phosphate buffer of 0.2 M (pre-cooled, pH 7.2) was used to
homogenize the leaf sample (1 g). The homogenized sample
was centrifuged at 10000 g for 30 min at 4°C. The supernatant
was collected and stored in a −20°C freezer until further analysis.
The assay mixture comprised 0.1 mM EDTA, 0.075 mM NBT,
13.33 mM L-methionine, 25 mM Na2CO3, 250 µl of supernatant
in a final volume of 3 ml, and the absorbance was measured at
540 nm.

For estimation of H2O2, 1 g of leaf sample was crushed in
liquid nitrogen, homogenized in 10 ml cooled acetone, and
filtered (Whatman no. 1). The filtrate was mixed with 5 ml
ammonium solution and 4 ml titanium reagent for
precipitation of titanium-hydrogen peroxide complex. The
precipitate obtained after centrifugation at 10000 g for 10 min
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was dissolved in 10 ml of 2M H2SO4. This dissolved precipitate
was re-centrifuged, and the supernatant was used for
spectroscopic absorbance measurement at 415 nm (Rao et al.,
1997). The membrane injury was estimated by Evans blue
staining followed by spectrophotometric estimation of tissue-
bound dye (Kato et al., 2007).

Estimation of Antioxidant Enzymes
One gram of fresh leaf sample was sampled for preparation of
extract to measure the activity of ascorbate peroxidase (APX),
superoxide dismutase (SOD), peroxidase (POX) and catalase
(CAT) enzymes. The sample was homogenized in 10 ml of
0.1 M phosphate extraction buffer (pH 7.5, comprising 1 mM
ascorbic acid and 0.5 mMEDTA). The extract was filtered using a
four-layered cheesecloth. The filtrate obtained was centrifuged at
15,000 g for 20 min. The activity of enzymes was estimated using
the supernatant (Dhindsa et al., 1981).

Inhibition of the photochemical reduction of NBT was the
basis for SOD activity estimation (Dhindsa et al., 1981). From
2 mM riboflavin stock, 0.1 ml was mixed into the reaction
mixture containing 0.1 ml enzyme extract and incubated for
15 min under 15W lamps. A set of reaction mixture kept in
the dark (transparent) served as the blank. After 15 min of
incubation, absorbance was recorded at 560 nm.

Ascorbic acid-induced reduction in absorbance (290 nm) was
served as the basis for estimation of Ascorbate peroxidase activity
(Nakano and Asada, 1981). The reaction mixture comprised of
1.5 ml of 100 mM potassium phosphate buffer, 0.5 ml 3.0 mM
ascorbic acid, 0.1 ml of 3.0 mM of EDTA, 0.1 ml of 3.0 mM
Hydrogen peroxide, 0.1 ml enzyme of enzyme extract, and
final volume made to 3 ml using double distilled water. Before
measuring the optical density (OD), 0.2 ml of hydrogen peroxide
was added to the reaction mixture. The reduction in the OD was
recorded for 1 min at 290 nm wavelength in a UV–visible
spectrophotometer.

Reduction in absorbance (240 nm) due to hydrogen peroxide
decomposition served as the basis for estimating catalase (CAT)
activity. The reaction mixture (3 ml) includes 1.5 ml of 0.1 M
phosphate buffer and 0.5 ml of 75 mM H2O2. To which diluted
enzyme extract of 50 µl was added and UV–visible
spectrophotometer was used to measure the decline in the
absorbance for 1 min at 240 nm.

The rise in absorbance (470 nm) due to the development of
tetra-guaiacol served as the basis for estimating peroxidase
enzyme activity. The reaction mixture includes enzyme extract
(0.1 ml), guaiacol (16 mM), phosphate buffer (50 mM, pH 6.1),
and 2 mM H2O2. The reaction started with the addition of
guaiacol (16 mM). The rise in absorbance at 470 nm was
recorded in a UV–visible spectrophotometer for 1 min after
the addition of guaiacol (16 mM). Tetra-guaiacol extinction
coefficient (ε = 26.6 mM−1 cm−1) was used to calculate the
enzyme activity (Castillo et al., 1984).

Statistical Analysis
GraphPad Prism version 8 (La Jolla, California, United States)
was used to compute analysis of variance (ANOVA), correlation,
and prepare graphs. A model showing thioredoxins (Trx)

mediated regulation of incompatible interaction between wheat
and leaf rust pathogen was created using Inkscape 0.92.3 (freely
available at: https://inkscape.org/).

RESULTS

Genome-Wide Identification of Trx Genes
Genome-wide analysis of orthologous Trx genes in wheat
(TaTrx) lead to the identification of 42 TaTrx genes from
IWGSC RefSeq assembly v1.0 (Supplementary Table S2). Out
of 42 TaTrx genes, 10 TaTrx genes were mapped on genome A,
21 TaTrx genes were located on genome B, and 11 TaTrx genes
were positioned on genome D. The identified TaTrx genes were
named TaTrx-1 to TaTrx-42 based on their chromosomal
positions. InterPro and PROSITE analysis resulted in a
conserved Trx domain in all the identified TaTrx and Trx
proteins sequences of Rice and Arabidopsis. Blast search
against four different wheat species led to identifying a set of
10, 20, and 32, Trx genes in A. tauschii (DD), T. urartu (AA), and
T. turgidum (AABB), respectively. Ten Trx genes inA. tauschii are
located on six different chromosomes (1D: 3, 2D:2, 3D:1, 4D: 1,
5D: 2, and 6D: 1). T. turgidum contains a set of 32 Trx genes over
six different homeologous groups involving wheat genome A (1A:
3, 2A:3, 3A:2, 4A:3, and 7A:1) and B (1B:6, 2B:3, 3B:4, and 5B:5)
(Supplementary Table S3).

In Silico Expression Analysis of TaTrxGenes
Expression of thioredoxins was retrieved from expVIP from
experiments in wheat inoculated with stripe rust pathogen
(Pathotype: CYR31) at the duration of 24 h, 48 h, and 72 h
after inoculation (HAI) and powdery mildew pathogen
(Pathotype: E09) at the span of 24 h, 48 h, and 72 h after
inoculation. As leaf rust is also a biotrophic pathogen, we
considered stripe rust’s in silico expression and powdery
mildew (Figure 1). Based on the in-silico expression analysis
in response to perturbance to the two biotrophic pathogens in the
wheat expression browser, 15 selected Trx transcripts/genes
showed a differential expression level to biotic perturbation.
The Ensemble gene ID, gene length (bp), protein length
(amino acid residues), number of splice variants and splice
variant selected, coordinates, chromosomal location, and
subcellular localization of TaTrx genes are listed in Table 1.
Gene sequence investigation revealed that the length of coding
sequence (CDS) of identified TaTrx genes range from 411
(TaTrx10-2D) to bp (TaTrx13-5B), and amino acids of
corresponding protein range from 118 (TaTrx9-2A) to 189
(TaTrx15-3B).

Chromosomal Distribution
Based on the wheat genome database available at IWGSC-URGI
and EnsemblPlants, positions of the selected TaTrx genes on
corresponding chromosomes of A, B, and D genomes are shown
in Figure 2. Selected 15 TaTrx genes were located on nine
different wheat chromosomes (1A, 1B, 1D, 2A, 2D, 3B, 5A,
5B, and 5D). Out of 15 TaTrx genes, four genes were present
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FIGURE 1 | In silico expression analysis of TaTrx genes against biotic stresses using expVIP (http://wheat-expression.com/).

TABLE 1 | Details of selected TaTrx genes in wheat genome along with their subcellular locations.

S. no. Gene Ensemble ID Splice variant Coordinates Length
bp aa

Genome location Subcellular location

1 TaTrx1-1A TraesCS1A02G112400 1 114,060,494–114,063,211 858 131 1A: 114060494 Cytoplasm
2 TaTrx2-1A TraesCS1A02G325600 1 516,430,393–516,432,298 845 130 1A: 516430393 Extracellular space
3 TaTrx3-1B TraesCS1B02G132600 1 167,108,459–167,111,433 1,023 131 1B: 167108459 Cytoplasm
4 TaTrx4-1B TraesCS1B02G338800 1 566,685,128–566,687,824 788 127 1B: 566685128 Chloroplast
5 TaTrx5-1B TraesCS1B02G339000 1 566,823,400–566,831,663 742 188 1B: 566823400 Nucleus
6 TaTrx6-1D TraesCS1D02G114000 1 110,052,054–110,054,117 664 131 1D: 110052054 Cytoplasm
7 TaTrx7-1D TraesCS1D02G327200 1 419,471,916–419,473,737 757 126 1D: 419471916 Extracellular space
8 TaTrx8-1D TraesCS1D02G327500 1 419,717,234–419,723,448 637 119 1D: 419717234 Nucleus
9 TaTrx9-2A TraesCS2A02G243200 1 341,625,205–341,628,292 734 118 2A: 341625205 Cytoplasm
10 TaTrx10-2D TraesCS2D02G244400 1 274,405,306–274,408,352 411 136 2D: 274405306 Cytoplasm
11 TaTrx11-5A TraesCS5A02G448200 1 629,709,454–629,713,182 899 131 5A: 629709454 Nucleus
12 TaTrx12-5B TraesCS5B02G111800 1 169,679,181–169,680,177 909 175 5B: 169679181 Mitochondrion
13 TaTrx13-5B TraesCS5B02G452700 1 625,521,633–625,524,237 1,268 131 5B: 625521633 Nucleus
14 TaTrx14-5D TraesCS5D02G454800 1 501,772,372–501,774,724 1,006 131 5D: 501772372 Nucleus
15 TaTrx15-3B TraesCS3B02G453600 1 694,324,532–694,325,779 971 189 3B: 694324532 Chloroplast outer membrane

FIGURE 2 |Distribution of the selected 15 TaTrx genes across the nine chromosomes of groups A, B, and D sub-genomes of wheat. Figure taken from the IWGSC
website (https://www.wheatgenome.org/).
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FIGURE 3 | Illustration of gene structure of identified wheat TaTrx genes along with Trxs from Arabidopsis and rice, showing the distribution of exons/introns, and
exon phase created in the Gene Structure Display Server (GSDS v2.0) (http://gsds.cbi.pku.edu.cn/).
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on three chromosomes of the genome A (1A:2 genes, 2A:1gene
and 5A:1gene), six TaTrx genes were located on three B genome
chromosomes (1B:3 genes, 3B:1 gene, and 5B:2 genes), and five
TaTrx genes were mapped on three D genome chromosomes (1D:
3 genes, 2D:1 gene, and 5D: 1 gene).

Predicted Gene Structure, Phylogenetic
Relationships, and Conserved Motif
In the present study, genomic sequences and cDNA sequences of
15 individual selected TaTrx genes were compared, and gene
structure was obtained, as shown in Figure 3. Analysis of gene
structure shows the presence of introns in all TaTrx genes, with
the number of introns ranging from 0 to 5. TaTrx11-5A and
TaTrx12-5B lack intron while TaTrx10-2D contains maximum of
five introns. TaTrx13-5B possesses a single intron. TaTrx3-1B
and TaTrx6-1D contain three introns, while the rest of the
identified TaTrx genes contain two introns. TaTrx5-1B and
TaTrx8-1D have the longest intron among all the identified
TaTrxs, whereas all others have approximately similar lengths
of introns.

Phylogeny analysis led to the clustering of a set of 65 protein
sequences (Figure 4). The evolutionary relationship of identified
15 TaTrx proteins and Trx proteins in Rice (indica and japonica
group) and Arabidopsis are represented by a phylogenetic tree
constructed using the maximum likelihood method, suggesting
Trx proteins mainly clustered into six major groups. Group I, the
largest group, includes TaTrx2, TaTrx4, TaTrx5, TaTrx7, and

TaTrx8 and two Trx from Arabidopsis one from rice. Group II
contains TaTrx1, TaTrx3, and TaTrx6, three Arabidopsis, and
two from Rice. TaTrx9 and TaTrx10 form the III group, TaTrx11,
TaTrx13, and TaTrx14 form the IV group. Group V and Group
VI contain only one Trx, TaTrx15, and TaTrx12. (Figure 4). All
identified TaTrxs and Trx of Arabidopsis and rice shared a highly
conserved Trx domain.

MEME software was used to analyze the conserved motifs of
TaTrx proteins, and five distinct conserved regulatory motifs
were predicted in TaTrx genes. All the five predicted regulatory
motifs were conserved across all 15 TaTrx proteins schematically
represented in Supplementary Figure S1. The sequences of
conserved motifs with further information are provided in
Supplementary Table S4.

Putative Cis-Regulatory Element
Identification in the Promoter Region of the
TaTrx Genes
TaTrx cis-regulatory elements investigation revealed potential
cis-acting regulatory elements (CAREs) responsive to various
hormones and defense and stress-responsive elements.
Hormone-related elements include MeJA-responsiveness
(MeJARE), abscisic acid responsiveness (ABRE), and salicylic
acid responsiveness (SARE). Some other detected elements were
related to development responsiveness (GARE, ARE, Meristem
expression) and abiotic stress (DRE, MYB, MYC, LTRE, LRE)
(Supplementary Table S5).

FIGURE 4 | Phylogenetic tree constructed using MEGA X (v7) software (https://www.megasoftware.net/) of the identified wheat TaTrx protein along with
Arabidopsis and rice Trxs.
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Of the 15 TaTrx genes, nine contained elements related to
defense and stress, while all TaTrx genes contained conserved cis-
elements for various plant hormones. Among these 9 TaTrx
genes, each TaTrx1-1B, TaTrx3-1B, TaTrx5-1B, TaTrx6-1D,
TaTrx11-5A, TaTrx15-3B gene holding only 1, TaTrx13-5B,
TaTrx14-5D possess 2, and TaTrx8-1D possesses 4 cis-acting
elements involved in defense and stress responsiveness. All
identified cis-acting elements involved in defense and stress
responsiveness possess TC-rich repeats.

Identification of miRNA Targets
Analysis of putative miRNA targets for TaTrx genes identified
eight miRNAs that include targets for different TaTrx genes, as
shown in Supplementary Table S6. The length of miRNA ranges
from 19 nucleotides to 23 nucleotides. Supplementary Table S6
also includes information on the sequence of miRNA aligned with
the target sequence. The mode of action of miRNA miR9673-5p,
tae-miR9674a-5p, and tae-miR9676-5p is translational
inhibition, while the rest of miRNA causes cleavage of mRNA.
Among 15 TaTrx genes, TaTrx10-2D is putative target for tae-
miR9674a-5p and tae-miR9658-3p miRNA. TaTrx2-1A gene is
putative target for tae-miR396-5p and tae-miR9673-5p. Putative
targets for TaTrx5-1B, TaTrx13-5B, TaTrx7-1D and TaTrx4-1B
are tae-miR1136, tae-miR9666a-3p, tae-miR9674b-5p, and tae-
miR9676-5p miRNA, respectively. TaTrx- miRNA interaction
network model was constructed using Cytoscape that shows
putative miRNAs for targeting TaTrx genes (Supplementary
Figure S2).

Physiochemical Properties of TaTrx
Proteins
Physiochemical properties such as average residue weight (g/
mol), charge, isoelectric point, molecular weight, theoretical PI,
instability index, and grand average of hydropathicity (GRAVY)

of 15 selected TaTrx proteins are listed in Table 2. Molecular
weight (Mw) ranges from 12,858.97 g/mol (TaTrx5-1B) to
19,932.04 g/mol (TaTrx15-3B). Average residue weight ranges
from 105.461 g/mol (TaTrx15-3B) to 111.319 g/mol (TaTrx14-
5B), isoelectric point ranges from 4.8781 (TaTrx2-1A) to 8.3220
(TaTrx12-5B).

Out of 15 Trx proteins, 13 are stable with an instability index
of less than 40, while the remaining two proteins are unstable with
index more than 40. The aliphatic index of identified Trx proteins
ranges from 77.40 (TaTrx13-5B) to 102.44 (TaTrx8-1D). A set of
seven (7) TaTrx proteins: TaTrx1-1A, TaTrx3-1B, TaTrx6-1D,
TaTrx11-5A, TaTrx13-5B, TaTrx14-5B, and TaTrx15-3B showed
the negative value of the grand average of hydropathicity
(GRAVY) while the remaining eight (8) TaTrx proteins:
TaTrx2-1A, TaTrx4-1B, TaTrx5-1B, TaTrx7-1D, TaTrx8-1D,
TaTrx9-2A, TaTrx10-2D, and TaTrx12-5B were recorded with
a positive value.

Prediction of subcellular localization of Trx proteins (Table 2;
Supplementary Table S7) shows that one TaTrx is located each
in chloroplast (TaTrx4-1B), chloroplast outer membrane
(TaTrx15-3B), and in mitochondria (TaTrx12-5B), two TaTrx
(TaTrx2-1A and TaTrx7-1D) are extracellular while that five
TaTrx each are located in cytosol (TaTrx1-1A, TaTrx3-1B,
TaTrx6-1D, TaTrx9-2A, TaTrx10-2D) and in the nucleus
(TaTrx5-1B, TaTrx8-1D, TaTrx11-5A, TaTrx13-5B,
TaTrx14-5D).

Homology Modeling and 3D Structure
Analysis of TaTrx Proteins
Three-dimensional (3D) structure of TaTrx proteins homology
modeling (comparative modeling) is given in Supplementary
Table S8, Figure 5. Homology modeling and 3D structure
analysis showed that four TaTrx exist as dimers and 11 TaTrx as
monomeric. TaTrx proteins were compared against templates

TABLE 2 | Predicted physicochemical properties of TaTrx proteins.

S.
no.

Protein aa Mol.
weight
g/mol

Theoretical
PI

Instability
index

Aliphatic
index

GRAVY Stability

1 TaTrx1-1A 131 14,506.60 5.15 24.09 78.09 −0.273 YES
2 TaTrx2-1A 130 13,750.04 5.12 17.02 94 0.377 YES
3 TaTrx3-1B 131 14,506.60 5.15 24.09 78.09 −0.273 YES
4 TaTrx4-1B 127 13,523.76 5.12 16.52 94.65 0.347 YES
5 TaTrx5-1B 188 12,858.97 5.2 32.7 90.08 0.064 YES
6 TaTrx6-1D 131 14,506.60 5.15 24.09 78.09 −0.273 YES
7 TaTrx7-1D 126 13,446.62 5.12 14.79 96.11 0.308 YES
8 TaTrx8-1D 119 12,977.22 5.06 31.09 102.44 0.224 YES
9 TaTrx9-2A 118 12,693.68 5.29 18.71 86.86 0.156 YES
10 TaTrx10–2D 136 14,963.27 5.32 13.89 90.37 0.065 YES
11 TaTrx11-5A 131 14,538.72 6.29 31.29 78.17 −0.101 YES
12 TaTrx12-5B 175 19,132.37 8.67 47.13 87.49 0.025 NO
13 TaTrx13-5B 131 14,582.77 5.9 30.84 77.4 −0.136 YES
14 TaTrx14-5D 131 14,556.74 5.9 29.36 78.17 −0.11 YES
15 TaTrx15-3B 189 19,932.04 8.46 45.72 80.53 −0.02 NO
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3d22.1.A, 2iwt.1.A, 2vlt.1.A, 2vm1.3.A, 1fb0.1.A, and 1faa.1.A from
PDB,which unveils the structure of Poplar thioredoxin h, thioredoxin
h2, thioredoxin h isoform 2, barley thioredoxin h isoform 1, spinach
thioredoxin M, and spinach thioredoxin F, respectively.

The per cent sequence identity of the target TaTrx proteins
with template protein, template protein ID, QMEAN, template
description, oligo state, and Ramachandran favored per cent were
shown in the Supplementary Table S8. The predicted 3D
structure of TaTrx proteins is shown in Figure 5, along with
the Ramachandran plot of the corresponding TaTrx protein.
Ramachandran plot shows that more than 95% (in some

proteins more than 99%) of the amino acid residues of
thioredoxin proteins lies in the most favored area.

Molecular Interaction Networks
The results of protein–protein interaction analysis done by
STRING v11.0 for different TaTrx proteins are given in
Supplementary Figures S3A–I. The PPI network shows
interaction with thioredoxin reductases and several other
uncharacterized proteins. Apart from thioredoxin reductase
and a few uncharacterized proteins, TaTrx12-5B also
interacted with chloroplastic peroxiredoxin. Protein–protein

FIGURE 5 | Automatic prediction of 3D structure and homology modeling of TaTrx proteins generated using UCSF chimera (http://www.cgl.ucsf.edu/chimera).
Ramachandran plot of corresponding TaTrx protein showing most favored region and allowed region created using SWISS-MODEL server.
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interaction analysis of TaTrx protein revealed interaction
of Trx5 with NPR1 and NPR3 (Supplementary Figures
S4, S5).

Expression Analysis of Thioredoxin Genes
in Wheat Seedlings
The infection recorded a total fold change in the genes
expression of selected TaTrx genes profiling during different
time intervals (0 HAI, 24 HAI, 72 HAI, and 144 HAI). The
expression level of selected Trx genes is depicted in Figures 6,
7. Among 15 Trx genes, the expression of TaTrx4-1B and

TaTrx8-1D showed no or little change in expression in respect
to control. TaTrx3-1B, TaTrx5-1B, TaTrx6-1D, TaTrx7-1D,
and TaTrx9-2A showed a regular reduction in expression span
of 24 HAI, 72 HAI, and 144 HAI in response to leaf rust
infection after the inoculation in TR with respect to control.
Whereas, TaTrx11-5A (3 fold, 72 HAI), TaTrx13-5B (3.36 fold,
72 HAI), TaTrx14-5D (3.86 fold, 72 HAI), and TaTrx15-3B (3
fold, 72 HAI) genes were significantly upregulated in
expression in a span of 72 HAI and then declined
sharply at 144 HAI (0.2 fold) in response to leaf rust
infection in respect to control. Among the downregulated
TaTrx genes, the expression of TaTrx2-1A, TaTrx3-1B,

FIGURE 6 | Expression analysis of Trx family genes (Trx 1, Trx 2, Trx 3, Trx 4, Trx 5, Trx 6, Trx 7, and Trx 8) in response to leaf rust inoculation. Chinese spring (CS)
and introgression line of leaf rust resistance gene (Lr9) in CS, Transfer (TR). Leaf rust pathogen Puccinia triticina Eriks Pathotype 77-5 (121-R-63) uredospores were
inoculated on 10 days old wheat seedlings and kept in a humidity chamber for 24 h. Leaf samples for qRT-PCR analysis were collected at 0 h after inoculation (HAI), 24
HAI, 72 HAI, and 144 HAI. Values are mean (±SE) of three biological replicates.
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TaTrx5-1B, and TaTrx6-1D transcripts abundance was higher
in resistance/incompatible interaction (TR) in comparison to
susceptible/compatible interaction (CS) at different
expression span.

Localization and Accumulation of ROS
(Superoxide Radical (SOR) and Hydrogen
Peroxide) and Activity of Antioxidant
Enzymes in Wheat Seedlings
Compatible interaction of leaf rust resulted in ROS burst as
indicated by localization and content of SOR and hydrogen
peroxide. As presented in Figures 8A,C, the occurrence of
dark blue color and the appearance of the brown-colored

product confirmed the presence of SOR and hydrogen
peroxide. Spectrophotometric assay of SOR and hydrogen
peroxide also showed higher ROS levels in the compatible
interaction of leaf rust (Figures 8B,D). Leaf rust inoculation
triggered the activity of antioxidant enzymes Peroxidase
(POX), Superoxide dismutase (SOD), and Ascorbate
peroxidase (APX), while catalase activity was reduced after
inoculation with the pathogen. The magnitude of
upregulation in SOD and APX activity was higher
(approximately three-fold) in incompatible interaction as
compared to compatible interaction (approximately two-
fold) that could have arrested the ROS burst as depicted as
a lower abundance of both the ROS considered in the study
(Figure 9).

FIGURE 7 | Expression analysis of Trx family genes (Trx 9, Trx 11, Trx 12, Trx 13, Trx 14, and Trx 15) in response to leaf rust inoculation. Chinese spring (CS) and
Introgression line of leaf rust resistance gene (Lr9) in CS, Transfer (TR). Leaf rust pathogen Puccinia triticina Eriks Pathotype 77-5 (112-R-63) uredospores were
inoculated on 10 days old wheat seedlings and kept in a humidity chamber for 24 h. Leaf samples for qRT-PCR analysis were collected at 0 hafter inoculation HAI, 24
HAI, 72 HAI, and 144 HAI. Values are mean (±SE) of three biological replicates.
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Analysis of Variance
Analysis of variance (ANOVA) showed that out of 15
identified TaTrx, 13 TaTrx were significant at the
expression level compared to control. At the same time, the
remaining two genes, TaTrx4-1B and TaTrx8-1D, were non-
significant (Supplementary Table S9). A heat map showing
the Pearson correlation matrix relationship between
expression of TRX genes, ROS accumulation and
antioxidant enzyme activities in leaves of two contrasting
wheat genotypes, CS and TR is given in Supplementary
Figure S6. The correlation heat map showed that the
accumulation of APX, SOD, POX, SOR, and HP (H2O2)
positively correlated with the TaTrx genes exhibiting
upregulation against infection. On the other hand, the
accumulation of CAT showed a positive correlation with
the TaTrx genes showed downregulation during the span of
infection (Supplementary Figure S6).

DISCUSSION

Thioredoxin is a crucial factor that plays an essential role in
host resistance and several other plant constituents. ROS
production and scavenging are associated with the
modulation of plant immune signaling pathways (Vieira

Dos Santos and Rey, 2006). Trx acts as a critical regulator
element in defense mechanisms and is essential for modulating
the redox status of components of defense pathways. The study
was based on genome-wide analysis of Thioredoxin genes in
bread wheat that revealed one set of 15 TaTrx genes based on
in silico expression analysis for biotic stress responses of wheat.
Genome-wide analyses of Thioredoxin genes have also been
performed in Arabidopsis and rice (Meyer et al., 2008;
Nuruzzaman et al., 2012). Several genes included the Trx
domain in various crop plants such as 74 genes in
Arabidopsis, 61 in Rice, 11 in sorghum, and 36 in maize
(Nuruzzaman et al., 2012).

A comparative analysis with the conserved or diverse Trx
genes among the different wheat species; T. Urartu (A
genome), T. turgidum (AB genome), and A. tauschii (D
Genome), led to the identification of conserved genes on
different three genomes A, B, and D. Both T. aestivum
and progenitor’s species shared a similar maximum
number of genes on three different genomes, i.e., genome A
with ~10 Trx genes, B carried ~21 Trx genes, and Genome D
contributed a set of ~10 Trx genes. This is evidence that the
Trx gene is conserved in the wheat genome throughout
evolution.

Out of 15 TaTrxs, TaTrx15-3B (3 fold at 72 HAI) putatively
localized in chloroplast was found to be upregulated in

FIGURE 8 | Effects of leaf rust pathogen on the localisation and quantification of reactive oxygen species, superoxide radical (A,B) and hydrogen peroxide (C,D).
Chinese spring (CS) and introgression line of leaf rust resistance gene (Lr9) in CS, Transfer (TR). Leaf rust pathogen Puccinia triticina Eriks Pathotype 77-5 (121-R-63)
uredospores were inoculated on 10 days old wheat seedlings and kept in a humidity chamber for 24 h. Leaf samples for analysis were collected at 0 h after inoculation
(HAI), and 72 HAI. Values are mean (±SE) of three biological replicates.
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incompatible interaction with leaf rust pathogen. Most
chloroplastic Trxs are involved in the photosynthetic
process and respond to stress and hormone signaling
(Fernández-Trijueque et al., 2019). Overexpression of a
chloroplastic thioredoxin NtTRXh3 in tobacco showed to be
involved in enhanced resistance against cucumber mosaic
virus (CMV) and tobacco mosaic virus (TMV) (Sun et al.,
2010). This study showed that of 15, 5 TaTrx genes (TaTrx1-
1A, TaTrx3-1B, TaTrx6-1D, TaTrx9-2A, and TaTrx10-2D)
located in cytoplasm either showed no or little change in
expression with respect to treatments; however, the previous
studies reported that in most of the cases cytosolic Trxs such as
AtTrxh5 against Pseudomonas syringae and Cochliobolus
victoriae, CITRX in response to C. fulvum were upregulated
and involved in defense responses. Based on the location of
three highly upregulated TaTrx genes, we found that nuclear
Trxs were upregulated in response to leaf rust likely function in
plant immunity.

In this study, we predicted the physiochemical properties,
including theoretical PI, molecular weight, instability index,

aliphatic index, and grand average of hydropathicity (GRAVY)
of TaTrx proteins. The pH-related characteristics of a protein
depend upon theoretical PI; at this point, protein has no charge
and is less soluble, which facilitates the isolation of protein
(Righetti, 2004; Audain et al., 2016). In vivo stability of a
protein is inferred from the instability index calculated by the
dipeptide composition-based method; a value less than 40
signifies that protein is stable, while a value more than 40
means that protein is unstable (Gamage et al., 2019). In the
study, 13 proteins have an instability index value of less than 40,
while two have more than 40, indicating the stable nature of the
TaTrx protein. The aliphatic index (AI) is the relative volume
occupied by side aliphatic amino acid residues that signify the
thermostability of a protein (Ikai, 1980). All selected TaTrx
proteins in wheat have a wide range of the aliphatic index.
This suggests the wide range of thermostability of the Trx
protein. In the present study, TaTrx proteins showed both
negative (7 proteins) and positive (8 proteins) GRAVY values.
GRAVY measures solubility and hydrophobicity or
hydrophilicity; negative value specifies hydrophobic nature

FIGURE 9 | Effect of leaf rust pathogen on the activity of antioxidant enzymes (A) peroxidase, (B) catalase, (C) ascorbate peroxidase, (D) superoxide dismutase,
and (E)membrane injury visualized by Evans blue staining of leaves of wheat genotypes Chinese spring (CS) and introgression line of leaf rust resistance gene (Lr9) in CS,
Transfer (TR). Leaf rust pathogen Puccinia triticina Eriks pathotype 77-5 (121-R-63) uredospores were inoculated on 10-day-old wheat seedlings and kept in a humidity
chamber for 24 h. Leaf samples for analysis were collected at 0 h after inoculation (HAI) and 72 HAI. Values are means (±SE) of three biological replicates.
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while a positive value specifies the hydrophilic nature of a protein
(Fernández-Fernández and Corpas, 2016).

Phylogeny analysis of TaTrx and Trx of Arabidopsis and
rice indicated that these belong to six different groups having
similarities in exon-intron position and presence of domain.
Genomic and CDS sequences were retrieved and used to
analyze gene structure, indicating that the number of exons
ranges from 1 to 6 while introns range from 0 to 5. Highly
upregulated TaTrx genes (TaTrx11, TaTrx 13, TaTrx14, and
TaTrx15) have 0–2 introns and are shorter than other
identified Trx proteins. It is well known that introns play a
key regulator role in alternative splicing (AS) and non-sense-
mediated decay (NMD) (Kalyna et al., 2012), and it has been
reported that genes with the fewer number of introns allow
plants to respond more quickly against stress (Jaffares et al.,
2008; Zheng et al., 2020). Therefore, identified TaTrx genes
having fewer introns may express highly and quickly against
leaf rust pathogen. However, the role of intron number on the
function of TaTrx proteins needs further validation.
Conserved motif analysis revealed that Trx contains five
conserved regulatory motifs. All other Trx proteins, except
four highly upregulated TaTrxs, have a similar pattern of
conserved motifs, representing their involvement in gene
regulation. Out of four highly expressed TaTrxs, TaTrx15-
3B possesses only one motif identical to the other three
upregulated Trx proteins. We can predict that the
dissimilarity of TaTrx15 protein from others may provide
its specificity during resistance. The TaTrx15-3B gene is
located in chloroplast, while the remaining three highly
upregulated genes are present in the nucleus showed
significant upregulation during infection at different cellular
compartment levels.

In the present study, homology modeling and 3D structure
analysis showed that proteins shared more than 95% (in some
proteins more than 99%) similarity. According to the
PROCHECK algorithm, a quality protein model is expected
to possess more than 90% amino acid residues in the most
favored region (Laskowski et al., 1993), which advocates that
our predicted models are of good quality. In our study,
promoter regions of TaTrx genes possess CAREs as follows:
MeJARE, ABRE, MYB, G-box, and W-Box. G-box and ABRE
provide the suitable binding site for bZIP TFs that regulates
and plays a vital role in NPR1 (NONEXPRESSOR OF
PATHOGENESIS-RELATED GENES 1) mediated SAR
(Heinekamp et al., 2004). Cis-acting regulatory elements are
essential in response to biotic and abiotic stress (Sheshadri
et al., 2016). Jasmonic acid and salicylic acid plays a vital role in
orchestring signaling for SAR (Fu et al., 2012; Heil et al., 2012).
As the SA level increases after pathogen infection during
basal resistance, SA binds to NPR4 and releases more
NPR1, which activates the SAR (Fu et al., 2012). MeJA act
as an activator of the antioxidant system in plants during the
production of the damaging level of ROS (Yu et al., 2018).
Along with Trxs, MeJA may play a crucial role in ROS
homeostasis during pathogen infection. Also, the
protein–protein interaction showed Trx is a putative partner
in interaction with NPR1.

Along with regulatory elements, some miRNAs were also
predicted to be associated with the modulation of gene
expression. Eight putative miRNAs were discovered that
seven different target TaTrx genes. Differential expression
of miRNAs has been observed during defense responses
(Ramachandran et al., 2020). Identified Trx gene, TaTrx13-
5B (upregulated during leaf rust infection) is a putative target
for tae-miR9666a miRNA while the Trx gene TaTrx5-1B gene
(downregulation during infection) is a putative target of
MIR1136. The expression of miRNA tae-miR9666a and
MIR1136 was found to be downregulated and upregulated,
respectively, during treatment in stripe rust infected spring
wheat cultivar (Ramachandran et al., 2020). This supports our
study that downregulation of tae-miR9666a during the
resistance to leaf rust might be involved in the
upregulation of the expression of TaTrx13-5B in wheat. In
contrast, the change in the expression level of MIR1136 could
be associated with the downregulation of its target TaTrx5-
1B gene.

Although most of the proteins in wheat are still
uncharacterized, protein–protein interaction analysis using
STRING recognizes that all TaTrxs interact with
thioredoxin reductase. However, protein–protein interaction
analysis in Arabidopsis revealed Trx5, thioredoxin H-type 5
(cytosolic thioredoxin) acts as a reducer of disulphide bridges
and interacts with NPR1, NPR3 involved in systemic acquired
resistance (SAR) and other thioredoxins (Supplementary
Figures S4, S5). From the previous and present studies, it is
clear that Trxs have a diverse role in plant immunity. Recently,
a study provided insights into wheat’s molecular interaction
network during the defense response pathway against stripe
rust (P. striiformis f.sp. tritici). A thioredoxin gene has been
identified and cloned in wheat (TaTrxh1) showed interaction
with TaCP1 (RD-19 like Cysteine protease) that enhances
resistance against wheat stripe rust (P. striiformis f. sp.
tritici) through modulation of PCD via SA dependent
defense signaling pathway. Overexpression of TaTrxh1
induces cell death, and TaTrxh1 expression is induced
significantly in response to P. striiformis f. sp. tritici
infection (Shi et al., 2021). TaTrx13-5B (3.36 fold) showed
upregulation in response to leaf rust infection with maximum
expression at 72 HAI. This result aligned well with the data
obtained in the in silico analysis experiment regarding stripe
rust and powdery mildew disease (Figures 1, 7), as the
expression of TaTrx13-5B transcript was also upregulated
under both the biotic stresses. Therefore, it indicates that
TaTrx13-5B could be the Trx involved in response to most
biotrophic pathogens.

Superoxide production, a ROS, was first reported to be
associated with potato’s hypersensitive response (HR) to
infection of an incompatible race of Phytophthora infestans.
Out of three inoculation spans (24 HAI, 72HAI, and 144HAI),
maximum accumulation of superoxide and SOD and CAT
activity was observed at 72 HAI. Localization of superoxide
was observed in the case of the incompatible one but not in the
compatible one (Doke, 1983). Similar results were observed
from our experiment of superoxide localization in response to
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leaf rust that showed maximum accumulation at 72 HAI. In
barley, H2O2 accumulation started at 6 HAI in response to
powdery mildew infection and increased with time, HR was
observed during 24 HAI (Thordal-Christensen et al., 1997). In
our case, maximum accumulation of H2O2 was observed
during 72 HAI (Figure 8). In uninoculated lettuce plants,
H2O2 was localized in secondary thickening of xylem vessels
while inoculation with Pseudomonas syringae pv phaseolicola
causes highly localized accumulation of H2O2 resulting in HR
(Bestwick et al., 1997). We found a similar accumulation of
H2O2 around the leaf rust spores (Figure 8). Study of root
apoplast secretome in wilt resistance Gossypium barbadense in
response to Verticillium dahliae showed upregulation of ROS
and defense-related proteins. Silencing a thioredoxin GbNRX1
showed that Trx is associated with ROS metabolism and is
required for resistance against Verticillium dahliae in cotton
(Li et al., 2016). Three types of Trx-m and a Trx-x in
Arabidopsis thaliana were found to be upregulated in
response to H2O2 accumulation and induce H2O2 tolerance
(Issakidis-Bourguet et al., 2008). Thioredoxin, PsTrx-h1 in pea
was reported to be significantly induced in response to
oxidative stress and showed that PsTrx-h1 was involved in
redox homeostasis (Traverso et al., 2007). A recent study in
wheat clearly showed that silencing of a wheat thioredoxin
TaTrx1 reduces the level of accumulation of ROS in response
to P. striiformis f. sp. tritici infection.

Further, estimation of H2O2 in TaTrx1 silenced plants following
inoculation with P. striiformis f. sp. Tritici race CYR-23 showed a
significantly reduced area of H2O2 production at 120 HAI as
compared to control plants. Parallel to this, the expression of
antioxidants TaCAT and TaSOD were significantly induced as
expected (Shi et al., 2021), which supports our study of the
involvement of TaTrx in ROS homeostasis and ROS-dependent

defense.We found that compatible interaction of leaf rust resulted in
ROS burst as indicated by localization and content of SOR and
hydrogen peroxide. Leaf rust inoculation triggered the activity of
antioxidant enzymes peroxidase (POX), superoxide dismutase
(SOD), and ascorbate peroxidase (APX), while catalase activity
was reduced after inoculation with the pathogen (Figure 9). The
magnitude of upregulation in SOD and APX activity was higher in
incompatible interaction, which could have arrested the ROS
abundance. Based on our results, we can say that Trxs in wheat
also act as an antioxidant and are involved in the scavenging of ROS
and reduce oxidative stress during incompatible interaction with leaf
rust. Based on superoxide and H2O2 quantification and localization,
it is inferred that ROS and antioxidant enzymes attained amaximum
level at 72 HAI. Upregulated Trx genes also showed maximum
expression during 72 HAI. The correlation of Trx gene expression,
accumulation of ROS, and antioxidant enzymes at 72 HAI also
indicates a significant association. For example, as depicted in the
correlation heat map (Supplementary Figure S6), TaTrx1-1A and
TaTrx4-1B expression showed a positive correlation with catalase
activity and negative correlation with ROS accumulation TaTrx2-1A
and TaTrx6-1D showed a positive correlation with most of the
antioxidant enzymes. The perturbation in ROS homeostasis and
gene expression indicates the involvement of thioredoxins (which
has a regulatory role as antioxidant enzyme activity) in ROS
homeostasis and leaf rust resistance in wheat (Figure 10).

CONCLUSION

The wheat genome contains 42 members of the Trx gene family
unevenly distributed on the seven chromosomes of A, B, and D
genomes. Expression profiles of selected 15 Trxs, estimation, and
localization of ROS demonstrate that theTrx gene family is associated

FIGURE 10 | Schematic model showing thioredoxin (Trx)-mediated regulation of incompatible interaction between wheat and leaf rust pathogen. Figure is made
based on the results and in silico prediction (enclosed in dashed lines).
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with ROS homeostasis during biotic stress. Although previous studies
indicated the participation of Trxs in various metabolic processes,
their role in plant immunity is so far not entirely understood. Overall,
this study provides insights into the function of theTrx gene family in
response to leaf rust.
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An Update on Resistance Genes and
Their Use in the Development of Leaf
Rust Resistant Cultivars in Wheat
Kuldeep Kumar1†, Irfat Jan1,2†, Gautam Saripalli 1,3, P. K. Sharma1, Reyazul Rouf Mir2,
H. S. Balyan1 and P. K. Gupta1*

1Department of Genetics and Plant Breeding, Chaudhary Charan Singh University, Meerut, India, 2Division of Genetics and Plant
Breeding, Faculty of Agriculture, Sher-e-Kashmir University of Agricultural Sciences and Technology, Wadura, India, 3Department
of Plant Science and Landscape Architecture, University of Maryland, College Park, MD, United States

Wheat is one of the most important cereal crops in the world. The production and
productivity of wheat is adversely affected by several diseases including leaf rust, which
can cause yield losses, sometimes approaching >50%. In the present mini-review, we
provide updated information on (i) all Lr genes including those derived from alien sources
and 14 other novel resistance genes; (ii) a list of QTLs identified using interval mapping and
MTAs identified using GWAS (particular those reported recently i.e., after 2018) and their
association with known Lr genes; (iii) introgression/pyramiding of individual Lr genes in
commercial/prominent cultivars from 18 different countries including India. Challenges and
future perspectives of breeding for leaf rust resistance are also provided at the end of this
mini-review. We believe that the information in this review will prove useful for wheat
geneticists/breeders, not only in the development of leaf rust-resistant wheat cultivars, but
also in the study of molecular mechanism of leaf rust resistance in wheat.

Keywords: bread wheat, leaf rust, genes, QTLs, markers, molecular breeding

INTRODUCTION

Leaf rust caused by the fungal pathogen Puccinia triticina Eriks. & E. Henn is an important disease in
wheat, which causes significant yield losses, sometimes approaching up to >50% (Riaz and Wong
2017). The study of the genetic basis of this disease and breeding for leaf rust resistance in wheat has
been an important area of research (Dyck 1993; Kolmer and Liu, 2002; Oelke and Kolmer 2005; Datta
et al., 2008; Rosa et al., 2016; Aoun et al., 2017). Each individual Lr gene apparently shows resistance
against a specific race of P. triticina (Pt), which must carry the corresponding avirulence (Avr) gene,
such that a specific Lr gene in the host and the corresponding specific Avr gene in the pathogen
always follow a “gene-for-gene” relationship (Flor 1946). The pathogen Pt keeps on developing new
virulent races through mutations or recombination involving Avr genes; new strains may also
migrate from other geographical areas, and may carry one or more new Avr genes for which the
corresponding R gene may be absent in the host (Samborski 1985; Bolton et al., 2008). Therefore, the
host resistance breaks down and is short-lived. It is thus obvious that a majority of race specific Lr
genes individually do not provide durable resistance (Johnson 1984).

Lr genes provide either seedling resistance (SR), also described as all stage resistance (ASR), or
adult plant resistance (APR genes), the latter expressed only at the adult plant stage, particularly after
booting. It is also known that ASR genes provide resistance, which breaks down within a few years,
while APR provides long-term durable resistance (Ellis et al., 2014). Some of the APR genes like Lr34
and Lr67 have also been cloned and were found to be complex loci including Lr34/Sr57/Yr18/Pm38
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TABLE 1 | Details of leaf rust (Lr) resistant genes including novel Lr genes identified in bread wheat.

Gene Chr Marker References

Lr1 5DL psr567 Sylvie Cloutier et al. (2007)
Lr2a 2DS Xwmc453 - XwPt0330 Tsilo et al. (2014)
Lr3 6BL Xmwg798 Sacco et al. (1998)
Lr3a 6BL UBC 840 Khan et al. (2005)
Lr9 6BL SCS5 Gupta et al. (2005)
Lr10 1AS Lrk10D1 Schachermayr et al. (1997)
Lr11 2DS SCAR32/35 Darino et al. (2015)
Lr12 4BL Xgwm251 - Xgwm149 Singh and Bowden (2011)
Lr13 2BS Xbarc55-2B Seyfarth et al. (1998); Seyfarth et al. (1999)
Lr14a 7BL wPt-4038-HRM Terracciano et al. (2013)
Lr15 2DS Xgwm4562 - Xgwm102 Dholakia et al. (2013)
Lr16 2BS Xwmc764, Xgwm210, and Xwmc661 McCartney et al. (2005)
Lr17 2AS Xgwm614 - gwm407 Bremenkamp-Barrett et al. (2008)
Lr18 5BL IWB41960 - gwm547 Carpenter et al. (2017)
Lr19 7DL SCS265 and SCS253 Gupta et al. (2006)
Lr20 7AL STS638 Neu et al. (2002)
Lr21 1DS Lr21_GQ5044819_2175_G/A KASPar assay and

Lr21_GQ5044819_3146_C/T KASPar assay
Neelam et al. (2013)

Lr22a 2DS gwm296 Hiebert et al. (2007)
Lr23 2BS Xtam72 Nelson et al. (1997)
Lr24 3DL SCS1302 Prabhu et al. (2004)
Lr25 4BS Xgwm251 Singh et al. (2012)
Lr26 1BL P6M12-P Mago et al. (2002), Zhou et al. (2014)
Lr27 3BS cdo460 Nelson et al. (1997)
Lr28 4AL SCS421 Naik et al. (1998), Cherukuri et al. (2005)
Lr29 7DS ubc219 Procunier et al. (1995)
Lr30 4AL IWA4359 - IWA2585 Aoun et al. (2019)
Lr31 4BL XksuG10 Nelson et al. (1997)
Lr32 3DS Xbcd1278 Autrique et al. (1995)
Lr34 7DS csLV34 Lagudah et al. (2006, 2009)
Lr35 2BL Xbcd260 Seyfarth et al. (1999)
Lr36 6BS cfd1, gwm508 Dadkhodaie et al. (2011)
Lr37 2AS VENTRIUP/LN2 Helguera et al. (2003)
Lr38 6DL wmc773 - barc273 Mebrate et al. (2008)
Lr39 2DS Xgwm210 Raupp et al. (2001)
Lr41 2DS Xbarc124 Sun et al. (2009)
Lr42 1DS Xwmc432 Sun et al. (2010)
Lr45 2AS cfd168, G372 94 and G372 185 Naik et al. (2015)
Lr46 1BL XSTS1BL9 Mateos-Hernandez et al. (2006)
Lr47 7AL PS10 Helguera et al. (2000)
Lr48 2BL Xksm58 - Xstm773-2 Bansal et al. (2008)
Lr49 4BL Xbarc163 - Xwmc349 Bansal et al. (2008)
Lr50 2BL Xgwm382 Brown-Guedira et al. (2003)
Lr51 1BL e XAga7 Helguera et al. (2005)
Lr52 5BS Xwmc149, Xtxw200 Tar et al. (2008)
Lr53 6BS cfd1, gwm508 Dadkhodaie et al. (2011)
Lr57 5DS Lr57/Yr40-MAS-CAPS16 Kuraparthy et al. (2009)
Lr58 2BL Xcfd50 Kuraparthy et al. (2007)
Lr59 6BS IWA1495, IWA6704 Poudel (2015)
Lr60 1DS Xbarc149 Hiebert et al. (2008)
Lr61 6BS P81/M70 Herrera-Foessel et al. (2008)
Lr62 6AS Xgwm334 Marais et al. (2009)
Lr63 3AS barc 57 and barc 321 Kolmer et al. (2010)
Lr64 6AS K-IWB59855 Kolmer (2019)
Lr65 2AS barc124, barc212, gwm614 Mohler et al. (2012)
Lr66 3AS S13-R16 Marais et al. (2010)
Lr67 4DL cfd71 Hiebert et al. (2010)
Lr68 7BL Psy1-1 - gwm146 Herrera-Foessel et al. (2012)
Lr70 5DS barc130 Hiebert et al. (2014)
Lr71 1BS gwm18 - barc187 Singh et al. (2012)
Lr72 7BS wmc606 Herrera-Foessel et al. (2014)
Lr73 2BL wPt8760 - wPt-8235 Park et al. (2014)
Lr74 3BS Xcfb5006 - Xgwm533 Li et al. (2017)
Lr75 1BS gwm604 - swm271 Singla et al. (2017)

(Continued on following page)
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and Lr67/Sr55/Yr46/Pm46 (Lagudah et al., 2006; Moore et al.,
2015). These gene complexes confer durable resistance not only
against leaf rust, but also against stripe rust, stem rust, powdery
mildew, and barley yellow dwarf virus (Singh and Rajaram, 1993).
The use of APR genes along with 4–5 Lr genes is a strategy that
provides durable resistance.

A number of reviews on leaf rust resistance in wheat have
already been published (Kolmer 1996; Kolmer 2013; McCallum
et al., 2016; Pinto da Silva et al., 2018; Dinh et al., 2020; Figlan
et al., 2020; Ghimire et al., 2020; Prasad et al., 2020). Information
about QTLs for leaf rust resistance has also been recently
reviewed (Pinto da Silva et al., 2018). However, considerable
literature has appeared during the last 3–4 years, where many
more QTLs and as many as 600 newMTAs have been added thus
warranting a fresh look on the subject, hence this minireview.

According to some recent reports, currently more than 80 Lr
genes and 14 other genes for leaf rust resistance are known in
wheat (McIntosh et al., 2017, 2020). The above 14 genes have not
been assigned a new number in Lr series, perhaps because these
genes have not been subjected to test of allelism with the known
Lr genes to ascertain their novelty. Since literature on Lr genes
keep on appearing on a regular basis, any review published soon
becomes out of date thus creating the need for a fresh review. The
present mini-review caters to this need and provides an updated
information on all Lr genes and other genes including genes
derived from alien species. The mini-review includes information
about chromosomal location of all these genes (including 14 other
resistance genes, which could not be assigned to any of the known
Lr genes; modified names were used for these 14 genes based on
the cultivar in which they were identified). We also provide
information about the wild relatives of wheat as a source of Lr

genes and the molecular markers associated with most of these
genes (wherever known). Information about cloning and
characterisation of Lr genes has also been included, wherever
available. The wheat varieties carrying different Lr genes
developed in 18 different countries are also listed.

LR GENES/NOVEL LR GENES
CATALOGUED SO FAR

More than 80 Lr genes (~50% derived from alien species) are
already known to be distributed on all the 21 wheat
chromosomes, with majority of genes located on the short
arms of individual chromosomes (Table 1; Supplementary
Tables S1, S2). Most of the Lr genes are located on the B sub-
genome, relative to those located on either A sub-genome or D
sub-genome. Maximum number of ten Lr genes (including two
novel genes LrZH22 and LrG6) are located on chromosome 2B.
At least two of these genes, namely Lr18 and LrZH22, are known
to be temperature sensitive; Lr18 exhibits resistance at 15–18°C,
ineffective at >18°C (Carpenter et al., 2017). The other gene
LrZH22 confers resistance at higher temperatures (22–25°C;
Wang et al., 2016). Lr genes conferring APR include the
following: Lr34, Lr46, Lr67, Lr68, Lr74, Lr75, Lr77 and Lr78.
Information on QTLs/MTAs was also included in an earlier
review (Pinto da Silva et al., 2018) and has been compiled by
us also in this mini-review (Supplementary Tables S1, S2). A set
of 14 novel resistance genes (including three genes from alien
species) are known, which differ from other available Lr genes,
since they show seedling reaction pattern, which was different
from reaction patterns known for different Lr genes studied so

TABLE 1 | (Continued) Details of leaf rust (Lr) resistant genes including novel Lr genes identified in bread wheat.

Gene Chr Marker References

Lr76 5DL Lr57/Yr40-MAS-CAPS16 Kuraparthy et al. (2009)
Lr77 3BL IWB10344 Kolmer et al. (2018a)
Lr78 5DS IWA6289 Kolmer et al. (2018b)
Lr79 3BL sun786 - sun770 Qureshi et al. (2018)
Lr80 2DS KASP_17425, KASP_17148 Kumar et al. (2021)
LrX 1DS K-IWB38437 Kolmer et al. (2019)
LrTs276-2 1DS Xcfd15 - Xcfd61 Dinkar et al. (2020)
Lr2K38 1AL IWB20487 Sapkota et al. (2020)

Novel Lr genes

LrZH84 1BL Xgwm582 - Xbarc8 Zhao et al. (2008)
LrBi16 7BL Xcfa2257 Zhang et al. (2011)
LrSV1 2DS Xgwm261 Ingala et al. (2012)
LrSV2 3BL Xgwm389, Xgwm533, Xgwm493 Ingala et al. (2012)
LrG6 2BL Xgwm526 Ingala et al. (2012)
LrFun 7BL Xgwm344 Xing et al. (2014)
LrNJ97 1BL Xwmc317 - Xbarc159 Zhao et al. (2013)
Lr5R 3DL Xbarc71 - OPJ-09 Wang et al. (2014)
LrAc 5DS Ta5DS_2737450 Toor et al. (2016)
LrZH22 2BS Xgwm374 Wang et al. (2016)
LrE1 7BL Xgwm131
LrP 5DS BS00163889 Narang et al. (2019)
Lr.ace-4A 4AS IWA232, IWA1793 Aoun et al. (2019)
LrM 2AS SNP_AX948171722AS Rani et al. (2020)
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far. These 14 genes along with associatedmarkers are also listed in
Table 1. These genes were mapped on 10 out of the 21 wheat
chromosomes with maximum number of these genes available on
B sub-genome (8) followed by sub-genome D (4) and sub-
genome A (2).

QTLs/MTAs LINKED TO LR GENES

In recent years, a number of newer approaches (based on DNA
markers) led to the discovery of a large number of QTLs/QRLs
and marker-trait associations (MTAs) for resistance against plant
diseases including leaf rust. Qualitative resistance provided by Lr
genes is generally compromised within a short period of time
(Goyeau et al., 2006; Goyeau and Lannou, 2011), but quantitative
disease resistance (QDR) provides effective and durable
resistance involving major reduction in the level of disease
(Mundt et al., 2002; Parlevliet, 2002; Stuthman et al., 2007).
The QDR generally depends upon the presence of few major
QTLs/genes and a fairly large number of minor QTLs (Ballini
et al., 2008; Clair, 2010). Only a solitary example, where QDR for
leaf rust resistance has been utilized is the French wheat cultivar
Apache, which carried sustained resistance against leaf rust for a
fairly long time (Papaïx et al., 2011). The availability of large
number of QTLs/MTAs in wheat, as demonstrated in several
studies, suggests that QDR against leaf rust is common in this
crop, but has not been fully exploited.

A large number of QTLs, mostly associated with Lr genes were
listed in some earlier reviews. For instance, in one report, 250 QTLs
(reported till 2017) were listed, which were reported in 70 different
studies (Pinto da silva et al., 2018). In second study, 35 meta-QTLs
(MQTLs) were listed, which were identified using QTLs reported
in several studies (Soriano and Royo, 2015). During the last 4 years
(after 2017), additional 103 QTLs were reported in 18 studies; 29 of
these QTLs were shown to be associated with Lr genes and Lr/Yr
genes (Supplementary Table S1).

In addition to QTLs, ~200 MTAs based on GWAS involving
seven association panels (AM) were also reported earlier (Pinto
da silva et al., 2018). As mentioned earlier, after publication of this
review, ~600 MTAs were reported in eight genome-wide
association studies (GWAS); 42 of these MTAs were found to
be linked to Lr genes (Supplementary Table S2). The maximum
number of QTLs and Lr genes for leaf rust resistance are present
in the B sub-genome. The PVE of the individual QTLs ranged
from 4.63% to 75.3%; 29 of these QTLs had a PVE >20%
suggesting their utility in MAS for breeding (Supplementary
Table S1).

WILD RELATIVES AS A SOURCE OF LR
GENES

At least 50% of Lr genes are derived from wild relatives (alien
resources). One of the important alien sources from Fertile
Crescent region is Sharon goatgrass (Aegilops sharonensis),
which is a very valuable source of unique genes/QTLs for
resistance to several wheat diseases including leaf rust (for

reviews see Ghimire et al., 2020; Figlan et al., 2020). Following
other important wild relatives of wheat have also been identified
as sources of Lr genes/QTLs: (i) Tausch’s goatgrass (Ae. tauschii)
(Lr21, Lr22a, and Lr39), (ii) wheatgrass (Thinopyrum ponticum)
(Lr24), (iii) Ae. geniculate (Lr57), (iv) Ae. ventricosa (Lr37/Yr17),
(v) Ae. umbellulata (Lr9), (vi) Thinopyrum elongatum Zhuk. (Lr
19), (vii) Agropyron elongatum (Lr24), (viii) Secale cereale L.
(Lr26), (ix) Ae. peregrina (Lr59), (x) Ae. kotschyi (Lr54), (xi) Ae.
sharonensis (Lr56), (xii) Ae. triuncialis (Lr58), and (xiii) Ae.
neglecta (Lr62); however this list is not exclusive (McIntosh,
1975; Autrique et al., 1995; McIntosh et al., 1995; Marais and
Botes, 2003; Kumar et al., 2022).

MAS FOR PRE-BREEDING

There are ~700 cultivars/varieties from 18 different countries
(including India), each cultivar carrying one to six resistance
genes for leaf rust including both ASR and APR genes (the details
of varieties and their country of origin, are available in
Supplementary Tables S2, S4). Two different approaches
(including conventional breeding and marker assisted
breeding, including pre-breeding) are available for developing
resistant cultivars (Figure 1). Since markers associated with each
of a number of Lr genes and QTLs including MTAs are available,
MAS has become routine for supplementing conventional
breeding (Supplementary Table S5). These markers are
particularly useful for pyramiding of resistance genes, since
introgression of additional resistance genes in the presence of
existing resistance genes using phenotypic selection is rather
difficult. There are at least a dozen examples (seven from India
involving PBW343 and HD2329), where associated markers
have been used to supplement conventional breeding
including pre-breeding. A number of wheat varieties
belonging to hard red winter or soft red winter wheats from
United States were also developed using MAS (USDA website;
https://www.infoteca.cnptia.embrapa.br/infoteca/bitstream/doc/
1124692/1/Doc188-online-Sandra-Brammer.pdf. Using MAS,
up to 10 Lr genes could be pyramided into the same wheat
cultivar.

CONCLUSION AND FUTURE
PERSPECTIVES

The present mini-review is yet another effort to provide a
summary of updated published literature on resistance against
leaf rust in wheat, including known R genes (~80 Lr genes and 14
novel genes) (Supplementary Table S1), known QTLs/MTAs
(Supplementary Tables S1, S2) and details of varieties
containing one or more of these important leaf rust genes/
QTLs/MTAs (Supplementary Tables S3, S4). Some details
about the use of MAS for introgression of Lr genes into wheat
varieties are also included (Supplementary Table S5).

One of the major challenges for wheat breeders is the regular
development of new cultivars or improvement of old cultivars
using new resistance genes, since new virulence pathotypes and
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races keep on appearing (Figlan et al., 2020; Ghimire et al., 2020).
Therefore, continuous rigorous efforts are needed to locate
sources for novel genes/QTLs to overcome new emerging races
of pathogen and gain long-term resistance in the field. There are
several other areas, which need attention and will certainly be the
subject for future research. These will be briefly discussed as the
future perspectives.

Although most R genes encode NLR proteins (with NBS-LRR
domain), there are several other mechanisms involved as shown
in a recent review, where work done during last 25 years involving
>300 cloned R genes is reviewed. At least 60% of these R genes
were shown to encode NLR proteins, the remaining 40%
encoding RLKs/RLPs (Kourelis and van der Hoorn, 2018).
Based on the study of these cloned R genes and the
corresponding Avr genes of the pathogens, nine different
mechanisms for the function of R genes have also been
identified and summarised (Kourelis and van der Hoorn,
2018). However, the resistance mechanism of reported Lr
genes is not clear and therefore can be a subject for future
research.

The most common product of R genes, the NLRs have recently
been shown to function through an assembly of a high-resolution

structure called ‘resistosome’ which was first resolved in
Arabidopsis and is responsible for providing resistance (Wang
et al., 2019). Two additional examples of the high-resolution
structures of interaction between NLRs and the effector
molecules, through formation of resistosome also became
available, thus suggesting that formation of the resistosome
may be of wide occurrence (Ma et al., 2020; Martin et al.,
2020). These three recent studies improved our understanding
of the action of NLR at the molecular level. However, no Lr gene
has been subjected to such studies involving formation of a
resistosome. Therefore this is also an important area of future
research.

Another important challenge in breeding for leaf rust
resistance is the limited number of Lr genes that have been
cloned (Lr1, Lr10, Lr21, Lr22a, Lr34, Lr67) and therefore
cloning more genes is needed to understand the variation
between such a large number of Lr genes and the mechanism
used for their operation for providing resistance (Dinh et al.,
2020; Prasad et al., 2020). According to some optimistic views, it
will be possible in the next 15 years to clone most of the ~460
known wheat resistance genes and their corresponding effectors,
making it possible to design suitable strategies for resistance

FIGURE 1 | Various pre—breeding steps involved in use of wild relatives in the development of leaf rust resistant wheat varieties. The panels show how wheat
genetic resources including wild relatives belonging to primary (GP1), secondary (GP2) and tertiary (GP3) gene pools conserved in different gene banks can be used in
pre-breeding programs. The panels also shows the advantages of use of marker—assisted breeding (only 3–4 years in developing new cultivars) over conventional
breeding (taking 10–12 years in cultivar development).
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breeding in wheat (Wulff and Krattinger 2022). We, however feel
that cloning of so many genes in a short period of 15 years may
not be immediately possible. Therefore, closely linked markers
may be used to identify which of the Lr genes encode NLR
proteins and which other proteins may be encoded by other Lr
genes. Bioinformatics may be used for this purpose and the results
of this exercise may then be verified using suitable experiments.

Genomics of the pathogen is another important area, since
genomes of a number of races of the pathogen have already
been sequenced (Kiran et al., 2016; Wu et al., 2020; Fellers
et al., 2021). This should facilitate use of bioinformatics for
identification of effectors, using knowledge about conserved
domains that have been discovered to be present in effector
molecules. The genome sequences of different races of Pt have
been worked out and many more genomes from the pathogen
will also allow us to know the pangenome of Pt, which includes
core genome, dispensible genome and unique genome. This
knowledge will also allow to identify effectors and in planning
suitable strategies for wheat breeding involving resistance
against leaf rust.

It may also be necessary to study the effect of environment on
expression of many resistance genes in the host since expression of
genes has been found to vary with changing temperature (Figlan
et al., 2020). This will involve study of the mode of action of
resistance genes in the host, their interactions with other host
genes, interactions with Avr gene while providing stable and
durable resistance across environments. The recent advances in
genomics tools and techniques including whole genome
sequencing, genome annotation and high-throughput genomics
tools like pathogenomics, gene cloning, genome editing are
expected to offer deeper insights into host-pathogen
interactions. This should eventually help in achieving durable
rust resistance (Dinh et al., 2020). Molecular biology tools
including HIGS/VIGS have also become very important for
understanding and analyzing different facets of host and
pathogen biology that includes secretome analysis,
transcriptional profiling, putative virulence gene identification,
structural gene annotation, and alternative transcript splicing.
Another important area of future research is identification of
vir genes, and effectors, which together make the subject of
effectoromics and effector based breeding. This will allow the
use of knowledge about effectors to screen the germplasm for
resistance.

Epigenomics is another area, which has started attracting the
attention of wheat geneticists. This will allow us to understand the
role of DNA methylation, histone modifications, noncoding
RNAs (e.g., miRNAs, lncRNAs) and chromatin states, thus
further resolving the mechanism of resistance at the molecular
level (Saripalli et al., 2020a; Saripalli et al., 2020b; Jain et al., 2020;
Prasad et al., 2020).
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Pakistani Bread Wheat (Triticum
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Spring wheat (Triticum aestivum L.) is one of the most imperative staple food crops, with an
annual production of 765 million tons globally to feed ~40% world population. Genetic
diversity in available germplasm is crucial for sustainable wheat improvement to ensure
global food security. A diversity panel of 184 Pakistani wheat accessions was genotyped
using 123,596 high-quality single nucleotide polymorphism (SNP) markers generated by
genotyping-by-sequencing with 42% of the SNPsmapped on B, 36% on A, and 22% on D
sub-genomes of wheat. Chromosome 2B contains the most SNPs (9,126), whereas 4D
has the least (2,660) markers. The mean polymorphic information content, genetic
diversity, and major allele frequency of the population were 0.157, 0.1844, and 0.87,
respectively. Analysis of molecular variance revealed a higher genetic diversity (80%) within
the sub-population than among the sub-populations (20%). The genome-wide linkage
disequilibrium was 0.34 Mbp for the whole wheat genome. Among the three subgenomes,
A has the highest LD decay value (0.29 Mbp), followed by B (0.2 Mbp) and D (0.07 Mbp)
genomes, respectively. The results of population structure, principal coordinate analysis,
phylogenetic tree, and kinship analysis also divided the whole population into three clusters
comprising 31, 33, and 120 accessions in group 1, group 2, and group 3, respectively. All
groups were dominated by the local wheat accessions. Estimation of genetic diversity will
be a baseline for the selection of breeding parents for mutations and the genome-wide
association and marker-assisted selection studies.

Keywords: genotyping-by-sequencing, genetic diversity, population structure, Triticum aestivum L., single
nucleotide polymorphisms, polymorphic information content, Pakistan

INTRODUCTION

Wheat (Triticum aestivum L.) is amongst the most prominent cereal crops in the world. Wheat is
cultivated on more than 224 million hectares (Mha) and provides 20% (Bhatta et al., 2017) of dietary
nutrients for 40% world population (Ray et al., 2013; Arzani and Ashraf, 2017; Food and Agriculture
Organization of the United Nations, 2019). Moreover, 68% of global wheat is directly utilized for
human food while the remaining 32% for livestock consumption and other miscellaneous uses such
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as biofuel (Mohanty and Swain, 2019). The world population is
increasing at the rate of 1.5% per annum and is expected to reach
9.7 billion by 2050 (Lobell et al., 2011). However, a 0.9% annual
increase in bread wheat yield currently is not sufficient to ensure
global food security (Ray et al., 2013). Pakistan is the fifth densely
populated country in the world. Wheat was cultivated on an area
of 8,825 thousand ha of land, which produced 24,946 MT of grain
in 2020 (Pakistan Economic Survey 2019-20).

Wheat genetic gains can be improved by optimizing crop
husbandry (Sener et al., 2009) and harnessing genetic diversity in
native germplasm resources (Nielsen et al., 2014; Govindaraj
et al., 2015). Dissection of genetic diversity is a prerequisite for
plant breeding experiments, such as domestication, inheritance,
conservation, and evaluation of wheat germplasm (Peterson et al.,
2014). Narrow genetic bases, limited genetic diversity, and
continuous reduction in arable farmland, as well as various
climate-associated anomalies in the form of biotic and abiotic
stresses, pose a continuous threat to world food security in
developing countries (Fischer et al., 2014). Moreover, wheat
has a long evolutionary history from the days of its early
domestication from Einkorn (one of the primitive wheat
ancestors) to modern bread wheat and assimilates plenty of
genetic variation during this long period of evolution. Farmers’
selection, uniform varietal seed production, continuous selfing,
use of modern breeding techniques, domestication, and stringent
selection pressure lead to prompt genetic erosion and squat gene
pool, which causes continuous losses of favorable alleles in
currently used wheat germplasm (Haudry et al., 2007; Sofalian
et al., 2008).

Strategic trait-based wheat breeding is the most viable and
sustainable solution for crop improvement. The success of a
wheat breeding program can be directly associated with the
availability of valuable genetic diversity in the program (Rufo
et al., 2019; Voss-Fels et al., 2019). Genetic resources such as wild
relatives, gene bank accessions, landraces, advanced breeding
lines, and induced and natural mutants are considered
indispensable genetic resources for maintaining genetic
diversity and crop improvement (Ogbonnaya et al., 2013; Das
et al., 2016). Natural variation selection, wide crossing, new gene
introduction, genetic hybridization, induced mutagenesis, and
horizontal and vertical gene transfer can contribute to enriching
the genetic diversity of modern wheat varieties to meet the
challenges of climate change and global food security (Arya
et al., 2013).

DNA markers are considered indispensable tools for the
genetic characterization of plants. Various types of DNA-
based markers, including randomly amplified polymorphic
DNA (RAPD), amplified fragment length polymorphisms
(AFLP), restriction fragment length polymorphisms
(RFLP), and simple sequence repeats (SSRs) (Röder et al.,
1995), were successfully used for genetic characterization in
plants. Nowadays, single nucleotide polymorphism (SNP)
markers generated through next-generation sequencing
(NGS,) such as targeted amplicon sequencing (TAS),
Illumina bead chip array, DArT, Genotyping-by-
Sequencing (GBS), and kompetitive allele-specific PCR
(KASP), are gradually replacing other old marker systems

due to high throughput and low cost per data point. GBS is a
reduced representation sequencing method that identifies
SNP for genotyping and discovers new SNP compared to
other array-based genotyping technologies, namely, DArT/
Illumina bead chip. An array-based genotyping chip targets
and identifies a pre-labeled specific number of SNPs markers.
GBS-based sequencing could be effectively used in the
breeding of complex genome crops without any prior
sequencing information or even in the absence of reference
genome in many orphan crops (Getachew et al., 2019). GBS is
a technology that can reduce genome complexity by using two
restriction enzymes (PstI/MspI) and simultaneously discover
and genotype genome-wide variations in complex genome
crops, namely, bread wheat (Elshire et al., 2011; Poland et al.,
2012a; Poland et al., 2012b). Currently, GBS has been
successfully used in many crops to unblock the GD
including wheat, barley, rice, maize, cassava, potato, and
soybean (Elshire et al., 2011).

SNPs are the most abundant polymorphic markers in both
plant and animal genomes (Rimbert et al., 2018). The bi-allelic
nature, high level of polymorphisms, ubiquitous presence,
uniform distribution across genomes, automated data
acquisition, and analysis make SNPs the most suitable marker
for genome-wide marker analysis (Verma et al., 2015). Quick
advancement in NGS techniques significantly improved
sequencing throughput and reduced sequencing cost, making
the genome-wide SNP analysis a time- and cost-effective tool for
genomic studies (He et al., 2014). Therefore, the NGS-based
markers have been widely used for retrieving genetic diversity
(GD), harnessing population structure (PS), studying linkage
disequilibrium (LD), mapping quantitative trait loci (QTL),
conducting genome-wide association studies (GWAS), and
genomic selection (GS) in various crops (You et al., 2018).

Although the cost of whole-genome sequencing
significantly reduced during the last decade, still it is not
feasible to completely sequence all genotypes for routine
screening of breeding materials especially for those species
with a huge genome such as wheat in most breeding programs.
Mourad et al. (2020) genotyped a panel of 103 spring wheat
accessions that were collected from five continents and
deposited in the USDA gene bank to evaluate the GD, PS,
and LD patterns. The panel was genotyped with 36,720 high-
quality SNPs, and the whole population was divided into three
subpopulations on the basis of analysis of molecular variance
(AMOVA), structure analysis, kinship, and principal
component analysis. No high LD was observed on a whole
bread wheat genome, but at the sub-genomic level, the D
genome showed the highest LD decay value compared to the A
and B sub-genomes.

Alipour et al. (2017) utilized 16,506 polymorphic GBS-SNPs to
dissect the GD of an Iranian wheat diversity panel of 369 wheat
genotypes. The B subgenome has the highest number of mapped
SNPs compared to the other A and D subgenomes, respectively. The
whole population was divided into three subgroups: one for cultivars
and two for landraces. Heslot et al. (2013) analyzed 38,412GBS-SNPs
in 365 soft winter wheat to harness GD in advanced breeding lines.
Yang et al. (2020) characterized a population of 180 bread wheat
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genotypes fromAsia and Europe to determine the indigenous PS and
GD using 24,767 high-quality polymorphic SNPs using the GBS
approach and to determine GD of the subjected population. The
polymorphic information content (PIC) value of markers ranges
from 0.1 to 0.4. Based on cluster and structure analysis, the whole
diversity panel was divided into two groups: group 1 comprises
European and partial Asian and group 2 consists of the Middle East
and partial Asian accessions.

Most Pakistani wheat germplasm has not been characterized
using DNA (SNP) markers. Local germplasm is always a key
source of resistance against biotic and abiotic anomalies. The
primary objective of this study is to investigate the extent and the
pattern of GD, PS, LD, PIC, phylogeny, and kinship of the
subjected population that will be useful for the selection of
breeding parents for various stress breeding strategies through
GWAS and association mapping (AM).

MATERIALS AND METHODS

Deoxy Nucleic Acid Isolation and
Genotyping-by-Sequencing Library
Preparation
A set of 184 Pakistani spring wheat varieties and germplasm
accessions were collected from the Wheat Research Institute,
Ayub Agricultural Research Institute (AARI), Pakistan,
Faisalabad (Supplementary Table S1). The panel was sown
into two 96-well plastic trays in the greenhouse at the Kansas
State University, Manhattan, KS, United States. Three pieces of
15-day-old seedling leaf tissues (2 cm) were collected in 1.1 ml 96-
deep-well plates with 3 mm stainless beads in each well and
immediately freeze-dried for 2 days. Leaf tissues were ground by
shaking the plates at 30 cycles per second for 3 min in a Mixer
Mill (Retsch GmbH, Haan, Germany). Genomic DNA was
isolated using the standard cetyltrimethylammonium bromide
(CTAB) method with a slight modification (Zhao et al., 2020).
DNA quality was checked with 1% agarose gel and quantified in a
FLUOstar Omega microplate reader (BMG LABTECH,
Germany) using Quant-iT™ PicoGreen dsDNA assay kits
(Thermo Fisher Scientific, Waltham, MA, United States). The
genomic DNA of all samples was normalized at a concentration
of 20 ng/μL for preparing the GBS library.

GBS libraries of 184 springwheat samples were prepared using the
standard protocol (Poland et al., 2012a). In brief, normalized DNA
(200 ng) was digested using restriction enzyme PstI-HF and MspI
from New England BioLabs, Inc. (Ipswich, MA, United States) and
ligated with barcoded adapters using a T4 DNA ligase (New England
BioLabs, Inc., Ipswich, MA, United States). Ligated DNA fragments
were pooled and purified using QIAquick PCR Purification Kit
(QIAGEN GmbH, Hilden, Germany). Primers complementary on
both adapters were used for PCR amplification. PCR product was
cleaned using QIAquick PCR Purification Kit and size selected using
an E-gel (Thermo Fisher Scientific, Waltham, MA, United States) to
select 200–300 bp fragments and then quantified using Qubit 2.0
Fluorometer and Qubit dsDNA HS Assay Kits (Life Technologies
Inc., Carlsbad, CA, United States).

Single Nucleotide Polymorphism Calling
and Data Imputation
The final library was sequenced in an Ion Proton next-generation
sequencer (Thermo Fisher Scientific, Waltham, MA, United States)
in the USDA Central Small Grain Genotyping Lab, Kansas State
University, Manhattan, KS, United States. SNPs were called using
the GBS discovery pipeline v2.0 in Trait Analysis by Association,
Evolution, and Linkage (TASSEL) v5.2.63 (Bradbury et al., 2007) by
aligning the sequence reads with the International Wheat Genome
Sequencing Consortium (IWGSC) reference genome RefSeq V2.0
(IWGSC, 2018). Initially called SNPs were filtered to remove these
SNPs with >20% missing data and <0.01% minor allele frequency
(MAF) and then imputed for missing data using BEAGLE v5.1,
(Browning and Browning, 2009), in TASSEL v5.2.63.

Genetic Diversity, Polymorphic Information
Content, and Analysis of Molecular
Variance
TASSEL v5.2.67 was used to calculate the evolutionary
relationship among the 184 Pakistani accessions. The
dendrogram was constructed using the Neighbor-Joining
(NJ) distance method (Saitou and Nei, 1987) in TASSEL.
Principal coordinate analysis (PCoA) was implemented
using the Euclidean distance method in GenAlEx v6.5
(Peakall and Smouse, 2006). Population GD, PIC, major
allele frequency (MF), and percentage heterozygosity (HZ)
were determined using POWER MARKER v3.25 (Liu and
Muse, 2005). Analysis of molecular variance (AMOVA)
(Excoffier et al., 1992) and Shannon’s information index (I)
were calculated using GenAlEx v6.5 (Peakall and Smouse,
2006).

Analyses of Population Structure, Linkage
Disequilibrium, and Kinship Analysis
Population structure was inferred using an admixture model
and Bayesian model-based clustering algorithm in
STRUCTURE v2.3.4 (Pritchard et al., 2000). The best fit
delta K value for the number of subpopulations was
determined using K values from 1 to 10 and burned in
10,000 generations and 100,000 Markov chain Monte Carlo
of (MCMC) iterations (Zorić et al., 2012; Chen et al., 2012).
The output of STRUCTURE analysis was visualized using a
STRUCTURE HARVESTER software (Earl and vonHoldt,
2012). TASSEL v5.2.67 was used to calculate LD as squared
allele frequency (r2) and physical distance (D) between each
pair of SNPs using a sliding window size of 50 with 1,000
permutations. Pairwise LD (r2) values were plotted against the
relative physical distances (D), and a locally weighted
polynomial curve regression (LOESS) model was fitted to
determine genome-wide LD decay using the R package
(https://www.r-project.org/). The LDs were calculated for
the whole wheat genome and three sub-genomes (A, B, D)
(Hill and Weir 1988; Remington et al., 2001). The critical
value of r2 beyond which LD likely starts to decay was set at r2

Frontiers in Genetics | www.frontiersin.org April 2022 | Volume 13 | Article 7725173

Hussain et al. Genetic Diversity in Pakistani Wheat Accessions

229

https://www.r-project.org/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


= 0.1. This critical threshold value of r2 was estimated using
the 95th percentile in the distribution of r2 below which the
relationship among pairs of marker loci is not caused by
physical linkage. The intersection of the fitted curve among
correlation r2 and physical distance (D) on a chromosome
with this critical threshold was considered the estimated LD
range. Population kinship heat matrix among all genotypes
was calculated using GAPIT in the R package (Wang et al.,
2014).

RESULTS

Genomic Distribution of Single Nucleotide
Polymorphisms
The panel of 184 wheat accessions generated 202,147,814
sequence reads and 129,180 SNPs with 80% missing data
points. A total of 123,596 polymorphic SNPs were retained
after removing low-quality SNPs with MAF <0.01,
heterozygote rate >0.2, and imputation using the Chinese

FIGURE 1 | (A) Sub-genomic distribution of 123,596 SNPs on three sub-genomes of spring wheat. (B) Chromosomal SNPs distribution on each chromosome of
three sub-genomes (A, B, D), (C) Number of SNPs within 1 Mb window size.
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spring wheat reference genome RefSeq V2.0 (IWGSC, 2018) for
downstream analysis.

A total of 51,975 SNPs were mapped on the B genome, 44,400
on the A genome, and 27,221 on the D genome (Figure 1A).
These results indicated that the B sub-genome of bread wheat
holds the highest number of mapped markers (SNPs) followed by
the A and D sub-genomes. However, the genome sequence sizes
of all sub-genome are nearly equal to 5.5 Gb each. Chromosome
2B has the highest number of mapped SNPs (9,126), while
chromosome 4D holds the lowest number of mapped SNPs
(2,660) (Figure 1B). The chromosomal distribution of SNPs
within 1 Mb window size is presented in Figure 1C, which
depicts a higher density of SNPs on chromosomal arms rather
than its centromeric region.

Population Structure
A total of 15,779 highly polymorphic SNPs markers with PIC
values ranging from 0.30 to 0.37 were used for downstream data
analysis. Population structure analysis was performed on 184
Pakistani wheat accessions, distributed into three sub-groups
(group 1, group 2, and group 3) based on optimum K = 3.

Delta K value gives the optimal number of subpopulations by
plotting a graph with the number of clusters (K) (Figures 2A,B).
Results of the STRUCTURE analysis were further confirmed by
the PCoA analysis (Figure 2C), which was also supported by
neighbor-joining phylogenetic tree analysis (Figure 2D).

The panel of 184 accessions was used in this study that includes
118 Pakistani local and 63 accessions from CIMMYT (Centro
Internacional de Mejoramiento de Maíz y Trigo; English:
International Maize and Wheat Improvement Center, Mexico),
two wild wheat relatives, and one accession with unknown origin
(Figure 3A). Phylogenetic analysis divided the 184 accessions into
three different clusters. Group 1 contained 31 accessions, those
dominated by local lines including 23 Pakistani accessions, and only
eight CIMMYT accessions. Group 2 consisted of 33 accessions,
including 18 Pakistani and 15 from CIMMYT. Group 3 was the
largest group that had 120 accessions, including 75 local accessions
from Pakistan, 42 from CIMMYT, two wild wheat relatives, and one
accession with unknown origin (Figure 3B). A total of 120 local
wheat accessions, 63 from CIMMYT, two wild relatives of wheat,
and one accession of unknown origin were presented with red, black,
blue, and purple colors, respectively (Figure 3C).

FIGURE 2 | Population structure analysis, (A) Delta K line graph, (B) structure analysis combine bar chart, (C) PCoA analysis of wheat accessions, (D) Neighbor
Joining phylogenetic tree analysis.
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Major Allele Frequency, Genetic Diversity,
Heterozygosity, Polymorphic Information
Content, and Kinship Heat Map Analysis
Major allele frequency (MF), genetic diversity (GD),
heterozygosity (HZ), and the polymorphic information content
(PIC) of the wheat panel are listed in Table 1. The whole-genome
mean MF was 0.87, with 0.86, 0.87, and 0.89 for A, B, and D sub-
genomes, respectively. Mean GD was observed as 0.20, 0.19, and
0.16 for sub-genomes A, B, and D, respectively. The HZ was 0.07,
0.06, and 0.08 for A, B, and D genomes, respectively, and the PIC
value was observed as 0.16, 0.16, and 0.14 for A, B, and D sub-
genomes, respectively, with 0.15 cumulative PIC for whole wheat
genome. Results of the current experiment showed that
subgenomes A and B do not have any significant differences
among MF, GD, HZ, and PIC values. However, the D sub-
genome showed a higher and significant difference among the
MF, HZ, relatively lower GD, and PIC values compared to the A
and B sub-genomes (Table 1).

AMOVA analysis showed 20 and 80% genetic variation
among and within the population, respectively. The fixation
index Fst was used to genetically differentiate total genetic
variability among the sub-populations. A low haploid Nm
value (0.497) indicates limited gene flow between the sub-
populations (Table 2). Shannon’s information index (I) also
reported very low variation among groups than within
different groups (Table 3). The percentage of Shannon’s
information index (I) and scaled diversity overlapped among
and within groups, as presented in Table 3. Kinship analysis also
divided the panel into three distinct clusters, suggesting a
considerable genetic difference among accessions in this panel.
The phylogenetic tree is shown on the top, and the left side of the
heat map also confirms the results of structure analysis. However,
the intensity of color in the heat map also indicated the high LD
regions in the heat map (Figure 4).

Evolution of Linkage Disequilibrium
The scatter plot of (r2) and pairwise physical distance (D)
revealed that LD decay increases with an increase in marker
physical distances on chromosomes or a genome. The average
cutoff value r2 = 0.1 was used to determine the LD decay level. The
LD decay value (0.34 Mbp) was observed for the whole genome
(Figure 5A). However, among sub-genomes, the LD decay was
the highest on the A subgenome (0.29 Mbp), followed by the B
(0.2 Mbp) and D (0.07 Mbp) subgenomes, respectively (Figures
5B–D). Chromosome-wide LD of each sub-genome is shown in
Table 4. The LD decay of the A sub-genome ranges from 0.08 to
0.12, and chromosome 3A showed the highest value of LD (0.12).
The LD decay of the B sub-genome ranges from 0.05 to 0.13, and
chromosome 3B showed a maximum value of LD for the 3B
chromosome. However, in the case of the D sub-genome, the LD
value ranged from 0.01 to 0.16, and chromosome 2D showed the
highest value (0.16) of LD. A low LD value in this population may
be due to higher heterozygosity in the sub-genome reflecting the
actual hemizygous state of SNPs markers on the D genome.

FIGURE 3 | (A) Origin of wheat accessions, (B) Classification of
accessions in three different groups on the basis of structure analysis and
phylogenetic tree analysis (C) Distribution of different accession in different
sub-groups, the red color showed local genotypes, black color indicated
CIMMYT accessions, blue color for wild type and purple color for unknown
origin.
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DISCUSSION

Genetic diversity among the wheat germplasm is exceptionally
important for the genetic improvement of wheat cultivars. Wheat
widely grows in South Asia (Pakistan, India, and Bangladesh),
producing more than 15% of the world’s wheat production.
Pakistan ranks seventh in world wheat production. However, the
genetic diversity of most Pakistani wheat germplasm has not been
well characterized using genome-wide SNPsmarkers. Information on
the genetic diversity of the germplasm would be crucial for breeding
programs that can play a critical role for wheat breeders to make
efficient use of available germplasm resources in crop improvement

TABLE 1 |Mean major allele frequency, genetic diversity, heterozygosity, and polymorphic information content calculated using 123,596 genome-wide SNPs derived from
the panel of 184 wheat genotypes.

Chromosome Sample size Marker MFa GDb HZc PICd

1A 184 5,344 0.8557 0.2118 0.0763 0.1776
2A 184 7,166 0.8628 0.2055 0.0750 0.1733
3A 184 6,253 0.8720 0.1956 0.0713 0.1660
4A 184 6,668 0.8713 0.1949 0.0731 0.1652
5A 184 5,556 0.8730 0.1938 0.0642 0.1648
6A 184 5,496 0.8696 0.1966 0.0704 0.1667
7A 184 7,889 0.8641 0.2025 0.0679 0.1705
Means 0.8669 0.2001 0.0712 0.1692
1B 184 7,062 0.8730 0.1954 0.0651 0.1664
2B 184 8,146 0.8592 0.2114 0.0645 0.1783
3B 184 8,513 0.8710 0.1957 0.0634 0.1660
4B 184 4,700 0.8927 0.1721 0.0630 0.1491
5B 184 7,086 0.8621 0.2067 0.0655 0.1744
6B 184 7,549 0.8628 0.2046 0.0658 0.1723
7B 184 8,218 0.8751 0.1900 0.0607 0.1614
Means 0.8708 0.1965 0.0640 0.1668
1D 184 3,466 0.8844 0.1779 0.0902 0.1523
2D 184 4,588 0.8873 0.1779 0.0862 0.1534
3D 184 3,847 0.8995 0.1592 0.0839 0.1377
4D 184 2,591 0.9018 0.1571 0.0868 0.1366
5D 184 3,389 0.8983 0.1623 0.0836 0.1407
6D 184 3,850 0.8869 0.1742 0.0902 0.1492
7D 184 5,490 0.9005 0.1567 0.0798 0.1355
Means 0.8941 0.1665 0.0858 0.1436
Genome-wide mean 0.8772 0.1843 0.0736 0.1598

MFa: Major allele frequency, GDb: Genetic Diversity, HZc: Heterozygosity, PICd: Polymorphic Information Content.

TABLE 2 | Analysis of molecular variance in the panel of 184 genotypes.

Source df SS MS Est. Var. % p-value

Among pops 1 16.860 16.860 0.126 20 0.001
Within pops 182 91.502 0.497 0.497 80 0.001
Total 183 108.858 17.357 0.623 100 0.001
Haploid (Nm) 0.49
Fst 0.67

Df: degree of freedom, SS: sum of squares, MS: mean sum of squares, %: percentage
variation.
Genetic differentiation among and within two subpopulations has been estimated, along
with Fst gene flow Nm with 9,999 permutations. AP: estimated variance among pops,
WP: estimated variance within pops.
***p value <0.001 (based on 9,999 permutations).

TABLE 3 | Population Shannon information index (I).

Source
of
information

Degrees
freedom

Log-like
Chi-Sq

Shannon
inform

Percent
of total

Diversity
estimate

[0,1]
scaled
diversity

[0,1]
scaled
overlap

Estimated
probability

DF G-test I Inform Exp(I) D9 O’ = 1-
D9

p
(rand
≥

data)

Among pops 1 155.425 0.425 8.604 1.529 0.816 0.184 0.923
Within pops 182 1,651.067 4.511 91.396 91.023 0.998 0.002 0.082
Total 183 1806.492 4.936 100.000 139.180 0.998 0.002
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(Hawkes, 1981). In this study, 184 Pakistani spring wheat accessions
were genotyped using genome-wide SNPs generated by GBS
technology. Most SNPs were mapped on the B genome (42%),
followed by the A (36%) and D (22%) sub-genomes (Figure 1A),
with the maximum number of SNPs on chromosome 2B (9,126) and
the minimum number (2,660) on chromosome 4D (Figure 1B).
These findings are consistent with previous studies (Alipour et al.,
2017; Bhatta et al., 2017; Eltaher et al., 2018; Rufo et al., 2019; Kumar
et al., 2020; Yang et al., 2020).

In the current study, the number of SNPs from the D sub-
genome (22%) was about half of these present on the B (42%) sub-
genome, which agrees with some of the previous reports that the B
genome harbors twice as many of the mapped markers as these

present on the D sub-genome (Wang et al., 2013; Iehisa et al., 2014;
Edae et al., 2015). However, a much lower ratio of the polymorphic
markers was found on the D sub-genome, as low as five times
compared to the A or B sub-genomes (Allen et al., 2013; Cavanagh
et al., 2013). Low polymorphism in the D genome in most of the
germplasm was observed not only for SNPs markers but also for
RFLP, AFLP, SSR, and DArT markers (Liu and Tsunewaki, 1991;
Röder et al., 1998; Peng et al., 2000; Chao et al., 2007; Akhunov
et al., 2010; Würschum et al., 2011; Poland et al., 2012a; Berkman
et al., 2013; Marcussen et al., 2014; Nielsen et al., 2014; Shavrukov
et al., 2014; Edae et al., 2015; Alipour et al., 2017; Eltaher et al., 2018;
Rufo et al., 2019). In wheat, A and B are predecessor sub-genomes
that accumulated more genetic recombination, duplication,

FIGURE 4 | Heat map of kinship matrix with the dendrogram shown on the top-left side based on 123,596 markers.
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mutation, and gene flow events than those in the relatively newer D
subgenome (Berkman et al., 2013). These results suggest that
Pakistani wheat genotypes, like the Iranian germplasm (Alipour
et al., 2017), hold more genetic diversity on the D genome than
other sources of germplasm. Therefore it is a valuable source for crop
improvement against various climate anomalies (Jia et al., 2013).
Pakistani wheat accessions as T. aestivum L. ssp. Sphaerococcum
indigenous from northern Pakistan and northwestern India an early
flowering, yellow rustresistant, semi-dwarf plant with a
semispherical grain shape (Percival, 1922). This notion points out
the ancestral relationship between global populations of Puccinia
striiformis f. sp. tritici (Pst) and the putative origin of Pst in the
Himalayan, as well as their neighboring plains and foothill regions.
The presence of putative alleles, high level of diversity, ability to have
the sex-related structure in (Pst) races, and clear signature of
recombination further support this hypothesis (Ali et al., 2014).
Archeological remains and evolutionary studies indicated that
hexaploid spring wheat was already grown in the region of India
and Pakistan somewhat between 4000 and 2000 BC, which indicates
that the region (India and Pakistan) has the longest cultivation and
interactions history with Pst. This statement also indicates that
Pakistani wheat accessions were evolved with comparatively more
recombination and ultimately enriched source of genetic diversity
(Tengberg, 1999; Habib et al., 2020).

PIC is another important parameter for the selection of
markers for breeding programs. Botstein et al. (1980) coined a
scale range from 0 to 1.0 to categorize multilocus markers such as
SSR according to their PIC value. In the current study, PIC values
ranged from 0.004 to 0.37, which is low to moderately high with
the mean of 0.158 for the whole genome that was smaller than
0.25 reported by previous literature (Chao et al., 2009;
Novoselović et al., 2016; Alipour et al., 2017; El-Esawi et al.,
2018; Eltaher et al., 2018; Alemu et al., 2020; Mourad et al., 2020).
Among the three sub-genomes, the mean PIC for the D sub-
genome (0.14) was slightly lower than that of the A or B sub-
genomes (0.16) (Table 1) due to limited hybridization event and
gene flow in Aegilops tauschii during evolution (Chao et al., 2009;
Lopes et al., 2015; Liu Y. et al., 2017; Eltaher et al., 2018; Tyrka
et al., 2021). However, much higher PIC (0.26–0.33) were
reported in other studies (Allen et al., 2013; Baloch et al.,
2017; Chen et al., 2018; Kumar et al., 2020; Yang et al., 2020).

Gene diversity (expected heterozygosity, He) and PIC are
considered as primary measures for the dissection of genetic
diversity and shedding light on the mutation rate, as well as the
evolutionary pressure on a specific allele in a population over the
period of time (Botstein et al., 1980; Shete et al., 2000). Overall
GD of a population is mainly explained by the distribution of
informative markers on a genome (Nielsen et al., 2014). Genetic
diversity provides gene diversity of haploid bi-allelic SNPs and
ranges of genetic distance, as well as average heterozygosity
among individuals of a population (Nei, 1978). As expected, in

FIGURE 5 | Scatter plot showing the linkage disequilibrium (LD) decay
across the genomes for 184 diverse Pakistani bread wheat accessions. The
genetic distance in megabase pair (Mbp) plotted against the LD estimate (r2)
for pairs of SNPs. The solid red line showed the threshold LD value at r2 =
0.1 and the solid green line showed the average LD decay point at which the
LD curve intercepts the critical r2. The LOESS LD decay curve was presented

(Continued )

FIGURE 5 |with the solid blue curve (A)Genome-wide average LD decay plot
using all genomes (B) LD decay plot of the A genome (C) LD decay plot of the
B genome; (D) LD decay plot of the D genome.
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the current study, the overall mean GD value was greater than
PIC (Table 1). In the absence of more polymorphic alleles and
ubiquitously even distribution of allele frequency of markers, PIC
is always lower than its GD. The PIC values of SNPmarkers affect
the classification of informative markers: highly informative,
moderately informative, and slightly informative. Highly
informative markers could be used in studying population
genetics and GD in various plant species (Salem et al., 2021).

Understanding GD and population structure is a prerequisite
to comprehending the genetic variability of germplasm before it
can be used in a biotic or abiotic stress breeding program. In the
current study, genome-wide mean GD was 0.18, ranging from
0.005 to 0.97 in the panel evaluated, which is slightly lower than
0.26 by Yang et al. (2020) and 0.29 by Mourad et al. (2020) but
slightly higher than 0.14 observed by Alipour et al. (2017). The
genome-wide heterozygosity (HZ) was 0.0736, ranging from 0 to
0.89. Mean HZ varied greatly among sub-genomes, with the
lowest value (0.064) for B and the highest (0.085) for the D
sub-genome. A similar trend of HZ values was also reported in
other studies (Eltaher et al., 2018; Rimbert et al., 2018; Liu et al.,
2019; Kumar et al., 2020).

AMOVA data suggested significant GD within sub-groups
(80%), which might result from continuous selection for specific
traits under certain environments by wheat breeders. A low level
of genetic variability between populations (20%) (Table 2) may be
due to schematic gene flow in the form of germplasm exchange
among different countries and regions (Arora et al., 2014). The
high genetic diversity (80%) within sub-groups means that
diversity was attributed to variation within population sub-
groups. The results of clustering and AMOVA suggested that
inter-cluster cultivars crossing may be useful for developing
promising agronomic and disease resistance associated traits in
local germplasm. Higher diversity within sub-population than
among sub-populations was in line with the findings from other
studies (Alipour et al., 2017; Bhatta et al., 2018; Eltaher et al.,
2018; Kumar et al., 2020). The Nm value is another important
parameter to estimate the gene flow among subpopulations. Nm
haploid value of 1 or >1 indicates the low rate of gene flow
between subpopulations. In our experiment, the Nm haploid
value of 0.497 indicates minor gene flow among three sub-
populations because the current germplasm collection does not
represent a diverse geographical area. The current population was
mainly collected from the Punjab province of Pakistan.

LD is a non-random co-segregation of single/multiple loci
among the same or different chromosomes of a genome. The

magnitude estimation of LD decay helps determine the resolution
of association mapping and the number of SNPs needed for
effective association studies and marker-assisted selection (Davey
et al., 2011). LD extent varies with sub-genomes or even with
chromosomes of the same sub-genome and depends on various
factors such as recombination rate, allele frequency, genetic drift,
population structure, natural selection, and chromosomal
rearrangements (Sukumaran et al., 2015; Habib et al., 2020).
Higher values of LD among pairs of markers indicate slower
decay rates on a genome or a chromosome, suggesting that fewer
markers are needed for GWAS. The current study was conducted
on a diverse set of 184 Pakistani spring wheat accessions, and the
LD decay at 0.34 Mbp for the whole genome, and 0.29 Mbp,
0.2 Mbp, and 0.07 Mbp for all subgenomes A, B, and D,
respectively, observed (Figure 5). In the current study, the A
sub-genome showed the highest value of LD (0.29) which shows
relatively fewer markers needed for genome coverage and
comparatively slower LD decay due to its evolutionary history
of origination. However, at the chromosomal level, chromosome
3A showed the highest value (0.12) (Table 4) of LD and
chromosome 1A showed the minimum value of LD decay (0.09).

In the case of the B sub-genome chromosomes, 3B and 2B
showed maximum and minimum values of LD decay of 0.13 and
0.01, respectively. In the case of D, the sub-genome chromosomes
2D and 4D showed LD values of 0.16 and 0.01, respectively
(Table 4). Chromosomal level LD decay helps determine the level
of decay, LD hotspots, and number of markers needed for
genome coverage on various regions of chromosomes. Results
of this study were consistent with the findings of Chao et al.
(2010) and Ladejobi et al. (2018) reported the LD decay of 6.4, 4.5,
4, and 4.98 Mbp for A, B, D, and whole-genome, respectively.
Aleksandrov et al. (2021) performed a study on Bulgarian bread
wheat germplasm to dissect the population structure and linkage
disequilibrium on two populations, including one population of
old germplasm and one set of modern semi-dwarf cultivars. Old
germplasm showed an LD decay of 3.6, 3.3, 3.1, and 3.3 Mb in
subgenomes A, B, and D and the whole-genome, respectively.
These results support the results of the current study. Li et al.
(2019) reported the lowest LD decay value at the D genome, such
as 0.35, 0.75, and 0.25 Mb at the A, B, and D subgenomes,
respectively. However, the highest LD value was observed in
the B sub-genome of the population. Zhang et al. (2013) reported
that the highest LD decay rate for the A sub-genome ranges from
25 to 30 cM and on the B and D sub-genomes, LD decay ranges
from 15 to 20 cM). Sehgal et al. (2017) reported the LD decay of

TABLE 4 | Chromosome-wise linkage disequilibrium (LD) of individual chromosome.

A genome LD (Mbp) B genome LD (Mbp) D genome LD (Mbp)

1 A1 0.09 B1 0.05 D1 0.12
2 A2 0.09 B2 0.01 D2 0.16
3 A3 0.12 B3 0.13 D3 0.08
4 A4 0.08 B4 0.08 D4 0.01
5 A5 0.11 B5 0.11 D5 0.06
6 A6 0.11 B6 0.1 D6 0.03
7 A7 0.1 B7 0.11 D7 0.06
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values of 10, 4, 8, and 5 cM for A, B, D, and whole-genome of the
wheat population, respectively. These results also confirm our
results of the highest LD decay at the A sub-genome.

Usually, the highest LD value was detected in the D genome in
some previous reports (Edae et al., 2015; Sukumaran et al., 2015;
Liu W. et al., 2017; Ayana et al., 2018; Bhatta et al., 2018; Jamil
et al., 2019; Sandeep et al., 2020). The higher LD value for the D
sub-genome might be due to limited and shallow infusion of
Aegilops tauschii with tetraploid wheat in evolutionary history.
The slow LD decay rate in the D sub-genome suggests that more
markers may be needed for GWAS, association mapping, and
marker-assisted selection (MAS) than those that are needed for
the A and B sub-genomes. High LD value in the A sub-genome
indicates a few markers needed to cover the genome.

CONCLUSION

Analysis of population structure, PIC, LD, PCoA, and NJ
phylogenetic tree was used to dissect the genetic diversity of 184
Pakistani genotypes. The whole wheat population was divided into
three distinct subpopulations, with group 1 and group 3 dominated
by the local lines and group 2 somewhat intermediate typemixture of
local and CIMMYT lines. Most of the local genotypes were
distributed in all three sub-groups with CIMMYT lines because
local accessions were developed by crossing one or both
CIMMYT lines as breeding parents. This shows that a huge
amount of exotic blood mixing among local germplasm leads
toward the ample amount of genetic diversity in local germplasm.
Pakistan continuously faces problems such as sudden heatwaves,
unusual rainfall, water shortage, and unexpectedweather changes due
to prompt climate change.Most Pakistani spring wheat genotypes are
prone to yellow stripe rust because pathogens get resistant to hot,
humid conditions due to unexpected rainfall at the vegetative stage.
The results of population structure, phylogenetic tree based genetic
distribution, moderately informative nature, and the number of SNP
markers, PIC value, and LD regions of this population could be used
for the detection of genetic diversity in the local germplasm, and this
high genetic diversity would be used for association mapping studies
and the selection of crossing parents in national wheat breeding
programs. The results of the current genetic diversity study provided
the information necessary to broaden the genetic bases and
conservation studies. This information will urge national wheat
breeders to speed up wheat breeding by using the genetic diversity
of local and exotic germplasm. The results of the current study will
help dissect dissecting genetic diversity in local germplasm, as well as

for GWAS-related studies, to improve the local wheat germplasm of
the country.
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Novel GBS-Based SNP Markers for
Finger Millet and Their Use in Genetic
Diversity Analyses
Haftom Brhane1,2*, Teklehaimanot Haileselassie1, Kassahun Tesfaye1,3, Rodomiro Ortiz 2,
Cecilia Hammenhag2, Kibrom B. Abreha2 and Mulatu Geleta2

1Institute of Biotechnology, Addis Ababa University, Addis Ababa, Ethiopia, 2Department of Plant Breeding, Swedish University of
Agricultural Sciences, Lomma, Sweden, 3Ethiopian Biotechnology Institute, Ministry of Science and Technology, Addis Ababa,
Ethiopia

Eleusine coracana (L.) Gaertn., commonly known as finger millet, is a multipurpose crop used
for food and feed. Genomic tools are required for the characterization of crop gene pools and
their genomics-led breeding. High-throughput sequencing-based characterization of finger
millet germplasm representing diverse agro-ecologies was considered an effective method for
determining its genetic diversity, thereby suggesting potential candidates for breeding. In this
study, the genotyping-by-sequencing (GBS)methodwas used to simultaneously identify novel
single nucleotide polymorphism (SNP) markers and genotype 288 finger millet accessions
collected from Ethiopia and Zimbabwe. The accessions were characterized at individual and
group levels using 5,226 bi-allelic SNPs, with a minimum allele frequency (MAF) of above 0.05,
distributed across 2,500 scaffolds of the finger millet reference genome. The polymorphism
information content (PIC) of the SNPs was 0.23 on average, and a quarter of them have PIC
values over 0.32, making them highly informative. The grouping of the 288 accessions into
seven populations based on geographic proximity and the potential for germplasm exchange
revealed a narrow range of observed heterozygosity (Ho; 0.09–0.11) and expected
heterozygosity (He) that ranged over twofold, from 0.11 to 0.26. Alleles unique to the
different groups were also identified, which merit further investigation for their potential
association with desirable traits. The analysis of molecular variance (AMOVA) revealed a
highly significant genetic differentiation among groups of accessions classified based on the
geographic region, country of origin, days to flowering, panicle type, and Al tolerance (p <
0.01). The high genetic differentiation between Ethiopian and Zimbabwean accessions was
evident in the AMOVA, cluster, principal coordinate, and population structure analyses. The
level of genetic diversity of finger millet accessions varies moderately among locations within
Ethiopia, with accessions from the northern region having the lowest level. In the neighbor-
joining cluster analysis, most of the improved cultivars included in this study were closely
clustered, probably because they were developed using genetically less diverse germplasm
and/or selected for similar traits, such as grain yield. The recombination of alleles via
crossbreeding genetically distinct accessions from different regions of the two countries
can potentially lead to the development of superior cultivars.

Keywords: finger millet, gene diversity, genotyping-by-sequencing, single nucleotide polymorphism, tetraploid
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INTRODUCTION

Eleusine coracana (L.) Gaertn. (finger millet) is an annual crop
that belongs to the Chloridoideae subfamily of the Poaceae
grass family. There are nine species under the genus Eleusine
Gaertn., among which E. coracana is the only domesticated
species (Bisht and Mukai, 2001, 2002). According to
archeological records, finger millet was first cultivated in
Ethiopia and Uganda (Hilu and De Wet, 1976). Thereafter,
the crop was distributed to other African and Asian countries
(Hilu and De Wet, 1976; Fakrudin et al., 2004; Goron and
Raizada, 2015). Finger millet is an important cereal crop
cultivated for its nutritious grains. In Africa, it is mainly
grown in Ethiopia, Zimbabwe, Tanzania, Malawi, Zaire,
Zambia, and Kenya (National Research Council, 1996). In
Ethiopia, it is commonly grown across the whole Tigray, in
parts of Amhara (Gonder and Gojjam), Oromia (Wellega,
IIluababora, and Hararghe), and Southern Nations and
Nationalities and People’s region (Gamo-Gofa) (Admassu
et al., 2009). More than 2000 diverse finger millet
accessions collected from its major cultivation areas in
Ethiopia and abroad are conserved ex situ at the Ethiopian
Biodiversity Institute (EBI; https://www.ebi.gov.et/) and used
for research and breeding purposes. In Zimbabwe, it is a major
crop in regions IV and V, which are the driest agro-ecological
regions in the country (Mukarumbwa and Mushunje, 2010).
The climatic conditions of these regions are similar to those of
areas in Ethiopia where finger millet is widely cultivated.

Finger millet is a disomic tetraploid (2n = 4x = 36; AABB
genome) crop. The diploid species E. indica (L.) Gaertn. (2n =
2x = 18; AA genome) and E. floccifolia (Forssk.) Spreng (2n =
2x = 18; BB genome) are considered the genome donors of E.
coracana (Bisht and Mukai, 2001). It exhibits a great deal of
phenotypic diversity for different traits. These include
diversity in grain color (dark brown, light brown, radish
brown, and white), growth habit (erect, recumbent, and
prostrate), panicle shape (open, semi-curved, and curved),
and flowering time (Upadhyaya et al., 2007). About 33 million
hectares are estimated to be devoted to the production of
different millet crops globally, with an estimated production
quantity of 32.7 million tons of millet grains (FAOSTAT,
2020). About 4.5 million hectares of finger millet is
produced globally every year (Antony Ceasar et al., 2018),
and hence finger millet accounts for about 13.6% of the
production of all millets. Ethiopia’s total finger millet
harvested area is 480,511 ha (FAOSTAT, 2020), which
produced an estimated 1.2 million tons of grains
(FAOSTAT, 2020). Finger millet is consumed as porridge,
pancake, injera, and traditional alcoholic beverages in
Ethiopia (Bezaweletaw et al., 2006). It is favored because it
is rich in nutrients (e.g., calcium, iron, thiamine, riboflavin,
and nicotinic acid) and health-promoting components (tackle
bone-related diseases, anemia, and cholesterol) and has better
performance under stressful conditions (such as drought,
disease, pest, salt, and soil acidity) (Barbeau and Hilu,
1993; Chethan and Malleshi, 2007; Sri et al., 2007;
Nakarani et al., 2021a). It is a multipurpose crop because

the grains are used for food, and its straw serves as a preferred
animal feed (Chethan and Malleshi, 2007; Nakarani et al.,
2021a).

Even though finger millet is an important food security,
health-promoting, and climate-resilient crop, its productivity
in Ethiopia is low due to various factors. The attention given
to finger millet research and breeding has been insufficient and
modern technologies were not well adopted to increase the
efficiency of its production. Due to the highly limited
availability of improved cultivars or their potential limitations,
farmers are widely using local landraces. Consequently, major
factors such as threshing difficulty, weeds, lodging, soil acidity,
and blast disease caused byMagnaporthe grisea are limiting finger
millet production and productivity, especially in Ethiopia (Erenso
et al., 2007; Molla, 2010; Kebede et al., 2019). Aluminum is
phytotoxic to plants through disrupting their root system,
increasing the rigidity of cell wall and cell membrane,
interrupting cell division, inducing oxidative stress, and
blocking the influx of essential nutrients (Delhaize and Ryan,
1995; Zhang et al., 2014; Eekhout et al., 2017). Hence developing
widely adaptable stable cultivars tolerant to the aforementioned
biotic and abiotic factors to promote its production and
productivity.

Plant breeding relies on the selection of diverse germplasm
with desirable characteristics to develop new cultivars,
achieved through the understanding of the genetic
differences between germplasm used for breeding. Hence,
the development and use of genome-wide markers are
highly desirable to reveal the genetic diversity within a crop
gene pool, followed by efficient use in conservation and plant
breeding. Quantifying the genetic diversity of finger millet
using such genome-wide DNA markers provides valuable
information to breeders who assist in developing cultivars
with various desirable traits, such as high yield and stress
tolerance. Genotyping-by-sequencing (GBS) is a widely used
next-generation sequencing (NGS) method developed for the
simultaneous discovery of new markers and genotyping of
target germplasm (Elshire et al., 2011). It is a high-throughput
and cost-effective method used in various crops for different
applications (Elshire et al., 2011; Poland and Rife, 2012; Huang
et al., 2014; Alipour et al., 2017; Geleta et al., 2020;
Hammenhag et al., 2020). The most popular DNA markers
generated through the GBS method are single nucleotide
polymorphism (SNP) markers. SNP markers are the most
abundant sequence variation across crop genomes, which
are suitable for analysis of genetic variation, population
structure, marker-trait association, genomic selection,
mapping quantitative trait loci (QTL), map-based cloning,
and other plant breeding applications that need genome-
wide scanning (Batley and Edwards, 2007; Kumar et al.,
2012; Tsehay et al., 2020). The genetic diversity analysis of
finger millet using GBS-derived SNP markers has received
insufficient attention, despite its potential for providing
markers useful for genetic improvement of the crop. The
present study aimed at genotyping genetically diverse finger
millet germplasm sampled from diverse agro-ecologies in
Ethiopia and Zimbabwe using the GBS method as a means
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to develop new genomic resources for finger millet and
molecular characterization of the germplasm.

MATERIALS AND METHODS

Plant Material
This study used two hundred eighty-eight finger millet
accessions composed of 274 landrace accessions (228 from
Ethiopia and 46 from Zimbabwe) and 14 improved cultivars
released in Ethiopia. The 228 Ethiopian landrace accessions
were originally collected from Amhara (130), Benishangul-
Gumuz (2), Oromia (51), Southern Nations, Nationalities and
Peoples’ Region (SNNPR) (4), Tigray (32), and unknown
locations in Ethiopia (9) (Supplementary Table S1).
Landraces were obtained from the Ethiopian Biodiversity
Institute (EBI), whereas the improved cultivars were
obtained from Bako Agricultural Research Center (BARC).

Testing Accessions for Aluminum Stress
Tolerance
Aluminum (Al3+) stress tolerance of the accessions was
initially screened using the hydroponic nutrient solution.
The solution containing 500 µM KNO3, 500 µM CaCl2,
500 µM NH4NO3, 150 µM MgSO4.7H2O, 10 µM KH2PO4,
2 µM FeCl3 (III), and 75 µM Al2 (SO4)3.18H2O was
prepared according to Zhou et al. (2013). The pH of the
nutrient solution was adjusted to 4.3 (using 1 M HCl or
NaOH) and renewed every day to maintain the pH and
Al3+ concentration relatively constant. For this experiment,
similar-sized seeds from each accession were selected and
surface-sterilized by soaking in 3% sodium hypochlorite
solution for 5 min and rinsed thoroughly with water. The
sterilized seeds of each accession were then wrapped in
tissue paper, moistened with distilled water, and placed in a
Petri dish for 36 h under dark conditions to initiate
germination. Then, the seeds of each accession were
grouped into two, and one group was grown in the
hydroponic nutrient solution containing 100 μM Al. In
contrast, the other group was grown as a control in the
nutrient solution without aluminum for 10 days. This was
followed by measuring the root length of the seedlings in
cm using a ruler and calculating the relative root length
(RRL) in percent as follows:

RRL (%) � Root length under Al treatment
Root length under control

× 100%.

Planting, Leaf Tissue Sampling, and
Phenotyping
In order to ensure at least one germinating seeds of each of the
288 accessions, five seeds were planted in a 5 L plastic pot for each
accession in a greenhouse at the Swedish University of
Agricultural Sciences (SLU, Alnarp, Sweden). After seed

germination, extra seedlings were removed, and only a single
seedling was maintained for each accession. Three weeks after
planting, the leaf tissue of each accession was separately sampled
using the BioArk Leaf collection kit from LGC, Biosearch
Technologies (https://biosearchassets.blob.core.windows.net/
assetsv6/guide_bioark-leaf-collection-kit.pdf), as described in
Osterman et al. (2021). Afterward, the samples were sent to
LGC, Biosearch Technologies (Berlin, Germany) for genomic
DNA extraction, followed by GBS-based genotyping. The plants
were hand-weeded and treated with pesticides and fertilizers
during their growth in the greenhouse. Afterward, data on
days to flowering and panicle shape were recorded.

DNA Extraction,
Genotyping-By-Sequencing Optimization,
Sequencing, and Read Pre-Processing
A high molecular weight genomic DNA of the 288 accessions was
extracted using the Sbeadex plant kit (https://biosearch-cdn.
azureedge.net/assetsv6/sbeadex-plant-data-sheet.pdf) for the
GBS analysis. For the construction of a GBS library, Pstl
(CTGCA*G, a six-base cutter) and ApeKl (G*CWGC, a four-
base cutter) restriction enzymes were used following the
recommendations of the experts at LGC, Biosearch
Technologies, who optimized restriction enzymes for various
crops. The combined use of Pstl-ApeKl produced a fragment
size distribution suitable for sequencing on Illumina platforms
with a mean insert size of ~220 bp. The GBS was conducted in 2 ×
150 bp (paired-end) sequencing mode using NexSeq 500/550 v2
and NovaSeq SP FC NGS platforms to generate the reads. This
produced about 1.5 million read pairs per sample. The reads were
then adapter clipped, and those containing Ns were discarded
along with reads whose 5′ ends did not match the restriction
enzyme site. This was followed by trimming the 3′-end of the
remaining reads using Trimmomatic v. 0.3 (Bolger et al., 2014) to
obtain an average Phred quality score of ≥20 over a window of ten
bases and discarding reads with a final length <20 bp.

Read Alignment, Single Nucleotide
Polymorphism Discovery and Filtering, and
Genotype Calling
For this GBS analysis, Eleusine coracana subsp. coracana cultivar
ML-365 scaffold-level genome assembly (Hittalmani et al., 2017;
https://www.ncbi.nlm.nih.gov/assembly/GCA_002180455.1/)
was used as a reference genome, as there is no chromosome-level
assembly available for finger millet yet. BWA-MEM v. 0.7.12
software package (Li and Durbin, 2009) was used to align quality
trimmed reads against the reference genome. Themapping rate of
the GBS reads to the reference genome (containing 525,627
scaffolds with a total size of 1.3 Gb) was 99.16%. Then,
Freebayes v. 1.2.0 (Garrison and Marth, 2012) was used for
variant discovery and genotype calling as diploids. The
alignment of the reads from the 288 finger millet genotypes
resulted in the discovery of 101,889 SNPs. The SNPs were
then filtered using GBS-specific criteria (minimum read count
> 8, minimum allele frequency (MAF) ≥ 0.05, and percentage of
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samples with assigned genotype ≥66%). Out of 71,140 SNPs with
average read counts of above eight, 11,120 SNPs were fully
covered (2 × 150 bp reads), had MAF of ≥5%, and scored in
≥66% of the samples. The 11,120 SNPs spanned 4,729 scaffolds,
with 51.4% of the scaffolds containing a single SNP, although up
to 32 SNPs were recorded per scaffold (Supplementary Figure
S1). The 11,120 SNPs were further filtered, and 5,226 biallelic
SNPs with genotypic data across all samples (no missing data)
were used for genetic diversity analyses described below.

Data Analysis
The vast majority of the finger millet accessions used in this study
are landraces, originally collected from diverse agro-ecologies.
Additionally, each accession was represented by a single genotype
as described above. Hence, to facilitate data analysis and better
understand the pattern of genetic diversity, the accessions were
grouped based on different criteria prior to data analyses. First,
the 288 accessions were grouped into seven groups according to
their geographic origin, which will be referred to as “populations”
(Pop-1 to Pop-7) from here on for the sake of simplicity. Pop-1 to
Pop-5 represent Ethiopian landrace accessions, and their
descriptions are as follows: Pop-1 represents accessions
collected from Agew-Awi, Gojam, Bahrdar, and Metekel
(northwestern accessions); Pop-2 represents accession from
western Tigray and Gonder (northern accessions); Pop-3
represents accessions collected from Wellega and IIluababora
(western accessions); Pop-4 represents accessions from central,
eastern, and southern Tigray and northern Wello (northeastern
accessions); Pop-5 represents accessions with unknown sampling
location; and Pop-6 represents the 14 improved cultivars whereas
the 46 Zimbabwean landrace accessions form Pop-7.

Second, the accessions were grouped based on days to
flowering, as early flowering and late flowering types
(Supplementary Figure S2). Third, the accessions were
grouped based on their panicle shape as open (fingers
straight), semi-compact (top of fingers curved inward), and
compact (fingers fully curved inward) (Supplementary Figure
S3). Fourth, the accessions were broadly grouped into two groups
based on the performance of accessions against aluminum
toxicity (Al), where accessions having relative root length
(RRL) above and below 50% were grouped as Al-tolerant and
Al-susceptible, respectively (Supplementary Figure S4). Finger
millet production is hampered by abiotic factors such as Al
toxicity, so it is necessary to use this information to group the
accessions according to their level of Al tolerance.

The genetic diversity of the 288 accessions grouped based on
different criteria was assessed using different statistical programs.
For this data analysis, 5,226 SNPs with minor allele frequency
(MAF) above 5% and no missing values were used.
Polymorphism information content (PIC) of the SNPs was
calculated as described by Hildebrand et al. (1994). The
frequency spectrum of segregating sites of each population was
analyzed using the command analysis through segregating sites
option in population size changes added to a toolbar of DNASP v
6 (Rozas et al., 2003). The number of alleles (Na), effective
number of alleles (Ne), observed heterozygosity (Ho), expected
heterozygosity (He), unbiased expected heterozygosity (uHe),

Shannon’s information index (I), percentage of polymorphic
loci (PPL), and number of private alleles were calculated using
GeneAlEx v. 6.51b2 (Peakall and Smouse, 2006). The analysis of
molecular variance (AMOVA) andHardy–Weinberg equilibrium
test were performed using Arlequine v. 3.5.2.2 (Excoffier and
Lischer, 2010). The average number of pairwise differences within
and among the populations and Nei’s genetic distance (Nei, 1972)
were also calculated using the same software, and their graphic
representation was generated using scripts of a console version of
the R statistical package (Rcmd) triggered through a command
button added to Arlequin’s toolbar.

Neighbor-joining (NJ) cluster analysis was done based on
Nei’s genetic distance using the MEGA7 program (Kumar S.
et al., 2016). GeneAlEx v. 6.51b2 was used for principal
coordinate analysis (PCoA). Furthermore, the genetic
structure of the accessions was evaluated using
STRUCTURE 2.3.4 software (Pritchard et al., 2000).
STRUCTURE analysis was run for K = 1 to K = 10 with 10
independent runs at each K using the admixture model with
burn-in period length of 1,000,000 and a Markov chain Monte
Carlo of 1,000,000 replications. STRUCTURESELECTOR (Li
and Liu, 2018) was used to determine the optimum K based on
the different approaches described by Puechmaille (2016).
After the optimum K was determined, the CLUMPACK
beta version (Kopelman et al., 2015) was used to display the
graphical representation of the population structure.

RESULTS

Characteristics and Distribution of the
Single Nucleotide Polymorphism Markers
A total of 5,226 SNP markers with MAF above 5% and without
missing data were used for genetic diversity analyses of the
finger millet accessions (Supplementary Table S2). The 5,226
SNPs were spread across 2,500 scaffolds, with 52.7% of these
scaffolds containing only one of the SNPs although the number
of SNPs per scaffold ranged from 1 to 18 (Figure 1). The mean
and median of the MAF of the SNPs were 0.19 and 0.15,
respectively, with 25% of the SNPs having a MAF above 0.27
(Figure 2). The polymorphism information content (PIC) of
the SNPs varied from 0.09 to 0.38 with a mean and third
quartile of 0.23 and 0.32, respectively. Similarly, the mean
values of the effective number of alleles (Ne), Shannon
information index (I), observed heterozygosity (Ho),
expected heterozygosity (He), unbiased expected
heterozygosity (uHe), and fixation index (F) of the SNPs
were 1.43, 0.44, 0.10, 0.28, 0.28, and 0.73, respectively
(Figure 2). A significant number of SNPs were outliers in
terms of Ho and F. The Ho of 75% of the SNPs was below 0.03,
whereas the F of the SNPs varied from −0.99 to 1.0 (Figure 2).
Based on the site-frequency spectrum, it was revealed that the
MAF distribution of the SNP loci varied substantially among
the seven finger millet populations (Figure 3). Only 4.5% of
the individuals across all populations had minor alleles at more
than 10% of the SNP loci, with all individuals having minor
alleles at less than 35% of the loci. At a population level, only
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1.0%, 1.8%, 0%, 7.1%, 55.6%, 21.4%, and 2.2% of the
individuals had minor alleles in ≥10% of the SNP loci in
Pop-1 to Pop-7, respectively. A coalescent analysis based on
the expected site-frequency spectrum did not match the
observed frequency distributions well, with a vast majority
of individuals in all populations exhibiting lower expected
values than observed (Figure 3).

The Hardy–Weinberg equilibrium (HWE) test was conducted
using 1000,000 steps in the Markov chain and 100,000 steps in
dememorization by assuming that the 288 accessions are random
samples from a single population. This analysis revealed that 2.5%
of the loci were at HWE, 11% were with excess heterozygosity,
and 86.5% were with heterozygosity deficit. Interestingly, the vast
majority of the loci deviated from HWE at a highly significant

FIGURE 1 | Pie chart showing the distribution of the 5,226 SNPs used for genetic diversity analysis across the scaffolds of the finger millet reference genome.

FIGURE 2 | Box plot depicting the variation in minimum allele frequency (MAF), polymorphism information content (PIC), effective number of alleles (Ne), Shannon
information index (I), observed heterozygosity (Ho), expected heterozygosity (He), unbiased expected heterozygosity (uHe), and fixation index (F) of the 5,226 SNP loci
across the 288 accessions.
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level (p < 0.01) with 10.7% and 86.4% of them showing
heterozygosity excess and deficit, respectively (Figure 4).

Genetic Diversity of the Finger Millet
Accessions
As a means to facilitate data analysis and determine patterns of
genetic diversity, the 288 accessions were divided into seven
populations based on geographic proximity and the potential
for germplasm exchange. Pop-1 to Pop-7 comprised 105, 31,

55, 28, 9, 14, and 46 accessions, respectively. Based on their
flowering time under greenhouse conditions, we broadly
grouped the accessions into “early” and “late” flowering
types, with 115 days to flowering as the dividing point
(Supplementary Figure S2). The early and late flowering
types accounted for 69.4 and 30.6% of the accessions,
respectively. In terms of panicle shape (Supplementary
Figure S3), the majority of the accessions had open panicles
(71.2%), whereas those with curved and semi-curved panicles
accounted for 19.1% and 9.7% of the accessions, respectively.

FIGURE 3 | Graph depicting minor allele frequency (MAF) based site-frequency spectrum across 5,226 SNP loci in the seven finger millet populations.

FIGURE 4 | Pie chart illustrating the number and proportion of SNP loci at Hardy–Weinberg equilibrium (HWE) and those with a significant deviation from HWE in
terms of heterozygote excess and deficiency.
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The Al tolerance experiment revealed that 20.8% of the
accessions had RRL values above 50% and were hence
considered tolerant of Al toxicity. However, the RRL values
of the vast majority of accessions (77.2%) were below 50% and
so were considered susceptible to Al toxicity. The results of
genetic diversity analyses for the different groups of accessions
are presented below.

Among the seven populations, the effective number of
alleles (Ne) varied from 1.19 (Pop-4) to 1.44 (Pop-1), with
an overall mean of 1.33 (Table 1). Shannon information index
(I) ranged from 0.16 (Pop-4) to 0.40 (Pop-1) with an average
value of 0.30. In terms of observed heterozygosity (Ho), there
were slight differences between the populations, which only
varied from 0.09 to 0.11. On the contrary, expected
heterozygosity (He) or gene diversity ranged from 0.11
(Pop-4) to 0.26 (Pop-1) with an average value of 0.20,
which were similar to the corresponding values of unbiased
expected heterozygosity (uHe). The percentage of
polymorphic loci (PPL) showed threefold variation among
the populations, with Pop-1 having the highest (96%) and
Pop-4 the lowest (32%) values, and on average 69% of the loci
were polymorphic. Interestingly, the level of genetic diversity
of the improved cultivars (Pop-6) was similar to the overall
average values regardless of the relatively small sample size
(Table 1). Pop-1, Pop-2, Pop-3, and Pop-7 were more diverse
and Pop-4 and Pop-5 less diverse when compared with Pop-6
(improved cultivars).

The genetic analyses of the accessions grouped based on
panicle type revealed that accession with open panicle had
higher mean values for most of the diversity parameters (Na =
1.99, Ne = 1.40, I = 0.38, Ho = 0.11, He = 0.25, and PPL =
100%) than semi-compact accessions (Na = 1.87, Ne = 1.34, I =
0.33, Ho = 0.11, He = 0.21, and PPL = 87%) and compact
accessions (Na = 1.70, Ne = 1.38, I = 0.33, Ho = 0.09, He = 0.22,
and PPL = 70%) (Table 1). The early and late flowering groups
had quite similar values for the different genetic diversity
estimates, with the early flowering group having Ne = 1.45,
I = 0.43, Ho = 0.10, He = 0.28, and PPL = 100% and the late
flowering group having Ne = 1.42, I = 0.40, Ho = 0.11, He =
0.26, and PPL = 100% (Table 1). The Al-tolerant group had
slightly higher values in effective number of alleles, Shannon
information index, and expected heterozygosity (Ne = 1.45, I =
0.41, and He = 0.27) than the Al-susceptible group (Ne = 1.39, I
= 0.39, and He = 0.24). All loci were polymorphic in the Al-
susceptible group as opposed to 93% polymorphic loci in the
Al-tolerant group. Among the seven populations, private
alleles were recorded only in Pop-1 (NPA = 13) and Pop-7
(NPA = 11) (Table 1). The frequency of the unique alleles in
Pop-1 varied from 0.138 to 0.148, while in Pop-7, it varied
from 0.315 to 0.576 (Table 2). In the case of panicle-type
group, the number of unique alleles to open, semi-compact,
and compact panicle groups were 111, 0, and 64, respectively.
Moreover, 25 unique alleles were specific to early flowering
group as opposed to only one in late flowering group. Likewise,

TABLE 1 | Estimates of different genetic diversity parameters for different groups of finger millet accessions: mean values for the observed number of alleles (NA), effective
number of alleles (Ne), Shannon’s information index (I), observed heterozygosity (Ho), expected heterozygosity (He), unbiased genetic diversity (uHe), percentage of
polymorphic loci (PPL), and number of private alleles (NPA).

Groups N Na Ne I Ho He uHe PPL NPA

Pop-1a 105 1.96 1.44 0.40 0.11 0.26 0.26 0.96 13
Pop-2a 31 1.69 1.36 0.33 0.10 0.22 0.22 0.69 0
Pop-3a 55 1.87 1.33 0.32 0.11 0.20 0.21 0.87 0
Pop-4a 28 1.32 1.19 0.16 0.09 0.11 0.11 0.32 0
Pop-5a 9 1.53 1.33 0.28 0.10 0.19 0.20 0.53 0
Pop-6a 14 1.69 1.31 0.31 0.09 0.19 0.20 0.69 0
Pop-7a 46 1.76 1.36 0.32 0.09 0.21 0.21 0.76 11
Mean 41.1 1.69 1.33 0.30 0.10 0.20 0.20 0.69 3.4

EFb 126 2.00 1.45 0.43 0.10 0.28 0.28 1.00 25
LFb 162 2.00 1.42 0.40 0.11 0.26 0.26 1.00 1
Mean 144 2.00 1.43 0.42 0.10 0.27 0.27 1.00 13

Compactc 55 1.70 1.38 0.33 0.09 0.22 0.22 0.70 64
Semi-compactc 31 1.87 1.34 0.33 0.11 0.21 0.21 0.87 0
Openc 202 1.99 1.40 0.38 0.11 0.25 0.25 0.99 111
Mean 96 1.85 1.37 0.35 0.10 0.23 0.23 0.85 58.3

Tolerantd 60 1.93 1.45 0.41 0.10 0.27 0.27 0.93 11
Susceptibled 228 2.00 1.39 0.39 0.11 0.24 0.24 1.00 387
Mean 144 1.96 1.42 0.40 0.10 0.26 0.26 0.96 199

EF, early flowering; LF, late flowering; N, number of accessions.
aAccessions were grouped according to geographic proximity and the potential for germplasm exchange.
bAccessions were grouped according to days to flowering.
cAccessions were grouped according to panicle shape.
dAccessions were grouped according to tolerance to aluminum toxicity.
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TABLE 2 | List of SNP loci with a private allele in Pop-1 and Pop-7 with their alleles and allele frequencies.

No. Locus name Population Private allele Private allele frequency

1 LXGH01033309.1_4802 Pop-1 T 0.148
2 LXGH01036535.1_25361 Pop-1 G 0.138
3 LXGH01036535.1_25481 Pop-1 G 0.138
4 LXGH01224870.1_62858 Pop-1 C 0.138
5 LXGH01296805.1_22457 Pop-1 T 0.138
6 LXGH01296805.1_22532 Pop-1 A 0.138
7 LXGH01296805.1_22641 Pop-1 G 0.138
8 LXGH01296805.1_22649 Pop-1 G 0.138
9 LXGH01296805.1_4809 Pop-1 A 0.138
10 LXGH01296805.1_4820 Pop-1 G 0.138
11 LXGH01405315.1_45826 Pop-1 G 0.138
12 LXGH01405315.1_45892 Pop-1 C 0.138
13 LXGH01405315.1_45929 Pop-1 G 0.138
14 LXGH01094451.1_9437 Pop-7 T 0.435
15 LXGH01151768.1_642 Pop-7 T 0.315
16 LXGH01174315.1_91057 Pop-7 A 0.576
17 LXGH01211987.1_24770 Pop-7 G 0.348
18 LXGH01246444.1_13014 Pop-7 A 0.391
19 LXGH01321131.1_13891 Pop-7 A 0.348
20 LXGH01321131.1_14094 Pop-7 C 0.348
21 LXGH01321131.1_14706 Pop-7 C 0.348
22 LXGH01321131.1_14787 Pop-7 C 0.359
23 LXGH01321131.1_16828 Pop-7 A 0.348
24 LXGH01482256.1_2202 Pop-7 T 0.380

TABLE 3 |Analysis of molecular variance (AMOVA) of different groups formed from the 288 fingermillet accessions based on their geographic origin, country of origin, panicle
type, days to flowering, and aluminum tolerance using 5,226 SNP markers.

Source of variation df SS MS Est. Var. PV FI p-value

Seven populations

Among pops 6 183,071.9 30,511.98 767.44 30 0.305 p < 0.001
Within pops 281 492,412.4 1,752.357 1752.36 70
Total 287 675,484.3 2519.80

Ethiopia vs. Zimbabwe

Among countries 1 115,499.5 115,499.5 1,468.74 42.9 0.429 p < 0.001
Within countries 286 559,984.8 1,957.989 1,957.99 57.1
Total 287 675,484.3 3,426.73

Open vs. semi-compact vs. compact panicles

Among ear shape groups 2 62,139.14 31,069.57 453.09 30 0.300 p < 0.001
Within ear shape groups 285 301,174.6 1,056.753 1,056.75 70
Total 287 363,313.7 1,509.85

Early vs. Late flowering

Among flowering groups 1 34,807.07 34,807.07 229.73 9.3 0.09 p < 0.001
Within flowering groups 286 641,277.1 2,242.228 2,242.23 90.7
Total 287 676,084.2 2,471.96

Al-tolerant vs. Al-susceptible

Among tolerance groups 1 42,568.6 42,568.6 436.29 28 0.280 p < 0.001
Within tolerance groups 286 320,745.1 1,121.486 1,121.49 72
Total 287 363,313.7 1,557.77

DF, degrees of freedom; SS, sum of squares; MS, mean square; Est. Var, estimated variance; PV, percentage of variation; FI, fixation index (FST).
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11 and 387 private alleles were recorded in the Al-tolerant and
Al-susceptible groups, respectively (Table 1).

Genetic Variation Within and Among
Different Groups of Accessions
Analysis of molecular variance (AMOVA) was conducted to
estimate the genetic variation within and among different
groups of finger millet accessions grouped based on
different criteria. AMOVA for the seven populations
revealed that the variation within and among the

populations accounted for 70% and 30% of the total
variation, respectively (Table 3). When accessions were
grouped based on country of origin (Ethiopia vs.
Zimbabwe), AMOVA revealed that the variation within and
among countries accounted for 57.1% and 42.9% of the total
variation, respectively. Similarly, the variation among days to
flowering groups (early vs. late), panicle-type groups (open vs.
semi-compact vs. compact), and aluminum tolerance groups
(Al-tolerant vs. Al-susceptible) accounted for 30%, 9.3%, and
28% of the corresponding total variations, respectively
(Table 3). Interestingly, the variations among the groups
formed based on all criteria were highly significant (p <
0.01). The estimates for the differentiation among the
groups (FST) were 0.31 (for the seven populations), 0.43 (for
country of origin), 0.30 (for panicle type), 0.09 (for days to
flowering), and 0.28 (for aluminum tolerance) (Table 3).

Pairwise Genetic Distance, Cluster, and
Principal Coordinate Analyses
Pairwise Nei’s standard genetic distance among the seven
finger millet populations ranged from 0.01 to 0.48. The
lowest genetic distance was found between Pop-2 and Pop-5
(0.01), followed by Pop-1 vs. Pop-2 (0.04) and Pop-1 vs. Pop-5

TABLE 4 | Pairwise Nei’s standard genetic distance between the seven
populations of finger millet evaluated using 5,226 SNP markers. A diagonal
value is the mean genetic distance of the corresponding populations from the
other populations.

Pop-1 Pop-2 Pop-3 Pop-4 Pop-5 Pop-6 Pop-7

Pop-1 0.18
Pop-2 0.04 0.17
Pop-3 0.10 0.09 0.16
Pop-4 0.20 0.19 0.14 0.25
Pop-5 0.06 0.01 0.09 0.19 0.17
Pop-6 0.24 0.24 0.16 0.30 0.24 0.24
Pop-7 0.41 0.44 0.38 0.48 0.43 0.27 0.40

FIGURE 5 | Graphical representation of the average number of pairwise differences between the seven finger millet populations generated using 5,226 SNP
markers. Below diagonal represents Nei’s genetic distance, diagonal represents pairwise differences within populations, and above diagonal represents pairwise
differences between populations.
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(0.06) (Table 4), which is in agreement with the average
number of pairwise differences (Figure 5). The highest
genetic distance was obtained between Pop-4 and Pop-7
(0.48), followed by Pop-2 vs. Pop-7 (0.44) (Table 4). Pop-7
(representing Zimbabwean accessions) had a higher genetic
distance to most of the finger millet populations from Ethiopia
(0.27–0.48) when compared with the genetic distance between
pairs of the Ethiopian populations (0.01–0.30). Pop-7 was
more similar to Pop-6 (released cultivars) among the six
populations representing the Ethiopian finger millet gene
pool with a genetic distance of 0.27 (Table 4; Figure 5).
The mean Nei’s genetic distance of each population from
the other populations varied from 0.16 (Pop-3) to 0.40
(Pop-7). The analysis of the average number of pairwise
differences within populations revealed that Pop-1 and Pop-
4 had the highest and lowest differences, respectively
(Figure 5). In agreement with the genetic distance data,

most Zimbabwean accessions were phenotypically distinct
from most Ethiopian accessions by being early flowering
type and having compact panicles and shorter and
stronger stems.

The Nei’s standard genetic distance-based neighbor-joining
(NJ) cluster analysis of the 288 accessions revealed seven
clusters with a good clustering pattern according to their
geographic origin, except that few accessions collected from
different regions were clustered together (Figure 6). Cluster-I
was the largest and more diverse group comprising 36 early-
flowering and 67 late-flowering accessions from Pop-1 (84),
Pop-2 (13), Pop-3 (two), and Pop-5 (four). Cluster-II was also
a diverse group in terms of populations containing 38 early-
and 33 late-flowering accessions from Pop-1 (17), Pop-2 (15),
Pop-3 (four), Pop-4 (29), Pop-5 (four), Pop-6 (one), and Pop-7
(one). Cluster-III comprised one accession of Pop-1 and six
accessions of Pop-3, all of which were a late flowering type.

FIGURE 6 | Nei’s standard genetic distance-based neighbor-joining tree showing the clustering pattern of the 288 finger millet accessions. Accessions sharing a
symbol with the same shape and color belong to the same population.
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Cluster-IV is composed of 14 early-flowering and 15 late-
flowering type, of which 26 accessions were from Pop-3, and
the remaining three accessions were from Pop-5, Pop-6, and
Pop-7. Cluster-V comprised 10 accessions (two early- and
eight late-flowering type) from Pop-3 (nine) and Pop-6 (one).
Cluster-VI was the smallest cluster with four late-flowering
accessions from Pop-3 (three) and Pop-4 (one). Another large
and heterogeneous group was Cluster-VII comprising 46

early- and 17 late-flowering accessions from Pop-1 (three),
Pop-3 (four), Pop-6 (12), and Pop-7 (44) (Figure 6).

Principal coordinate analysis (PCoA) was used to visualize the
differentiation among the 288 accessions (Figure 7). The analysis
revealed that the first and second coordinates together explained
58% of the total variation. In spite of the lack of distinct
clustering, the 288 accessions could be broadly categorized
into four clusters, mainly based on the first coordinate that

FIGURE 7 | Bi-plot of principal coordinate analysis (PCoA) generated using 5,226 SNP markers depicting the genetic relationship among the 288 finger millet
accessions. A symbol of the same shape and color represents accessions of the same population.

FIGURE 8 | A graphical display of the genetic structure of 288 accessions of finger millet at K = 3, forming three clusters (shown by different colors) and exhibiting
different levels of admixture. (A) Individual accessions were arranged according to the level of their membership in different clusters and (B) individual accessions were
arranged according to their assigned populations (Pop-1 to Pop-7) comprising 105, 31, 55, 28, 9, 14, and 46 accessions, respectively.
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explained 42.7% of the total variation. Cluster-I comprised almost
exclusively accessions from Pop-1 and Pop-2, only with
additional two accessions from Pop-3 and Pop-5. Cluster-II
was the most heterogenous group comprising accessions from
all the seven populations. Interestingly, all accessions of Pop-4
were tightly grouped in this cluster. Cluster-III was the smallest,
comprising six accessions of Pop-3 and nine accessions of Pop-6.
The vast majority of accessions from Zimbabwe (Pop-7) were
placed in Cluster-IV, containing three accessions from Pop-1, one
accession from Pop-3, and two accessions from Pop-6 (Figure 7).

Population Structure Analysis
According to the admixture model-based population genetic
structure analysis conducted using the 5,226 SNP markers,
three genetic populations represent the 288 accessions the best
(Figure 8). This analysis revealed that Pop-1, Pop-2, Pop-3,
and Pop-5 were dominated by alleles from the first two genetic
populations (red and green). Population-4 was the least diverse
among the Ethiopian finger millet populations, with its alleles
almost entirely originating from the first genetic population
(red). The improved cultivars appeared to be the results of
strong admixture between the second and third genetic
populations (green and blue). In agreement with the results
of cluster analysis and PCoA, accessions from Zimbabwe were,
in general, distinctly separated from the Ethiopian accessions
by having the vast majority of their alleles from the third
genetic population (blue) (Figure 8).

DISCUSSION

The Single Nucleotide Polymorphism
Markers
The GBS method that uses two restriction enzymes is a highly
effective method for reducing genome complexity and
generating high-quality SNP markers in several crops,
including barley, wheat (Poland et al., 2012), and cacao
(Osorio-Guarin et al., 2020), which was also demonstrated
in the present study. The GBS method has been used
previously for simultaneous SNP discovery and genotyping
in finger millet (Kumar A. et al., 2016; Gimode et al., 2016; Qi
et al., 2018; Tiwari et al., 2020). However, none of them used
the Pstl/ApeKl methylation-sensitive restriction enzyme
combination. Hence, the SNPs identified in this study
represent a novel genomic resource for finger millet as the
target genomic regions were different from those in the
previous study. The final set of 5,226 SNP markers used in
this study were distributed across 2,500 scaffolds with only
one SNP per scaffold in most cases, indicating a wide
distribution of these SNPs across the finger millet genome.
Hence, the Pstl/ApeKl enzyme combination is suitable for
GBS-based SNP discovery in finger millet and closely related
species. The allele frequencies of most of these SNPs exceed
10%, with a quarter exceeding 27%, which makes them ideal
for population genetics and genome-wide association studies
(GWAS). The polymorphism information content (PIC) is a

measure of the informativeness of molecular markers, and the
higher the PIC value of a locus is, the more informative it is
(Hildebrand et al., 1994; Shete et al., 2000). A bi-allelic SNP
locus can have a maximum PIC value of 0.38, which is
attained when both alleles are equally frequent. The SNP
loci in the present study have an average PIC of 0.23, and a
quarter have PIC values over 0.32, making them highly
informative. The average PIC (0.23) obtained in this study
was lower than the average PIC (0.29) value estimated for
finger millet accessions in Gimode et al. (2016). The slightly
higher mean PIC value in Gimode et al. (2016) could most
likely be due to the use of more diverse accessions (wild and
cultivated) and much fewer SNP loci (80) with more frequent
alleles when compared to the present study (MAF > 0.05).
Similarly, it is also lower than the average PIC of earlier
studies using expressed sequence tags and genomic
microsatellites (SSR) markers (Gimode et al., 2016;
Krishna et al., 2018; Lule et al., 2018; Pandian et al., 2018;
Brhane et al., 2021). The PIC values of SNP markers are
generally lower than those of SSR markers, as the average
number of alleles per locus is higher in SSRs than in bi-allelic
SNPs (Chao et al., 2009).

Finger millet is a highly self-pollinating crop. Hence, the
overall expected heterozygosity (He) is expected to be higher
than the observed heterozygosity (Ho) if all other HWE
assumptions are met. In line with the expectation, the
mean He value (0.28) was higher than the mean Ho value
(0.10) in the present study. A recent study in sorghum (a self-
pollinating cereal crop) using 3001 SNP markers reported
mean He and Ho values of 0.10 and 0.06 (Enyew et al., 2021).
The lower values in the latter case are most likely because
most of the SNP markers used were located within genes
(Enyew et al., 2021) and hence are expected to be less diverse
than GBS-based SNP markers. Similar bi-allelic SNP-based
studies in noug (Guizotia abyssinica; Tsehay et al., 2020) and
red clover (Trifolium pratense; Osterman et al., 2021)
reported Ho values of 0.24 and 0.22, respectively. It is
expected that noug and red clover have higher Ho values
than finger millet and sorghum because both of these crops
are strictly outcrossing, enabling a higher level of
heterozygosity. According to the HWE test, 97.5% of the
loci showed significant deviation from HWE, with 86.5% of
loci showing heterozygote deficiency. Due to the self-
pollinating nature of finger millet, there is a high
likelihood of heterozygote deficiency at the vast majority
of loci, although other evolutionary forces may have
played a role as well. In contrast, approximately one-tenth
of the SNP loci displayed excess heterozygosity, which is
interesting. The result of the present study suggests that
selection pressures that favor heterozygosity are at work at
these loci, and further studies targeting these loci will shed
more light on their significance. As indicated by Tsehay et al.
(2020), loci with heterozygote excess or deficit contrary to the
reproductive mechanism of a plant indicate that such loci are
under various types and intensity of selection and other
evolutionary forces.
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Genetic Diversity Within Groups of
Accessions
The genetic characterization of germplasm using codominant
DNA markers is a crucial step toward developing stable and
productive cultivars with various desirable traits. In the present
study, 5,226 GBS-based SNP markers were used to examine the
pattern and level of genetic diversity across 288 finger millet
accessions representing the finger millet gene pool in Ethiopia
and Zimbabwe. According to the result of site-frequency
spectrum analysis, there is substantial genetic diversity among
the seven finger millet populations, as evidenced by variation in
minor allele frequency distributions between them. However,
individual accessions in different populations generally bear
minor alleles at fewer loci compared to results obtained in a
similar study in sorghum (Enyew et al., 2021). More than 50% of
individuals in Pop-5 and over 20% of individuals in Pop-6 had
minor alleles in at least 10% of the SNP loci, as opposed to the
other populations with minor alleles in less than 8% of the loci.
Pop-6 represents released cultivars, and hence it is likely that
minor alleles play a significant role in their improved traits.
Although Pop-5 lacks passport data, it would be interesting to
investigate them further to uncover their phenotypic diversity of
desirable traits.

The level of genetic diversity observed across the populations in
this study was comparable to that of earlier studies in finger millet
based on SSR markers (Babu et al., 2014; Nirgude et al., 2014;
Ramakrishnan et al., 2016; Pandian et al., 2018). Among the seven
finger millet populations, Pop-1 was the most diverse as estimated
based on different parameters (Ne = 1.44; I = 0.40; He = 0.26; PPL =
0.96). Because the sample size of this population is larger than that
of the other populations and the accessions originated from
broader areas and diverse agro-ecological environments, their
genetic diversity is expected to be higher. However, sample size
does not fully explain the lowest genetic diversity recorded in Pop-4
as Pop-5 and Pop-6 had a smaller sample size than Pop-4. For
example, the sample size of Pop-2 (northern accessions) and Pop-4
(northeastern accessions) is quite similar, but the gene diversity of
the former was twice that of the latter, clearly indicating low genetic
diversity in finger millet cultivated in the northeastern part of
Ethiopia. In addition to its relatively high genetic diversity, Pop-1
(northwestern accessions) came on top in terms of the private
alleles it harbors (13). Hence, the region represented by Pop-1 may
be considered a hotspot for finger millet genetic diversity in
Ethiopia, which is appropriate for the crop’s in situ
conservation because finger millet is cultivated in large
quantities in this region. The average values of different
estimates of genetic variation of the four Ethiopian landrace
populations (Pop-1 to Pop-4) were similar to those of the
Zimbabwean landrace population (Pop-7). Hence, the finger
millet gene pools in the two countries can be considered equally
diverse. The level of genetic diversity of the population representing
the cultivars (Pop-6) was within the diversity range of the landrace
populations, which suggests that at least some cultivars were
developed based on different finger millet genetic resources. It is
noteworthy that the observed heterozygosity (Ho) of the cultivars

was quite similar to that of the landraces, indicating that the
cultivars are not pure lines. This indicates that their further
improvement is possible through self-pollination.

Among the three groups of accessions classified based on the
panicle types, the genetic diversity of those with open panicles
was slightly higher than that of the other two groups. This could
be mainly because of the sample size effects as accessions with
open panicles accounted for two-thirds of the 288 accessions,
representing wider geographic areas. Finger millet with open
panicles is preferred for cultivation in Ethiopia due to its better
grain yield, drought tolerance, resistance to bird attack and
shattering, and ease to thresh (Tsehaye and Kebebew, 2002;
Bezaweletaw et al., 2007). Hence, their higher genetic diversity
is desirable for further improvement through breeding. On the
contrary, slightly higher genetic diversity was recorded in the
early flowering group than in the late flowering group, regardless
of the smaller sample size used. Similarly, a slightly greater genetic
diversity was found in the Al-tolerant group than in the Al-
susceptible group, despite a roughly fourfold larger sample size in
the latter. The accessions in the late-maturing group and Al-
susceptible group were exclusively Ethiopian, whereas both
Ethiopia and Zimbabwe were widely represented in the early
maturing group and Al-tolerant group, which may explain in part
the higher diversity level in the latter groups. Private alleles were
found in both the early maturing and the Al-tolerant groups, and
their potential associations with desirable characteristics require
further investigation. Private alleles that are strongly associated
with a desirable trait can be used in marker-assisted selection
(MAS) and selection of parental lines for crossbreeding based
development of superior cultivars with multiple desirable traits
(Park et al., 2008). Early flowering and tolerance to aluminum
toxicity are desirable traits in finger millet. Hence, based on
landraces that combine early flowering and Al tolerance,
improved cultivars with characteristics of interest can be
developed, taking advantage of their genetic diversity.

Genetic Relationships Among Accessions
and Their Groups and Population Genetic
Structure
Analysis of molecular variance (AMOVA) revealed highly
significant genetic differentiations among groups of accessions
classified based on the geographic region of origin, country of
origin, flowering time, panicle shape, and Al tolerance (p < 0.01).
The significant differentiation among groups of finger millet
accessions was in agreement with the previously published
research using EST and genomic SSR markers (Babu et al.,
2014; Pandian et al., 2018; Brhane et al., 2021). In the present
study, the highest level of differentiation was observed between
Ethiopian and Zimbabwean accessions accounting for 43% of the
total genetic variation (Table 2). The generally distinct
differentiation between the two groups was also evident from
the genetic distance data, average pairwise differences, cluster
analysis, PCoA, and population structure (Table 3; Figures 5–8).
Phenotypically, Zimbabwean accessions are dominated by early
flowering plants with shorter and stronger stems, compact
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panicles, and better Al tolerance compared to the Ethiopian
accessions. Accessions with desirable traits such as early
flowering and Al tolerance exist in both groups. Hence,
crossbreeding between selected finger millet genotypes from
the two countries increases the likelihood of recombination of
alleles that will eventually lead to superior cultivars. The
Ethiopian accession 208440 and Zimbabwean accession
203347 are excellent examples in this regard as both are early
flowering and Al-tolerant (Supplementary Table S1). However,
the high genetic distance between them placed them separately in
Cluster-II and Cluster-VII, respectively (Figure 6).

Eleven of the 14 released cultivars were clustered together in
Cluster-VII, with nine of them showing tight clustering. A recent
study based on SSR markers reported similar close clustering of
finger millet cultivars (Brhane et al., 2021). The clustering of
cultivars close together indicates that they were developed based
on genetically similar germplasm and/or selected for similar traits
during breeding. Because most Ethiopian cultivars clustered with
the Zimbabwean landrace accessions, germplasm genetically
similar to the latter may have been used in the development
of the cultivars. Among the Ethiopian landrace accessions, those
in Pop-3 (western accessions) appeared to be genetically closer to
the cultivars, except for cultivar Diga-2 (Figure 6). Thus, finger
millet cultivar development might have heavily relied on
germplasm from western Ethiopia. Nevertheless, further
research into the pedigrees of the cultivars and potential gene
flow after their release are required to shed more light on this. The
clustering pattern of accessions along the lines of days to
flowering, aluminum tolerance, and panicle types did not
resolve well in the cluster analysis and PCoA. However,
accessions carrying the desirable characteristics of these traits
are genetically diverse and can be improved through breeding due
to potential transgressive segregations (Ortiz et al., 2020).

The cluster analysis and PCoA clearly showed that Pop-1
(northwestern accessions) and Pop-2 (northern accessions) were
poorly differentiated, suggesting stronger gene flow between
them. However, some of the accessions in these populations
are different from those in other populations, as shown in
Cluster-I of the PCoA (Figure 7). Pop-4 is quite unique in
that most of its accessions are genetically highly similar (low
genetic diversity) and show close genetic relationships with some
members of all other populations, indicating its low genetic
differentiation. The fact that accessions representing all
populations were found within Cluster-II of PCoA strongly
suggests a countrywide gene flow, albeit to a different degree.
Overall, the clustering pattern of accessions generally agrees with
a recent study on Ethiopian finger millet accessions based on
genomic and EST-derived SSR markers (Brhane et al., 2021).

An important feature of the Bayesian statistical approach to
population structure analysis is that it enables the identification of
genotypes that originate purely from one genetic population or
are the results of genetic admixture (Pritchard et al., 2000; Kumar
A. et al., 2016). This study revealed that the 288 genotypes from
diverse sources originate from three genetic populations (K = 3).
Similar to the present study, population structure analyses in
previous research on finger millet using SSR and SNP markers
revealed three genetic groups with different levels of admixture

(Dida et al., 2008; Kumar A. et al., 2016; Ramakrishnan et al.,
2016; Lule et al., 2018; Pandian et al., 2018; Brhane et al., 2021). In
the present study, the Zimbabwean accessions and Ethiopian
accessions appeared to have originated from different genetic
populations with few exceptions, which is expected due to the
clear geographic separation between the two countries. In
addition, it is interesting to note that the Zimbabwean
accessions were much less admixed than the Ethiopian
landrace accessions, except for those in Pop-4 (Figure 8). The
genetic structure of Pop-1 and Pop-2 is highly similar, which
indicates that gene flow is stronger between the geographic areas
the accessions represent.

CONCLUSION

In the present study, over ten thousand SNP markers were
detected using GBS, providing a new genomic resource for
finger millet. The characterization of 5,226 of these SNPs in
diverse finger millet populations from Ethiopia and Zimbabwe
shows that they are highly informative and, therefore, suitable for
different applications, such as genome-wide association studies
and population genetics. The observed heterozygosity among
landraces and cultivars is low, agreeing with the crop’s
reproductive mechanism. However, there was excess
heterozygosity at about one-tenth of the SNP loci, although
the crop is mainly self-pollinating, suggesting evolutionary
forces favoring heterozygosity may be at play at these loci.
Future research focusing on these loci will provide more
insight into their role. In order to determine whether private
alleles found in different accession groups have potential
associations with desired traits, further investigation is needed.
Within Ethiopia, finger millet landrace accessions from different
geographic regions differ moderately in terms of genetic diversity,
with those from northeastern Ethiopia being the least diverse. The
fact that some accessions from different regions clustered closely
together suggests a countrywide gene flow, though to a different
extent. The genetic differentiation among accessions classified by
geographic region, country of origin, days to flowering, panicle
type, and Al tolerance is significantly high, with differentiation
among countries being the highest. In the case of improved
cultivars, most of them clustered tightly together, suggesting
that they were developed from similar germplasm and/or
selected for the same traits, mainly grain yield. In addition, the
level of their heterozygosity suggests that they can be further
improved through self-pollination-based breeding. By using
genetically distinct accessions from different geographic
regions or countries, crossbreeding can potentially lead to the
development of superior cultivars due to the recombination of
alleles.
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Heterologous Expression of
Arabidopsis AtARA6 in Soybean
Enhances Salt Tolerance
Zhipeng Hong1†, Yang Li1†, Yang Zhao1†, Mingyu Yang1, Xiaoming Zhang1, Yuhan Teng1,
Linjie Jing1, Danxun Kong1, Tongxin Liu1, Shuanglin Li 1, Fanli Meng1*, Qi Wang2* and
Ling Zhang3*

1Key Laboratory of Soybean Biology in Chinese Ministry of Education, Northeast Agricultural University, Harbin, China, 2Institute
of Crop Cultivation and Tillage, Heilongjiang Academy of Agricultural Sciences, Harbin, China, 3Agro-Biotechnology Research
Institute, Jilin Academy of Agricultural Sciences, Changchun, China

Salt damage is an important abiotic stress affecting the agronomic traits of soybean.
Soybeans rapidly sense and transmit adverse signals when salt-damaged, inducing a set
of response mechanisms to resist salt stress. AtARA6 encodes a small GTPase, which
plays an important role in Arabidopsis vesicle transport and salt tolerance. In this study,
we transformed the Arabidopsis gene AtARA6 into the cultivated soybean Shen Nong 9
(SN9). To investigate the salt tolerance pathways affected by AtARA6 in soybean, we
performed transcriptome sequencing using transgenic soybean and wild-type (SN9)
under salt treatment and water treatment. Our results suggest that AtARA6 is involved in
the regulation of soybean SNARE complexes in the vesicle transport pathway, which
may directly strengthen salt tolerance. In addition, we comprehensively analyzed the
RNA-seq data of transgenic soybean and SN9 under different treatments and obtained
935 DEGs. GO analysis showed that these DEGs were significantly enriched in
transcription factor activity, sequence-specific DNA binding, and the inositol catabolic
process. Three salt-responsive negative regulator transcription factors, namely MYC2,
WRKY6, andWRKY86, were found to be significantly downregulated after salt treatment
in transgenic soybeans. Moreover, four genes encoding inositol oxygenase were
significantly enriched in the inositol catabolic process pathway, which could improve
the salt tolerance of transgenic soybeans by reducing their reactive oxygen species
content. These are unique salt tolerance effects produced by transgenic soybeans. Our
results provide basic insights into the function of AtARA6 in soybeans and its role in abiotic
stress processes in plants.

Keywords: soybean, AtARA6, salt tolerance, RAB GTPase, RAB5, SNARE pathway

INTRODUCTION

Soybean (Glycine max [L.] Merr.) is an important oilseed crop that provides high-quality nutrients
and is rich in proteins, unsaturated fatty acids, and many bioactive substances, such as isoflavones.
Soybean oil is not only used as food but also as a fuel (Qi and Lee, 2014). Due to the diversity of uses,
the demand for soybeans is continuously increasing. However, soybean yields are chronically
compromised by abiotic stresses, such as drought and salt stress (Phang et al., 2008; Manavalan et al.,
2009). Soil salinity affects 20% of the world’s arable land and severely affects soybean yield and
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quality (Hamwieh and Xu, 2008; Wang et al., 2010). Currently,
more than 100 countries worldwide are facing serious soil
salinization (Tester and Davenport, 2003; Munns and Tester,
2008). To address this problem, the search for salt-tolerant genes
and the breeding of salt-tolerant soybean varieties have become a
research priority for breeders.

A variety of techniques have been used to breed salt-tolerant
soybean. While traditional breeding methods have limitations
due to long cycle times, transgenic techniques can quickly yield
soybean germplasm with good agronomic traits and genetic
stability, through overexpression or downregulation of target
genes. With the advent of advanced molecular biology
techniques, salt tolerance genes and salt tolerance mechanisms
have been widely studied. Many genes can improve salt tolerance
in soybeans by coordinating ion transport. For example,
overexpression of the Arabidopsis AtNHX (Na+, K+/H+

exchangers) antiporter gene, AtNHX5, enhances transgenic
soybean salt resistance by increasing the concentration of Na+

in leaves and roots (Wu et al., 2016).
Drought and salt damage are the most common stressors that

have a significant impact on plant growth and development,
causing significant losses in crop yield (Beeson et al., 2007; Tester
and Langridge, 2010; Agarwal et al., 2013). Plants have multiple
ways to deal with abiotic stresses, such as vesicular transport.
Substantial evidence suggests that vesicular trafficking ensures the
efficient transport of stress-related ions to vacuoles. For example,
the involvement of SchRabGDI1 in endocytic transport and
tolerance to salt stress in Solanum chilense has been reported
(Martin-Davison et al., 2017).

In eukaryotic organisms, membrane transport is a
conserved cellular process that moves materials between
organelles. This process occurs in three steps: vesicle
budding, shuttling between organelles, and fusion. Small
extracellular molecules are first screened by clathrin, then
the donor cell membrane sags to form vesicles through
endocytosis. The vesicles first bud from the donor
membrane and then move along the cytoskeleton to the
target membrane, where they undergo docking and
tethering processes, among others. Finally, the fusion of
vesicles and target membranes mediated by SNARE proteins
complete material transport. As a house-keeping process, it is
tightly regulated. Membrane transport mediated by vesicles/
tubules is an important component of substance transport in
plants. RAB-GTPase, a small GTPase with a molecular size of
20–25 kDa, is involved in vesicular transport and functions as a
molecular switch in the cycling between GDP and GTP (Bucci
and Chiariello, 2006; Schwartz et al., 2007). RAB5 belongs to
the RAB family. Arabidopsis has three RAB5 homolog genes,
AtARA7 (RABF2b), AtRHA1 (RABF2a), and AtARA6 (RABF1)
(Ueda et al., 2001). Both AtARA7 and AtRHA1 are localized in
the perivacuolar compartment (PVC), while AtARA6 is
localized at the plasma membrane, in the Golgi network
(TGN), and in multivesicular endosomes (MVEs),
suggesting that it may be involved in intracellular
endosomal transport (Hoepflinger et al., 2013). In the TGN,
AtARA6 affects SNARE complexes (soluble N-ethylmaleimide-
sensitive factor attachment protein receptor), which are crucial

for the fusion step, by regulating the R-SNARE/VAMP727
complex on the endosome and the Q-SNARE/SYP121 complex
on the plasma membrane (Ebine et al., 2011).

The importance of the SNARE pathway has been investigated
under salt stress conditions (Singh et al., 2016). In Arabidopsis,
the AtARA6 knockout line has a moderately salt-sensitive
phenotype, while the AtARA6-overexpression line has
enhanced salt tolerance (Ebine et al., 2011). SYP121 functions
in drought and ABA signaling pathways in tomato (Leyman et al.,
1999). Disruption of SYP121 decreases the water permeability of
the cell membrane (Besserer et al., 2012). In Arabidopsis, the
SYP121 mutant, AtSYP121, shows suppressed stomatal opening,
indicating that the gene may be involved in the drought response
(Eisenach et al., 2012). Recently, VAMP727 was found to
physically interact with BRI1, a brassinosteroid receptor
(Zhang et al., 2019b), thus responding to broad stress stimuli.
Another RAB family member, Rab7, has been shown to
negatively affect salt tolerance in Arabidopsis (Mazel et al., 2004).

AtARA6 is different from other RAB5 members because of its
unique N-terminal myristoylation and palmitoylation, but it has a
common activator, VPS9a (Grosshans et al., 2006). To date,
AtARA6 homologues have been found in all sequenced plants,
except for single-celled green algae, and have not been found in
animals (Ebine et al., 2012). AtARA6 exhibits a variety of
biological functions, including endosomal transport, signal
transduction, stress response, and growth regulation. In this
study, we heterologously expressed the AtARA6 gene in
soybean and found that salt tolerance was enhanced
(Supplementary Figure S1). We performed RNA-seq to
uncover potential pathways affected by the AtARA6 transgene.
Our study provides insights into the function of AtARA6 and lays
a foundation for breeding new germplasms of transgenic salt-
tolerant soybean.

MATERIALS AND METHODS

Plant Material and Growing Environment
Col-0 wild-type Arabidopsis was incubated in a normal growth
chamber with a light/dark cycle of 16 h/8 h at 22°C/16°C.
Transgenic soybean and SN9 were cultured in a greenhouse
environment with a light/dark cycle of 16 h/8 h at 28°C/25°C.

Construction of Expression Vector and
Soybean Genetic Transformation
Total RNA was extracted from 3 week-old wild-type Arabidopsis
leaves and was reverse transcribed into cDNA using the
PrimeScript RT kit (Takara, Shiga, Japan). The 609 bp CDS of
Arabidopsis AtARA6 (AT3G54840) was amplified with primers
(5′-GAAGAGAAGAAGCACATCCCAT-3′ 5′- ATGGGATGT
GCTTCTTCTCTTC-3′) designed using Primer 5.0. The
amplification products were recovered using a DNA Gel
Extraction Kit (Tiangen Biotechnology Co. Ltd., Beijing,
China) and sent for sequencing. The AtARA6 CDS was cloned
into the pTF101 vector via Spe1 and Sac1 sites. The plasmid was
transformed into Agrobacterium tumefaciens strain EHA101.
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Cultivated soybean SN9 was infected with the strain by the
cotyledon nodulation method. Regenerated plants were
obtained after exosome infiltration, clump shoot induction,
clump shoot screening, and rooting culture (Paz et al., 2006;
Zhang et al., 2019a). The bar gene driven by the CaMV35S
promoter in the PTF101 vector was used for the positive
progeny screen.

Identification of Transgenic Positive
Progeny
The transgenic progeny was first tested using LibertyLink test
strips, according to the manufacturer’s instructions
(EnviroLogix Inc., Portland, ME, United States). Genomic
DNA from test strip-positive soybean leaves was extracted
using a DNA extraction kit (Kangwei Century Biotechnology
Co., Ltd., Beijing, China), and primers were designed
according to the CDS sequences of AtARA6 and Bar genes.
The soybean actin gene was used as a control (Supplementary
Table S1).

Salt Stress Treatment
The transgenic soybeans and recipient soybean seeds were
sowed in vermiculite and watered with 0, 100 mM, or 200 mM
NaCl solutions (Wang et al., 2018). Root length was measured
after 1 week. For the salt stress treatment at emergence stages,
the NaCl concentrations chosen followed the method of Li
et al. (2017), with a slight modification: we first sowed the seeds
in vermiculite and treated them with water for 10 days until the
main leaves fully unfolded, then they were treated with
200 mM NaCl. The salt solution was changed every 3 days.
Soybean phenotypes were recorded at weeks 1, 2, and 3 after
treatment.

Determination of Salt Tolerance
Parameters
We measured representative physiological indicators of salt
tolerance in transgenic lines and SN9, including superoxide
dismutase (SOD), peroxidase (POD), and catalase (CAT)
activities after 3 weeks of salt treatment. SOD activity was
determined based on the photochemical reduction capacity of
p-Nitro-Blue tetrazolium chloride, and the absorbance value
was read at 560 nm (Beauchamp and Fridovich, 1971). POD
activity was determined based on the amount of reaction per
unit time using guaiacol as a substrate (Reuveni, 1992). During
the disappearance of H2O2, the activity of CAT is detected by
monitoring the change in absorbance at 240 nm (Yang et al.,
2008). Malondialdehyde (MDA) reflects the level of
peroxidation of plant cell membrane lipids, and we
measured MDA contents to assess the degree of damage to
transgenic lines and WT plants (Landi, 2017). Chlorophyll was
extracted in a mixture of acetone and ethanol, and the
absorbance was measured at 645, 652, and 663 nm (Arnon,
1949). The determination of proline was based on the method
described by Irigoyen et al. (1992).

RNA Extraction, Library Construction, and
RNA Sequencing
The transgenic positive line2 and WT, after salt stress treatment
for 5 days, were named S1 and S2, respectively. The transgenic
positive line2 andWT, after water treatment for 5 days, were used
as controls, and named H1 and H2, respectively. Total leaf RNA
was extracted using the OminiPlant RNA Kit (Dnase I) (Kangwei
Century Biotechnology Co., Ltd., Beijing, China), according to
the manufacturer’s instructions. Transcriptome sequencing was
performed at Biomarker Biotechnology (Beijing, China). The
mRNA was enriched with magnetic beads with Oligo (dT),
and cDNA was synthesized using random primers. The
purified double-stranded cDNA was end-repaired, A-tail was
added, sequencing connectors were ligated, and the cDNA
library was obtained by PCR. The RNA-seq library was
constructed using Illumina novaseq 6000.

qRT-PCR Validation of Gene Expression
Leaves collected 5 days after salt treatment were used for qPCR
validation. Total plant RNA was extracted using a Plant RNA
Extraction Kit (Kangwei Century Biotechnology Co., Ltd.,
Beijing, China), and gDNA Remover Mix was used to remove
genomic DNA contamination. An ABScript II RTMix (ABClonal
technology,Wuhan, China) was used for the reverse transcription
reaction, according to the manufacturer’s instructions. To
investigate the expression of AtARA6 at different treatment
times and the expression of genes with which AtARA6 may
have a reciprocal relationship, gene primers and GmActin
(NM_001289231) primers were designed using the NCBI
online website (Supplementary Table S2). The cDNA was
amplified using SYBR Green Fast qRT-PCR Mix (ABClonal
Technology Co. Ltd., Wuhan, China) using the chimeric
fluorescence method. Each treatment had three replicates. Two
internal reference primers of GmActin were used to ensure the
accuracy of qPCR. qPCR experiments were performed using the
LightCycler 480 II machine. Relative expression of GmActin was
calculated using the 2−ΔΔCT method.

Data Quality Control and Read Mapping
Raw data generated by sequencing were processed using FastQC
and Trim_galore software (the quality control threshold was 25,
reads with a length lower than 50 were discarded, the allowable
error rate was 0.1, and the minimum number of bases
overlapping with the adapter sequence was 3) to obtain high-
quality data for mapping (reads with a ratio of N greater than 10%
and reads (Q ≤ 10%) whose bases accounted for more than 50% of
the entire reads were removed). The Williams 82 reference
genome was constructed using HISAT2 software (version
2.1.0) (Parameter; hisat2-build -p 4 W82_ref. fa -snp
W82_ref.snp -ss W82_ref. ss -exon W82_ref. exon
W82_hisat2_index) (Kim et al., 2015), and unique reads were
compared. Reads on pairs were assembled and quantified by
DESeq2 (the test method was “Wald significance tests” and the fit
type was “parametric”) using the StringTie comparison (the TPM
value for the minimum allowed input transcript was 0.1 and the
minimum isoform fraction was 0.1) (Love et al., 2014; Pertea
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et al., 2015). StringTie used FPKM (transcript per million
fragments mapped) as a measure of transcript or gene
expression level. Upregulated and downregulated genes
between transgenic soybean and SN9 under salt treatments
were determined using the edgeR package in R (Robinson
et al., 2010), and all analyzed False Discovery Rate (FDR)
thresholds were less than 0.05 (Fold Change ≥ 2). All raw data
have been uploaded to the SRA database in NCBI (ID:
PRJNA789350).

Gene Ontology and KEGG Pathway
Enrichment
Differentially expressed genes (DEGs) generated between each
treatment were analyzed for gene ontology (GO) gene function
clustering and enrichment via online websites (http://www.
geneontology.org and http://bioinfo.cau.edu.cn/agriGO) with
an FDR threshold set at 0.05 (Huang da et al., 2009; Du et al.,
2010). Gene ontology was based on the National Center for
Biotechnology Information (NCBI) non-redundant protein
sequences (Nr), Swiss-Prot, protein family, and clusters of
orthologous groups of proteins (KOG/COG) database. KEGG
[Kyoto Encyclopedia of Genes and Genomes (KEGG) and
Ortholog database (KO)] pathway enrichment analysis of
DEGs was performed using the (http://www.genome.jp/kegg)
website (Kanehisa et al., 2021), and we screened for pathways
with p values less than 0.05.

All data were analyzed using two-way Analysis of Variance
to evaluate significant differences at *p < 0.05, **p < 0.01, and
***p < 0.001. All statistical analyses were carried out IBM SPSS
Statistics 22 (IBM Corp., Armonk, NY, United States). All
DEGs and pathways used for GO analysis and KEGG analysis
can be found in Supplementary Table S3 and Supplementary
File S1.

RESULTS

Soybean Transformation and Positive Line
Identification
Cultivated soybean, strain SN9, was transformed by
agrobacterium harboring AtARA6, and a total of six
transformation lines, named Line1, Line2, Line3, Line4,
Line5, and Line6, were obtained in the T0 generation

(Figure 1). PCR was used to detect the presence of AtARA6
and Bar genes separately. Five positive transgenic lines were
identified, consistent with the results of the LibertyLink test
strips (Figures 2A–C). The positive lines were propagated to
T3 to ensure stable transgene inheritance. qRT-PCR results
demonstrated that AtARA6 showed the highest expression
level at 5 days after salt treatment (Figures 2D,E).

AtARA6 Gene Improves Soybean Salt
Tolerance
We assessed the salt tolerance of transgenic soybean and WT
plants in the germination and emergence stages separately. Three
positive T3 generation transgenic lines and WT were sown in
vermiculite treated with different concentrations of salt solution.
The length of the roots was compared after 7 days of treatment.
As shown in Figures 3A,B, there was no significant difference in
root length between transgenic soybean and WT plants in the
water treatment group. However, transgenic soybean roots were
longer than WT in both 100 mM and 200 mM NaCl solutions
(Supplementary Table S4), suggesting that transgenic soybean
has stronger germination ability and adaptability under salt
stress.

We then treated transgenic soybean with unfolded opposite
true leaves in 200 mM NaCl solution WT leaves started to turn
yellow and dry at 1 week, and the true leaves wilted and fell off.
There were no significant changes in the transgenic lines Line1
and Line3, although the true leaves of Line2 turned slightly yellow
(Figure 4A). After 2 weeks of salt treatment, most of the lower
leaves of WT plants lost their green color, appeared dehydrated,
the petioles withered and fell off, the upper leaves turned yellow
and appeared dehydrated, and only a few of the apical ternate
leaves were unaffected. In contrast, only 1-2 true leaves of
transgenic soybean Line1 and Line2 turned yellow, and the
upper part of the plants stayed upright and grew normally
(Figure 4B). After 3 weeks, the entire WT plant was withered,
the growth point was necrotic, and the leaves were severely shed.
The true leaves of Line1 and Line2 transgenic soybean did not fall
off, and Line3 only had true leaves that turned yellow. The degree
of salt damage in transgenic soybean was thus significantly lower
than that in WT (Figure 4C). These results showed that the
transformation using the AtARA6 gene significantly improved
the salt tolerance pathway of SN9 and enhanced soybean
resistance to salt stress.

FIGURE 1 | Genetic transformation of AtARA6. Agrobacterium tumefaciens EHA101-mediated genetic transformation of soybean, including exosome infiltration,
clump shoot induction, clump shoot screening, and rooting culture.
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Physiological Evaluation of Salt Tolerance
To assess the salt tolerance level of transgenic soybean, we
measured the SOD, POD, and CAT activities of transgenic
soybean and WT plants under salt stress. All these activities in
both transgenic soybean and WT increased in the 200 mM NaCl
treatment group. However, the increase in these activities in
transgenic soybean was significantly greater than that in WT,
suggesting that transgenic soybean has a stronger tolerance
capacity under salt stress (Figures 5A–C). Similarly, the
increased proline content in the WT was much lower than
that in the transgenic line (Figure 5D). MDA content reflects
the degree of damage to plant membrane lipids. Both transgenic
soybean and WT MDA contents increased under salt stress, but

the transgenic line increased less than SN9 (Figure 5E). The
chlorophyll content of the soybeans decreased under salt
treatment, but that of the transgenic line was over 2-fold
higher than that of the WT plants (Figure 5F). Under stress,
the plant’s defense system responds by generating protective
enzymes such as SOD, POD, and CAT, which can reduce
ROS levels in cells. Proline, an osmoregulatory substance, can
regulate the osmotic potential of plant cells. Protective enzyme
activity and proline content increased in both transgenic soybean
and WT under salt stress. However, the elevation was much
higher in transgenic soybean than in WT. In addition, the
transgenic soybean plasma membrane was less damaged than
the WT, and chlorophyll levels were higher than in WT. Such

FIGURE 2 | Confirmation of AtARA6 transgenesis. (A,B) Positive transgenic soybean progeny Lines1-6: 404 bp of GmActin was used to detect plant genomic
DNA, AtARA6 445 bp, Bar 443=bp (M, Trans2K Plus II DNA marker; +, AtARA6 expression vector plasmid DNA; −, WT genomic DNA). (C) LibertyLink test strips for
genetically transformed soybeans. (D) RT-PCR analysis of AtARA6 gene expression at different times under 200 mM NaCl treatment. (E) qRT-PCR analysis of the
relative expression of AtARA6 in different durations under salt treatment.
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differences suggest that AtARA6 can aid soybean resistance to salt
stress and reduce the degree of damage to the organism under
such conditions.

RNA-Seq Analysis of Transgenic Lines
and WT
To investigate the potential pathways by which AtARA6 affects
salt tolerance, we performed RNA-seq analysis using Line2 and
WT in the true leaf stage under salt stress for 5 days, named S1
and S2, respectively. The same plant materials were mock-treated
with water, namedH1 andH2. The clean data obtained from each
of these samples was over 5.84 Gb, and the percentage of Q30
bases was above 92.13%. The clean data of each sample were
compared with the Williams 82 reference genome separately, and
the comparison efficiency ranged from 89.56% to 94.08%
(Table 1). Between H1 and S1, we detected 3,916 DEGs,
including 2,399 downregulated DEGs and 1,517 upregulated
DEGs in transgenic soybean under salt treatment. In the H2
versus S2 group, we detected 5,027 DEGs, including 1,729
downregulated DEGs and 3,298 upregulated DEGs in SN9
under salt treatment (Figure 6). Furthermore, we compared

the DEGs in the H2-S2 and H1-S1 groups, which shared only
246 upregulated DEGs (~5.4%) and 310 downregulated DEGs
(~8.1%) (Figure 6). These results indicate that overexpression of
the AtARA6 gene in soybean resulted in significant alterations in
gene transcription in SN9, which may be the reason for improved
salt tolerance.

AtARA6 and the Soybean SNARE
Regulatory Pathway
In the vesicular transport pathway, SNARE complexes are
responsible for the transport of substances from endosomes to
the plasma membrane. AtARA6 regulates the formation of
SNARE complexes containing VAMP727 and SYP121 (Ebine
et al., 2011). In S1 and S2 DEGs, we found two homologs of
SYP121 in soybean (Glyma.02G069700 and Glyma.16G151200).
The KEGG results showed that they were significantly enriched in
the SNARE pathway (Supplementary Table S5). VAMP727
encodes a vesicle-associated membrane protein 727 on the
target membrane and plays a role in the fusion of vesicles
with the target membrane. We found two homologous genes
of VAMP727 in soybean (Glyma.01G179300 and

FIGURE 3 | Salt treatment phenotypes of transgenic soybean and WT during germination. (A) Phenotypes of transgenic soybean Lines1-3 and WT treated with
200 mM NaCl, 100 mM NaCl, or water for 7 days at the germination stage. (B) Root length phenotypes of WT and transgenic soybean under salt stress during
germination (p < 0.05).

FIGURE 4 | Salt treatment phenotypes of transgenic soybean and WT at emergence stages. (A–C) Phenotypes of transgenic soybean Lines1-3 and WT (left)
treated with 200 mM NaCl at emergence stages for 1, 2, and 3 weeks.
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Glyma.11G062900), which were significantly upregulated in
transgenic soybean after salt treatment. KEGG enrichment
results showed that these two genes are in the endocytosis
pathway (Supplementary Table S5). We verified 4
upregulated genes using qRT-PCR (Figure 7). Our results
show that AtARA6 upregulates the SNARE genes SYP121 and
VAMP727.

Gene Ontology Enrichment Analysis of
Differentially Expressed Genes
To investigate the functions of DEGs, we performed GO analysis
of DEGs in transgenic soybean and WT plants under salt and
water treatments. We focused on 1,271 upregulated DEGs and
2,089 downregulated genes in the transgenic line under salt
treatment (Figure 6). The expression of some of these genes
may be perturbed by the AtARA6 transgene. For 1,271

upregulated DEGs, significant GO terms in RNA-related
processes were enriched, including RNA metabolic processes
(GO:0016070, p = 1.10E-05), RNA biosynthetic processes (GO:
0032774, p = 4.00E-05), regulation of transcription (GO:0006355,
p = 1.10E-05), and regulation of gene expression (GO:0010468,
p = 1.60E-05) (Table 2). We hypothesize that such upregulated
RNA-related pathways may help to explain the stronger salt
resistance of the transgenic line. It is well-known that plants
use a wide array of mechanisms, including transcriptional
regulation and posttranscriptional mechanisms, to survive
under diverse stress conditions. At the post-transcriptional
level, many studies have demonstrated that Ca2+-dependent
transcriptional reprogramming is important for the stress
response (Galon et al., 2008; Yuan et al., 2018a; Yuan et al.,
2018b). In addition, RNA modification has been shown to be
related to stress responses, such as splicing, capping,
polyadenylation, and translocation. Overexpression of the

FIGURE 5 | Determination of physiological parameters of transgenic soybean and WT treated with salt stress. (A) Superoxide dismutase (SOD) activity. (B)
Peroxidase (POD) activity. (C) Catalase (CAT) activity. (D) Proline content in leaves (µg/g). (E) Malondialdehyde content in leaves (µmol/g). (F) Chlorophyll content of
leaves after salt treatment (mg/g). All values were measured after 21 days of salt treatment. Statistical analysis was performed using one-way ANOVA, *p < 0.05, **p <
0.01, ***p < 0.001, p > 0.05 indicates the difference between transgenic line and WT was not significant.

TABLE 1 | Summary statistics of the RNA quality and sequencing results.

Clean data 59.68GB
Q30 >92.13%
Rades mapped rate 89.56%–94.08%
All database annotation 57,265
Clean data 59.68GB

Total reads on average Mapped reads on average Unmapped reads on average
H1 49,314,341 44,299,190 (89.81%) 5,015,151 (10.19%)
H2 48,795,122 45,559,462 (93.37%) 3,235,660 (6.64%)
S1 47,200,475 44,389,190 (94.05%) 2,811,286 (5.95%)
S2 54,559,953 51,243,100 (93.93%) 3,316,853 (6.08%)

Frontiers in Genetics | www.frontiersin.org May 2022 | Volume 13 | Article 8493577

Hong et al. Arabidopsis AtARA6 Expression in Soybean

264

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Arabidopsis RNA binding protein AtRGGA enhances salt
tolerance (Ambrosone et al., 2015). Similarly, overexpression
of Beta vulgaris RNA binding protein, salt tolerant 3
(BvSATO3), in Arabidopsis increased plant salt resistance
(Rosa Téllez et al., 2020).

For 2,089 downregulated DEGs in the transgenic line under
salt treatment, significant GO terms in metabolism-related
processes, (GO:0008152, p = 1.50E-27), primary metabolic
processes (GO:0044238, p = 0.0037), cellular metabolism (GO:
0044237, p = 2.50E-08), macromolecule metabolism (GO:
0043170, p = 0.019), protein metabolism (GO:0019538, p =
0.0019), carbohydrate metabolism (GO:0044262, p = 0.00077),
and glucose metabolism (GO:0006006, p = 1.60E-05) (Table 3).
We believe that the reduction of the expression of certain
metabolism-related genes may indirectly reduce the pressure
to maintain cellular homeostasis, which is perturbed by salt
stress. A similar result was found for gene expression changes
in the sugar beet under salt stress (Rosa Téllez et al., 2020).

In addition, we analyzed the direct mechanism via which
AtARA6 improves salt tolerance in soybean. Between the S1 and
S2 groups, we identified 6,572 DEGs that represent unique
processes carried out by transgenic soybean under salt
treatment. Among the GO terms, Rho guanyl-nucleotide
exchange factor activity (GO:0005089, p = 0.0045), Ras
guanyl-nucleotide exchange factor activity (GO:0005088, p =

0.0045), GTPase regulator activity (GO:0030695, p = 0.0093),
and GTPase activity (GO:0003924, p = 0.044) pathways were
significantly enriched in the molecular function module in
upregulated DEGs in transgenic soybean under salt treatment
(Supplementary Figure S2). Rho-like GTPases are plant-specific
molecular switches that play a critical role in plant survival under
abiotic stresses (Miao et al., 2018). The expression levels of DEGs
enriched in these pathways under different treatments were
found to be higher in transgenic soybean than in WT
(Figure 8). Therefore, we suggest that the upregulation of
these four pathways by the AtARA6 gene acted as a direct
factor to improve the salt tolerance of transgenic soybean.

After the GO analysis of DEGs between different treatments,
we concluded that the transgenic soybean showed significant
enrichment in terms of transcription level and substance
metabolism. In order to explore the changes caused by the
transformation of AtARA6 in soybean, we combined S1, S2
and H1, H2 for analysis. We first found 3,815 DEGs between
H1 vs. S1 and 4,933 DEGs between H2 vs. S2. Among these DEGs,
1,344 DEGs were shared and could be considered as changes in
soybean caused by salt stress. At the same time, we identified
6,456 DEGs between S1 vs. S2 as a result of transfection of the
AtARA6 gene. We found 935 DEGs between 1,344 and 6,456
DEGs, which represented the unique effects of AtARA6 gene
transformation under salt stress (Supplementary Figure S3). GO
analysis of 935 DEGs showed that they had the highest levels of
transcription factor activity, sequence-specific DNA binding
(GO:0003700, p = 5.2e-11, MF), and inositol catabolic process
(GO:0019310, p = 4.0e-10, BP), and the difference was significant
(Figure 9). Furthermore, we identified multiple salt stress-

FIGURE 6 | Comparison of DEGs between transgenic positive lines and
SN9 under salt treatment and water treatment.

FIGURE 7 | qRT_PCR analysis of homologous genes of SYP121 and
VAMP727. The homologous genes of SYP121, Glyma.02G069700 and
Glyma.16G151200. The homologous genes of VAMP727, 01G179300 and
Glyma.11G062900. They were significantly up-regulated under in
transgenic soybean after salt treatment. Three biological replicates were used.
Data was calculated using the 2−ΔΔCT method, Statistical analysis was
performed using ANOVA (p < 0.05), *p < 0.05, **p < 0.01, and ***p < 0.001.
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responsive transcription factors. MYC2 is a negative regulator of
proline synthesis and improves salt tolerance by regulating the
proline content in Arabidopsis (Verma et al., 2020). In addition,
WRKY6 and WRKY86 have been reported to negatively regulate
plant salt tolerance (Li et al., 2019; Fang et al., 2021). In our RNA-
seq results, the expression levels ofMYC2,WRKY6, andWRKY86
were all downregulated (Supplementary Table S5), indicating
that they are involved in the salt tolerance pathway of transgenic

soybean. Moreover, the phospholipase signaling pathway is an
important pathway for plant salt tolerance. The N-terminus of
phospholipase D contains a domain that binds to
phosphoinositide. At the same time, PLDα can bind to the
heterotrimeric protein subunit to regulate GTPase activity and
control stomatal movement and loss of water (Zhao and Wang,
2004). GO results showed that transgenic soybeans were
significantly enriched in the inositol catabolic process and
inositol oxygenase activity (GO:0050113, p = 2.7e-9) pathways.
Four DEGs were found to be enriched in this pathway
(Glyma.08G199300, Glyma.07G126600, Glyma.05G224500,
and Glyma.07G013900), all of which functioned to encode
inositol oxygenase. In rice, inositol oxygenase has been

TABLE 2 | GO enrichment of 1,271 upregulated DEGs.

GO term Ontology Description Genes Total genes p-value FDR

GO:0016070 BP RNA metabolic process 84 2,485 0.00021 0.0054
GO:0032774 BP RNA biosynthetic process 80 2015 1.30E-06 4.00E-05
GO:0010468 BP Regulation of gene expression 77 1850 3.80E-07 1.60E-05
GO:0006355 BP Regulation of transcription, DNA-dependent 77 1796 1.20E-07 1.10E-05

TABLE 3 | GO enrichment of 2089 downregulated DEGs.

GO term Ontology Description Genes Total genes p-value FDR

GO:0006066 BP Alcohol metabolic process 17 24 2.10E-12 3.40E-10
GO:0043170 BP Macromolecule metabolic process 427 7,301 0.00075 0.019
GO:0044238 BP Primary metabolic process 529 9,070 0.00013 0.0037
GO:0019538 BP Protein metabolic process 281 4,388 4.30E-05 0.0019
GO:0044262 BP Cellular carbohydrate metabolic process 30 235 1.60E-05 0.00077
GO:0044237 BP Cellular metabolic process 521 8,043 2.20E-10 2.50E-08
GO:0008152 BP Metabolic process 842 12,346 2.70E-30 1.50E-27

FIGURE 8 | RNA-seq reveals the expression levels of DEGs enriched in
the Rho/Ras/GTPase regulator/GTPase activity pathways under different
treatments.

FIGURE 9 | GO enrichment analysis of 935 DEGs including BP, CC and
MF. p-values < 0.01 for all GOs. Transcription factor activity, sequence-
specific DNA binding (GO:0003700, p = 5.2e-11, MF) and inositol catabolic
process (GO:0019310, p = 4.0e-10, BP) are the most significant.
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reported to scavenge reactive oxygen species (Duan et al., 2012).
In our study, these four genes were strongly upregulated after
transgenic soybean salt treatment, indicating that transgenic
soybeans could regulate the inositol catabolic process to
improve salt tolerance.

Kyoto Encyclopedia of Genes and Genomes
Pathway Enrichment Analysis of
Differentially Expressed Genes
To further investigate the mechanisms for the increased salt
tolerance of transgenic soybean, we performed KEGG analysis
on up and downregulated DEGs under salt stress in transgenic
soybean compared to WT (Figure 10A). Among the upregulated
DEGs, there was enrichment in DNA replication (ko03030, p =
6.04e-80), mismatch repair (ko03430, p = 7.22e-25), pyrimidine
metabolism (ko00240, p = 5.26e-43), homologous recombination
(ko03440, p = 8.41e-32), base excision repair (ko03410, p = 1.17e-
26), nucleotide excision repair (ko03420, p = 7.24e-32), and
starch and sucrose metabolism (ko00500, p = 1.68e-98)
(Supplementary Table S7). Previous studies have shown that
salt stress disrupts genome stability in plants (Roy et al., 2013).
Exposure to high salinity increases the risk of DNA double-strand
breaks (Roy et al., 2013). Our transgenic soybean showed
upregulated genes related to DNA replication and mismatch
repair pathways, possibly partially underlying its stronger
ability to cope with salt stress.

In the downregulated DEGs, significantly enriched pathways
included photosynthesis-antenna proteins (ko00196, p = 4.53e-
51), porphyrin and chlorophyll metabolism (ko00860, p = 2.64e-
41), cutin suberine and wax biosynthesis (ko00073, p = 1.10e-48),
flavonoid biosynthesis (ko00941, p = 2.80e-43), cysteine and
methionine metabolism (ko00270, p = 8.57e-88), and linoleic
acid metabolism (ko00591, p = 1.84e-37; Figure 10B)
(Supplementary Table S8). Many downregulated pathways
were concentrated in biosynthesis and metabolism processes,
which were in line with our hypothesis based on GO analysis
that reduction of certain metabolism-related gene expression may
indirectly reduce the pressure to maintain cellular homeostasis,

which is perturbed by salt stress. The downregulated pathways in
our study were consistent with those of previous studies. For
example, cysteine andmethionine levels decreased significantly in
broccoli after salt treatment (Lopez-Berenguer et al., 2008). In
peanuts, linoleic acid synthesis genes were also downregulated
after salt treatment (Sui et al., 2018).

DISCUSSION

Salt stress is an important factor that affects soybean yield and
growth. Transgene breeding has proven to be a promising
method for obtaining salt-tolerant cultivars. For example,
soybean GmNHX1 can accelerate the transport of Na+ from
the cytoplasm to the vesicles. Salt tolerance was improved in
both soybean and Arabidopsis by overexpression of GmNHX1
(Sun et al., 2019). In rice, overexpression of OsRab7 increases
endocytosis and leads to increased salt tolerance (Peng et al.,
2014).

In this study, an Arabidopsis key vesicle trafficking gene,
AtARA6, was transformed into soybean and stable expression
lines were confirmed by PCR and qRT-PCR. Some stress-related
indicators, such as protective enzymes, proline, and MDA, were
found to be upregulated, perhaps underlying the ability of
transgenic soybean to withstand adversity. Our results showed
that the transgenic soybean grew normally at the germination and
emergence stages under salt treatment, compared to WT, which
showed growth stagnation and eventual death.

AtARA6 belongs to the RAB5 family. Its N-terminal
myristoylation and palmitoylation sites distinguish it from
other RAB5 members. The relationship between these sites
and salt tolerance has been demonstrated in both AtARA6 and
other genes. For example, overexpression of AtARA6 in
Arabidopsis under salt treatment yields longer roots compared
to WT, indicating stronger salt resistance. However,
overexpression of AtARA6 with a 29 amino acid truncation at
the N-terminus shows a similar root length toWT, indicating that
the N-terminus is important for salt resistance (Yin et al., 2017).
Similarly, the Arabidopsis AtSOS3 gene plays a role in the salt

FIGURE 10 | Kyoto Encyclopedia of Genes and Genomes analysis of up-regulation and down-regulation of DEGs. (A,B) KEGG analysis on up-regulated (left) and
down-regulated (right) DEGs under salt stress in transgenic soybean compared to WT.
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response. The rescue of the salt-hypersensitive phenotype of
AtSOS3-1 knockout plants required the full-length AtSOS3
gene, but the AtSOS3 gene with an N-terminal mutant did not
rescue the phenotype (Ishitani et al., 2000).

In Arabidopsis, SNARE is a pathway in which AtARA6 is
directly involved, and AtARA6 has been shown to enhance salt
tolerance in Arabidopsis through vesicular transport. In this
study, we focused on SYP121 and VAMP727 genes. qRT-PCR
results showed that their expression was upregulated under salt
treatment, more in transgenic plants than in WT plants,
suggesting that the transformation of the AtARA6 gene
accelerated vesicle movement in soybean and that the
improvement in salt tolerance in soybean is due to this, as it
is in Arabidopsis. Many functions ofAtARA6 in Arabidopsis have
been reported: for example, the AtARA6 overexpression line is
more tolerant to dark-induced senescence (DIS) (Yin et al., 2017).
Recent studies have shown that AtARA6 can affect the expression
of the starch gene QQS in Arabidopsis, thus participating in the
dynamic balance between starch and soluble sugars in
Arabidopsis. A comparison of wild-type and AtARA6 mutants
revealed that AtARA6 inhibited the proliferation of pathogenic
bacteria (Tsutsui et al., 2015). We explored the function of
AtARA6 in transgenic soybeans. Here, we performed RNA-seq
on transgenic soybean and SN9 under different treatments using
leaves but not roots. Although leaves are not the first organ to
respond to salt stress, considering the function of AtARA6, it has
been reported that Qc-SNAREs transfer excess Na+ to vacuoles,
thus increasing salt tolerance in Arabidopsis (Liu et al., 2007). As
the vacuoles in the primary roots were immature, leaves became
the first choice. In addition, plants can also regulate body water
through the opening and closing of stomata. SYP121 and
VAMP71 have been reported to be related to stomata closure
(Grefen et al., 2015; Salinas-Cornejo et al., 2019). Leaves contain a
larger number of stomata compared to roots; hence, they may be
an important factor affecting the salt tolerance of soybeans. We

identified significant enrichment of RNA-related processes and
metabolic processes such as protein metabolism (GO:0019538),
suggesting that transgenic plants can adapt to high salt stress
through transcriptional regulation and metabolic regulation. At
the same time, we comprehensively analyzed the DEGs of
transgenic soybean and SN9 under different treatments and
found that inositol catabolic process and transcription factor
activity and sequence-specific DNA binding were significantly
enriched in transgenic soybean under stress conditions,
indicating that the two pathways are used for salt tolerance
improvement. We have summarized the salt tolerance pathway
of the AtARA6 transgenic soybean in a map (Figure 11). Reactive
oxygen species scavenging mechanisms are one of the important
pathways for plants to cope with abiotic stress. In our study, four
genes encoding inositol oxygenases were found to be significantly
upregulated in transgenic soybeans after salt treatment, which
was consistent with our physiological indicator measurements. In
addition, we identified multiple transcription factors that respond
to salt stress, which can serve as candidate genes for studying salt
tolerance in transgenic soybeans. Under drought and salt stress,
WRKY6 negatively regulates the ability of Arabidopsis and cotton
to tolerate abiotic stress; WRKY86 can bind to maize W-box,
thereby increasing maize catalase activity, reducing
malondialdehyde content, and improving salt tolerance.
Moreover, the transcription factor MYC2 of the bHLH family
enhances salt tolerance in Arabidopsis by regulating proline
content. They provided the basis for the changes in
physiological indexes of transgenic soybean under salt stress.
These findings suggest that transgenic soybeans have salt
tolerance pathways other than the SNARE pathway, in
contrast to Arabidopsis.

Meanwhile, terms like Rho guanyl-nucleotide exchange factor
activity, Ras guanyl-nucleotide exchange factor activity, GTPase
regulator activity, and GTPase activity were found to be
significantly enriched. To demonstrate that the enrichment of

FIGURE 11 | Salt tolerance pathway of AtARA6 transgenic soybean.
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these pathways is not caused by AtARA6 homologous genes in
soybean, we investigated the expression of five AtARA6
homologous genes. It was found that the expression levels of
these five genes were not significantly different between SN9 and
transgenic soybean under salt treatments, indicating that the
upregulation of these pathways is caused by the AtARA6 gene
itself.

Sometimes, plants need to cope with diverse stress threats
simultaneously. On one hand, combined stress conditions require
a trade-off between stress adaptation and growth. Starch and
sucrose metabolism was one of the most significant upregulated
terms in our KEGG analysis. Starch has been proved to be a key
player in response to water deficit, high salinity, and extreme
temperatures. Under these adverse environmental conditions,
chloroplasts and photosynthesis may be compromised, as
shown in our study. Starch metabolism and remobilization
provide extra energy and carbon for the plant to survive. The
correlation between starch metabolism and diverse stress
resistance has been widely proved. For example, in the model
plant, Arabidopsis, salt stress induces rapid carbohydrate
metabolism and increases soluble sugars (Kempa et al., 2008).
Similarly, in sugar beet roots, upregulated starch and sucrose
metabolism was found by RNA-seq of the plants with higher salt
resistance levels (Liu et al., 2020).

Previous studies have shown that salt stress affects genome
stability and induces DNA double-strand breaks in plants (Roy
et al., 2013). The notable enriched upregulated KEGG terms in
our transgenic soybean, mismatch repair and DNA replication,
may be associated with salt tolerance by maintaining genome
stability. Although the connection is not fully understood, some
evidence has linked genome stability and stress resistance. For
example, the eukaryotic pre-replicative complex (PreRC),
including heterohexameric minichromosome maintenance
proteins (MCM), is responsible for making sure the DNA is
replicated only once per cell division cycle. Overexpression of a
MCM family member, MCM6, in tobacco confers higher salinity
tolerance (Tuteja et al., 2011). Moreover, topoisomerase is the
specific enzyme that can remove or add DNA supercoils and
untangle snarled DNA. Enhanced salt tolerance was found in
transgenic tobacco overexpressing NtTopoIIα-1, a topoisomerase
gene (John et al., 2016).

On the other hand, prioritization of different stress
adaptations is also critical. In Arabidopsis, salt treatment
induces decreased resistance to pathogens such as
Pseudomonas syringae, Alternaria brassicicola, and Botrytis
cinerea (Haller et al., 2020). Similarly, Matthias et al. found

that ABA, a stress plant hormone, can repress immunity
against a bacterial strain, Pto hrcC−, in old leaves (Berens
et al., 2019). In cotton, overexpression of the GhMKK1 gene
enhances salt tolerance, as well as the susceptibility to the
pathogen Ralstonia solanacearum (Lu et al., 2013). In our
study, we found overexpression of an Arabidopsis gene,
AtARA6, enhances soybean salt resistance. Through KEGG
analysis, we found that downregulated genes were significantly
enriched in plant-pathogen pathways. Our data suggest that
heterologous expression of the AtARA6 gene in soybean may
prioritize the salt tolerance response over the pathogen response.
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