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Editorial on the Research Topic
Abiotic stress: Molecular genetics and genomics, volume |l

Abiotic stresses constitute major threat to farming system worldwide. The ongoing
climate change is further exacerbating the global farming landscape due to increased
frequency and intensity of abiotic stresses leading to reduced productivity and stability in
crop plants (Ashikari and Ma, 2015; Hussain et al., 2019). In recent years, there has been
a remarkable improvement in crop productivity due to development and implementation
of innovative breeding and genetic tools and technologies (Varshney et al., 2021).
However, increasing human population and rising living standards are expected to
increase the global food demand in coming years. Therefore, further agricultural
innovations are required to meet this challenge. Since most cultivars have been
developed to perform well under optimal environments with minimal perturbations
(Kukal and Irmak, 2018; Bharadwaj et al., 2021), there is a need for more stress-tolerant
crop varieties to sustain crop productivity under adverse environments (Raza
et al., 2021).

Climate variations threaten both global food security (Godfray et al, 2010) and
sustainability of the farming system (Porfirio et al, 2018). The transformation of
agriculture towards sustainability inspires research to mitigate the impact of climate
change induced abiotic stresses (Wheeler and Von Braun, 2013). Among others, use of
cultivars with enhanced adaptation to abiotic stresses is the most logical and economical
approach to have significant impact on both sustainability and food security at a global
scale (Chaturvedi et al., 2017). Therefore, understanding the plants’ response to various
abiotic stresses at the whole genome level, discovery and characterization of important
natural variants, and elucidation of abiotic stress adaptation mechanisms using modern

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2022.1101139/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.1101139/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.1101139/full
https://www.frontiersin.org/research-topics/27165
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2022.1101139&domain=pdf&date_stamp=2023-01-18
mailto:rohini.garg@snu.edu.in
https://doi.org/10.3389/fpls.2022.1101139
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2022.1101139
https://www.frontiersin.org/journals/plant-science

Garg et al.

genomic tools is crucial for designing next-generation climate-
resilient crop cultivars (Garg et al., 2016; Palit et al.,, 2020;
Rajkumar et al., 2022).

The current Research Topic “Abiotic Stress: Molecular
Genetics and Genomics, Volume II” encompasses a collection
of 30 original research articles and one review on wide range of
topics, such as genome-wide survey of key abiotic stress
tolerance genes and their characterization, genome-wide
association studies (GWAS), comparative genome-scale
transcriptomic, ionic, degradome, microRNA profiling,
selection of key salt tolerance genes during breeding process,
and abiotic stress tolerance mechanisms. These research articles
provide novel insights into plants’ responses and adaptation to
several abiotic stresses, such as salinity, alkalinity, drought,
temperature extremes, nutrient and metal toxicity, in a variety
of plant species.

Gene family analysis for discovery of
candidate gene(s) implicated in
abiotic stress tolerance

The analysis of a set of evolutionary related homologous
genes (gene families) can provide important insights into their
distinct/overlapping functions and identify candidate gene(s)
involved in important biological processes including abiotic
stress response (Jain et al., 2010; Singh and Jain; Singh et al,
2017). The article by Wang et al. reported identification of 24
metal tolerance protein (MTP) encoding genes in peanut
(AKMTP) in a genome-wide survey followed by detailed
phylogenetic relationship, gene structure, protein structure,
and gene expression analyses. The authors reported that the
differential response of AWMTP genes to Fe, Cd, and Zn exposure
in two peanut cultivars with contrasting response to metal
toxicity may be due to differential metal translocation from
roots to shoots. In another study, Yuan et al. identified 39
members of cysteine synthase (CSase) gene family in alfalfa
(Medicago sativa L.). The authors performed a systematic
phylogeny, gene structure, conserved domain and synteny
analysis of this gene family. The overexpression of a CSase
gene improved alkali tolerance by increasing the antioxidant
and osmolyte production in alfalfa. A genome-wide analysis of
late embryogenesis abundant (LEA) proteins in mung bean,
adzuki bean and cowpea by Singh et al. provided insights into
their structural and functional diversity in the three Vigna
species. One interesting finding of this study was that LEA-6
group was missing in the mung genome and all seven groups
were preset in the cowpea genome. The gene expression studies
involving seven mung bean genes demonstrated their role in
heat stress response. In a comprehensive survey of soybean
genome, Xu et al. identified 22 TLP (tubby-like protein) genes
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which were analyzed for their phylogenetic relationship, gene
structure and motif analyses. The functional characterization of
a candidate gene, GmTLP8, demonstrated its role in drought and
salinity stress responses by triggering the downstream stress-
responsive genes. Likewise, another genome-wide study by Liu et
al. identified 38 GmTIFY transcription factor genes. The
overexpression of two of these genes (GmTIFYIOe and
GmTIFY10g) in transgenic Arabidopsis and soybean plants
showed improved salt tolerance compared with wild-type
plants, whereas the RNAI lines exhibited enhanced sensitivity
to salt stress. Further, evidence of the involvement of these genes
in the ABA signaling pathway was also provided.

The study by Huang et al. reported identification of 26
members of the plant-specific Teosinte Branchedl/Cycloidea/
Proliferating Cell Factor (TCP) transcription factor family in
Pak-choi [Brassica campestris (syn. Brassica rapa) ssp. chinensis
var. communis]. The gene expression analysis revealed the
differential expression of several members in response to
different types of abiotic stresses. In another article, Li et al.
provided a comprehensive analysis of cysteine-rich polycomb-
like protein (CPP) family transcription factors in Brassica napus
and its two diploid progenitors. The analysis suggested that
whole genome duplication and transposed duplication might be
responsible for the expansion of CPP gene family in B. napus
during allopolyploidization and few of BnCPP genes undergo
neo- or sub-functionalization. The expression analysis under
salinity stress revealed the adaptive advantage of allopolyploid B.
napus compared with the diploid progenitors.

The study by Yu et al. reported 37 Calcineurin B-like
protein-interacting protein kinase (CIPK) encoding genes in
the ornamental woody plant Lagerstroemia indica and
performed various analyses thereof. The collinearity and
synonymous substitution rate analyses revealed that most of
duplicated LiCIPKs were retained by the two whole genome
duplication events. Several LiCIPKs exhibited differential
expression under different abiotic stress conditions. Further,
role of LiCIPK30 in improving salt and osmotic tolerance was
demonstrated via its overexpression in Arabidopsis. The above
studies provide an important resource for the prioritization of
candidate genes for further investigations into their function and
mechanism of action in abiotic stress responses.

Candidate gene based studies for
improvement of abiotic stress
tolerance

Chang et al. successfully cloned and characterized a
WUSCHEL-RELATED HOMEOBOX GENE 11 (WOX11) gene
from a hybrid walnut (JriWOX11), which was found induced by
abscisic acid (ABA), salt, and polyethylene glycol. Based on gene
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expression and overexpression studies, role of JriWOXII in
improving salinity and osmotic tolerance through enhanced
root system was demonstrated. This study provided the
molecular basis of differentiating the trees that are difficult-to-
root and easy-to-root. Li et al. characterized a novel NAC
transcription factor (NtNACO053) in tobacco, which was
induced by salt and drought stresses, localized in the nucleus,
and acts as a transcriptional activator. This study demonstrated
that enhanced tolerance to drought and salt stresses in
NtNACO053 overexpressing transgenic tobacco plants could be
due to enhanced antioxidant system through activation of
downstream stress-responsive genes. Lu et al. provided
evidence for the existence of two isoforms, ZmPP2C26L and
ZmPP2C26S, of ZmPP2C26, a clade B member of maize PP2C
family. The zmpp2c26 mutant exhibited enhanced drought
tolerance, whereas overexpression of ZmPP2C26L and
ZmPP2C26S significantly decreased drought tolerance in
Arabidopsis and rice. The authors suggested
dephosphorylation of ZmMAPK3 and ZmMAPK7 by the
ZmPP2C26 protein as a possible mechanism to reduce
drought tolerance and photosynthesis activity. The functional
characterization of a valine-glutamine motif-containing gene in
wheat, TaVQI4, was performed by Cheng et al. to reveal its role
in salt and drought tolerance. The TaVQI4 overexpressing lines
in Arabidopsis showed improved salt and drought tolerance via
scavenging reactive oxygen species and calcium signaling. Qin et
al. focused on functional characterization of a transcription
factor gene HbMYB44 of rubber tree (Hevea brasiliensis Mill.
Arg), which enhanced tolerance to salinity, drought, and
osmotic stresses in overexpressing Arabidopsis plants. This
gene also helped recovery of root damage in the
overexpression plants by application of phytohormones such
as ABA, methyl jasmonic acid, gibberellic acid, and salicylic acid
which suggested HbMYB44’s versatile role in regulating multiple
phytohormone signaling and stress tolerance pathways. Wang et
al. demonstrated the role of Mitogen-activated Protein Kinase 1
in improving shading tolerance in rapeseed (Brassica napus) via
increased photosynthetic capacity in BnaMAPKI-
overexpressing plants. RNA sequencing revealed that
BnaMAPKI positively regulated photosynthesis capability
possibly by controlling antenna protein complex in
photosystem II to respond to shading stress. Further,
BnaLHCB3 was identified as an interacting partner of
BnaMAPKI1 via yeast two-hybrid and split-luciferase
complementation assays.

Jin et al. demonstrated that the ectopic expression of a
soybean NHX gene, GmNHX6 (encoding a Golgi-localized
sodium/hydrogen exchanger), enhanced alkaline tolerance in
Arabidopsis and soybean by maintaining high K* content and
low Na™/K" ratio. A natural sequence variation in the promoter
region of GmNHXG6 was associated with the alkaline tolerance in
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soybean germplasm and the promoter of GmNHX6 isolated
from an alkaline tolerant soybean variety exhibited stronger
activity in response to alkali stress. In another study, Sun et al.
utilized a T-DNA insertion mutant of OsCIPK18 (cipkl8)
encoding a CBL-interacting protein kinase and defined an
OsCIPK18-dependent transcriptomic network involved in
ammonium toxicity response. In addition, the role of
OsCIPK18 as a key node in auxin and ABA signaling pathways
under ammonium stress was proposed. Zhang et al. showed
improvement in tolerance to drought and ABA in transgenic
Arabidopsis plants overexpressing a glutathione S-transferase
(CsGSTUS) from tea plant (Camellia sinensis). Further
molecular insights were provided by demonstrating the
binding of a trancription factor, CsSWRKY48, to the promoter
of CsGSTUS to regulate its induction under drought stress and
ABA treatment.

Genome-wide studies for discovery
of candidate genes involved in cold/
freezing stress

Cold and/or freezing stress is one of the major
environmental factors, that limits the productivity of several
plants. In the study by Wang et al., transcriptome profiling of
leaves of two alfalfa genotypes with contrasting responses under
freezing stress (-10°C) followed by co-expression network
analysis revealed the importance of ATP-binding cassette
(ABC) C subfamily genes, ABCC8 and ABCC3, in freezing
tolerance. Further, this study also demonstrated the
contribution of Ca®* signal transduction and CBF/DREBI
related genes towards tolerance to freezing stress. In another
study, Islam et al. compared the transcriptional landscape in
pseudostem and leaf blade tissues of endophyte-positive (E+)
and endophyte-free (E-) tall fescue (Festuca arundinacea), a
cool-season perennial grass, at three diurnal temperature
conditions. The differential gene expression profiling revealed
eight candidate genes, including orthologs of rice phytochrome
A, phytochrome C, and ethylene receptor genes, which might be
the possible route underlying freezing tolerance in tall fescue. A
comparative transcriptomic analysis involving maize genotypes
with contrasting response to low-temperature stress by Meng et
al. revealed that both photosynthesis and antioxidant
metabolism pathways played important role in conferring cold
tolerance during seed germination stage. This was supported by
data on increased antioxidant capacity in resistant line compared
with the susceptible line. Further, Tang et al. demonstrated that
cold treatment induced global DNA demethylation in Hevea
brasiliensis and demethylation in the upstream regions of the
genes was associated with higher gene expression.
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Studies addressing heavy metal
stress response/tolerance

Heavy metal contamination not only reduces crop yield
significantly, but also poses risks to human health. Identifying
the molecular mechanisms heavy metal uptake can help in
developing plants for phytoremediation as well as crops with
reduced accumulation of such toxic metals. To investigate the
molecular mechanism of cadmium (Cd) stress tolerance, Wang
et al. performed RNA-seq analysis in Tamarix hispida treated
with Cd stress for different time points. The functional
annotation of differentially expressed genes identified genes
involved in ion binding, signal transduction, stress sensing,
hormone responses and ROS metabolism contributing toward
Cd stress tolerance. Further, ThUGT from the ABA-signaling
pathway was identified as a candidate gene to improve Cd stress
tolerance by reducing Cd uptake and regulation of ROS. Another
study by Paape et al. used GWAS approach with the seedlings of
Medicago truncatula HapMap collection exposed to Cd and
mercury (Hg) stress revealed significant genetic diversity for
these phenotypic traits. Some important candidate genes in the
QTL regions included, membrane associated ATP-binding
cassette transporters, P-type ATPase transporters, oxidative
stress response genes, and stress related UDP-
glycosyltransferases, which can be the useful targets to design
plants with reduced heavy metal accumulation. The study also
suggested to exploit wild accessions of Medicago for genetic
improvement due to macroevolutionary conservation of heavy
metal and stress response genes in this model plant.

Lee et al. analyzed the interactions between arsenic (As) and
eight essential ions in a rice core collection under non-stress and
stress conditions to elucidate the impact of environmental and
genotypic differences, and identified the genetic factors
regulating As accumulation. This GWAS study provides
evidence that indica populations are superior in reducing As
accumulation compared with japonica populations. A potential
candidate gene, AIR2 (arsenic-induced RING finger protein),
whose expression was lower in indica compared with japonica
subspecies, was suggested for marker-assisted selection in
developing rice varieties with improved grain quality.

Studies providing insights into
salinity and/or osmotic stress
response/tolerance

A comparative analysis of transcriptomes of two contrasting
clones (R7, salt-tolerant and S4, salt-sensitive) of Fraxinus
velutina reported by Ma et al. revealed the upregulation of
several stress-responsive genes in the salt-tolerant clone. Salt
stress induced the expression of genes involved in proline
biosynthesis, starch and sucrose metabolism, and those
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encoding antioxidant enzymes, which might contribute
towards enhanced salt tolerance. Further, leaves and roots of
both of these clones were subjected to miRNA and degradome
analysis by Liu et al. to understand the role of miRNAs in
defense response of plants to salt stress. This study revealed
multiple and somewhat distinct miRNA/target modules
regulating different biological processes in leaves (antioxidant
system and auxin signaling) and roots (ROS scavenging, cell
proliferation, and ion homeostasis) under salt stress. Based on
GWAS of various growth and agronomic traits, genetic basis of
salt-alkali tolerance was investigated by Zhang et al. and at least
nine significant QTLs and 20 candidate genes related to salt-
alkali stress tolerance were identified. By coupling the sequence
variation, annotation and differential expression, few important
candidate genes, such as BnABA4, BnBBX14, BnVTI12, BnPYLS,
and BnCRRI were identified for breeding salt-alkali-tolerant B.
napus varieties. Guan et al. identified five haplotypes of
GmSALT3 by using genome resequencing data from 279
Chinese soybean landraces. Using five PCR-based haplotype-
specific markers developed in this study, the authors
demonstrated their efficiency in distinguishing salt-tolerant
and salt-sensitive soybean lines and tracing the salt-tolerant
haplotype in soybean pedigree.

In a study by Galic et al, a link between biochemistry and
genetics of osmotic stress tolerance in maize plants was
established via investigating the variability in responses of a
panel of elite maize inbred lines for the stress-related traits at the
seedling stage. The overall analysis revealed genomic regions
linked to stress responsive traits that harbor the genes associated
with osmotic-stress signaling, osmolyte accumulation and
regulation of peroxisomes gene ontology terms. The integrated
transcriptomics and antioxidant profiling of two contrasting
Chinese chestnut (Castanea mollissima BL.) varieties in
response to gall wasp Dryocosmus kuriphilus (GWDK)
infestation at different time points by Zhu et al. revealed new
insights into the chestnut-GWKD interactions and identified
candidate genes for further functional validation and molecular-
aided breeding of gall wasp-resistant chestnut varieties.

The review article by Zhang et al. included in this Research
Topic summarized the mechanisms associated with adaptative
response to salinity, drought, and cold stresses as well as crosstalk
among them in the model legume, M. truncatula. The genetic and
molecular resources provided in this review should be useful for
investigating and improving abiotic stress tolerance in legume
crops. Future investigation on the impact of combination of
abiotic stresses and use of wild species (M. ruthenica) is
suggested for the retention of abiotic stress tolerance.

Due to increased awareness for improving sustainability of
farming systems with minimal carbon footprints, it has become
imperative to design climate smart crop varieties. However,
accomplishing this goal is challenging due to involvement of
multiple genes and pathways, and interactions among them.
Despite tremendous advances made during last few decades,
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there are still gaps in comprehensive understanding of the
plant’s response to abiotic stresses at molecular level. The
collection of articles highlighting the relevance of genome-
wide discovery of key genes associated with abiotic stress
adaptation and their characterization in a wide range of plants
using genomic approaches clearly contribute toward that goal.
Since a tremendous number of natural variations for tolerance to
abiotic stresses exists in the available cultivated and wild
germplasm resources, future research should focus on mining
of key abiotic stress related genes and their superior alleles, and
gene pyramiding to develop crop varieties adapted to multiple
stresses. The articles presented in this special issue not only
enrich our understanding of the molecular basis of plants’
adaptative responses to abiotic stresses, but also should help in
successful breeding of crop varieties adapted to climate-change
using marker-assisted selection and genome editing tools.
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Salt tolerance is an important trait that affects the growth and yield of plants growing in
saline environments. The salt tolerance gene GmSALT3 was cloned from the Chinese
soybean cultivar Tiefeng 8, and its variation evaluated in Chinese wild soybeans and
landraces. However, the potential role of GmSALT3 in cultivation, and its genetic
variation throughout the history of Chinese soybean breeding, remains unknown. Here
we identified five haplotypes of GmSALT3 in 279 Chinese soybean landraces using
a whole genome resequencing dataset. Additionally, we developed five PCR-based
functional markers: three indels and two cleaved amplified polymorphic sequences
(CAPS) markers. A total of 706 Chinese soybean cultivars (released 1956-2012), and
536 modern Chinese breeding lines, were genotyped with these markers. The Chinese
landraces exhibited relatively high frequencies of the haplotypes H1, H4, and H5. H1
was the predominant haplotype in both the northern region (NR) and Huanghuai region
(HHR), and H5 and H4 were the major haplotypes present within the southern region
(SR). In the 706 cultivars, H1, H2, and H5 were the common haplotypes, while H3
and H4 were poorly represented. Historically, H1 gradually decreased in frequency in
the NR but increased in the HHR; while the salt-sensitive haplotype, H2, increased
in frequency in the NR during six decades of soybean breeding. In the 536 modern
breeding lines, H2 has become the most common haplotype in the NR, while H1 has
remained the highest frequency haplotype in the HHR, and H5 and H1 were highest
in the SR. Frequency changes resulting in geographically favored haplotypes indicates
that strong selection has occurred over six decades of soybean breeding. Our molecular
markers could precisely identify salt tolerant (98.9%) and sensitive (100%) accessions
and could accurately trace the salt tolerance gene in soybean pedigrees. Our study,
therefore, not only identified effective molecular markers for use in soybean, but also
demonstrated how these markers can distinguish GmSALTS3 alleles in targeted breeding
strategies for specific ecoregions.
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Functional Markers for GmSALT3

INTRODUCTION

Salt stress is a major environmental factor affecting agricultural
plant productivity, which in turn, can threaten food security
(Zhu, 2016). The ability of plants to complete their life cycles
while growing in saline environments is the ultimate measure
of salt tolerance (Parida and Das, 2005). Salt tolerance variation
in soybean, a moderately salt-tolerant crop, has been studied
throughout the last half century (Abel and MacKenzie, 1964;
Fehr et al., 1971; Liuchli and Wieneke, 1979; Durand and
Lacan, 1994; El-Samad and Shaddad, 1997; An et al., 2002).
Salt tolerance in soybean seedlings is reportedly associated with
a dominant gene proposed as Ncl (Abel, 1969). Additionally,
the major salt tolerance quantitative trait locus (QTL) was
mapped repeatedly on chromosome 3 (Chr. 3) in different salt
tolerant germplasms (Lee et al., 2004; Hamwieh and Xu, 2008;
Hamwieh et al,, 2011; Ha et al, 2013; Guan et al., 2014a).
The candidate gene Glyma03¢g32900.1 has been proposed to
underpin the conserved locus on Chr. 3. Researchers have
isolated Glyma03¢32900.1 from different soybean germplasm,
defined independently as GmCHX1, GmSALT3, and Ncl (Guan
et al.,, 2014b; Qi et al,, 2014; Do et al., 2016). GmSALT3 has
been shown to limit Na™ and CI~ accumulation in soybean
shoots, thereby increasing soybean salt tolerance (Liu et al., 2016;
Qu et al, 2021). Additionally, novel putative loci related to
chloride and leaf chlorophyll concentration have been mapped
on soybean chromosomes 2, 13, 14, 16, and 20, through QTL
mapping and genome-wide association studies (Zeng et al., 2017;
Do et al., 2018). Furthermore, Zhang et al. (2019) identified a
cation diffusion facilitator, GmCDFI1 (Glyma08g10200), related
with salt tolerance at the germination stage, but no interaction
between this candidate gene and Glyma03¢32900.1 was observed.
While these studies have bolstered genetic resources for breeding
salt tolerant soybeans (Zeng et al., 2017; Do et al,, 2018), much
remains to be learned.

Genetic diversity in GmCHX1 has been evaluated in 23
genetically distinct soybeans; a conserved coding sequence was
observed in the salt-tolerant germplasm with various genotypes
detected within the 12 salt-sensitive soybeans (Qi et al., 2014).
Our previous research revealed nine haplotypes (H1-H9) in
GmSALT3, with H1 observed in salt tolerant plants and H2-H5
observed in salt-sensitive soybean landraces (Guan et al., 2014b).
However, little is known about the distribution of these GmSALT3
alleles more widely across Chinese soybean cultivars.

Intriguingly, whole-genome resequencing of 106 soybeans
revealed three structural variants of GmCHXI, of which SV-
1 and SV-2, respectively, correspond to H2 and H1 of the
nine Chinese soybean germplasm haplotypes, and SV-3 was a
novel allele (Patil et al., 2016). Using coding regions of 216
soybean accessions from South Korea, China, and Japan, 40
haplotypes were observed, nine of which were observed in
Glycine max accessions from China (Lee et al, 2018). Such
results have encouraged us to evaluate the genomic variation
of GmSALT3 widely across representative Chinese soybean
landraces, to identify novel variants, and to gain insights into
how different alleles have been selected during Chinese soybean
breeding over the years. Specifically, the objectives of this study

were to (1) analyze genomic variation for GmSALT3 using whole
genome resequencing data of 279 representative Chinese soybean
landraces, (2) develop a set of PCR-based markers and assess
marker accuracy for the selection of the GmSALT3 gene, and (3)
explore how the haplotypes of GmSALT3 have been selected and
promoted in soybeans during historical breeding process.

MATERIALS AND METHODS

Plant Materials

We obtained a diverse set of 706 soybean cultivars released during
60 years of breeding (1956-2012) from the Chinese Academy of
Agricultural Sciences (CAAS), as well as 536 soybean breeding
lines from the National Soybean Regional Trials in China (2013-
2017). These soybeans were used to investigate the historical
allelic variation in soybean salt tolerance gene GmSALT3 and
breeding lines were used to evaluate the selection efficiency of
molecular markers developed from GmSALT3.

Salt Tolerance Evaluation

We tested a diverse set of 536 soybean breeding lines for salt
tolerance in a rain shelter that excluded rainfall but allowed
plants to grow under ambient light and temperature (Institute of
Crop Sciences, CAAS). Experiments were performed according
to previous reports (Jiang et al., 2013; Liu et al., 2016). Ten seeds
of each line were sowed in a pot filled with vermiculite and were
thinned to six plants after five days. Twenty-four pots were placed
in one tray and 11 days after sowing (DAS), when the unifoliate
leaves were fully expanded, 2 L of salt solution (200 mM NaCl)
was added to each tray. The same volume of NaCl solution was
added to each tray at 13 and 15 DAS, respectively. Ten days after
the last addition of the salt solution, leaf chlorosis was observed
and scored accordingly: 1 = healthy green leaves, no damage
observed; 2 = slight chlorosis, light yellowish color observed in
true leaves; 3 = moderate chlorosis, chlorosis observed in trifoliate
leaves; 4 = severe chlorosis, more than 75% of the leaf area
showed chlorosis; 5 = dead, plants were completely withered. The
experiment was performed with 3 pots of each genotype.

Analysis of Genomic Sequence Variation
We used the genomic dataset of 279 Chinese soybean landraces
(Supplementary Table 1; Li et al., 2020) to determine genomic
sequence variation in GmSALT3. SNPs with a minor allele
frequency <0.01, or with missing data >0.1, and indels with
maximum length >10 bp were discarded. Annotation was
carried out based on the soybean reference genome Wm82.a2.v1'
and transcript sequence information (Guan et al., 2014b;
Qietal,2014; Lee et al, 2018). SNPs and indels within the
5'UTR and the genomic region of GmSALT3 were used for
haplotype investigation.

Development of Functional Markers
We developed functional markers to distinguish the haplotypes of
GmSALT3. We created three indel markers based on the ~150 bp

'https://phytozome.jgi.doe.gov/
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insertion in the promoter region, the 4 bp deletion and the 3.78-
kb insertion in the coding sequence of GmSALT3. Additionally,
we developed cleaved amplified polymorphic sequences (CAPS)
markers, H3-Mboll and H4-Nialll, for haplotypes H3 and H4
based on a GC > TG substitution at exon 4 and a splice site
AG > AT substitution at the end of intron 2. The primers used
to amplify and distinguish haplotypes of GmSALT3 are shown in
Table 1.

Genomic DNA Isolation and Genotyping

of Soybeans

Genomic DNA was isolated from leaves of each accession by
using a Genomic DNA Purification Kit (Thermo Fisher Scientific,
Lithuania), and 100 ng DNA was used for PCR amplification
with a T100 thermal cycler (Bio-Rad). We performed the PCR
experiment using 20 il reaction mixtures containing 100 ng
genomic DNA, 2 pl 10x EasyTaq Buffer (with Mg?™), 1.5 pl
2.5 mM dNTPs, 2 pl each of 2 wM primer stock, and 1 U EasyTaq
DNA Polymerase (TransGen Biotech, Beijing, China) under the
following thermal cycler conditions: 95°C for 5 min, then 35
cycles at 95°C for 30 s, 55°C for 30 s, and 72°C for 50 s, and
followed by a final extension of 5 min at 72°C. Products of PCR
of H3-Mboll and H4-NIalll were digested with, respectively, 1 U
of restriction enzymes Mboll and Nlalll in 1x reaction buffer for
1 h at 37°C. PCR products and enzyme-digested products were
separated on a 1.5% agarose gel or 6% polyacrylamide gel.

RESULTS

Haplotypes of GmSALT3 and Their

Geographical Distribution
The multi-allelic salt tolerance gene GmSALT3, was previously
isolated from Chinese soybean cultivar Tiefeng 8, and five distinct
haplotypes (H1-H5) have previously been described in Chinese
soybean landraces (Guan et al., 2014b). H1 was found in the salt
tolerant soybean Tiefeng 8. H2 was found in salt sensitive soybean
cultivar 85-140, of which a 3.78-kb retro transposon insertion
resulted in a truncated GmSALT3 protein (reference Williams
82: W82). Compared with the H1 haplotype, H3-H5 had a
~150 bp insertion at position-147 of the promoter region and
a TCGA insertion at position-103 in common with each other
(Guan et al.,, 2014b). We analyzed the haplotypes of GmSALT3
from a panel of 279 Chinese landraces (Supplementary Table 1)
and identified 57 polymorphic sites, including 53 SNPs and
four indels (Supplementary Table 2). These SNPs and indels
formed six haplotypes (H1-H4, H5-1, and H5-2) (Figure 1 and
Supplementary Table 2). HI-H4 were the same as reported
previously (Guan et al, 2014b). Both H5-1 and H5-2 had a
4 bp deletion in exon 2 which resulted in frameshift as earlier
reported in H5, while H5-1 differed from H5-2 by 10 SNPs and
one indel in intron 1 (Supplementary Table 2). Given that H5-1
and H5-2 had identical 714-nt cDNA sequence, we ascribed them
as haplotype H5.

We found that H1, H4, and H5 were the highest frequency
haplotypes in Chinese soybean landraces (37.3, 21.8, and 29.7%,

respectively). When examining the three main eco-regions, the
northern region (NR) which includes the area above 40°N, the
Huanghuai region (HHR) in middle China (30°N to 40°N),
and the southern region (SR) which ranges from Hainan Island
(19°N) to Shanghai (31°N) (Li et al., 2008), H1 was the most
abundant haplotype in both the NR and the HHR, while
H4 and H5 together, were the most abundant haplotypes in
the SR of China (Figure 1, Supplementary Figure 1, and
Supplementary Table 1).

Development of Haplotype-Specific

Markers

To identify different GmSALT3 alleles in a simple and effective
way, we developed three indel markers and two CAPS markers.
Indel marker Pro-Ins was designed to distinguish H1 and H2
haplotypes from H3 to H5; the H1 and H2 haplotypes amplified a
623 bp fragment, while H3-H5 amplified an approximate 775 bp
fragment due to ~150 bp insertion in the promoter region
(Figure 2). Indel marker H2-Ins was designed to distinguish
H2 from the other haplotypes using a common forward primer
(H2-Ins-F) and two haplotype-specific reverse primers that were
designed according to a 3.78-kb insertion (H2-Ins-R/H2) or exon
3 (H2-Ins-R/H1), and amplified a 565 bp fragment in H2, and
364 bp fragment in the H1 and H3-H5 haplotypes (Figure 2B).
The marker H5-Del amplified a 210 bp sequence from H5
and a 214 bp sequence from the other four haplotypes. The
CAPS marker H3-Mboll amplified a 296 bp fragment from all
haplotypes, and the fragment from the H3 haplotype could be
digested into three fragments (125, 119, and 52 bp) by Mboll,
whereas the products of the other haplotypes were cleaved into
two fragments (244 and 52 bp). To distinguish H4 from the other
four haplotypes, CAPS marker H4-NIalll was developed, and an
amplicon of H4 was digested into four fragments (111, 87, 42, and
22 bp) by Nialll, the products of H1 and H2 were digested into
two fragments (133 and 129 bp) and those of H3 and H5 into
three fragments (133, 87, and 42 bp) (Figure 2B).

Changes of GmSALT3 Haplotype
Frequencies During Six Decades of

Chinese Soybean Breeding
We used the markers developed in this study to explore the
genetic diversity of GmSALT3 in a total of 706 modern Chinese
soybean cultivars (released between 1956 and 2012). All five
haplotypes were found in these cultivars (n = 323 H1, 259
H2, 5 H3, 6 H4, and 111 H5). Different haplotypes were not
equally distributed throughout the three eco-regions in China.
The frequencies of cultivar haplotypes in the NR were as follows:
39.6% H1, 49.1% H2, 0.2% H3, 1.0% H4, and 8.7% HS5. In the
HHR, 63.1% of the genotypes were H1, 18.7% were H2, 0.9%
were H3, 0.4% were H4, and 16.8% were H5. Intriguingly, H5
was the most frequent haplotype (68.8%) in the SR, followed by
H1 (25.0%), H3 (2.1%), and H4 (4.2%); H2 was the least frequent
haplotype, found in only one cultivar (Figure 3A).

Additionally, we analyzed frequency changes of the haplotypes
in the NR and HHR since the 1950s, at 10-year release intervals,
over a 60-year time span [SR was not included due to a smaller

Frontiers in Plant Science | www.frontiersin.org

November 2021 | Volume 12 | Article 794241


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

Guan et al.

Functional Markers for GmSALT3

TABLE 1 | Haplotype-specific markers for GmSALT3.

Marker name Primer sequence Marker type Size (bp)

Pro-Ins F GGGTTGTGCCTAAATAGCA Indel 623/775/777
R AAGGAAGAGCGTGGTTCA

H2-Ins F GCGGGAGTAATGTTATCGG Indel
R-H1 CGATTAGCTCCACCAACCCT 364
R-H2 GTCGTATCTTGGGAGAGGAG 565

H3-Mboll F TATGGTGGCTAAGCAGGTG CAPS (125 + 119 + 52)/(244 + 52)
R CAGTGAGTTCGGTAAGTTGC

H4-Nialll F AAAGCGCATAAGTTATAACACAAAAT CAPS (133 + 129)/(111 + 87 + 42 + 22)/(133 + 87 + 42)
R GAATGTAACCCTATCATGTCTGTCA

H5-Del F CTGTCCATCACGGCTTTCC Indel 210/214
R CTATAGTAGGTCCACCTGAGAA

Position from start codon

[ -107 [-100 [ -20] 30 [63]683-688 | 695 [774] 1060 [ 1234 ] 1284 [ 1285 [ 1349 [ 1548 [ 1772 ] 1816 [ 1903 [ 2124 [ 2170 | 2355 | 2368 | No. of accessions

Haplotype
H1
H2
H3
H4

H5

Amino acid position in H1 228-229

HHR [ SR
55 17
1 1
6 9
9 42
15 53
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Amino acid change Framshift | splicing

FIGURE 1 | Haplotypes of GmSALT3. Red color represents the same nucleotides as that of H1 type, blue color represents variation in the 5’UTR and coding regions
different from that of H1 type. See Supplementary Table 2 for the whole genomic variation of GmSALT3.

sample of cultivars (48)]. Eight cultivars released in 2011 and
2012 were merged with those of the 2000s. In the NR, H1 and
H2 frequencies exhibited fluctuating patterns from the 1950s
to 1970s (Figure 3B). H1 decreased from 60.5% to 39.3% and
H2 increased from 23.7 to 48.8% during the 1970s to 2000s
(Figure 3B). H3 and H4 occurred at low frequencies, where they
were, respectively, present in only 1 and 6 cultivars.

Five haplotypes were observed in the HHR; where H1
increased in frequency from 50.0 to 77.8% (1960s to 1970s), then
gradually decreased to 62.5% in the 21 century. H2 increased in
frequency to 25.8% and H5 decreased to 12.1% (Figure 3C). Such
variation in allelic frequency over the past 60 years indicates that
H1 and H2 were selected for in the NR, and H1 was favored in
the HHR (Figure 4).

Validation of Functional Markers in

Modern Soybean Breeding Lines

To evaluate the genotype-phenotype relationship among
haplotypes in modern soybean lines, a validation panel of 536
breeding lines (National Soybean Regional Trials, 2013-2017)
was tested for salt tolerance and genotyped using the five
PCR-based functional markers determined in this study. Four
haplotypes were observed in the breeding lines (Figure 4), with
35.1% of soybean lines possessing H1, 41.0% possessing H2, and
23.7% possessing H5. H3 was only observed in one line from the
SR. In the NR, H2 was the predominant haplotype (73.3%); H5
was only observed in 7.6% of lines. Whereas in the HHR, H1 and
H5 were expressed in 67.0% and 19.3% of lines, respectively. In
the SR, H5 and H1 were the two highest frequency haplotypes

(56.7% and 41.3%). Modern breeding line frequencies of H2
in the NR, and H1 in the SR, were much higher compared
with soybean cultivars released from 1956 to 2012 (Figure 4).
These results suggest positive selection for favored haplotypes in
different eco-regions during modern cultivation.

Of the 536 modern breeding lines, 186 lines were salt tolerant
(with chlorosis scores of 1 or 2) and 350 lines were salt
sensitive (with chlorosis scores 3-5) (Figure 5). The correlation
of genotype-phenotype showed that H2 (220 lines), H5 (127
lines) and one breeding line which possessed H3, were all salt
sensitive, while 98.9% of the lines possessing H1 were salt
tolerant (Figure 5B). Two breeding lines with the H1 haplotype
showed moderate leaf scorch (chlorosis score 3), suggesting that
different loci other than GmSALT3 might affect salt tolerance in
these accessions.

Pedigree Tracing of GmSALT3 in

Soybean Varieties

To examine potential use of the GmSALT3 PCR-based markers
in a soybean breeding program, we traced the pedigree of four
soybean cultivars. Zhonghuang 13 is a salt tolerant cultivar that
exemplifies widely adaptable soybean cultivar in China, it was
registered in nine provinces ranged from 29°N to 42°N, and
was also the first Chinese soybean cultivar used for de novo
genome assembly (Shen et al., 2018). Wenfeng 7 is a historical
soybean cultivar that has previously been used for salt tolerance
analysis (Ren et al., 2012; Pi et al,, 2016), and shares Jiixuan 23 as
the common ancestral parent with Zhonghuang 13 (Figure 6).
Zhonghuang 30 is an abiotic stress resistant cultivar that is
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FIGURE 2 | Variation of GmSALT3 and haplotypes (H1-H5) revealed by indel and CAPS markers. Schematic diagrams show the structure of five GmSALT3

haplotypes. Asterisks indicate variations that were used for PCR-based marker development (A); Markers that distinguish five haplotypes in soybean varieties (B).

widely used in the NR (He et al,, 2016), and Zhonghuang 39
is a salt sensitive sister line of Zhonghuang 30. These cultivars
and 19 related ancestral lines in the pedigree were assayed with
the five molecular markers. The phenotypic salt response and
corresponding GmSALT3 haplotypes (H1-H5) of the pedigree
lines are marked in Figure 6. Zhonghuang 13, Zhonghuang
30, Wenfeng 7 were H1 type salt tolerant cultivars. The salt

tolerance gene in Wenfeng 7 could be traced back to Jiixuan 23.
The tolerance gene in Zhonghuang 13 could be traced back to
Zhengzhou 135 or 58-161. The GmSALTS3 allele (haplotype H2)
in Zhonghuang 39, the sensitive sister line of Zhonghuang 30,
was traced back to W82, while the tolerant allele in Zhonghuang
30 was inherited from Zhengzhou 135 (Figure 6). These results
indicate that the H1 haplotype is present in all the salt tolerant
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FIGURE 3 | GmSALT3 allele characterization in Chinese soybean varieties.
Distribution of haplotypes among varieties from different ecoregions (A);
Frequency changes of haplotypes in the northern region of China (NR) (B);
and Huanghuai region of China (HHR) (C) over 60 years of soybean breeding.
The distribution of H3 is not shown because only five cultivars expressed this
haplotype.

ancestors in the pedigree, and that sensitive ancestors expressed
haplotypes H2 or H5.

DISCUSSION

Genomic Diversity of GmSALT3 in

Chinese Soybean Landraces

Gene cloning related to agronomic traits has facilitated the
development allele-specific functional DNA markers, which in
turn, have been used in soybean research to validate genotype-
phenotype relationships and facilitate breeding efforts (Shin and
Lee, 2012; Tsubokura et al., 2013, 2014; Jia et al., 2014; Zhai et al.,
2014; Liu et al, 2015). GmSALT3 was identified as gene that

controls Nat and Cl™ uptake in soybean shoots and improves
yield in saline conditions without negative consequences on
soybean yield under non-saline field conditions (Liu et al., 2016).
We previously found at least nine haplotypes of GmSALT3 in 172
Chinese soybean landraces and 57 wild soybeans by analyzing
promoter and coding sequences of the gene (Guan et al., 2014b).
Additionally, 3 and 40 different haplotypes of GmSALT3 were
observed in 106 and 216 diverse soybean accessions, respectively
(Patil et al,, 2016; Lee et al, 2018). In the present study,
genetic diversity in GmSALT3 was analyzed using whole genome
resequencing data from 279 representative Chinese soybean
landraces (Li et al, 2020). Genomic variants were classified
into six haplotypes (H1-H4, H5-1, and H5-2). Haplotypes H1-
H4 were the same as previously found. The intron variations
between Haplotype H5-2 and H5-1 (Supplementary Table 2),
indicate that the common frameshift mutation (TGCT deletion)
in exon 2 of H5-1 and H5-2 arose independently in south of
China from different lineages (Figure 1 and Supplementary
Figure 2). H5-1 and H5-2 were assigned as H5 haplotype due
to the same frameshift mutation and their identical amino acid
sequences (Figure 1).

In the 40 GmSALT3 haplotypes observed by Lee et al. (2018),
Ha, HTn, Hd-2, and Hd-3, which correspond to H1, H2, H5-1,
and H5-2 in present study, were the four majority haplotypes
in cultivated soybean (Lee et al., 2018). Haplotypes Hst-7, Hss-
11, Hss-12, and Hd-1 were shown in only one Chinese soybean
accession in their report, indicating these are minor alleles in
Chinese soybeans. The H3 and H4 haplotypes identified in the
present study were not found in any of the three structural
variations listed in Patil’s report (Patil et al., 2016), or in the
40 haplotypes of Lee’s study (Lee et al., 2018). This lack of
concordance is not surprising considering the greater number of
Chinese soybean accessions used in the present experiment.

Functional Markers of GmSALT3 and
Their Potential Use in Soybean Breeding

Using the functional markers we developed in the present study
(Figure 2 and Table 1), we successfully validated the predictive
accuracy of the markers across 536 modern breeding lines.
Prediction accuracy was 98.9% for salt-tolerant lines and 100%
for salt-sensitive lines. H1 and H2 shared similar promoter
sequences, while H3-H5 had ~150 bp and 4 bp insertion in the
promoter region (Figure 2). However, previous research found
no insertion in the GmSALT3 promoter region (Patil et al., 2016).
This difference might due to (1) the ~150 bp insertion sequence
having low similarity with the W82 reference genome, thus it
could not be perfectly assembled to the reference genome, or (2)
the limitations of next-generation sequencing data in finding long
fragment insertions/deletions using paired-end reads of 45 bp or
75 bp (Lam et al, 2010). The 4 bp insertion in the promoter
of GmSALT3 was observed in our 279 resequencing dataset,
while the ~150 bp insertion was not (Figure 1). Reduced gene
expression of the salt sensitive haplotypes has been reported by
several researchers (Guan et al., 2014b; Do et al., 2016; Lee et al.,
2018). This common variation in the promoter region of salt

Frontiers in Plant Science | www.frontiersin.org

November 2021 | Volume 12 | Article 794241


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

Guan et al.

Functional Markers for GmSALT3

Landrance Cultivar Breeding line
14 l|
=
n=277
Z~
o
I
I
n==89 n=214 n=109
14
»
n=133 n=48 n=150
FIGURE 4 | Distribution of GmSALT3 haplotypes in Chinese soybean landraces, cultivars, and breeding lines from the three ecoregions. NR, northern region of
China; HHR, Huanghuai region of China; SR, southern region of China.

sensitive haplotypes raises the possibility that these insertions
might affect the expression of GmSALT3.

Patil et al. (2016) conducted six KASPar assays with
three structural variants in GmSALT3 and achieved precise
identification of tolerant and sensitive genotypes with over
91% accuracy. Additionally, Lee et al. (2018) developed five
molecular markers for the seven haplotype groups in 216 soybean
accessions, including three codominant and two dominant
markers, and achieved 98.8% predictive accuracy for 173 soybean
accessions. In this study, we successfully predicted salt tolerant
vs. sensitive accessions using only two of the five codominant
markers we developed, i.e., using Pro-Ins to distinguish HI and
H2 from H3 to H5, and using H2-Ins to distinguished H1 from
H2. Prediction efficacy was 98.9% for salt tolerant and 100% for
salt sensitive accessions.

Interestingly, two accessions (SW10710 and CW10948) with
salt-sensitive genotypes showed high or moderate salt tolerance
(Lee et al., 2018). We also found that two of our H1 type soybean
lines showed salt sensitivity, indicating that other genes may
impact salt tolerance in these accessions, and these genotypes
are useful material to identify new sources of salt tolerance.
Candidate loci that might influence this are hinted at through
past literature. For instance, in the population derived from
Kefeng No. 1 and Nannongl1138-2, a major QTL on linkage
group G (Chr. 18) was identified in both green house and field
conditions which correlates to altered salt sensitivity (Chen et al.,
2008). Furthermore, a novel locus on Chr. 13 related to leaf
sodium content was observed in soybean germplasm Fiskeby III
(Do et al,, 2018). These results suggest that other loci, in addition
to the major gene GmSALT3 affect salt tolerance in soybean.
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FIGURE 6 | Pedigree of four soybean cultivars for the salt tolerance gene GmSALT3. Salt tolerance of each cultivar is indicated in red (tolerant), blue (sensitive), and
haplotypes (H1-H5) are shown in parentheses under the name of cultivar. * indicate seeds of these cultivars were unavailable.
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Future work should focus on defining the genetic relationship
of these loci and GmSALT3; how might alleles be interacting to
impact salt tolerance in particular soybean germplasms?

Soybean [Glycine max (L.) Merr.] is an essential crop
worldwide due to its high protein and oil content; it provides
valuable source of nutrition for human consumption and main
protein source in for livestock feed (Bellaloui et al., 2014). As
one of the major crops grown in China, soybean is widely
used for edible oil and soy-based foods such as tofu, soymilk,
sauces, and many other products. However, from 2004 to 2016,
the land area in Chinese soy production decreased by 25%,
much of that land being converted to cropland for maize
production (Ren et al, 2021). Reclamation of slightly saline
soil, therefore, could be a potential way to increase productivity
of soybean yield.

In China, modern soybean breeding started as early as 1923
and regional trials of soybean production began in the 1950s.
We found that in soybean landraces, H1 (salt tolerant haplotype)
was at highest frequencies in both the NR and HHR, whereas
H4 and H5 (salt-sensitive) were highest in the SR. In soybean
cultivars, the highest frequencies of H1 were observed in the
HHR, and salt-sensitive haplotypes H2 and H5 most frequently
occurred in the NR and SR, respectively (Figure 3). In modern
breeding lines, the frequency of H2 in the NR increased to
73.3%, and H1 in the SR increased to 41.3%, while H3 and H4
were nearly eliminated from modern breeding lines. The high
frequency of the H1 haplotype observed in the HHR is consistent
with the distribution of saline soils along the eastern coast of
China and saline conditions in the Yellow River Delta (Meng
et al,, 2016). No significant difference of yield-related traits of
tolerant (T) and sensitive (S) near isogenic lines NIL-T and NIL-S
has been observed under non-saline field conditions, indicating
that the H1 haplotype has no yield penalty (Liu et al., 2016).
Additionally, selection of the salt sensitive haplotype H2 in the
NR during modern times might be attributed to climate change,
water reduction and subsequent decreasing soil salinization in
the region (Guo et al., 2016). Likewise, the slight frequency
increase of H1 haplotype in the SR (Figure 4) may be related
to increasing soil salinization along the Yangtze River Basin
due to vegetable production practices (Zhang et al., 2021). That
being said, soybean breeding efforts are geared toward many
factors including high seed yield, high oil content, and high
protein content. Therefore, we cannot rule out the possibility that
pleiotropy of GmSALT3 or linkage drag affects the selection of
haplotypes in different ecoregions.

Previously, simple sequence repeat (SSR) markers were used
to trace the origin of the salt tolerance gene; however, the multi-
allelic nature of SSR markers decreased prediction accuracy
of salt-tolerant genotypes (Lee et al., 2004). We were able,
however, to clearly distinguish the possible sources of alleles in
a soybean pedigree by using functional markers (Figure 6). In
addition, previous field studies suggested that the parent strains
of Wenfeng 7, Jixuan 23, and Qihuang 1 exhibited high or
moderate salt tolerance (Shao, 1988). In contrast, our research
indicated that the parent strain Qihuang 1 was an H5 type
salt-sensitive cultivar, thus indicating the predictive value of
functional markers and their potential use in soybean breeding.

The ability to select salt-tolerant soybean germplasm via
accurate and economic genotyping methods is essential for
modern soybean production. Here, we developed PCR-based
functional markers of GmSALT3, and demonstrated their high
efficiency in the selection of salt tolerant or sensitive breeding
lines. By using only Pro-Ins and H2-Ins, for which amplicons
can be separated on standard agarose gels, salt-tolerant genotypes
(H1) are readily distinguished from salt-sensitive genotypes
(H2-H5). Most soybean breeding laboratories should be able
to employ this method of identification and selection. Our
exploration of variation in GmSALT3 throughout known Chinese
soybean breeds, in addition, provided valuable insight into the
long-term effect of phenotypic selection on the distribution
of GmSALT3 haplotypes. Further, it provided a basis for the
utilization of GmSALT3 allele ecoregion-specific breeding; which,
under changing global conditions, remains key to economic
and food security.
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CsGSTUS, a Glutathione
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Glutathione S-transferases (GSTs) constitute a large family of enzymes with a wide
range of cellular functions. Recently, plant GSTs have gained a great deal of attention
due to their involvement in the detoxification of electrophilic xenobiotics and peroxides
under adverse environmental conditions, such as salt, cold, UV-B and drought
stress. A previous study reported that a GST gene (CsGSTUS8) in tea plant was
distinctly induced in response to drought, suggesting this gene plays a critical role
in the drought stress response. In this study, by using quantitative real-time PCR
(QRT-PCR) and B-glucuronidase (GUS) reporter lines, we further demonstrated that
CsGSTU8 was upregulated in response to drought stress and exogenous abscisic acid
(ABA) treatments. Overexpression of CsGSTUS in Arabidopsis resulted in enhanced
drought tolerance as indicated by the improved scavenging of excess amounts of
reactive oxygen species (ROS) under drought conditions. Furthermore, we found that
CsWRKY48 acts as a transcriptional activator and that its expression is induced in
response to drought stress and ABA treatment. Electrophoretic mobility shift assays
(EMSAs), dual-luciferase (LUC) assays and transient expression assays in tea plant
leaves revealed that CsWRKY48 directly binds to the W-box elements in the promoter
of CsGSTUS8 and activates its expression. Taken together, our results provide additional
knowledge of drought stress responses in tea plant.

Keywords: Camellia sinensis, glutathione S-transferases (GSTs), ROS, WRKY TF, drought stress

INTRODUCTION

Adverse environmental conditions, especially drought conditions, greatly limit plant growth and
development (Shao et al., 2008). Plants have evolved intricate defensive systems to survive under
drought-stress conditions, specifically, regulating the balance of reactive oxygen species (ROS)
(including hydrogen peroxide (H,O5;), superoxide (027),0H® and '0,) in cells is an indispensable
strategy (Carvalho, 2008; Singh et al., 2019). On the one hand, ROS are necessary for plant growth,
as plants actively produce ROS that serve as signal transduction molecules for growth under suitable
conditions. On the other hand, when plant experience drought stress, excessive amounts of ROS
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accumulate in cells and cause irreversible damage to membranes,
proteins, and RNA and DNA molecules, even resulting in
oxidative destruction of the cells (Moller et al., 2007; Choudhury
et al., 2017). Thus, accelerating the expression or activities of
antioxidant enzymes and antioxidants, which are involved in
ROS scavenging, is critical for the drought tolerance of plants
(Smirnoft, 1993; Gill and Tuteja, 2010; Qi et al., 2018).

Glutathione S-transferases (GSTs) constitute a large family
of enzymes with a wide range of cellular functions in plants,
including protecting organisms against oxidative stress under
stress conditions by participating in ROS scavenging (Jha et al.,
2011; Rong et al, 2014; Qi et al, 2018). Plant GSTs can
be divided into eight distinct subclasses according to their
protein sequence and function: Phi (GSTF), Tau (GSTU), Theta
(GSTT), Zeta (GSTZ), Lambda (GSTL), Elongation factor 1
gamma (EF1G), DHAR, and TCHQD proteins (Sasan et al,
2011). Recently, several classes of GSTs, including Tau GSTs,
have received a great deal of attention in plants due to the
assistance of these GSTs in regulating the metabolism of oxidized
molecules under drought conditions (Liu et al., 2013b; Xu et al,,
2016; Choudhury et al., 2017). The expression level of GSTs in
plants was reported to be positively correlated with the rate of
oxidized molecule scavenging and to contribute to drought stress
tolerance in previous studies (Kumar et al., 2013; Stavridou et al.,
2021). For example, transgenic Arabidopsis plants overexpressing
tomato LeGSTU2 show enhanced resistance to drought stress
via increased antioxidative enzyme activities for scavenging
excess ROS (Xu et al., 2015). Liu et al. (2013a) reported that
overexpression of a zeta GST gene from Pyrus pyrifolia in
tobacco improved O?~ scavenging under drought conditions,
thus resulting in increased tolerance to drought. Moreover,
overexpression of a GST gene (ThGSTZI) from Tamarix hispida
improves drought tolerance by enhancing the ability to scavenge
ROS (Yang et al., 2014).

Although GSTs have been observed to protect cells from
oxidative stress under drought-stress conditions, knowledge
about the intricate regulation of GSTs under drought stress
remains scarce. To date, several GSTs have been reported to
be directly activated by specific transcription factors to regulate
drought stress tolerance. For example, in wheat, the BES/BZR
family transcription factor TaBZR2 functions positively in the
drought response by activating TaGSTI to scavenge drought-
induced O27 accumulation (Cui et al., 2019). A wheat ethylene-
response factor, TaERF3, was also reported to directly activate
the expression of TaGST6 by binding to the TuGST6 promoter
to improve drought tolerance (Rong et al., 2014). Furthermore,
Ren et al. (2020) demonstrated that a NAC transcription factor,
ZmNST3, enhances maize drought stress tolerance by directly
binding to the promoters of GST and GInRS and activating
their expression.

Camellia sinensis is a commercially important perennial
evergreen woody crop species that is widely cultivated worldwide
and is highly susceptible to drought stress (Parmar et al., 2019).
Although several tea plant GSTs have been reported to be involved
in cold and drought stress responses based on their expression
levels (Parmar et al., 2019; Samarina et al., 2020; Sun et al,,
2020), the roles of tea plant GSTs in drought stress are still

poorly understood. CsGSTUS8 was found to be strongly induced
in response to drought stress in previous studies (Xia et al.,
2019) and according to our transcriptome data (unpublished),
thus prompting us to investigate its role in drought stress.
In this study, we used quantitative real-time PCR (qRT-PCR)
and transgenic B-glucuronidase (GUS) reporter lines to confirm
the upregulation of CsGSTUS under drought and abscisic acid
(ABA) treatments. Furthermore, transgenic Arabidopsis plants
expressing CsGSTU8 showed improved ROS scavenging, thus
contributing to drought resistance. In addition, CsWRKY48,
a tea plant transcriptional activator, whose expression is
induced in response to drought and ABA treatment, can
directly bind to the promoter and activate the expression of
CsGSTUS. Taken together, our findings provide evidence for
the positive role of the GSTUS8 protein in drought stress and
are helpful for understanding the mechanism of the drought
response in tea plant.

MATERIALS AND METHODS

Plant Materials and Treatment

Hydroponically grown Longjing-changye annual tea seedlings
were preincubated in a greenhouse at Northwest A&F University
Yangling (34°20'N, 108°24'E), Shaanxi Province, China, under
natural light, and the temperature was maintained at 20/25°C
in the dark/light. Seedlings displaying consistent growth were
divided into three treatment groups: normal, 15% polyethylene
glycol (PEG) 6,000 and ABA (100 pM) treatments. The first
to third leaves were collected at 0, 4, 8, 12, 24, and 48 h after
treatment for RNA extraction. For all the treatments, three
biological replicates were included.

RNA Extraction and qRT-PCR Analysis

Total RNA extraction and qRT-PCR were carried out as
previously described by Wan et al. (2020). The primers used in
the expression analysis are listed in Supplementary Table 1.

Transformation of Arabidopsis With
CsGSTUS8 and Subcellular Localization of

CsGSTUS

The CDS of CsGSTUS8 was amplified from the cDNA of Longjing-
changye tea plant according to the sequence information reported
in the Tea Plant Information Archive (TPIA) (Xia et al., 2019).
Then, the Kpn I and BamH I sites of pCAMBIA2300-GFP
vector were selected to generate 35S::CsGSTUS-GFP construct.
To obtain transgenic Arabidopsis, Agrobacterium tumefaciens
strain GV3101 harboring the 35S::CsGSTU8-GFP construct was
transformed into wild-type (WT) Arabidopsis ecotype Columbia
(Col-0) by using the floral-dip method (Zhang et al., 2006). T3-
generation homozygous lines (OE3 and OE7) and Col-0 (WT)
plants were used for further analysis.

To determine the subcellular localization of the CsGSTUS8
protein, GV3101 cells harboring 35S:CsGSTUS-GFP and
358::GFP were cultured and adjusted to an OD600 of 0.6 via
an infiltration buffer (10 mM MES, 10 mM MgCl, and 100
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WM acetosyringone; pH 5.7). After 2 h incubation at 25°C,
the cultures were transiently expressed in 4-week-old tobacco
(Nicotiana benthamiana) leaves, and the GFP signal was observed
with a BX63 Automatic Fluorescence Microscope (Olympus,
Japan) at 48 h after infiltration. The primers used are listed in
Supplementary Table 1.

Stress Tolerance Assays

Transgenic and WT Arabidopsis seeds were surface sterilized
with 20% NaClO (including 0.1% Triton X-100) and sown on
Murashige and Skoog (MS) agar media that included mannitol
(0, 100, 125, and 150 mM). Media containing seeds were placed
in a controlled growth chamber under 16/8 h (25/20°C) day/night
conditions for growth after incubation at 4 °C for 3 days. The
survival rate was calculated after 6-days (normal conditions) or
10-days (mannitol conditions) of growth. Seedlings with green
leaves under mannitol conditions were considered alive.

For drought treatment in soil, WT and transgenic seeds
were germinated in soil (vermiculite: humus = 1:1) and grown
under normal conditions for 7 days. Then watering was withheld
until drought stress symptoms occurred. Relative electrolyte
leakage was measured to compare the drought tolerance
of WT and transgenic seedings following previously report
(Jiang et al., 2019).

Measurement of Reactive Oxygen

Species Contents, Malondialdehyde
Contents and Glutathione S-Transferase
Activity

3,3’-Diaminobenzidine (DAB) staining and nitro blue
tetrazolium (NBT) staining were performed to detect the
accumulation of H,O, and O%~ in the leaves according to our
previously described methods (Zhang et al., 2020). The contents
of HyO, and O?~ were measured following the previous report
(Shi et al., 2010). To determine the Malondialdehyde (MDA)
content, a thiobarbituric acid (TBA) reaction was performed
according to a previously described method (Draper et al,
1992). The GST activity was measured according to the protocol
provided with a glutathione-S-transferase Assay Kit (BCO350,
Solarbio, China).

B-Glucuronidase Reporter Construction

and p-Glucuronidase Activity Assays

The 1,500 bp promoter of CsGSTU8 was inserted into a
pCAMBIA1300-GUS vector (Hind III and BamH I) to activate
the GUS gene. Then, the construct was transformed into WT
Arabidopsis; 7-day-old T2-generation seedings were treated with
ABA (1 pM) and dehydrated (20% PEG 6,000). After 12 h of
treatment, GUS staining and activity were measured as described
previously (Jefferson et al., 1987). The primers used are listed in
Supplementary Table 1.

Electrophoretic Mobility Shift Assays

Full-length CsWRKY48 (TEA008513) was inserted into a
PGEX4T-1 vector to construct a GST-CsWRKY48 expression
vector, and the recombinant plasmid was transformed into

E. coli strain Rosetta2 (EC1014, Weidi Biotechnology, Shanghai,
China). Expression of the GST and GST-CsWRKY48 proteins
was induced by 1 mM isopropyl-b-D-thiogalactoside (IPTG)
at 16°C for 20 h, and then the fusion proteins were purified
using glutathione Sepharose (GSTrap™ HP, GE Healthcare,
United States). A biotin-labeled probe containing “W-box”
elements in the promoter of CsGSTU8 was synthesized by
Tsingke. EMSAs were carried out according to the protocol
provided with a chemiluminescent EMSA kit (GS009, Beyotime
Biotechnology, China).

Transient Transcriptional Activation

Assays

The 1,500 bp promoter fragment of CsGSTUS8 was inserted into
the luciferase (LUC) reporter plasmid pGreen II 0800, which
contains a Renilla luciferase (REN) gene under the control of the
35S promoter used as an internal control. The 35S::CsWRKY48-
GFP vector as effector. The effector plasmids and the reporter
plasmids were transformed into GV3101 (pSoup), and the
effector and corresponding reporter in GV3101 (pSoup) were
mixed together at a proportion of 2:1 and subsequently injected
into tobacco leaves. Forty-eight hours later, the LUC signal
was visualized with a CCD system (Lumazone Pylon 2048B,
Princeton, United States). The activities of LUC and REN
were determined according to the protocol of a dual-Luciferase
reporter assay kit (FR201, TransGen Biotech, China) by using
a full-wavelength multifunctional enzyme labeling instrument
(Tecan Infinite M200PRO, Tecan, Switzerland).

Two-month-old Fudingdaba tea plants grown from seeds
in a growth chamber were selected for transient expression
in accordance with the methods of Shui et al. (2021) with
slight modifications. A. tumefaciens strain GV3101 harboring
358:CsWRKY48-GFP and 35S:GFP was injected into the
different sides of the same leaf. At 3 days after injection, leaves
were collected for RNA isolation, and RT-PCR and gqRT-PCR
were then carried out to assess the transformation results and the
measure expression of CsGSTUS, respectively. The primers used
are listed in Supplementary Table 1.

Statistical Analysis

SPSS 19.0 software was used for statistical data analysis. Data
for tissue-specific expression, survival rate and relative electrolyte
leakage were subjected to one-way analysis of variance, and the
differences between means were assessed by Duncan’s multiple
range tests. Other data were examined by Student’s ¢-tests. The
values are represented as means =+ standard deviations.

RESULTS

Identification, Expression in Different
Tissues and Subcellular Localization of
CsGSTUS

Our transcriptome data (Supplementary Figure 1) and those
from the TPIA' revealed that TEA019065 was strongly responsive

'http://tpia.teaplant.org/
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FIGURE 1 | Characterization of CsGSTU8 from Camellia sinensis. (A) Conserved domain analysis of the CsGSTU8 protein sequence retrieved from the NCBI
database (https://www.ncbi.nim.nih.gov/Structure/cdd/). (B) Phylogenetic analysis of CsGSTU8 and GSTU proteins from Arabidopsis. (C) Expression of CsGSTU8
in different tissues. FL (first leaf), TL (third leaf), S (stems), R (root tips). The data are the means + SDs of three independent experiments. The values not followed by
the same letter are significantly different according to Duncan’s multiple range test (P < 0.05). (D) Subcellular localization of 35S::CsGSTU8-GFP and 35S::GFP in
tobacco cells,. Bar = 20 pm.

to drought stress (Xia et al., 2019). In addition, it was also closely related to AtGSTU8 (Figure 1B); hence, it was named
reported to be distinctly induced in response to drought stress in ~ CsGSTUS in this study.

both drought-tolerant and drought-sensitive tea plants (Parmar To explore the expression levels of CsGSTUS in different
etal., 2019). These findings prompted us to investigate the role of  tissues, we investigated its expression in the first leaves, third
this gene in drought stress. Therefore, we isolated the complete  leaves, stems and root tips via qRT-PCR. The results showed that
CDS of TEA019065 from Longjing-changye seedings and found =~ CsGSTUS tended to expressed greater in the mature organization
that it encodes a GST belonging to the Tau subfamily and (the third leaves and stem) than young organs (the first leaves and
harbors a GSH-binding site in the N-terminal region (Figure 1A).  root tips) (Figure 1C).

The protein comprises 226 amino acids and has a molecular A. tumefaciens strain GV3101 harboring 358::CsGSTU8-GFP
weight of 26.36 kDa. Phylogenetic analysis including all Tau and 35S:GFP was introduced into tobacco leaves to investigate
GST proteins from Arabidopsis showed that TEA019065 is the subcellular localization of the CsGSTU8 protein. The
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independent experiments. Significant differences were determined using Student’s t-test (P < 0.05).
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fluorescence of GFP fused to CsGSTUS8 showed no difference
from that of the GFP control, which means that the CsGSTUS8
protein was distributed throughout the cell (Figure 1D).

Expression Analysis of CsGSTUS8 Under

Drought and Abscisic Acid Treatments

To validate the drought response of CsGSTUS, tea plants were
treated with 15% PEG 6,000 to mimic drought stress, and
the transcript levels of CsGSTU8 were measured by qRT-PCR.
The results showed that the expression of CsGSTU8 gradually
increased in response to drought stress (Figure 2A). Notably,
ABREs involved in ABA responsiveness were found in the
promoter of CsGSTU8 (Supplementary Figure 2), implying
that the CsGSTUS expression is induced in response to ABA
treatment. qRT-PCR was used to measure the expression of
CsGSTUS8 under ABA treatment, and as expected, ABA induced
the expression of CsGSTUS8 (Figure 2B). To better understand
CsGSTUS expression patterns, a CsGSTU8pro::GUS transgenic
line was generated and subjected to drought and ABA; the results
showed that GUS activity significantly increased under drought
stress and ABA treatment (Figures 2C,D). Taken together, these
results further reveal that the expression of CsGSTUS8 was induced
in response to drought stress and ABA treatment.

CsGSTUS8 Confers Drought Tolerance to

Transgenic Arabidopsis Plants

Transgenic Arabidopsis plants were generated to explore the
function of CsGSTUS in tolerance to drought stresses. Two
T3-generation homozygous lines (OE3 and OE7) with high

expression of CsGSTUS8 gene were selected for further analysis
(Supplementary Figure 3). Various concentrations of mannitol
were employed to mimic drought stress. As expected, in the
absence of mannitol condition, the survival rates of the two
transgenic lines were indistinguishable from those of the WT
(Figures 3A,B). The application of mannitol inhibited the growth
of both the WT and transgenic lines in a dose-dependent manner;
however, the survival rates of the OE3 and OE7 lines significantly
increased compared to those of the WT plants under 100, 125,
and 150 mM mannitol conditions (Figures 3A,B).

Moreover, under soil water shortage conditions, the WT plants
exhibited a more severely wilted phenotype than did the OE3
and OE7 transgenic lines (Figure 3C). We further measured
the relative electrolyte leakage to evaluate membrane damage
in Arabidopsis leaves, and the results showed that there was no
difference between the WT and transgenic plants under normal
conditions, while under drought stress, the relative electrolyte
leakage of the two transgenic lines was lower than that of the
WT (Figure 3D). These results indicate that overexpression of
CsGSTUS enhances drought tolerance in Arabidopsis.

Overexpression of CsGSTUS Alleviates
Reactive Oxygen Species and
Malondialdehyde Accumulation in
Arabidopsis

As it is well established that GSTs contribute to alleviating excess

amounts of ROS when plants experience stress (Sharma et al.,
2014; Yang et al, 2014), we evaluated the GST activity and
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ROS content to explore whether enhanced drought tolerance is
associated with a decrease of ROS levels in transgenic lines. The
results showed that GST activity was higher in the transgenic
plants than in the WT plants under both control and drought
conditions (Figure 4B). Interestingly the contents of H,O, and
O?~ in the WT and transgenic lines were not significantly
different under normal conditions, while under drought stress,
the OE3 and OE7 transgenic lines accumulated less H,O;
and O~ than the WT plants did (Figures 4A,C,D). MDA is
considered a marker of membrane lipid peroxidation caused by
excessive ROS (Jambunathan, 2010), so we also measured the
MDA content of WT and transgenic lines under drought stress.
The transgenic lines consistently accumulated lower MDA than
did the WT under drought conditions (Figure 4E). These results
implying that CsGSTUS overexpression in Arabidopsis alleviates
ROS and MDA accumulation under drought stress.

CsWRKY48 Is a Transcriptional Activator
Involved in Responses to Drought and
Abscisic Acid in Tea Plant

Our team previously reported that CsWRKYIIc3 (annotated as

CsWRKY48 in the TPIA) is involved in responses to drought and
ABA in tea plant Shaancha No. 1 tea plant (Xiao et al., 2020).

Our unpublished transcriptome data also demonstrated that
CsWRKY48 expression was induced in response to drought
(Supplementary Figure 1). In this study, qRT-PCR was used
to explore whether CsWRKY48 responds to drought and ABA
treatment in Longjing-changye seedings, and the results showed
that CsWRKY48 was indeed induced in responses to drought and
ABA treatment (Figures 5C,D). Amino acid sequence analysis
and subcellular localization results revealed that CsWRKY48
contains a highly conserved WRKY DNA-binding domain
(Figure 5A) and localizes to the nucleus (Figure 5E), so we
fused the CDS of CsWRKY48 with the Gal4-binding domain in
the pGBKT?7 vector, after which the construct was transferred to
yeast strain Y2H Gold to investigate its transactivation capacity.
The results showed that the fusion of CsWRKY48 with Gal4 was
able to activate HIS3, ADE2 and MELI and grow on selective
media (Figure 5B), indicating that CsWRKY48 has potential
transcriptional activation.

CsWRKY48 Bind to the CsGSTUS
Promoter and Activates the Expression

of CsGSTUS8

W-boxes were found in the promoter of CsGSTUS
(Supplementary Figure 2), implying that the expression of
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FIGURE 4 | Overexpression of CsGSTUS alleviated ROS and MDA accumulation under drought stress. (A) Histochemical detection of 02~ and HyO, via NBT
staining and DAB staining, respectively. (B) Measurement of GST activity under control and drought conditions. (C) Measurement of H,O» content under control and
drought conditions. (D) Measurement of 02~ content under control and drought conditions. (E) Measurement of MDA content under control and drought conditions.
The Data are presented as the means + SDs of three independent experiments. Significant differences were determined using Student’s t-test (*P < 0.05).

CsGSTU8 might be regulated by WRKY transcription factors.
Remarkably, our results revealed that the expression of CsGSTUS
similar to that of CsWRKY48, was induced in response to both
drought and ABA treatment, and we inferred that CsSWRKY48
may be involved in the regulation of CsGSTUS expression. Thus,
EMSAs and dual-LUC transient expression assays were carried
out to verify this hypothesis. First, GST and GST-CsWRKY48
were purified for use in EMSAs and the band shifts were observed
when the GST-CsWRKY48 protein was incubated together with
a biotin-labeled probe (containing the core sequences (TGAC)
of W-boxes), while band shifts were not observed in the GST
protein control (Figure 6A), which indicated that CsSWRKY48
can directly bind to the CsGSTUS promoter. Dual-LUC transient
expression assays showed that the transient expression of
CsWRKY48 significantly increased the LUC/REN ratio of the
reporter relative to that of the corresponding empty control
in tobacco leaves (Figures 6B-D). In addition, we transiently
overexpressed CsWRKY48 in tea plant leaves (Figures 6E,F), and
the qRT-PCR results showed that CsWRKY48 overexpression
increased the expression of CsGSTUS in tea plant (Figure 6G).
Taken together, our results indicate that CsWRKY48 can directly
bind to the promoter of CsGSTUS and activate its expression.

DISCUSSION

GSTs with a wide range of functions in plants, including
protecting cells from oxidative damage during stresses (Sheehan
etal., 2001). A series of studies have indicated that the expression
of GST genes is induced in response to drought stress in various

plants, including barley (Rezaei et al., 2013), tomato (Xu et al.,
2015), wheat (Wang et al., 2019), potato (Islam et al., 2018),
pepper (Islam et al., 2019), and rice (Jain et al., 2010). Previous
studies in tea plant have reported that drought stress also induces
the expression of members of CsGSTs (Parmar et al., 2019; Xia
et al,, 2019; Sun et al., 2020), including CsGSTUS, implying that
GSTs from tea plant may have conserved functions in response
to drought stress, similar to cases in other plants. Based on this
information, we investigated the role and regulation of CsGSTUS8
in response to drought stress in this study.

As it well established that abiotic stress, such as drought,
salinity and cold alter the ABA levels in plants. ABA plays
an important role as an essential mediator in triggering plant
responses to various abiotic stresses (Hartung et al., 1988).
Several GSTs have been reported to be associated with ABA
signaling and to be involved in the stress response. For example,
Sharma et al. (2014) reported that OsGSTU4 was induced in
response to ABA and was involved in ABA-dependent processes
that provide stress tolerance to transgenic plants. In wheat, the
TaERF3-actived TaGST6 expression was enhanced by ABA to
respond to salt and drought stress (Rong et al., 2014). Our
results indicated that the expression of CsGSTU8 was increased in
response to ABA and drought treatments, meanwhile, the ABA-
and drought-responsive transcription factor CsWRKY48 could
directly activate the expression of CsGSTUS. Thus, we inferred
that ABA signaling might be involved in the drought-induced
expression of CsGSTUS.

One of effects of drought stresses on plants is the excess
accumulation of ROS. A series of studies have shown that
transgenic plants expressing GSTs contribute to drought stress
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FIGURE 5 | CsSWRKY48 acts as a transcriptional activator and is expressed in response to drought and ABA treatment. (A) Multiple sequence alignment of
CsWRKY48 and its homologs in other plant species. The red line indicates the WRKY DNA-binding domain. (B) Transactivation analysis of CsWRKY48 in yeast.
(C) Transcript levels of CsWRKY48 under PEG treatment. (D) Transcript levels of CsWRKY48 under ABA treatment. (E) Subcellular localization of
358::CsWRKY48-GFP in tobacco cells. Bar = 20 um. The data are presented as the means + SDs of three independent experiments. Significant differences were
determined using Student’s t-test (*P < 0.05).

tolerance by scavenging excess ROS accumulation (Liu et al.,
2013a; Srivastava et al., 2019; Yang et al., 2019). Similarly, in the
current study, transgenic Arabidopsis plants expressing CsGSTUS
exhibited a stress-tolerant phenotype when subjected to drought
stress accompanied by less accumulation of ROS level, suggesting
the positive role of CsGSTUS8 in ROS scavenging. GST proteins
catalyze the conjugation of GSH to an array of hydrophobic and
electrophilic substrates, including ROS, thus, protecting the cell
from oxidative burst (Kumar and Trivedi, 2018). During catalysis,

the binding and correct orientation of GSH are governed by the
conserved GSH binding site (G-site), and the substrate binding
pocket (H-site) assists in the binding of substrates by providing
a hydrophobic environment (Basantani and Srivastava, 2007;
Kumar and Trivedi, 2018). CsGSTUS8 harboring the conserved
GSH bind site and the substrate binding pocket, suggesting the
capacity of CsGSTUS to catalyze the conjugation of GSH to an
array of substrates, which was further confirmed by the higher
GST activity of transgenic plants compared to that in WT plants.
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Thus, the lower ROS level of transgenic plants under drought
stress can be explained by the fact that transgenic plants have
an improved capacity for GSH conjugation to ROS and result
in an enhanced ability to scavenge ROS, which constitutes the
foundation for their stress-tolerant phenotype.

During signal transduction and the adaptive response,
transcription factors including NAC, MYB, bZIP, DREB, and
WRKY ones usually bind to the promoters of effector genes
that encode enzymes, chaperones and ion/water channels and
directly regulate their expression to induce an adaptive response
under drought conditions (Joshi et al., 2016; Wei et al.,, 2019).

As effector genes encoding enzymes involved in ROS scavenging
under stress, GSTs have been found to be directly regulated by
several type transcription factors in response to drought stress
in plants, such as ERF type (Rong et al., 2014), bHLH type (Cui
et al, 2019), and NAC type (Ren et al,, 2020). WRKY family
members regulate the expression of target genes by binding to
the W-box cis-elements in their promoters (Deng et al., 2020;
Zhao et al., 2020). For example, AtWRKY57 can directly bind
to the W-box in AfRD29A and AtNCED3 promoters and activate
their expression (Jiang et al., 2012). Our EMSA and Dual-LUC
transient expression assays demonstrated that a drought- and
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ABA-responsive transcription factor form tea plant, CsWRKY43,
can directly bind to the W-box in promoter of CsGSTUS
and activate its expression. These results suggest that drought
stress may first induces the expression of CsWRKY48 and
then activates the CsGSTUS transcription, thus causing an
adaptive response.

CONCLUSION

In conclusion, our study revealed that CsGSTUS, which is
positively activated by CsWRKY48, enhances the drought
tolerance of transgenic Arabidopsis by increasing ROS
scavenging under drought stress. This study provides valuable
knowledge for understanding the function of CsGSTU8
and the wunderlying molecular mechanism of drought
tolerance in tea plant.
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Alfalfa is widely grown worldwide as a perennial high-quality legume forage and as
a good ecological landcover. The cysteine synthase (CSase) gene family is actively
involved in plant growth and development and abiotic stress resistance but has not
been systematically investigated in alfalfa. We identified 39 MsCSase genes on 4
chromosomes of the alfalfa genome. Phylogenetic analysis demonstrated that these
genes were clustered into six subfamilies, and members of the same subfamily had
similar physicochemical properties and sequence structures. Overexpression of the
CSase gene in alfalfa increased alkali tolerance. Compared with control plants, the
overexpression lines presented higher proline, soluble sugars, and cysteine and reduced
glutathione contents and superoxide dismutase and peroxidase activities as well as
lower hydrogen peroxide and superoxide anion contents after alkali stress. The relative
expression of y-glutamyl cysteine synthetase gene (a downstream gene of CSase) in
the overexpression lines was much higher than that in the control line. The CSase gene
enhanced alkalinity tolerance by regulating osmoregulatory substances and improving
antioxidant capacity. These results provide a reference for studying the CSase gene
family in alfalfa and expanding the alkali tolerance gene resources of forage plants.

Keywords: alfalfa, CSase gene family, genome-wide analysis, gene overexpression, alkali stress

INTRODUCTION

Cysteine is the first organic substance in plants found to contain both sulfur and nitrogen and is a
precursor of sulfur-containing metabolites such as methionine (Takahashi et al., 2011), glutathione
(GSH) and Fe-S clusters, which play an important role in plant development and metabolic
processes (Droux, 2004; Van Hoewyk et al., 2008). The synthesis of cysteine can be roughly divided
into the absorption and reduction of elemental sulfur (Kopriva, 2006; Davidian and Kopriva, 2010).
Cysteine synthase (CSase) is involved in the final step of cysteine synthesis; this enzyme catalyzes the
synthesis of cysteine from H,S and O-acetylserine (OAS) (Jez and Dey, 2013; Romero et al., 2014).
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CSase Gene Family in Alfalfa

The CSase gene is often referred to as the
O-acetylserine(thiol)lyase gene (OAS-TL) and belongs to
the CSase gene family (Droux et al., 1998; Wirtz and Hell, 20065
Alvarez et al., 2010a). The CSase gene family was previously
identified in Arabidopsis (Arabidopsis thaliana) and was found
to comprise nine genes divided into five subfamilies, all of
whose members contain PLP-binding sites (PXXSVKDR) that
are highly conserved across species (Yamaguchi et al., 2000).
However, cytosolic OAS-A1, plastidial OAS-B, and mitochondrial
OAS-C were identified as the three OASTLs that were also
expressed at relatively high levels and interacted with ser
acetyltransferase (SAT) (Bonner et al., 2005; Heeg et al., 2008; Jez
and Dey, 2013). In addition, CYS-DI and CYS-D2 also have weak
cysteine synthesis functions in mitochondria (Yamaguchi et al.,
2000). CSases compose a protein family whose members have
multiple functions, and CSase genes in different tissue sites may
have different functions. For example, L-cysteine desulthydrase
1 (DESI) in the cytoplasm has L-cysteine desulthydrase
activity, sulfocysteine synthase (SCS) in the chloroplast encodes
S-thiocysteine synthase, and the mitochondrial enzyme CAS-CI
has p-cyanoalanine synthase (CAS) activity (Alvarez et al., 2010a;
Bermudez et al., 2010). Recently, it has also been shown that
CSase genes are involved in environmental stress responses
such as responses to high-salt conditions and heavy metals, and
overexpression of CSase genes has been shown to increase the
ability of plants to adapt to oxidative stress (Ning et al., 2009;
Xie et al., 2012). Moreover, a wide range of defense compounds
that can respond to adverse environments use cysteine as a
precursor (Alvarez et al., 2010b). Taking the GSH metabolic
pathway as an example, the synthesis of GSH as an antioxidant
molecule is restricted by cysteine, and in turn GSH is a precursor
for the synthesis of phytochelatins (PCs), thiolated peptides
involved in the detoxification of heavy metals (Cui et al., 2012,
2014). When plants need to enhance GSH biosynthesis under
heavy metal stress, CSase can increase cysteine production and
subsequently affect the synthesis of downstream substances and
achieve improved plant tolerance.

The earliest report of the CYS-CI gene in Arabidopsis involved
a CAS that converts cyanide and cysteine to P-cyanoalanine
and H5S in mitochondria. CYS-CI and Cys-C act together to
complete the cyclic pathway of cyanide detoxification (Garcia
et al.,, 2010; Alvarez et al., 2012b). However, the activity of CYS-
C1I during cysteine synthesis is also relatively high (Hatzfeld et al.,
2000), and CYS-CI is considered a member of the CSase gene
family (Watanabe et al., 2008). Since SAT and CSase interact
for efficient synthesis of cysteine, authentic CSase can interact
with SAT (Droux et al., 1998; Romero et al., 2014). Moreover,
the SIOAS7 gene in the CYS-C subfamily was found to interact
with SAT in tomato (Liu et al, 2018). Based on the above
information, it is speculated that CYS-C subfamily members may
also be true CSases.

Alfalfa (Medicago sativa L.), which is widely grown in Asia,
Europe, and America, is a high-quality perennial forage plant of
the legume family; alfalfa is high yielding and rich in nutrients
and is one of the most important forage species for healthy
and efficient livestock breeding. The CSase gene family has been
extensively studied in many species, and genome-wide analyses

have identified members of the CSase gene family in Arabidopsis
(Yamaguchi et al., 2000), tomato (Solanum lycopersicum L.) (Liu
et al., 2018), foxtail millet (Setaria italica (L.) P. Beauvois) (Liu
et al.,, 2019), and sorghum (Sorghum bicolor) (Akbudak et al.,
2018), but our knowledge of the CSase gene family in forage
crop species such as alfalfa is still limited. The recently published
genome of alfalfa (cultivar Xinjiangdaye) provides an important
resource for further molecular studies of this species (Chen et al.,
2020). Previous work by our group found that this gene responds
to alkali stress (Song et al., 2017, 2021). Based on this information,
a total of 39 CSase genes were identified and classified into 6
subfamilies in this study, and bioinformatic analyses including
phylogenetic analysis, motif composition analysis, and gene
duplication analysis were performed to provide a theoretical basis
for clarifying the evolutionary history and biological functions
of the members of this gene family. In addition, we successfully
cloned a CSase gene (belonging to the CYS-C1 subfamily) from
alfalfa, transferred it into alfalfa, and analyzed its potential
function. The results showed that this gene encodes a protein
that promotes cysteine synthesis and improves the alkalinity
tolerance of overexpression lines by increasing the antioxidant
capacity of the plant.

MATERIALS AND METHODS

Identification of Cysteine Synthase Gene

Family Members in Alfalfa

The sequences of the nine identified AtCSase genes were
obtained from the NCBI database.! The M. sativa Xinjiangdaye
genome sequence was downloaded from a website.” MsCSases
were identified by two rounds of BLASTP. A hidden Markov
model (HMM) was used by Pfam 31.1° to ensure that the
PF00291 domain was retained, and DNAMAN was used
for sequence comparison searches for the PLP-binding site
(PXXSVKDR) in alfalfa.

Phylogenetic Analysis and Multiple

Sequence Alignment

A phylogenetic tree was generated by MEGA 5 using the
NJ method, with 1,000 bootstrap replicates. Multiple sequence
alignments of CSases were created with ClustalX.

Analysis of Conserved Motifs and

Conserved Domains

The conserved motif structures within the CSase sequences were
identified by MEME Suite Version 5.2.0' with the following
parameters: zero or one occurrence per sequence of site
distribution, a maximum of 10 misfits and a maximum width
of motif between 6 and 50. NCBI Batch CD-Search® was used to

Thttp://ncbi.nlm.nih.gov/
“https://figshare.com/projects/whole_genome_sequencing and_assembly_of _
Medicago_sativa/66380

Shttps://pfam.xfam.org/

*http://meme-suite.org/tools/meme
*https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi
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analyze the conserved domains of the CSase proteins, after which
the domains were visualized by TBtools.

Vector Construction and Plant

Transformation

We used the CSase gene of M. truncatula (Medtr7g078070.1)
as a reference sequence to clone the CSase gene of M. sativa.
Transient expression vectors for tobacco and overexpression
vectors for alfalfa were constructed by the one-step cloning
method. Then, the expression vectors were transformed into
Agrobacterium rhizogenes by using the freeze-thaw method. The
CSase gene was transformed into alfalfa via Agrobacterium
mediation using the cotyledon method, and regenerated alfalfa
plants were obtained. The bar gene detection method and
fluorescence quantitative analysis technology were used to screen
overexpression plants. The sequences of the primers used are
shown in Supplementary Table 1.

Plant Growth Conditions and Treatments
Nicotiana benthamiana plants were grown in plastic pots filled
with vermiculite. Approximately 1-month-old seedlings were
used for transient expression. M. sativa Longmu 801 was
used in this study. Softwood cuttings from the CK line and
overexpression lines OV#L11, OV#L12, and OV#L13 were
transplanted into plastic pots containing vermiculite (one plant
per pot). All the plants were grown under a 16 h light/8 h
dark photoperiod under a day/night temperature cycle of
22°C/18°C. Hoagland solution (1/10 strength) was applied to the
plants every 3 days.

For NaHCOj3 treatment, 150 mM NaHCO3; was applied for
5d, and a 5 d recovery period was selected as the best condition
for identifying stress phenotypes. Samples were taken at 0, 1, 6,
12, 24, 48 h, and 5 d after the beginning of the treatment. Three
biological replicates were included per line.

Subcellular Localization Analysis

To explore the subcellular localization of CSase proteins, we
constructed a transient expression vector. CSase gene was
inserted downstream from the double CaMV 35S promoter in
the pCAMBIA1300 vector. The pCAMBIA1300 vector carries
GFP gene. The sequences of the primers used are listed in
Supplementary Table 1. The resulting vector was introduced into
the Agrobacterium tumefaciens strain GV3101. We used a syringe
to infiltrate Agrobacterium tumefaciens strain GV3101 containing
a tobacco transient expression vector into 1-month-old tobacco
leaves. After infiltration, the plants were cultivated for 72 h under
dark conditions. The fluorescence signal in the infested tobacco
leaves was subsequently observed by confocal microscopy.

Determination of Physiological
Indicators and Expression Analysis of

Related Genes

Physiological traits including GSH, cysteine, Pro, and MDA
contents and SOD and POD activities were measured using
reagent kits (Nanjing Jiancheng Bioengineering Institute,

Nanjing, China). The instructions of the kits were followed for
specific test procedures.

For qRT-PCR, total RNA was isolated from alfalfa samples
using an RNeasy Plant Mini Kit (CWBIO, Jiangsu, China),
and cDNA was synthesized using a kit (Vazyme). qRT-PCR
was used to analyze the relative expression levels of alfalfa
CSase-responsive genes. The GADPH gene was used as a
reference. The sequences of the primers used are shown in
Supplementary Table 1.

Statistical Analyses
To determine significance, all statistical analyses were performed
by using Microsoft Excel.

RESULTS

Identification of MsCSase Genes in
Alfalfa

First, a total of 39 MsCSase gene sequences were retrieved from
alfalfa using BLAST, PF00291 domain and PLP-binding site
(PXXSVKDR) searches and named MsCSase0l to MsCSase39
according to their chromosome locations (Supplementary
Table 2). They were unevenly mapped onto chromosomes 1, 4,
5, and 7, which contained 14, 9, 7, and 9 genes, respectively
(Supplementary Table 2). Information about their coding DNA
sequences (CDS) and resulting protein sequences are presented
in Supplementary Table 3. Then, characterization of the proteins
revealed that the predicted isoelectric points (pIs) of the MsCSase
proteins ranged from 5.17 to 9.08 (Supplementary Table 2).
Except for MsCSase01, MsCSase31 and MsCSase36, the length
and molecular mass did not widely vary (Supplementary
Table 2). The phylogenetic tree results demonstrated that the
MsCSase proteins could be divided into 6 subfamilies according
to the clades and classification from Arabidopsis, including
14, 9, 5, 4, and 4 members in the CysA subfamily, CysB
subfamily, SCS subfamily, CysD subfamily and CysC subfamily,
respectively (Figure 1). Similar to that which occurred in a
study in tomato (Liu et al., 2018), MsCSase25, MsCSase27, and
MsCSase28 were separated into a separate family and did not
belong to the other five subfamilies. These results indicated that
the characteristics and patterns of evolution in various species are
more likely to differ.

Structural Features and Synteny Analysis

Genetic structural diversity supported the phylogenetic
groupings to some extent (Wei et al, 2016). Therefore,
we analyzed the relationship between gene structure and
phylogenetic clustering to gain insight into the evolution of the
MsCSase gene family in alfalfa (Figures 2A,B). Gene structure
analysis showed that genes within the same subfamily presented
similar structures; for instance, the CysA subfamily members
contained 10 exons, and the exon distribution of genes on the
same branch was largely similar. In addition, the protein motif
analysis (the conserved motifs via sequence logo are shown in
Supplementary Figure 1) by MEME found a similar pattern and
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the order and distribution of the motifs were roughly similar
among the members of the subfamilies (Figure 2C). These results
supported the close evolutionary relationship of the classification
of these MsCSase subfamilies. Moreover, the MsCSase genes
had five characterized domains, including PLN02565, the
PLN02565 superfamily, Trp-synth-beta_II superfamily and
PLN02556 domains, all of which are related to cysteine synthesis
(Figure 2D). Overall, the domain similarity suggested that these
genes may have similar functions, but the differences in the
activity of their encoded enzymes may be related to differences
in gene structure and motifs between subfamily members.

To elucidate the mechanism through which the MsCSase gene
family members in alfalfa expanded, gene duplication events were
identified. Two pairs of tandem duplication genes (MsCSase9/10,
MsCSase22/23) and 35 groups of synteny gene pairs in which
MsCSase07/24 were segmentally duplicated genes were identified
by TBtools and MCScanX software (Supplementary Table 4).
Duplicated genes were located on chromosomes 1, 5, and 10
(Supplementary Figure 2). Taken together, the results indicated
that there was no obvious relationship between chromosome
length and the number of genes. Some MsCSase genes may have
been generated by gene duplications and tandem and segmental
duplications contributed to the evolution of MsCSases in alfalfa.

Molecular Cloning and Subcellular

Localization of CSase
Using the Medtr7g078070.1 gene of Medicago truncatula as a
probe, we cloned the gene with accession number MK334208
named CSase from alfalfa (cultivar Longmu 801). Sequence
analysis showed that the amino acid sequences of MsCSas32,
MsCSase34, and CSase were nearly identical (Supplementary
Figure 3); they were 99.91% similar at the nucleotide level,
and only one nucleotide differed between MsCSase34 and
CSase (Supplementary Figure 4). Combining the results of
the phylogenetic evolutionary tree analysis with these results,
we determined that the CSase gene belonged to the CYS-
C1 subfamily and was highly conserved in two different
alfalfa varieties.

qRT-PCR analysis of different alfalfa tissue parts revealed that
the relative expression of CSase was higher in the leaves than in
the other tissues (Figure 3A). Moreover, the relative expression
in mature leaves was much higher than that in other tissues.
To further clarify the location of gene activity, we evaluated the
subcellular localization of CSase. We fused its ORF sequence
without the terminal codon to GFP at the N-terminus under the
control of the CaMV 35S promoter and ultimately transiently
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FIGURE 2 | Architecture of conserved protein motifs, domains and gene structures among the MsCSase gene family members in alfalfa. (A) Phylogenetic tree of
alfalfa MsCSase proteins constructed using MEGA 5 software. (B) Gene structure of the MsCSase gene family members. The green boxes indicate exons; the black
lines indicate introns. (C) Motif composition of MsCSase proteins. The motifs, numbered 1-10, are displayed in different colored boxes. The results of a sequence
logo analysis of the conserved motifs are provided in Supplementary Figure 1. The length of the protein can be estimated using the scale at the bottom. (D) The
characterized domains of the MsCSase genes were identified. The different colors represent different domains.

expressed it in tobacco (N. benthamiana) leaf epidermal cells.
The results showed that the presence of the CSase-GFP fusion
protein in the chloroplasts of the cells (Figure 3B). This finding
also directly validates the accuracy of the QRT-PCR results.

Overexpression of Cysteine Synthase
Enhances Alkali Tolerance in Transgenic
Alfalfa

qRT-PCR analysis under different abiotic stresses revealed that
CSase could respond positively to salt, alkali and drought
stresses in alfalfa, and the response to alkali stress was more
pronounced than that to the other stressors (Figure 4A). To
determine whether alfalfa alkalinity tolerance was altered by
up-regulation of CSase, we constructed alfalfa overexpression
vectors (Supplementary Figure 5) and transformed the CDS
of CSase into the alfalfa cultivar Longmu 801 to obtain CSase-
overexpressing transgenic lines. The glucosamine gene is a
marker gene that is present only in the vector itself and not
in alfalfa. Bar gene detection revealed successful infestation
of alfalfa in response to a bacterial solution (Supplementary
Figure 6). qRT-PCR analysis showed that the relative expression
of the MsCSase gene in the control (CK) lines were much
lower than that in the OV# L11-, OV# L12-, and OV#L13-
overexpressed lines (Figure 4B). This indicates that the CSase
gene was successfully overexpressed in alfalfa. We ultimately

selected the CK line and overexpression lines OV#L11, OV#L12,
and OV#L13 for subsequent experiments.

Under normal growth conditions, there was no significant
difference in phenotype between the CK and overexpression
lines, and the differences between the aboveground biomass
fresh weight and the relative chlorophyll content were not
significant. However, after 5 d of alkali stress, the leaf wilting
of the overexpression lines was much lower than that of the
CK (Figure 4C). The alkali treatment led to degradation of the
relative chlorophyll content (Figure 4D), but the chlorophyll
contents were still higher in the overexpression lines than in
the CK line. Moreover, the difference in aboveground biomass
between the lines was not significant (Figure 4E). Overall,
overexpressing CSase provided increased tolerance to alkali
stress in alfalfa.

To clarify the reason for the increased alkali tolerance of
the CSase overexpression lines, we also measured the contents
of malondialdehyde (MDA), proline (Pro) and soluble sugars
(SSs) in the CSase overexpression lines and CK plants grown
under normal and alkaline conditions. However, after alkali
stress, the contents of MDA, Pro and SSs increased within each
line, and the increase in MDA content in the overexpression
line was significantly lower than that in CK, while the contents
of osmoregulatory substances containing Pro and SSs were
significantly higher than those in CK (Figures 5A-C). It
can be hypothesized that, compared with the CK plants, the
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overexpression lines are alkaline tolerant due to their lower
degree of membrane damage and higher accumulation of
osmoregulatory substances.

Cysteine Synthase Overexpression
Increased the Cysteine and Glutathione

Contents to Improve Alkali Tolerance

CSases have been shown to encode CSase proteins (Hatzfeld et al.,
2000). The increase in CSase content promotes an increase in
cysteine content in plants. In the present study, the cysteine
content in the overexpression lines was significantly higher than
that in CK under normal growth conditions, and the cysteine

content under alkali stress was higher than that in the CK and
tended to increase (Figure 6A). Accordingly, we speculated that
cysteine plays a role in improving alkali tolerance in plants.
Based on our preliminary research, we found that cysteine is a
precursor for the synthesis of antioxidant substances such as GSH
(Droux, 2004; Wirtz and Droux, 2005; Kopriva, 2006) and that
GSH plays an important role in enhancing antioxidant capacity
and transducing redox-sensitive signals in plants (Cnubben et al.,
2001; Matés et al., 2002; Pastori and Foyer, 2002). Therefore,
we determined the GSH content and the relative expression of
y-glutamyl cysteine synthetase (y-ECS) in each line. The results
showed that the GSH content in the plants increased in response
to alkali stress and that the overexpression lines contained more
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GSH (Figure 6B). The trends of the relative expression of y- line than in the CK line (Figure 6C). Overexpression of CSase
ECS in the overexpression and CK lines were similar, but the and SAT in tobacco also significantly increased the relative
relative expression of y-ECS was higher in the overexpression expression of y-ECSs as well as the GSH content in the plants
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(Nakamura et al., 2014). Thus, the overexpression of the CSase
gene could regulate downstream metabolic pathways, which led
to an increase in the relative expression of the downstream y-ECS
gene, and the increase in cysteine content provided the possibility
of an increase in GSH content. This also laid the foundation for
the improvement in alkali tolerance in the overexpression line.

Cysteine Synthase Overexpression
Increased the Antioxidant Capacity of

Transgenic Alfalfa
Studies on DESI and OAS-AI in Arabidopsis showed that
cysteine is an important determinant of antioxidant capacity
in the cytoplasm (Loipez-Martiin et al., 2008; Alvarez et al,
2010a), while SCS plays an important role in chloroplast redox
(Bermudez et al., 2010). In addition, cysteine and GSH are also
associated with plant antioxidants. Therefore, we measured the
superoxide anion (OFR) and hydrogen peroxide (H,O,) contents
and the enzymatic activity of several antioxidant enzymes. Under
normal growth conditions, although the H,O, and OFR contents
in the overexpression line were lower than those in the CK line,
only the H,O; content differed significantly (Figures 7A,B). The
levels in both lines increased significantly after alkali stress, but
the levels in the overexpression lines were significantly lower than
those in the CK line. Thus, we speculated that the overexpression
lines may be superior to the CK line in terms of the scavenging
ability of reactive oxygen species (ROS).

Based on the above speculation, we also measured the
activities of peroxidase (POD) and superoxide dismutase (SOD).

The results showed that the activities of both enzymes were
much higher in the overexpression lines than in the CK plants
under alkali stress, and the activities of POD in the former
were also significantly higher than those in the CK plants
under normal growth conditions (Figures 7C,D). In conclusion,
it was clear that the overexpression lines could reduce the
accumulation of ROS by increasing the activity of antioxidant
enzymes under alkali stress to enhance the alkali tolerance of the
overexpression lines.

DISCUSSION

The CSase gene family is widespread in plants, and its members
play an important role in cysteine synthesis, cyanide metabolism
and other pathways. The synthesis of cysteine is the main
function of the members of this gene family, and the CSase
they encode is involved in the final step of cysteine synthesis.
Cysteine is the first reduced sulfur donor organic molecule
synthesized in plants and is involved in the synthesis of a variety
of compounds involved in defense, redox, and other functions
and occupies a central position in plant metabolism. Most studies
on the classification and functional determination of the CSase
gene family have focused on Arabidopsis (Barroso et al., 1995;
Dominguez-Solis et al., 2004; Alvarez et al., 2010a; Alvarez et al.,
2012a; Birke et al., 2012). However, studies on the identification,
classification and related functions of CSase gene family members
in specific species are lacking. For this reason, we conducted the
present study on the MsCSase gene family in alfalfa.
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The 39 MsCSase genes that were identified were unevenly
distributed across only a few chromosomes. Although previous
studies have also shown that CSase genes are unevenly distributed
on only a few specific chromosomes, they have not shown that the
genes are subject to fragment duplication or tandem duplication
events (Yamaguchi et al., 2000; Akbudak et al., 2018; Liu et al,,
2018, 2019). However, we identified two pairs of tandem repeat
genes and one pair of gene-generating fragment duplication
genes in alfalfa (Bennetzen et al., 2005; Zhu et al., 2014). These
results suggested that tandem and fragment duplication events
play a role in expansion of the alfalfa MsCSase gene family.

Based on phylogenetic analysis and previous Arabidopsis
studies, we divided the alfalfa MsCSase gene family members
(excluding MsCSase25, MsCSase27, and MsCSase28) into 5
subfamilies. The gene structures, motifs and domains of each
subfamily member were somewhat similar. The results of the
structural analysis support the reliability of the phylogenetic
analysis. Differences in the physicochemical properties and
structures of different subfamilies may result in differences in the
activity of the enzymes or the function of the genes (Liszewska
et al, 2007; Noda et al., 2016). The identified MsCSase25,
MsCSase27, and MsCSase28, which do not belong to other
subfamilies, although they have PLP-binding sites, still need to
be verified whether they encode active cysteine synthases.

In terms of gene function validation, we successfully cloned
the CSase gene (MsCSase32, MsCSase34) and produced CSase-
overexpressing alfalfa. Stress tests showed that overexpression
of CSase significantly improved alkali tolerance in alfalfa.
Alkali stress signals induce the biosynthesis and accumulation
of compatible osmotic solutes, including SSs and Pro, to
improve tolerance. When the plants were subjected to alkali
stress, compared with the CK plants, the overexpression lines
accumulated more of these substances to reduce the intracellular
osmotic potential, and the tolerance of the overexpression plants
was improved by the accumulation of these substances.

CSase activity and the cysteine content increase under metal
and salt stresses and that overexpression of CSase improves the
antioxidant capacity and tolerance of plants (Dominguez-Solis
et al,, 2001; Youssefian et al., 2001; Dominguez-Solis et al., 2004;
Fediuc et al., 2005; Pajuelo et al., 2007; Gotor et al., 2015). GSH
content increases in overexpression lines under environmental
stresses (Sabetta et al., 2017) and GSH plays important roles
in scavenging ROS and transducing stress signals (Meyer, 2008;
Zagorchev et al., 2013; Leng et al., 2015). In addition, redox-
and ROS-dependent regulatory networks are important for
photosynthesis in chloroplasts (Strand et al., 2015; Giitle et al.,
2016). In the present study, we found that the increased resistance
of the transgenic lines are due to the overexpression of the
CSase gene leading to an increase in the content of antioxidants
such as cysteine and downstream GSH, which in turn leads to
enhanced antioxidant capacity. This was also evidenced by the
increase in SOD and POD activities and the decrease in H,O;
and OFR contents in overexpression plants under alkali stress.
Moreover, the enhanced antioxidant capacity of the transgenic
lines may make their photosynthesis less affected by alkali stress
and subsequently have higher SPAD values. The enhanced stress
resistance resulted in good phenotypes of overexpression lines

under alkali stress. In conclusion, CSase overexpression lines
enhance plant tolerance by increasing the antioxidant capacity
of plants. This conclusion is also consistent with the results of
the previous group, which showed that CSase can respond to
alkali stress and that increased cysteine content can improve the
antioxidant capacity of the plants (Song et al., 2017, 2021).

Interestingly, numerous studies have shown that CYS-CI
has dual functions in synthesizing cysteine and p-cyanoalanine
(Tkegami et al., 1988; Watanabe et al., 2008; Marrero-Degro
et al., 2010). However, CYS-CI currently synthesizes CAS only
in mitochondria. The encoded CSase product (CAS) is localized
in the mitochondria of Arabidopsis and is involved in the
detoxification of HCN (Alvarez et al., 2012b). In the present
study, this protein was localized in chloroplasts and enhanced
the alkalinity tolerance of plants by synthesizing cysteine. From
this, we hypothesized that CSase could have the ability to encode
both CSase and CAS but selectively encodes one of the enzymes
depending on the expression location. The above hypothesis
needs to be further investigated. Whether CSase in alfalfa can also
encode CAS also needs to be further investigated.

CONCLUSION

In this study, we focused on 39 alfalfa MsCSase family members
and classified them into 6 subfamilies first on the basis of the
results of a phylogenetic analysis followed by a gene structure
analysis, conserved domain characterization and a synteny
analysis and on the basis of the high similarity in these aspects
of members within the same subfamily. Subsequently, we cloned
CSase and successfully overexpressed it in alfalfa. Evidence
from both physiological experiments and the determination
of the relative expression of downstream genes indicated that
the overexpression lines can significantly improve alkali stress
tolerance in alfalfa by increasing oxidative stress protection and
the levels of osmoregulatory substances. These findings set the
stage for the study of the CSase gene family. We will focus our
future work on the associated metabolic pathways to further
clarify the molecular mechanism of basal tolerance.
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Reveals Complex Genetic
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Heavy metals are an increasing problem due to contamination from human sources
that and can enter the food chain by being taken up by plants. Understanding the
genetic basis of accumulation and tolerance in plants is important for reducing the
uptake of toxic metals in crops and crop relatives, as well as for removing heavy metals
from soils by means of phytoremediation. Following exposure of Medicago truncatula
seedlings to cadmium (Cd) and mercury (Hg), we conducted a genome-wide association
study using relative root growth (RRG) and leaf accumulation measurements. Cd
and Hg accumulation and RRG had heritability ranging 0.44 — 0.72 indicating high
genetic diversity for these traits. The Cd and Hg trait associations were broadly
distributed throughout the genome, indicated the traits are polygenic and involve
several quantitative loci. For all traits, candidate genes included several membrane
associated ATP-binding cassette transporters, P-type ATPase transporters, oxidative
stress response genes, and stress related UDP-glycosyltransferases. The P-type
ATPase transporters and ATP-binding cassette protein-families have roles in vacuole
transport of heavy metals, and our findings support their wide use in physiological
plant responses to heavy metals and abiotic stresses. We also found associations
between Cd RRG with the genes CAX3 and PDR3, two linked adjacent genes, and
leaf accumulation of Hg associated with the genes NRAMP6E and CAX9. When plant
genotypes with the most extreme phenotypes were compared, we found significant
divergence in genomic regions using population genomics methods that contained
metal transport and stress response gene ontologies. Several of these genomic regions
show high linkage disequilibrium (LD) among candidate genes suggesting they have
evolved together. Minor allele frequency (MAF) and effect size of the most significant
SNPs was negatively correlated with large effect alleles being most rare. This is
consistent with purifying selection against alleles that increase toxicity and abiotic stress.
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Conversely, the alleles with large affect that had higher frequencies that were associated
with the exclusion of Cd and Hg. Overall, macroevolutionary conservation of heavy metal
and stress response genes is important for improvement of forage crops by harnessing
wild genetic variants in gene banks such as the Medicago HapMap collection.

Keywords: cadmium, mercury, polygenic, standing variation, genetic architecture, Medicago truncatula

(Medicago)

INTRODUCTION

Heavy metals are high-density elements that can cause toxic
effects when present in excess quantities. Cadmium (Cd) and
mercury (Hg) are two of the most toxic heavy metals to humans
as Cd poisoning can cause kidney damage and osteoporosis
(Jarup and Akesson, 2009), while Hg poisoning is associated
with lung, kidney, muscle and brain damage (Vallee and Ulmer,
1972; Bernhoft, 2012). Heavy metals may occur naturally at low
concentrations in soils, often originating from volcanic soils and
weathered rocks. However, the predominant source of heavy
metal contamination are mines, foundries, and smelters, which
are often associated with particularly high levels of contamination
in surrounding soils (Tchounwou et al., 2012; Alloway, 2013).
This pollution can negatively affect surrounding agricultural and
natural ecosystems. Heavy metal accumulation in agricultural
soils is worsened by atmospheric deposition, sewage irrigation
practices, and the extensive use of soil amendments, livestock
manures, pesticides and agrophytochemicals (Nicholson et al,,
2003; Peng et al., 2019). Plants grown on contaminated soils
may accumulate heavy metals in aerial parts such as leaf tissues
and seeds and can result in severe health consequences for
foraging animals and humans if these metals enter the food
supply (Peralta-Videa et al., 2009).

In plants, heavy metals such as Cd and Hg are non-essential
ions that can be taken up from the environment by essential
micronutrient transporters (Clemens, 2006) and subsequently
assimilated into the aerial parts of the plants via the roots.
High intracellular accumulation of metal ions can lead to the
denaturation of proteins, the displacement of essential metals
from biomolecules, problems in membrane integrity, and the
formation of reactive oxygen species (ROS). Excess metals in
leaves can result in chlorosis, disruption of photosynthetic
pathways, and breakdown of basic metabolic processes often
leading to the death of the plant. Managing heavy metal toxicity
by plants requires several genetic loci for integrated transport
and tissue detoxification that operate at both the cellular and
molecular level. Thus, traits associated with tolerance and
accumulation are expected to be polygenic.

Molecular studies have shown that plants bind Cd and Hg
with phytochelatins that are synthesized from glutathione and
cysteine through the activation of the phytochelatin synthase
(PCS) enzymatic pathway (Cobbett, 2001; Hossain et al., 2012).
Binding and chelation of Cd and Hg ions enable their transport
across membranes where they are sequestered into vacuoles
for sub-cellular compartmentalization (Martinoia et al., 2018).
The ATP-binding cassette subfamily of transporters (ABC-
transporters), specifically ABCCI and ABCC2 in A. thaliana

and poplar, transport chelated Cd and Hg ions into vacuoles
(Park et al., 2012; Brunetti et al., 2015; Sun et al., 2018) which
reduces cellular toxicity and limits dissemination throughout
the plant. Additionally, unchelated Cd ions can be directly
sequestered into the vacuole and mediated by the heavy metal
ATPase HMA3 (Morel et al., 2008; Chao et al., 2012) and the
cation exchange (CAX) type antiporters such as AtCAX2 and
AtCAX4 (Cheng et al., 2005; Punshon et al., 2012). In rice (Oryza
sativa), the natural resistance-associated macrophage protein 5
(NRAMP5, also a manganese (Mn) transporter), is the main
transporter of Cd into roots through the apoplast (Sasaki et al.,
2012; Clemens and Ma, 2016). NRAMP6 also plays a role in
Cd accumulation in A. thaliana as mutants confer greater Cd
tolerance (Cailliatte et al., 2009). Translocation of heavy metals
from the root into the shoot occurs by loading ions into the
xylem often using heavy metal ATPases (HMA’), such as HMA2
and HMA4, in A. thaliana and rice (Hanikenne et al., 2008;
Takahashi et al., 2012). While far less is known about intracellular
transport of Hg, there may be conservation between Cd and Hg
transporters at the protein-family level given the similar vacuole
transport mechanism for both Cd and Hg in A. thaliana using the
same ABC-transporters (Park et al., 2012).

Identifying the physiological processes and genetic
mechanisms that plants use to limit the accumulation of toxic
heavy metals is important for human health and agriculture.
The wild relatives of crop species possess standing variation
that can be useful for identifying the molecular mechanisms
associated with heavy metal tolerance and accumulation (Chao
et al., 2012; Wu et al., 2015; Zhao et al., 2017; Chen et al., 2018).
For example, allelic variants for reduced accumulation of heavy
metals (excluder alleles) can minimize toxicity in plants grown
in natural and agricultural ecosystems. Mining these genetic
variants in species-wide germplasm collections of crop relatives
can help us identify single nucleotide polymorphisms (SNPs)
for both excluder and accumulator alleles and their associated
genes. Conversely, accumulator alleles in highly tolerant plant
genotypes may possess useful genetic adaptations that can
facilitate phytoremediation of toxic soils (Swartjes, 2011; Yan
et al., 2020) by increasing the capacity of plants to absorb high
levels of toxic metals.

We are interested in the genetic architecture of tolerance
to Cd and Hg and leaf accumulation of these metals in
the model legume species Medicago truncatula, which is a
Mediterranean forage legume and close relative of important
crop legumes. Legumes such as M. truncatula have evolved
symbiotic interactions with nitrogen-fixing bacteria (rhizobia)
that can enrich plants with nitrogen. Symbiosis begins when
the roots of the host plant come into contact with soil-borne
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rhizobia, resulting in nodule formation on the roots (Kevei
et al.,, 2002; Van de Velde et al., 2010). Inside the nodules, the
rhizobia fix nitrogen for the host-plant in exchange for carbon
nutrients from host-plants to rhizobia. Therefore, understanding
genetic mechanisms that the host-plants use to detoxify plant
tissues, particularly roots, is essential for ensuring successful
rhizobia infection of roots to form nodules (Ledn-Mediavilla
et al,, 2018; Arregui et al., 2021). Detoxification of roots involves
both compartmentalization of toxic ions (i.e., in vacuoles) and
transport of the ions away from roots often into aerial tissues
such as leaves. However, excessive transport of toxic ions to
aerial tissues would come at a high cost to plant fitness due to
physiological stress and disruption of photosynthesis.
Considerable genomic resources exist for M. truncatula
including high quality reference genomes and gene annotations
(Young et al, 2011; Tang et al, 2014), genome-wide
polymorphism data (Branca et al., 2011; Paape et al., 2013),
a HapMap panel of resequenced germplasm for conducting
genome wide association studies (GWAS) (Stanton-Geddes
et al, 2013; Bonhomme et al, 2014; Kang et al, 2019), and
a large mutant collection (Lee et al, 2018). These resources
allow us to map phenotypes to very fine genomic regions
and identify candidate genes associated with traits of interest,
providing the basis for functional genetics studies (Curtin et al.,
2017). Moreover, in previous studies Hg- and Cd-sensitive and
tolerant cultivars were identified by phenotyping M. truncatula
germplasm resources, and differential responses to metal stress
between tolerant and sensitive cultivars were reported (Garcia de
la Torre et al., 2013, 2021). Both cultivar selection and transgenic
approaches can be used to obtain legumes with increased
tolerance to abiotic stress (Coba de la Pefia and Pueyo, 2012).
Standing genetic variation for quantitative traits, such as
phenotypic responses to heavy metals, is useful for detecting
allelic variation (i.e., SNPs) or genomic divergence associated
with trait variation. The variation present in species-wide samples
from natural populations (such as the Medicago HapMap panel)
may be comprised of adaptive and deleterious alleles that have
been tested in highly variable, natural habitats. In addition
to identifying genetic loci associated with traits, GWAS can
be used to estimate allele frequencies of associated SNPs and
their effect size, which may reveal the forces of selection that
contributed to the genetic architecture of a trait (Stinchcombe
and Hoekstra, 2007; Josephs et al., 2017). In GWAS data, we
expect that mutations (SNPs) with larger effect sizes will most
often be deleterious (Eyre-Walker and Keightley, 2007) and be
subject to purifying or negative selection (Trotter, 2014) under
mutation-selection balance (Crow and Kimura, 2010). These
processes can be revealed by negative correlations between SNP
effect size (estimated in the GWAS) and minor allele frequencies
(MAFs), where SNPs with smaller effect on a trait will be
at higher frequency and those with a larger effect will be at
lower frequencies (Stanton-Geddes et al., 2013; Josephs et al.,
2015). In addition, the phenotypic distributions exhibited by
standing variation may also correspond to genomic divergence.
By treating genotypic groups at opposite ends of phenotypic
distributions as populations, it may be possible to detect signals
of genomic divergence using population differentiation methods

such as F-statistics (Fgs) and composite likelihood ratio (CLR)
tests. F-statistics are traditionally used to test for natural selection
between populations by comparing allele frequencies within
and between groups (Holsinger and Weir, 2009), while CLR
tests detect selective sweeps between two populations (XP-CLR;
Chen et al,, 2010). These tests may provide complementary
information to GWAS regarding genomic regions underlying
divergent trait values.

Toxic levels of Cd and Hg in plants can be estimated based
on relative root growth (RRG) and leaf accumulation. RRG acts
as a measure of tolerance or root growth inhibition (Garcia de
la Torre et al., 2013, 2021) while leaf accumulation measured
using ionomics characterizes leaf-level responses such as root-
to-shoot transport and leaf capacity. In this study we set out to
(1) quantify the phenotypic variation of Cd and Hg tolerance
and accumulation in the Medicago HapMap panel, (2) identify
genes that are associated with these traits using complementary
methods to locate genomic regions, (3) characterize the genetic
architecture of tolerance and accumulation of these two metals,
and (4) estimate whether the genetic architecture has been shaped
by selection acting upon natural variation. When orthologous
genes are detected in GWAS experiments across multiple plant
species it suggests conservation of metal transporters and
detoxification mechanisms across the plant kingdom. Overall,
the expected results of the present study will contribute to
our understanding of the mechanisms involved in heavy metal
tolerance, translocation and accumulation in plants, and will
provide candidate targets to modify heavy metal accumulation or
tolerance by traditional breeding or transgenic approaches.

METHODS

Plant Growth and Measurements of
Phenotypes

Seeds from 236 resequenced M. truncatula genotypes were
obtained from the University of Minnesota, Medicago HapMap
project'. Two separate heavy metal treatments were applied in
parallel to the set of M. truncatula HapMap genotypes at the
seedling stage. A modified Hoagland nutrient solution (based
on Garcia de la Torre et al,, 2013, 2021) was used to grow
plants in hydroponic conditions using the following nutrient
concentrations: 2.02 gL~ ! KNO3, 0.68 gL~ ! KH,PO,,0.182 gL~}
CaCl,-2H,0, 0.615 gL~! MgSO4-7H,0, 0.109 gL~! K,S04,
0.205 gL’1 Hampiron (Rhoéne Poulenc), and 1.35 mL of a
solution containing: 11 gL~ H3BO3 6.2 gL~! MnSO4 -H,0,
10 gL™! KCI, 1 gL™! ZnSO4 -7H,0, 1 gL~ (NHy4)s Moy Op4
-4H,0, 0.5 gL_1 CuS04-5H,0 and 0.5 mLL~! H,SO4. One set
of plants was treated with mercury using 4 oM HgCl, added
to the Hoagland solution. A second set of plants was treated
with cadmium using 10 suM CdCl, added to the Hoagland
solution. A third set of plants was given no heavy metal treatment
and was used as a control group. Each treatment began with
fifteen replicate plant seedlings for each M. truncatula genotype.
Four traits were measured on the M. truncatula Hapmap panel

'http://www.medicagohapmap.org/hapmap/germplasm
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following the heavy metal treatments: (1) Relative Root Growth
(RRQG) in plants treated with Hg and (2) RRG in plants treated
with Cd, (3) accumulation of Cd in leaf tissues, (4) and
accumulation of Hg in leaf tissues. Seedlings were placed for 24 h
in the hydroponic system with 250 mL of nutrient solution for
acclimatizing in growth chamber conditions (24/20°C, 16/8 h
photoperiod), and then 48 h in the same conditions with or
without the heavy metal treatment. RRG is a reliable indicator of
metal tolerance in M. truncatula (Garcia de la Torre et al., 2013,
2021). Root length was measured at 24 h of plants growing in
the hydroponic medium before metal was added, and 48 h later,
after applying the metal treatments. Photo images of the seedlings
were taken at 24 h and again after the 48 h treatment. Roots were
measured using the software Image]. For calculating the RRG of
the seedlings, the increase in length is normalized by the increase
in control seedlings (Equation 1):

RRG — ( Alengthtreatment) % 100

Alengthcontml

For metal concentration measurements in leaves, cotyledons were
harvested after plants had been exposed to Cd or Hg treatment
for 48 h. The leaf tissues were washed with 10 mM Na,EDTA
to remove traces of metals on their surface. Washed and dried
leaves were digested using concentrated HNO3; and H,O,.
After the tissue digestion, distilled water was added, then the
mixture was filtered. Cd and Hg concentrations were measured
using inductively coupled plasma atomic emission spectroscopy
(ICP-AES). For leaf accumulation, three samples (biological
replicates) were analyzed per genotype. We used R version 3.3.3
to conduct statistical on phenotypic distributions and the Imer4
package to estimate variance components to calculate broad
sense heritability (H?). Metal concentrations were determined as
previously reported (Garcia de la Torre et al., 2013, 2021).

Genome-Wide Association Study

Genome-wide SNP data (BCF files) called against the Mt4.0
version of the reference genome from 262 Medicago truncatula
accessions was obtained from the Medicago HapMap project’.
Missing SNPs (due to low coverage in some genotypes) were
imputed using BEAGLE version 4.1 (Browning and Browning,
2016) with default parameters. The imputed dataset was split
by chromosome and converted to hapmap format (.hmp) using
TASSEL 5 (Bradbury et al, 2007). We used the software
Admixture (Alexander et al., 2009) to generate a population
structure co-variance matrix. The following criteria was used
to select independent SNPs for the Admixture analysis, based
on similar criteria used by Gentzbittel et al. (2019) to remove
SNPs that were linked or below allele frequency thresholds. SNPs
were filtered by genotyping rate and minor allele frequency, then
converted to bed format using PLINK 1.9 beta 6.5 (Chang et al,,
2015) using the command line input parameters: —geno 0.05 -
maf 0.01 -make-bed. Independent sites were extracted using
PLINK using the following input parameters: -indep 300 60 1.22.
Admixture v1.3.0 was run on 843,307 SNPs and k-values ranging

Zhttp://www.medicagohapmap.org/downloads/mt40

from 1 to 10 were estimated by running 10 iterations per K with
a different seed value for each iteration (-seed = 1 to —seed = 10).
For each k, average cross validation errors were calculated and
the iteration with lowest CV error was plotted in R. The SNP
dataset containing 262 HapMap accessions was filtered to contain
accessions with phenotype data present in the current study,
resulting in a SNP dataset containing 236 genotypes.

We ran the GWAS using GAPIT (Lipka et al., 2012; Tang
etal., 2016) version 20160323, once with the population structure
covariance matrix (with lowest cross validation error, k = 5), and
a second time without the structure covariance matrix. A kinship
(K) matrix, to control for genetic relatedness was estimated by
the software. The parameters used in the GAPIT model were
KI = NULL, PCA.total = 3, SNP.MAF = 0.02, SNP.fraction = 0.6,
Major.allele.zero = TRUE and Geno.View.output = FALSE. We
also ran the GWAS using GEMMA (Zhou and Stephens, 2012).
The imputed dataset was filtered to only contain phenotyped
individuals with bcftools 1.2 and subsequently converted to bed
format using PLINK 2.0 alpha while the phenotype data was
converted to fam format using the PLINK option: -make-just-
fam. We then used GEMMA 0.98.1 to calculate relatedness
matrices for each trait and to perform GWAS iterations using
a multivariate linear mixed model and a minor allele frequency
cutoff of 2 percent (parameters: —lmm -maf 0.02). As with
GAPIT, GEMMA was run with and without a population
structure covariance matrix for comparison.

We avoided using strict p-value thresholds because they would
be less informative for characterizing the genetic architecture
of polygenic traits. Instead, we explored the larger landscape of
SNPs by utilizing a range of p-values. Because we began with
several million SNPs, the top 100 to 1000 SNPs with the lowest
p-values for each trait are potentially relevant based on functional
annotations of genes in the vicinity of these SNPs. The 1000
most significant SNPs across all chromosomes were annotated
using a custom Python script for the genes within 1 kb distance
from these SNPs using the gene context files available from the
HapMap project’. Among these 1000, we can select any subset
such as the top 100 for each trait. Information including distance
between SNP and gene, or the nucleotide substitution type (i.e.,
synonymous, missense), were extracted from the gene context
files. Additionally, the blastn tool provided by NCBI (Camacho
et al., 2009) was used to perform BLAST of the genes against
Arabidopsis thaliana. Gene descriptions, gene ontologies (GO-
terms) and tissue-specific RNAseq expression levels (from six
tissue types in the M. truncatula Al17 genotype) were further
annotated using information from MedicMine (Krishnakumar
et al, 2015). Initially, genes with relevance to heavy metal
tolerance were categorized as ATPase, metal ion, ion transport,
and stress, based on their functional annotation in M. truncatula,
GO-terms, and the annotation of the closest BLAST ortholog
in A. thaliana. A statistical test for GO-term enrichment using
the genes with the 1000 most significant SNPs was conducted
using AgriGO (Du et al,, 2010) using false discovery adjusted
p-value < 0.05. Regions with a high density of candidate SNPs
(“GWAS peaks”) were manually identified using IGV 2.6.3

3http://www.medicagohapmap.org

Frontiers in Plant Science | www.frontiersin.org

January 2022 | Volume 12 | Article 806949


http://www.medicagohapmap.org/downloads/mt40
http://www.medicagohapmap.org
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Paape et al.

Genetic Architecture of Cd/Hg Tolerance/Accumulation

(Robinson et al., 2011; Thorvaldsdéttir et al., 2013). To calculate
pairwise linkage disequilibrium (LD) between the 100 most
significant SNPs in the peaks, vcftools was used with the —geno-
r2 flag and the resulting values were plotted using the R package
LDHeatmap (Shin et al., 2006).

Quantifying Genomic Divergence Using

Phenotypic Divergence

The phenotypic distributions of each trait (Figure 1 and
Supplementary Figure 1) were used to define two groups, high
and low, (per trait) based on trait measurements in the opposite
tails of the distributions. For each of the traits measured, the
two groups consisted of 30 individuals with the lowest phenotype
values and the other consisted of 30 individuals with the highest
phenotype values. We used vcftools (Danecek et al.,, 2011) to
generate Fy statistics with the previously mentioned groups and
a window and step size of 100 kb. Similarly, xpclr 1.1* was used
to calculate XP-CLR (Chen et al., 2010) with identical window
and step size. Genes in the top 2 percent of windows with highest
values of Fg or XP-CLR were annotated in the same way as the

*https://github.com/hardingnj/xpclr/

GWAS SNPs and were further tested for GO-term enrichment.
For some genomic regions, overlap between GWAS peaks and
the two statistics were determined.

Correlation Between Minor Allele
Frequency and Effect Size

The correlation between minor allele frequency (MAF) and
effect size of the 100 and 1000 most significant GWAS SNPs
was determined using Pearson’s correlation coefficient for both
GAPIT and GEMMA output datasets. We permuted genotype-
phenotype values to make 100 phenotype datasets, then ran
100 iterations of GWAS iterations to make null distributions
of MAF and effect sizes. To run the permutations, we used
GEMMA, as it performs far better than GAPIT in terms of
computational time. For each iteration, Pearson’s correlation
coeflicients were calculated for minor allele frequency (MAF) and
effect size using the 100 and 1000 most significant SNPs. The
resulting distribution of correlation coefficients was compared to
the correlation of the unpermuted results for each phenotype.
To test whether the most significant SNPs show significant
differences than the genomic background, Tajimas D was
calculated for the 1000 most significant SNPs of each trait using
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FIGURE 1 | Correlation matrix of Cd leaf accumulation, Cd relative root growth (RRG), Hg leaf accumulation, and Hg relative root growth (RRG) measured in the
M. truncatula HapMap panel. Distributions of the four phenotypes are shown in the diagonals. The upper, off-diagonal panels contain pairwise Pearson’s correlation
coefficients (r). Lower, off-diagonals are the plotted trait values of each M. truncatula genotype measured in our experiment. The red line shows the slope of the
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variscan (Vilella et al., 2005; Hutter et al., 2006) with a window
size of 50 bp. We used SNPs that were selected for the Admixture
analysis as the background empirical distribution. A t-test was
used to determine whether the differences between Tajima’s D
of the SNPs identified in the GWAS and those in the genomic
background were significant.

RESULTS

High Phenotypic Variability, Heritability,

and Correlations Among Traits

We measured seedlings from the Medicago HapMap collection
for relative root growth (RRG) and metal ion accumulation in
leaf tissues following 48 h exposure to Cd and Hg treatments
(Supplementary Table 1). We found nearly 30-fold difference
for Cd RRG and 23-fold difference for Hg RRG between the
lowest and highest tolerant genotypes (Figure 1). Broad sense
heritability (H?) was equal to 0.61 and 0.72 for the two RRG
traits, respectively (Supplementary Figure 1). We found 50-fold
and 270-fold differences in Cd leaf and Hg leaf accumulation,
respectively; H? was equal to 0.54 and 0.44 for Cd and Hg leaf
accumulation, respectively. No correlation was found between
leaf accumulation and RRG for either metal treatment (i.e.,
plants treated with Cd that had high RRG did not have high
leaf accumulation of Cd, and similarly for Hg) (Figure 1 and
Supplementary Figure 1). The highest correlation was between
the two root growth traits, Cd and Hg RRG (Pearson’s r = 0.39).
The heritability estimates and large amount of standing variation
suggest that GWAS can identify SNPs and genes underlying these
traits due to sufficient genetic differences between genotypes, and
that both tolerance and susceptibility alleles are present in the
M. truncatula HapMap panel.

Population Structure

We conducted a GWAS to identify genomic regions associated
with leaf and root responses to Cd and Hg treatments in
M. truncatula using a dataset of ~12 million SNPs after imputing
missing data. Among these, we sampled 843 k SNPs to generate
a covariance matrix (Q) to control for confounding effects of
population structure in our GWAS. Based on our analysis of
population structure, we determined that k = 5 was the most
strongly supported clustering (Supplementary Figures 2, 3)
using the cross-validation method in Admixture (Alexander
et al., 2009). Proportions of each genotype assigned to each
of the five clusters were then used in the covariance matrix
Q. Including only kinship (K) co-variance in the GWAS had
similar empirical and expected distributions of p-values (i.e.,
similar model fit) in the quantile-quantile plots as did K and
Q together (K + Q, kinship plus population structure) for
each of the four traits (Figure 2). This indicated that kinship
largely controlled for confounding genotype relationships with
only slight improvement of the model fit by adding structure
covariance (e.g, Cd RRG and Hg leaf accumulation). We
found that GAPIT and GEMMA performed similarly, but
the quantile-quantile plots from GAPIT showed slightly better
fitting models (Figure 2 and Supplementary Figure 4). There

were no obvious differences in model fit between either
software when the structure covariance matrix was included or
excluded. Visual comparison of quantile-quantile plots showed
an equal ability of both programs to correct for population
structure and kinship.

Toxic Metal Leaf Accumulation and
Relative Root Growth Are Polygenic

Traits

Candidate gene lists were first generated by selecting the 50 most
significant SNPs (Table 1 and Supplementary Table 2) within
1 kb proximity of a gene for each trait SNPs were assumed
to be in LD with genes closer than 1 kb, Paape et al.,, 2012;
Paape, 2020). We then broadened our search for genes to include
the top 1000 SNPs for each trait and identified genes with
functional annotations based on Blast results to A. thaliana,
and manual curation of relevant gene annotations and gene
ontologies. This resulted in about half of the SNPs for each trait
being associated with a gene, which is a useful number of genes
for GO-term enrichment analysis. We first grouped genes with
functional annotations for ATPase, ion transport, metal ion, or
stress (Figure 3A). Among the traits, numbers ranged from 29
- 42 genes that had any of these four functional assignments
(Supplementary Table 3). The two RRG traits had the most
genes, with metal ion and ATPase being the most common in all
four of the traits. To determine whether any biological processes
or molecular functions were enriched among the candidate genes,
we performed tests for gene ontology (GO-term) enrichment for
each trait. Response to stress and defense response GO-terms
were enriched for Cd RRG, defense response was enriched for
Hg leaf, and nucleotide and ATP binding were enriched for Hg
RRG (Supplementary Table 4). No significant GO-terms were
found for Cd leaf.

As a complementary approach to GWAS, we used phenotype
values of plant genotypes in the high vs. low ends of the
phenotypic distributions, and Fg and XP-CLR population
genetics statistics to identify genomic regions with high
divergence between genotypes within these two groups. We
were able to detect significant divergence in genomic regions
that contained genes with annotations relevant for heavy metal
accumulation and tolerance. The number of genes with ATPase,
ion transport, metal ion, or stress related annotations ranged
from 69 to 99 total genes per trait (Figures 3B,C). Consistent
with the GWAS results, the metal ion category was the
most represented across all traits for both population genetics
statistics. Among the four traits, GO-term enrichment was most
noteworthy for Cd leaf accumulation using the two population
genetics methods. For genes identified using Fg, enriched GO-
terms were found for ion binding, cation binding, metal ion
binding, response to chemical stimulus, and response to oxidative
stress/oxidoreductase activity (Supplementary Table 5). For
genes identified using XP-CLR, we found GO-term enrichment
for oxidoreductase activity, carbon-oxygen lyase activity, FAD
binding, and manganese ion binding. The distribution of gene
categories and gene ontologies illustrate that by selecting plant
genotypes with divergent phenotypes, we were able to detect
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FIGURE 2 | Genome-wide association analysis of heavy metal accumulation and tolerance traits (Manhattan plots shown for each trait; output from GAPIT). Each
point represents a SNP at each position in the genome. The number on the x-axis is the chromosome (each color corresponds to one of the eight Mt4.0
chromosomes). The y-axis is the negative log1o of the p-values. The higher y-axis values indicate smaller p-values. Next to each Manhattan plot are quantile-quantile
(Q-Q) plots which show the model fit with population structure covariance included (orange points), and without population structure covariance (green points). The
x-axis of the Q-Q plots is the expected distribution, the y-axis is the empirical distribution.

Frontiers in Plant Science | www.frontiersin.org 51 January 2022 | Volume 12 | Article 806949


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

Paape et al. Genetic Architecture of Cd/Hg Tolerance/Accumulation

TABLE 1 | Candidate genes for each trait within 1 kb proximity to top 50 SNPs and a subset of the top 1000 SNPs identified by GWAS.

Rank Chr Gene Name Position P-value Location Gene Description

Cd leaf

5 8 Medtr8g064490 27050814 6.72E-08 intergenic 23S rRNA m2A2503 methyltransferase

6 8 Medtr8g469310 25178759 7.84E-08 intergenic peptide/nitrate transporter plant

10 7 Medtr7g009740 2221211 1.68E-07 intron translation factor GUF1-like protein

22 3 Medtr3g036200 13449844 4.18E-07 downstream transmembrane protein

26 8 Medtr8g465310 23246354 4.94E-07 synonymous transmembrane amino acid transporter family protein
29 3 Medtr3g093290 42636439 5.37E-07 downstream MFS transporter

32 3 Medtr3g031940 10032134 6.01E-07 synonymous LRR and NB-ARC domain disease resistance protein
40 6 Medtr6g016640 6335718 9.40E-07 intron proline dehydrogenase

43 1 Medtr1g033940 12271020 1.07E-06 intergenic transmembrane protein

47 8 Medtr8g090295 37943857 1.48E-06 intergenic HCC2, HOMOLOGUE OF COPPER CHAPERONE SCO1 2
52 7 Medtr7g092070 36458974 1.58E-06 downstream OXS2, OXIDATIVE STRESS 2

605 5 Medtr5g094830 41452129 3.34E-05 synonymous ABCC3; transmembrane ATPase activity

Cd RRG

4 1 Medtr1g103200 46692340 3.17E-09 downstream transmembrane protein, putative

5 6 Medtr6g090260 34282023 4.18E-09 missense Fe(ll)-dependent oxygenase superfamily protein

7 3 Medtr3g015500 4499608 9.09E-09 downstream NBS-LRR type disease resistance protein

11 1 Medtr1g100787 45717235 1.75E-08 intergenic LRR receptor-like kinase family protein

24 7 Medtr7g033125 11718492 3.78E-08 intron 2-isopropylmalate synthase

25 4 Medtr4g104990 43495277 4.00E-08 intergenic PB1 domain protein

26 5 Medtr5g026510 10889054 4.47E-08 downstream LRR receptor-like kinase

27 2 Medtr2g438720 16656689 5.61E-08 missense ankyrin repeat plant-like protein

28 3 Medtr3g089940 40881882 5.83E-08 intron zinc-binding alcohol dehydrogenase family protein
36 3 Medtr3g088845 40664333 7.88E-08 intron 2-oxoisovalerate dehydrogenase subunit alpha

41 3 Medtr3g088955 40721568 7.88E-08 synonymous flavin containing monooxygenase YUCCA10-like protein
45 3 Medtr3g015500 4499656 8.43E-08 downstream NBS-LRR type disease resistance protein

148 8 Medtr8g015980 5289479 4.56E-07 missense ABCCS8; transmembrane ATPase activity

192 5 Medtr5g070320 29773843 6.99E-07 intron PDRS; pleiotropic drug resistance 3

340 5 Medtr5g070330 29783407 1.96E-06 intron CAX3; cation exchanger 3

363 2 Medtr2g069090 28697944 2.08E-06 downstream Fe(ll)-dependent oxygenase superfamily protein
612 3 Medtr3g090170 40983523 4.49E-06 intron ATVPS45; vacuolar protein sorting 45

797 2 Medtr2g019020 6102461 7.32E-06 synonymous ABCC2; transmembrane ATPase activity

944 2 Medtr2g095480 40788857 9.99E-06 upstream HIPP3; Heavy metal transport/detoxification superfamily protein
Hg leaf

1 4 Medtr4g080140 31078608 3.47E-10 intergenic ASP1; aspartate aminotransferase

3 6 Medtr6g017165 6799845 1.06E-08 intron allene oxide cyclase

5 7 Medtr7g080880 30810684 2.68E-08 downstream SP022/ZIP4-like meiosis protein

19 3 Medtr3g088460 40127485 1.16E-07 intron NRAMP metal ion transporter 6

25 2 Medtr2g015690 4673621 2.16E-07 downstream phospholipase A1

27 7 Medtr7g105570 42817932 2.28E-07 intergenic enoyl-(acyl carrier) reductase

33 8 Medtr8g056790 18970685 2.81E-07 intergenic photosystem Il CP43 chlorophyll apoprotein

35 8 Medtr8te073680 31194688 2.96E-07 downstream Serine/Threonine-kinase Cx32, related protein

43 8 Medtr8g469600 25322097 3.80E-07 downstream LRR receptor-like kinase family protein

513 2 Medtr2g036380 15751342 8.27E-06 intron HMA2; heavy metal atpase 2

917 5 Medtr5g033320 14374444 1.96E-05 intron ABCC3; transmembrane ATPase activity

Hg RRG

1 2 Medtr2g083420 35018740 8.10E-10 missense UDP-glucosyltransferase family protein

4 3 Medtr3g087150 39520330 1.15E-07 intergenic plant/T5J17-70 protein, putative

7 8 Medtr8g465580 23392640 6.07E-07 synonymous S-locus lectin kinase family protein

10 8 Medtr8g091330 38065096 7.59E-07 downstream phosphoglycerate/bisphosphoglycerate mutase family protein
12 4 Medtr4g020850 6714547 9.31E-07 missense disease resistance protein (TIR-NBS-LRR class)
15 2 Medtr2te036520 15806363 1.04E-06 downstream galactose oxidase/kelch repeat protein

18 3 Medtr3g040680 14343459 1.08E-06 intergenic non-specific phospholipase C4

31 3 Medtr3g064650 29135942 1.64E-06 synonymous transmembrane protein, putative

34 7 Medtr7g094500 37617280 1.69E-06 intron u6b snRNA-associated-like-Sm protein

58 4 Medtr4g116010 47960277 2.51E-06 intergenic Fe(ll)-dependent oxygenase superfamily protein

81 2 Medtr2te008720 1586136 3.51E-06 downstream Peroxidase superfamily protein

108 5 Medtr5g073020 31072945 6.78E-06 intron Cytochrome P450, family 71, subfamily B, polypeptide 23
270 3 Medtr3g014705 4234570 1.27E-05 intron Zinc finger (CCCH-type) family protein / RNA recognition motif
307 1 Medtr1g084780 37746862 1.47E-05 downstream H+ ATPase 2

351 1 Medtr1g063920 28084622 1.66E-05 intron non-intrinsic ABC protein 12

357 4 Medtr4g076900 29426248 1.67E-05 intron ABC-2 type transporter family protein

Columns from left to right are Rank (rank order assigned based on the top 50 and top 1000 SNPs), chromosome (Chr), Gene Name (Mt4.0 gene ID), Position on the
chromosome, P-value, Location in proximity of the gene, and Gene Description. Within each trait, SNPs are sorted smallest to largest p-value and rank.
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regions of genomic divergence with biological relevance for
metal ion stress.

Candidate Gene Identification

To further identify candidate genes detected by GWAS,
we looked at gene ontologies that mentioned metal ion
transport, trans-membrane proteins, and cellular detoxification,
and orthologous genes and gene families based on Blast
hits to A. thaliana that have some role in heavy metal
tolerance/accumulation (Table 1 and Supplementary Table 2).
For Cd leaf accumulation, among the top 50 SNPs, we found
a GTPase membrane protein (Medtr7g009740) and multiple
transmembrane proteins (Medtr3g036200, Medtr3g093290,
Medtr8g465310). An oxidative stress protein, MtOXS2
(Medtr7g092070) was among the top 100 SNPs and an
ATP-binding cassette protein, MtABCC3 [Medtr5g094830,
orthologous to AtABCC3 (Brunetti et al., 2015)] was among
the top 1000 SNPs. For Cd RRG, among the top 100 SNPs,
we found a non-synonymous SNP in a Fe (II)-dependent
oxygenase superfamily protein (Medtr6g090260), a leucine-rich
transmembrane protein kinase (Medtrlg100787) with ATPase
gene ontology, and a non-synonymous SNP in an ankyrin
repeat plant-like protein (Medtr2g438720), which shows highest
expression in roots in six tissue-specific comparisons in the A17
ecotype/genotype (Supplementary Table 2). The top 100-1000
SNPs for this trait included the ABC-transporters MtABCC2
(Medtr2g019020) and MtABCC8 (Medtr8g015980), and
Gamma-Glutamyl Transpeptidase 3, MtGGT3 (Medtr6g090280),
which is localized on tonoplasts in A. thaliana (Ohkama-Ohtsu
et al, 2007), an ortholog of the vacuolar protein AtVPS45
(Medtr3g090170), and another Fe (II)-dependent oxygenase
superfamily protein. We also found associations in the heavy
metal transport/detoxification superfamily protein MtHIPP3
(Medtr2g095480). Heavy-metal-associated Isoprenylated Plant
Proteins (HIPP’s) are a family of metallochaperones found only in
plants (de Abreu-Neto et al., 2013) that undergo transcriptomic

and functional responses to Cd and Zn in A. thaliana (Tehseen
et al.,, 2010) and rice (Khan et al., 2019).

Using GWAS and population genomic scans (Fg, and
XP-CLR), we found a large region (~1.3 Mb) of interest
associated with Cd RRG on chromosome 2. A highly significant
non-synonymous SNP was found at position 15,656,689
(p-value = 561 x 107%) in an ankyrin repeat protein
(Medtr2g438720), and the surrounding region contained
multiple ankyrin repeat genes within 1 kb of many top SNPs
(Figure 4A and Table 2). Eleven of those SNPs were in exons,
nine of which were non-synonymous SNPs, while two others
were synonymous (Supplementary Table 6). The high LD in
this region suggested the ankyrin genes were linked. While
these ankyrin genes did not show homology to A. thaliana
orthologs, some ankyrin repeat proteins have been shown to
mediate membrane bound protein-protein interactions that
facilitate heavy metal transport in A. thaliana roots (Gao et al.,
2009). Genomic divergence between high and low Cd RRG
genotypes was found by scanning for high Fg in a region
upstream from the GWAS peak (Figure 4B). This region
contains a tandemly triplicated ABC transporter (MtABCCI14,
Medtr2g436680; Supplementary Figure 5), an ortholog of Heavy
Metal Transporter 10 (MtHMP10, Medtr2g436830), a Fe (II)-
dependent oxygenase superfamily protein, ATPase transporter
MtHMA7 (Medtr2g035840), and a potassium transporter
(Medtr2g438160; Table 2). A significant peak was also detected
using XP-CLR for the window containing the three MtABCCI4
copies and MtHMPI10 (Medtr2g436830; Figure 4C and Table 2),
which was the same genomic region identified using Fy.

Another cluster of low p-values associated with Cd RRG was
found on chromosome 5 (Supplementary Table 7) with SNPs
in high LD (Figure 5A). When we ran the GWAS following
log, transformation of the Cd RRG phenotype, the model fit was
somewhat improved, and this peak became more pronounced
(Figure 2 and Supplementary Figure 4). In this genomic
region, five SNPs (four intronic SNPs and one in the 3’-UTR)
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FIGURE 4 | Manhattan plot of Cd relative root growth (RRG) associations on chromosome 2 using GAPIT (A). The highlighted cluster of SNP’s (horizontal black bars)
contains multiple ankyrin repeat genes (see Table 2). Each point represents a SNP, the x-axis signifies the position on the chromosome while the y-axis is the —log+g
of the p-value. Pairwise linkage disequilibrium (LD) among the 100 most significant SNPs in the peak is shown as a heatmap on the right, the most significant SNPs
and Mt4.0 genes in this region shown above the heatmap. The black lines mark the position of each SNP in the peak, dark blue color signifies no LD, green to yellow
is high to maximum LD. Weighted Fg; statistics from sliding window analysis (100 kb windows) on chromosome 2 with GWAS peak marked in gray (B). Higher Fgt
indicates genomic differentiation based on the groups of plant genotypes with the highest vs. lowest Cd RRG-values. XP-CLR is a two-group comparison of
selective sweeps using plant genotypes with the highest vs. lowest Cd RRG-values (C). The dashed black line represents the mean Fs; or CLR-values for the
chromosome, the dashed red line represents windows > 5% of the highest Fs; or CLR-values for the chromosome.

were in MtCAX3 (Cation Exchanger 3, Medtr5g070330), and
three SNPs in the Pleiotropic Drug Resistance 3 gene, MtPDR3
(Medtr5g070320). In the Mt4.0 reference genome, MtCAX3 and
MtPDR3 are adjacent (5878 bp apart; Supplementary Figure 6).
The peak also contained a non-synonymous, synonymous, and
several intronic SNPs in a damaged DNA-binding protein,
MtDDB2 (Medtr5g070310), and an undecaprenyl pyrophosphate
synthase MtCPT7 (Medtr5g070270), which is orthologous to
AtCPT7 (also known as AtCPT4). We found several intergenic
SNPs with low p-values in high LD in the region containing a
cluster of duplicated undecaprenyl pyrophosphate synthase genes
(Medtr5g070210, Medtr5g070220, Medtr5g070230; Figure 5)
that are upstream from MtCPT7, all of which appear to be linked.
The window containing MtCAX3 and MtPRD3 is also in the
upper tail of Fg on chromosome 5 (Figure 5B), and the XP-CLR
statistic showed a significant peak just upstream from the GWAS
peak (Figure 5C).

For Hg leaf accumulation, the most significant SNP was in an
intergenic region within 1 kb of an aspartate aminotransferase
(Medtr4g080140), and among the top 20 SNPs was the
Natural Resistance Associated Macrophage Protein 6 gene
(MtNRAMP6, Medtr3g088460). In the M. truncatula Al7

genotype, MtNRAMPG is expressed most highly in the roots
(Supplementary Table 2). Genes found among the top 1000
SNPs were the heavy-metal ATPase MtHMA2 (Medtr2g036380)
and MtABCC3 (Medtr5g033320). We found a large region
(~2.3 Mb) on chromosome 8 (Figure 6) that contains a
non-synonymous SNP in MtCAX9 (Medtr8g085260) and
several surrounding genes with ATP binding/ATPases, and
transmembrane GO-terms (Supplementary Table 8). The SNPs
in this region showed very high LD (r? = 0.62), suggesting
a large locus with several linked genes that may be involved
in Hg accumulation. This region overlaps with high Fg
windows spanning the same chromosomal region, which
indicates higher Hg accumulating genotypes are genetically
differentiated in this large genomic region. Among the genes
in the highest Fy peak included a duplicated cation amino acid
transporter (four homologs: Medtr8g089320, Medtr8g089340,
Medtr8g089342, Medtr8g089360) a magnesium-translocating
P-type ATPase (Medtr8g089870), an ATPase amine-terminal
autoinhibitory domain protein (Medtr8g090120) and an
adjacent membrane calcium-translocating P-type ATPase
(Medtr8g090125) (Supplementary Table 9). The population
genomics methods provided complementary support that the
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TABLE 2 | Genes in chromosome 2 genomic regions associated with Cd relative root growth (Cd RRG) that were identified using GWAS, Fs; and XP-CLR.

Mt4.0 gene ID BLAST gene function Mt4.0 location
GWAS

Medtr2g438720 ankyrin repeat plant-like protein chr2:15654113..15660513
Medtr2g438740 ankyrin repeat plant-like protein chr2:15661862..15664982
Medtr2g438760 ankyrin repeat plant-like protein chr2:15678476..15683145
Medtr2g438700 ankyrin repeat plant-like protein chr2:15644925..15649215
Medtr2g438560 hypothetical protein chr2:15587523..15589330
Medtr2g438580 ankyrin repeat protein chr2:15601177..15601431
Medtr2g438670 hypothetical protein chr2:15639667..15639882
Fst

Medtr2g436680 ABC transporter protein (ABCC14, AT3G62700.1) chr2:14273804..14283871
Medtr2g436710 ABC transporter protein (ABCC14, AT3G62700.1) chr2:14295748..14305736
Medtr2g436730 ABC transporter protein (ABCC14, AT3G62700.1) chr2:14312635..14321998
Medtr2g436830 heavy metal transport (ATHMP10, AT1G56210.1) chr2:14380972..14382489
Medtr2g437380 20G-Fe(ll) oxygenase family oxidoreductase chr2:14380972..14382489
Medtr2g035840 heavy metal P-type ATPase (HMA7, AT5G44790.1) chr2:15206300..15212503
Medtr2g438160 potassium transporter 12 (AT1G31120.1) chr2:156394059..15398083
XP-CLR

Medtr2g436680 ABC transporter protein (ABCC14, AT3G62700.1) chr2:14273804..14283871
Medtr2g436710 ABC transporter protein (ABCC14, AT3G62700.1) chr2:14295748..14305736
Medtr2g436730 ABC transporter protein (ABCC14, AT3G62700.1) chr2:14312635..14321998
Medtr2g436830 heavy metal transport (ATHMP10, AT1G56210.1) chr2:14380972..14382489
Medtr2g437380 20G-Fe(ll) oxygenase family oxidoreductase chr2:14380972..14382489

Columns from left to right are Mt4.0 gene ID, gene function identified by BLAST to A. thaliana, and gene location with start and stop coordinates based on

the Mt4.0 genome.

regions on chromosomes 2, 5, and 8 identified by GWAS contain
a genomic signal that could be detected using only the genotypes
with the most extreme phenotypes.

For Hg RRG, the top SNP was a non-synonymous
substitution on chromosome 2 in a UDP-glycosyltransferase
gene (Medtr2g083420). This gene was shown to be most
highly expressed in roots in the A17 genotype (Supplementary
Table 2). Among the other top SNPs for Hg RRG was a Fe (II)-
dependent oxygenase superfamily protein (Medtr4gl116010) and
a peroxidase superfamily protein, both with metal ion binding
and oxidoreductase activity GO-terms, and a cytochrome
P450 gene (Medtr5g073020) with heme binding, membrane,
and metal jon GO-terms. Three ATP binding genes all of
which have membrane/transport ontologies, including H™
ATPase 2 (Medtr1g084780), non-intrinsic ABC protein 12
(Medtr1g063920), and an ABC-2 type transporter family protein
(Medtr4g076900) (Table 1), were also associated with Hg RRG.

Minor Allele Frequency and Effect Size

The distribution of effect sizes of all SNPs is centered around
zero, while those with the lowest p-values are shifted significantly
toward larger effect sizes (Supplementary Figure 7). For all
four trait associations, we found negative correlations between
MAFs and effect sizes (Figure 7), where SNPs with larger
effect sizes had the tendency to be at low frequency. This
is consistent with purifying selection acting to remove alleles
that may be deleterious if they result in elevated toxicity after
exposure to Cd or Hg. Because SNPs with the lowest p-values are
inherently biased towards large effect sizes, we ran GWAS on 100
permuted phenotype datasets to generate a null distribution for

each trait. For Cd leaf accumulation and RRG, the correlation
coefficients from the empirical datasets were below 99 and
86 of the 100 permuted datasets, respectively (Supplementary
Figure 8). For Hg leaf accumulation and RRG, the correlation
coefficients from the empirical dataset coefficients were below
only 37 and 52 of the permuted datasets. Among the four
traits, we would only consider the correlation coefficient from
Cd leaf accumulation to be statistically significant (p = 0.01).
Nevertheless, the correlations between MAF and effect size in
all four traits were consistently negative. We used the Tajima’s
D statistic to test for significant differences in the top SNPs
detected in GWAS compared with the rest of the genome (i.e.,
“background SNPs”). We found significantly lower mean Tajima’s
D for the top SNPs from the GWAS compared with background
SNPs for three of the four traits (Figure 8) due to an excess of
low frequency alleles (i.e., low MAF’s), consistent with purifying
selection (Paape et al., 2013).

DISCUSSION

Phenotypic and Genetic Diversity

Heritability was sufficiently high for GWAS and our heritability
estimates showed similar levels of phenotypic/genetic variability
for the two RRG traits (about 10% difference) as well as for the
leaf accumulation traits. Overall, heritability was higher for RRG
than for leaf accumulation. Variability in Cd accumulation found
in M. truncatula leaves was comparable to findings in A. thaliana
(Chao et al, 2012), barley (Wu et al., 2015), Brassica napus
(Chen et al., 2018), and rice (Zhao et al., 2018). Interestingly,
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variation in Hg accumulation in leaves was about 5 times wider
than Cd accumulation in M. truncatula. To our knowledge,
the only other study that has measured Hg accumulation in
a wild plant or crop association panel was in maize (Zhao
et al,, 2017). Our study showed significantly higher variation
in leaf Hg accumulation than the maize study (~270-fold
versus ~3.5-fold). However, Zhao et al. (2017) collected mature
plant leaves under significantly different conditions, making
direct comparisons between studies difficult. Our phenotyping
approach also revealed no correlation between RRG and leaf
accumulation in M. truncatula, indicating that high metal
tolerance does not translate to higher metal accumulation in
leaves (see Figure 1). It is therefore important to consider that
resilience to the toxic heavy metals may not require that plant
roots take up or accumulate these metals in the roots. Relative
root growth is a measure of tolerance, while accumulation is a
measure of root to shoot transport and storage. Moreover, roots
serve to protect shoots from excess toxicity which is evident
by the accumulation of higher levels of heavy metals in roots
compared to shoots in non-hyperaccumulating species (Krimer,
2010; Paape et al,, 2020). The strongest correlation was between

the RRG of plants treated with Cd and Hg. Our findings are
similar to a recent study comparing RRG responses to Cd and
Hg treatments in a different collection of M. truncatula genotypes
(r = 0.48) which did not include sequence data (Garcia de la
Torre et al., 2021). The positive correlation in RRG between the
two metal treatments suggests that both heavy metals elicit a
common stress response that inhibits root growth while retaining
other metal-specific responses (i.e., the correlation, r < 0.5),
but existing genetic diversity for root length may also be a
contributing factor.

Candidate Genes Are Broadly Dispersed
Across the Genome

In many cases the most significant SNPs were found in
functionally relevant genes that were broadly dispersed
throughout the genome. For this reason, we found it more
meaningful to examine a wide range of p-values for each trait
association because we expected RRG and leaf accumulation
of Cd and Hg to be highly polygenic. This allowed us to
look at gene annotations and biologically relevant GO-terms
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among a list of several hundred genes for each trait. Our
findings for Cd accumulation are considerably different than
a similar GWAS in A. thaliana, where a single genomic peak
containing the HMA3 locus was identified, which drowned
out the signal at any other genomic region (Chao et al., 2012).
We found clusters of SNPs in multiple genomic regions, all of
which appeared to have several linked genes with functional
relevance to metal transport or metal tolerance. In cases such
as on chromosomes 2, 5, and 8, the genomic region of interest
appears to constitute a large locus containing many functionally
relevant genes. If these genes are functionally linked, they
likely evolved together as a single locus, such as MtCAX3
and MtPDR3 on chromosome 5 which are clearly linked.
Moreover, the detection of orthologs that have functionally
relevant annotations indicates that our GWAS provided
a realistic picture of the genetic architecture underlying
metal tolerance traits in M. truncatula. Included among the
genes identified in our genome wide statistical analyses were
several stress-related genes, metal ion transporters, membrane
transporters, and vacuole proteins with jon binding gene
ontologies. Many of these genes are orthologous to known metal

transporters studied in other plant species suggesting they are
evolutionarily conserved.

A large category of candidate genes were ATP-dependent
transporters that were associated with all traits, suggesting that
ATP binding genes are important for Cd and Hg tolerance in
M. truncatula. Included among these were multiple ATP binding
cassette (ABC) proteins associated with each of the traits. Many
of these are orthologous to ABC-transporters in A. thaliana
(e.g., AtABCC2, AtABCC3, AtABCCS) and rice that are known to
interact with metal-binding phytochelatins that chelate Cd and
Hg ions allowing for transportation into vacuoles by membrane
bound ABC-proteins (Park et al., 2012; Brunetti et al., 2015; Sun
et al,, 2018). Another class of ATP-transporters are the P;p-type
heavy metal ATPases (HMASs) which are well-known for their
roles in root to shoot transport (Hanikenne et al., 2008) and
compartmentalization of unchelated heavy metals (Morel et al.,
2008). HMA's have been shown to play essential roles in Cd, Co,
Pb and Zn transport in A. thaliana and rice (Chao et al., 2012;
Takahashi et al., 2012). Thus far, HM As have not been associated
with Hg tolerance and transport in plants, instead relying on
ABC-transporters (Park et al., 2012). In our study, we found
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MtHMA?2 associated with leaf accumulation of Hg and a P;p-type
heavy metal ATPase (HT-ATPase 2) associated with Hg RRG.
Interestingly, no HMA’s were associated with either of the Cd
traits. Clearly, ABC- and ATPase transporters have widespread
roles that range from general to specific metal responses in plants,
which include transport of essential and non-essential metal ions
(Takahashi et al., 2012).

The two most strongly associated candidate genes for Hg
leaf accumulation were chloroplast and mitochondria membrane
transporters, one of which was an aspartate aminotransferase
ortholog previously identified in A. thaliana to be associated
with transition metal ion binding on mitochondria and oxidative
stress (Tan et al, 2010). Another highly significant SNP was
in the Natural Resistance-Associated Macrophage Protein 6,
MtNRAMPG. In rice and A. thaliana, NRAMPs are involved
in aluminum (Xia et al, 2010) and manganese transport
(Cailliatte et al., 2010). This gene has the highest expression
in roots which may result in greater availability of Hg to be
transported to the leaf leading to higher concentrations in the
high Hg-accumulating genotypes. In A. thaliana, overexpressed
NRAMP6 resulted in Cd hypersensitivity through increased
Cd uptake, while nramp6 loss of function mutants resulted
in reduced Cd uptake leading to increased plant tolerance
when exposed to high levels of Cd (Cailliatte et al., 2009).
Similarly, in rice, knock-out mutations of NRAMPS5 resulted
in reduced Cd accumulation in roots and leaves (Sasaki et al.,
2012). Previous GWAS studies in barley and rapeseed found
that homologs of NRAMP5 and NRAMPG6 were associated
with Cd accumulation (Wu et al., 2015; Chen et al., 2018).
While our study found an association between NRAMP6 and
Hg, but not Cd accumulation, our results provide supporting
evidence that this family of genes contributes to tolerance and

transport of an array of metal ions using similar mechanisms
(Nevo and Nelson, 2006).

Large Genomic Regions Identified With
Multiple Methods

We also found genomic regions with clusters of SNPs
and genes that showed linkage for Cd tolerance and leaf
accumulation of Hg, which aligned with regions also identified
using population genomics methods. Using genotypes that
were divergent for Cd RRG, the Fg, and XP-CLR statistics
identified a region on chromosome 2 that containing a
tandemly triplicated ABC-transporter (MtABCC14), the heavy
metal transport/detoxification superfamily protein AtHMPI0,
and a Fe-oxidoreductase gene. Interestingly, this region has very
high LD and contains several gene families with known metal
tolerance roles and gene ontologies that support metal transport
mechanisms or metal-induced stress responses. Expression
enhancement through the triplication of genes is a common
mechanism in metal ion transport in hyperaccumulating plants
(Hanikenne et al.,, 2008; Shahzad et al.,, 2010) suggesting that
the three linked MtABCCI4 copies may jointly contribute to
tolerance to Cd. A second Fg peak containing the Pip-type
heavy metal ATPase MtHMA7, and a potassium transporter was
found closer to the GWAS peak that contained ankyrin repeats.
While these ankyrin genes do not show homology to A. thaliana
orthologs, ankyrin repeat proteins were shown to mediate
membrane bound protein-protein interactions that facilitated
heavy metal transport in A. thaliana roots (Gao et al., 2009). In a
GWAS study on salinity tolerance in M. truncatula, chromosome
2 was previously shown to have many loci associated with ion
stress, with the closest peak being approximately 800 kb away
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from the peak identified here (Kang et al., 2019). We propose that
this arm of chromosome 2 has clusters of specific and general
ion transporters that influence both toxic and essential ions in
M. truncatula.

The region on chromosome 5 associated with Cd RRG was
identified using both GWAS and Fy statistics, which contains
the genes MtCAX3 and MtPDR3 which are located < 6 kb
apart. Homologs of these two genes have been shown to have
substantial roles in heavy metal tolerance. The cation exchanger
genes CAX1 and CAX3 are transporters located on the tonoplast.
Upregulation of CAX3 was reported to increase Cd tolerance
in A. thaliana by sequestering Cd into the vacuole (Cheng
et al., 2005). Expression levels of CAX3 are upregulated by Hb1
(class 1 hemoglobin), which was shown to inhibit the expression
of IRT1 and PDR8 (Bahmani et al., 2019). The ATP-binding
cassette transmembrane transporter PDR3 is an ortholog of
PDRS. Inhibition of PDR8 using RNAi was shown to increase
sensitivity to Cd and overexpression increased resistance to Cd
in A. thaliana (Kim et al., 2007). Because PDR3 and PDRS are
both ABC-transmembrane proteins, we assume their function is

similar, as we have seen for other ABC-proteins involved in heavy
metal transport to vacuoles. Another gene that is near the linked
MtCAX3 and MtPDR3 genes is MtCPT7, which is homologous to
AtCPT7 (also known as AtCPT4). AtCPT7 is involved in dolichol
synthesis and was shown to be upregulated after exposure to Cd
in A. thaliana (Jozwiak et al., 2017). Because MtCAX3, MtPDR3,
and MtCPT7 have biologically plausible roles in Cd transport,
their tight linkage suggests they may be collectively involved
in Cd tolerance.

To date, few QTL associated with Hg accumulation have
been identified in crops or crop relatives (Wang et al., 2013;
Zhao et al., 2017). Using GWAS, we found a large genomic
region of interest on chromosome 8 in M. truncatula that had
several transmembrane and ATPase transporters in a region
surrounding MtCAX9. As discussed above, the CAX transporters
have been found to be located on vacuole membranes, and
the large number of membrane proteins and transmembrane
related gene ontologies (24 genes spanning ~1.2 Mb) suggests
this genomic region possesses biologically relevant candidate
genes involved in transport of Hg across membranes, including
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into vacuoles. On this chromosome, the highest F; peak that is
upstream from the GWAS peak includes multiple calcium and
magnesium related P-type ATPases. This finding fits the recurring
theme that P-type ATPases are involved in multiple metal ion
transport mechanisms, including for highly toxic ions, such as
Hg. Chromosome 8 contains some highly promising candidate
genes to pursue using functional genetics approaches such as
knock-out mutations using Hg accumulation to quantify the
effects of mutants.

Stress Related Genetic Responses

Together, cellular responses that increase tolerance or
accumulation to heavy metals are complex and involve not only
ion transporters, but also mechanisms that deal with toxicity
such as oxidative stress and ROS production. In excess amounts,
all heavy metals trigger oxidative stress responses, resulting in
increased levels of ROS in cells and tissues. As storage capacity
is exceeded and toxic ions reach the leaves, plants alter leaf
structure and chemistry leading to an accumulation of hydroxyl
radicals. These hydroxyl radicals will indiscriminately oxidize
biomolecules, including vital proteins and plant enzymes.
In M. truncatula, Cd tolerance has been associated with the
efficiency of the plant’s antioxidant defenses (Rahoui et al., 2014).
The strong association with multiple Fe-oxidoreductases with all
four traits suggests that plant tissues are likely under oxidative
stress in our study. Moreover, MtOSX2, which has metal ion
binding gene ontology, is associated with Cd leaf accumulation
and may also play a role in dealing with oxidative stress responses
to heavy metals (Kawai et al., 2014). In A. thaliana, the AtOXS2
gene (also known as DEGY) is a zinc-finger transcription factor
shown to be triggered by salt stress and in maize (Zea mays),
ZmOXS2 homologs are able to enhance Cd tolerance (He
et al., 2016; Jing et al., 2019). The most strongly associated
SNP for Hg RRG was a non-synonymous substitution in a
UDP-glycosyltransferase gene (Medtr2g083420), which is known
to have highest expression in the roots of the Al7 ecotype.
UDP-glycotransferase mutants of AtUGGT in A. thaliana were
shown to have delayed root growth induced by ion stress, which
involved disruption of endoplasmic reticulum transmembrane
integrity (Blanco-Herrera et al., 2015). In M. truncatula, UDP-
glycosyltransferases are involved in the biosynthesis of plant
secondary metabolites, including flavonoids and isoflavonoids
(Modolo et al., 2007). Flavonoids are crucial antioxidants that
can efficiently scavenge the harmful ROS generated by heavy
metal toxicity. They have also been reported to act as metal
chelators (Kumar and Prasad, 2018).

Standing Variation and Genetic

Architecture

The top SNPs detected in our GWAS showed a strong
negative relationship between MAF and effect size, consistent
with expectations of mutation-selection balance (Barton and
Keightley, 2002) and stabilizing selection (Josephs et al., 2017).
While some mutations may result in alleles that confer greater
accumulation or tolerance to toxic heavy metals that could be
beneficial, we expect that most mutations that result in excess

uptake of heavy metals to be deleterious. This explains why alleles
with large effect that were associated with high tolerance or
accumulation were at low frequencies in the population/species
because we expect purifying selection to act on these mutations.
The SNPs with large effect that are associated with high
tolerance or accumulation but are at higher frequencies, would
be expected to be more beneficial because they resulted in
exclusion of Cd or Hg, and would therefore be more common
in the species. However, a large amount of standing genetic
variation, including SNPs associated with higher tolerance or
accumulation, may provide the necessary polymorphism for
species to colonize or adapt to new habitats (Hermisson, 2005;
Barrett and Schluter, 2008), suggesting potential benefits of
these alleles in some environments. Hence, trade-offs between
beneficial and deleterious mutations are expected under models
of stabilizing or balancing selection which favors intermediate
phenotypes and allele frequencies. It is also likely that alleles
conferring greater tolerance or accumulation of Cd or Hg have
been tested in natural or contaminated environments at some
point throughout the species history and may have enabled a
broader species distribution. Moreover, many alleles found in our
GWAS to be associated with these specific heavy metals, may be
generally associated with stressful levels of ion contamination due
to poor quality soils and not necessarily due to direct heavy metal
contamination from mining in the very recent past.

CONCLUSION

By combining GWAS analysis with population genomics, we
were able to find signals of trait associations that overlapped with
genomic regions detected by GWAS. Our population genomics
approach used the tails of quantitative trait distributions to
provide a contrast for genome-wide scans of genomic divergence,
similar to the QTL approach described by Stinchcombe and
Hoekstra (2007), but using the natural variation in the Medicago
HapMap panel. With this in mind, it could be feasible to sequence
only those lines in the ends of the phenotypic distributions
in very large collections of genotypes (e.g., Garcia de la Torre
et al., 2013, 2021), and find meaningful genetic loci underlying
the trait differences without sequencing an entire GWAS panel.
Our approach to identify genomics regions using Fg and XP-
CLR was similar to Long et al. (2013) but unlike their study, we
were agnostic to the sub-population assignment and we selected
plant genotypes based solely on extreme phenotype categories.
In this sense, we feel that the signal that we detected using
these methods, represented selection at the species level rather
than the population level because the signal was present using
genotypes in the same phenotype category that may belong
to multiple sub-population assignments. Our approach likely
depends on phenotyping a rather large collection of individual
genotypes to ensure that the ends of the phenotypic distributions
are truly representative of the species level ranges in trait values.
Genome-wide association mapping and population genomic
scans revealed that leaf and root responses to toxic heavy
metals are complex polygenic traits involving many quantitative
trait loci. We found ABC-transporters and P-type ATPases
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to be commonly associated with Cd and Hg tolerance, which
is supported by previous functional studies among members of
these gene families playing large roles in heavy metal transport
across membranes and isolation in vacuoles. While genetic
architect may vary widely across plant species to due to the
spatial and genomic distribution of genes involved in metal
ion transport, accumulation, and detoxification, gene function
of the families of transporters and stress response genes seems
to be widely conserved. Low minor allele frequencies of large
effect SNPs associated with higher tolerance or accumulation
of Cd and Hg are consistent with purifying selection against
deleterious mutations. Large effect alleles associated with low
tolerance or accumulation were more common in our dataset,
suggesting excluder alleles may be advantageous. We suspect
similar evolutionary principles and processes would apply to
other species as well. Our findings therefore suggest functionally
conserved roles in these gene families, and potential conservation
at macroevolutionary scales in plants, which is important for
breeding and transgenic modifications in crop species.
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State Key Laboratory of Crop Biology, Agronomy College, Shandong Agricultural University, Tai’an, China

Spring maize is usually subjected to low-temperature stress during seed germination, which
retards seedling growth later even under a suitable temperature. However, the mechanism
underlying maize seed germination under low-temperature stress impacting seedling growth
is still ambiguous. In this study, we used one low-temperature sensitive maize (SM) and one
low-temperature resistance maize (RM) to investigate the mechanism. The results showed
that the SM line had higher malondialdehyde content and lower total antioxidant capacity
(TAC) and germination percentage than the RM line under low-temperature stress, indicating
the vulnerability of SM line to low-temperature stress. Further transcriptome analysis revealed
that seed germination under low-temperature stress caused the down-regulation of
photosynthesis-related gene ontology terms in two lines. Moreover, the SM line displayed
down-regulation of ribosome and superoxide dismutase (SOD) related genes, whereas
genes involved in SOD and vitamin B6 were up-regulated in the RM line. Kyoto Encyclopedia
of Genes and Genomes enrichment analysis revealed that photosynthesis and antioxidant
metabolism-related pathways played essential roles in response to low-temperature stress
during seed germination. The photosynthetic system displayed a higher degree of damage
in the SM line. Both gRT-PCR and physiological characteristics experiments showed similar
results with transcriptome data. Taken together, we propose a model for maize seed
germination in response to low-temperature stress.

Keywords: seed germination, seedling growth, low-temperature stress, maize, transcriptome

INTRODUCTION

Maize (Zea mays L.) originated in tropical and subtropical areas and is naturally sensitive to
low-temperature stress, especially during seed germination. Low-temperature limits the spread
and production of maize all over the world (Zhang et al., 2020). As spring maize, seed
germination and seedling growth at an early stage are usually subjected to low-temperature
stress. Despite increased temperature after exposure to low-temperature stress, seedling growth
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is affected due to the inability of plants to respond quickly
to favorable environmental changes (Sowinski et al, 2005).
However, the mechanism underlying maize seed germination
under low-temperature stress impacting seedling growth is
still ambiguous.

Numerous studies have shown that cold stress at the seedling
stage affects photosynthesis by reducing the activity of
photosystem II (PSII; Savitch et al., 2011). Moreover, cold stress
also affects energy collection and preservation at different points,
and the reduction of photosynthetic activity varies among
different genotypes (Ensminger et al., 2006). The chloroplast
ultrastructure of seedlings developed under low-temperature
stress is disordered and cannot be repaired after experiencing
favorable conditions (Grzybowski et al, 2019). However, the
mechanism of low-temperature stress at the germination stage
affecting photosynthesis remains unknown.

Low-temperature stress can increase the accumulation of
reactive oxygen species (ROS; Li et al.,, 2019). ROS can cause
lipid peroxidation, DNA damage, protein denaturation,
carbohydrate oxidation, pigment decomposition, and enzyme
activity damage (Bose et al., 2014). Low-temperature tolerance
is varied among different genotypes, which may be related to
the antioxidant system. ROS scavenging enzymes mainly include
superoxide dismutase (SOD), peroxidase (POD), catalase (CAT),
glutathione peroxidase (GPX), and ascorbate peroxidase (APX)
in plants. Together with antioxidants glutathione and ascorbic
acid, these enzymes provide efficient approaches for cells to
detoxify O3 and H,O, (Romero-Puertas et al.,, 2006). There is
a close relationship between glutathione and cold resistance
of maize (Prasad, 1997). Reduced glutathione (GSH), a
non-enzymatic antioxidant, is essential for maintaining the
redox state of cells (Noctor et al.,, 2012).

Sugars are essential for plant growth and are involved in
response to stress (Zheng et al., 2010). Sucrose is a common
substance for energy storage and osmotic regulation in plant
cells. Sucrose can also form a sugar layer around the cells,
which has a higher membrane phase transition temperature
to prevent cell dehydration (Zhang and Bartels, 2018). The
increase of sucrose content was the initial reaction of plants
exposed to cold conditions (Nagele and Heyer, 2013).

Previous studies have reported the mechanism underlying
seedling growth in response to low-temperature stress at
the seedling stage (Ma et al., 2015; Zeng et al, 2021).
However, spring maize is more susceptible to low-temperature
stress at the germination stage than the seedling stage. In
this study, two maize inbred lines with different
low-temperature resistance were used to investigate the
effects of seed germination under low-temperature stress on

Abbreviations: SM, Low-temperature sensitive maize; RM, Low-temperature
resistance maize; TAC, Total antioxidant capacity; SOD, Superoxide dismutase;
PSII, Photosystem II; ROS, Reactive oxygen species; POD, Peroxidase; CAT, Catalase;
GPX, Glutathione peroxidase; APX, Ascorbate peroxidase; GSH, Glutathione;
NT, 25°C for 4days; LNT, 13°C for 4days and then 25°C for 2days;
ABTS, 2,2’-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt;
FW, Fresh weight; SPAD, Soil and plant analyzer development; DEGs, Differentially
expressed genes.

seedling growth. Maize seed germination at 25°C for 4 days
(Normal temperature, NT) was used as control, and maize
seed germination at 13°C for 4days followed by 25°C for
2 days (low-temperature stress followed by normal temperature,
LNT) was considered as low-temperature treatment. The
physiological experiments showed that the RM line had
significantly higher TAC and sucrose content than the SM
line under low-temperature stress, partially explaining the
different low-temperature resistance phenotypes. Subsequently,
we further explore the differences in low-temperature resistance
at the transcriptome level. Taken together, the results provide
new insights into maize seed germination in response to
low-temperature stress.

MATERIALS AND METHODS

Materials

The low-temperature sensitive maize (SM) B283-1 and
low-temperature resistance maize (RM) 04Qun0522-1-1maize
inbred lines used in this study were bred in our laboratory.
They were grown at the experimental station (36°90'N, 117°90’E)
of Shandong Agricultural University, Shandong, China. Seeds
were sown on 12 June 2019. The plant density was 67,500
plants/ha. Seeds used in this study were harvested 50days
after pollination.

Evaluation of Seed Germination

Seed germination was evaluated according to a previous study
with some modifications (Wen et al., 2018). The bottom of a
sprouting bed consisted of 4cm height silica sand (diameter
of 0.05-0.8mm) with 60% saturation moisture content in a
germination box. Randomly selected 30 maize seeds were sown
on the surface of the sprouting bed, and then they were covered
with 2cm height silica sand with 60% saturation moisture
content. Subsequently, the germination boxes were placed in
different germination conditions for various treatments. The
germination boxes were placed in a growth chamber at 13°C
for 4days to detect the percentage of seeds showing radicle
protrusion. The germination boxes were placed in a growth
chamber at 25°C for 7days or at 13°C for 7days to measure
germination percentage. A seed was considered as germinating
seed when the radicle was similar to seed length and the
germ was similar with half of the seed length. Moreover, some
germination boxes were placed in a growth chamber at 25°C
for 4days (NT) as control, and some germination boxes were
placed in a growth chamber at 13°C for 4days followed by
25°C for 2days (LNT) as low-temperature treatment. All tissues
of the two inbred lines under NT and LNT were used for
later experiments. Each treatment included three replicates.

Measurement of Total Antioxidant Capacity
TAC was measured by a 2,2’-azino-bis (3-ethylbenzothiazoline-
6-sulfonic acid) diammonium salt (ABTS) assay kit (Comin,
Suzhou, China) following the manufacturer’s protocols. ABTS,
a colorless substance, can be oxidized to a stable blue-green
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cationic radical form ABTS" (Scalzo et al., 2005). The absorption
peak of ABTS" is at 734nm. When the tested substance is
added to the ABTS" solution, the antioxidant components can
react with ABTS* and fade the reaction system. The change
of absorbance at 734nm was detected. The antioxidant capacity
quantified with Trolox was used as a control. The results were
expressed in pmol Ttoloox/g fresh weight (FW). Three biological
replicates were used for each treatment.

Measurement of Lipid Peroxidation

The content of thiobarbituric acid (TBA) reactive substances
(TBARS) can be used to assess lipid peroxidation (Checchio
et al., 2021). In this study, lipid peroxidation was detected
using a commercial kit (Comin, Suzhou, China). The results
were expressed in nmol/g FW. Three biological replicates were
used for each treatment.

Measurement of Sucrose Content

The determination principle of sucrose content is that alkali
is used to heat the sample together to destroy the reducing
sugar (Handel, 1968). Then, sucrose was hydrolyzed to glucose
and fructose under acidic conditions, and fructose reacted with
resorcinol to form a colored substance with a characteristic
absorption peak at 480nm. In this study, sucrose content was
detected using a sucrose content determination kit (Comin,
Suzhou, China) according to the manufacturer’s protocols. The
results were expressed in mg/g FW. Three biological replicates
were used for each treatment.

Measurement of SOD Activity

SOD activity was determined by the photoinhibition of nitro
blue tetrazole (NBT) according to a previous study (Giannopolitis
and Ries, 1977). In this study, SOD activity was measured
using a SOD determination kit (Comin, Suzhou, China) according
to the manufacturer’s protocols. The results were expressed in
U/g FW. Three biological replicates were used for each treatment.

Measurement of POD Activity

POD activity was determined by the method of guaiacol
oxidation (Zhang et al, 2015a). In this study, POD activity
was detected using a POD determination kit (Comin, Suzhou,
China) according to the manufacturer’s protocols. The results
were expressed in U/kg FW. Three biological replicates were
used for each treatment.

Measurement of Chlorophyll Content
Chlorophyll contents of the two inbred lines germinated at 25°C
for 6days or germinated at 13°C for 4days followed by 25°C
for 4 days were measured by Soil and Plant Analyzer Development
(SPAD) 502 chlorophyll meter (Konica Minolta Inc., Japan).
Three biological replicates were used for each treatment.

RNA-seq and Transcriptome Analysis
All tissues of the two inbred lines under NT and LNT
conditions were used for RNA extraction. After quick freezing

with liquid nitrogen, samples from each replication were
pooled and stored at —80°C. Three biological replicates were
used for each treatment. Total RNA was extracted using a
biospin plant total RNA extraction kit (Bioflux, Beijing, China)
according to the manufacturer’s protocols. Libraries were
generated using NEBNext® UltraTM RNA Library Prep kit
for lllumina® (NEB, United States) following the manufacturer’s
protocols. Illumina sequencing was performed as described
previously (Yu et al., 2021). Hisat2 (v2.0.5) was used to build
an index of the reference genome (B73 v4),! and then paired-end
clean reads were aligned to the reference genome (Yu et al.,
2021). Differential expression analyses of two groups (three
biological replicates per treatment) were performed using the
DESeq2 R package (v1.16.1). The resulting values of p were
adjusted (padj) using Benjamini and Hochberg’s approach
for controlling the false discovery rate. Differentially expressed
genes (DEGs) with padj <0.05 and |log,Fold change|> 1were
used for further analyses.

To understand the main biological functions of DEGs in
maize, we carried out an enrichment analysis of DEGs.
ClusterProfiler R package (v3.4.4) was used to achieve Gene
Ontology (GO) enrichment analysis of DEGs (Yu et al., 2012).
GO terms with corrected p <0.05 were considered as significantly
enriched GO terms. To understand the primary metabolic
pathway of DEGs in maize, we carried out the Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis of DEGs. ClusterProfiler R package (v3.4.4) was used
to test the statistical enrichment of DEGs in the KEGG
pathway (Yu et al,, 2012). Similarly, the KEGG pathways with
corrected p<0.05 were assigned as significantly
enriched pathways.

gRT-PCR

To validate the DEGs identified from transcriptome analysis,
six genes were randomly selected for a qRT-PCR assay:
Zm00001d002611 (SOD 13), Zm00001d025103 (Amine oxidasel),
Zm00001d027557 (Glutathione transferase 31), Zm00001d027422
(PsbP-like protein 1), Zm00001d021906 (Light harvesting complex
A2), and Zm00001d046170 (phosphoenolpyruvate carboxylasel).
Primers were designed using the primer-premier software (v6.0;
Supplementary Table S6). The maize Actin gene
(Zm00001d010159) was used as an internal control (Zhang
et al, 2015b). An ABI StepOne Plus Real-time PCR System
(Applied Biosystems, CA, United States) was used to perform
qRT-PCR according to the instructions of SYBR® Green Real-
time PCR Master Mix (Takara, Dalian, China). The 2724¢T
method was used to calculate the relative expression of genes
(Livak and Schmittgen, 2001).

Statistical Analysis

Multiple comparisons were performed using Duncan’s test at
the 0.05 significance level. All the tests were conducted using
SPSS  Version 21.0 for Windows (SPSS, Chicago, IL,
United States).

'http://www.maizesequence.org/index.html
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RESULTS

The SM Line Is More Vulnerable to
Low-Temperature Stress

To investigate the effects of maize seed germination under
low-temperature stress on subsequent seedling growth under
normal temperature, we first measured some traits of two maize
inbred lines with different low-temperature resistance. When
maize seeds germinated at 13°C for 4days, the percentage of
seeds showing radicle protrusion in the RM line was higher
compared to the SM line (Figure 1A). In seed testing, maize
seeds germinating at 25°C for 7days are usually used for
evaluating seed germination percentage. The germination
percentage of the SM line decreased about 60% at 13°C for
7 days, while there was no significant difference in germination

percentage between seeds germinated at 13°C for 7days and
seeds germinated at 25°C for 7days in the RM line
(Figures 1B,C). Maize seeds germinating at 25°C for 4days
(NT) are usually used for evaluating seed germination energy
in seed testing. In this study, the two inbred lines had similar
germination energy and seedling length (Figure 1D). To
investigate the effects of maize seed germination under
low-temperature stress impacting seedling growth under normal
temperature, we set a similar accumulated temperature between
NT and low-temperature stress followed by normal temperature
(LNT) treatment. Given the same accumulated temperature,
maize seeds first germinated at 13°C for 4days followed by
25°C for 2days under LNT treatment. At this time, the RM
line had notably higher seedlings than the SM line (Figure 1E).
Therefore, these results suggested that the SM line was more
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FIGURE 1 | Effects of maize seed germination under low-temperature stress on subsequent seedling growth under normal temperature. (A) Phenotypes of seed
germination at 13°C for 4 days. (B) Phenotypes of seed germination at 13°C for 7 days. (C) Germination percentage. (D) Phenotypes of seed germination at 25°C
for 4 days. (E) Phenotypes of seed germination at 13°C for 4 days followed by 25°C for 2days. Scale bar, 1cm. (F) Malondialdehyde (MDA) content. (G) Total
antioxidant capacity. (H) Sucrose content. Data are means + SD (n=3 replications of thirty plants). Different letters indicate significant differences among means
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vulnerable to low-temperature stress. Subsequently, we detected
the changes in lipid peroxidation, expressed as malondialdehyde
(MDA) content, TAC, and sucrose content. Although MDA
contents of the two lines under LNT were about twice as
high as those under NT, the RM line under LNT had a lower
MDA content (115nmol/g FW) than the SM line under LNT
(195nmol/g FW; Figure 1F). TAC decreased in the SM line
but increased in the RM line under LNT treatment compared
with NT treatment (Figure 1G). TAC under LNT (2.6 pmol
Trolox/g FW) decreased to about half of that under NT (5.0 pmol
Trolox/g FW) in the SM line. Moreover, the RM line had
notably higher sucrose content under LNT than under NT
(Figure 1H). Taken together, seeds germinated under
low-temperature stress increased TAC and sucrose content in
the RM line, which might be related to low-temperature resistance.

Transcriptome Analysis of Maize Seed
Germination in Response to
Low-Temperature Stress

To explore genes and metabolic pathways that control maize
seed germination in response to low-temperature stress, we selected
samples of RM and SM under NT and LNT for transcriptome
analysis. After removing adapters and sequences with low-quality
regions, there remained approximately 40-50 million clean reads
(Supplementary Table S1). Then, about 35-46 million clean reads
were mapped to the maize genome. These clean reads included
83-88% uniquely mapped reads and 2.5-3.0% multiple mapped
reads. DESeq2 R package was used to identify DEGs using padj
<0.05 and |log,Fold change|>1 as the cutoff. The results displayed
that 3,186 genes were significantly up-regulated and 4,281 genes
were significantly downregulated in the SM line under LNT
compared with those under NT (SM_LNTvsNT). Moreover, 2,797
genes were significantly up-regulated and 3,918 genes were
significantly downregulated in the RM line under LNT compared
with those under NT (RM_LNTvsNT; Figure 2A). Venn diagram
showed that common up-regulated genes (54) were fewer than

common down-regulated genes (608), most DEGs were specific
in SM_LNTvsNT and RM_LNTvsNT (Figures 2B,C).

Maize Seed Germination Under
Low-Temperature Stress Cause
Down-Regulation of
Photosynthesis-Related Go Terms
GO enrichment analysis displayed that there was no significantly
enriched GO term for common up-regulated genes, which might
be due to the low number of DEGs. For these SM-specific
up-regulated DEGs, there were only two significantly enriched
GO terms, ie., myosin complex (GO: 0016459, p=4.82x107*)
in the cellular component group and ADP binding (GO: 0043531,
p=2.32x107°) in the molecular function group (Figure 3A). For
these RM-specific up-regulated DEGs, there were nine significantly
enriched GO terms. Among them, the most significantly enriched
GO terms were superoxide metabolic (GO: 0006801, p=8.55x107°)
in the biological process group, vitamin binding (GO: 0019842,
Pp=5.35%107) in the molecular function group, which might play
essential roles in RM resistant to low-temperature stress (Figure 3B).
Compared with the up-regulated GO terms, there were more
down-regulated GO terms. For these common down-regulated
DEGs, the most significantly enriched GO terms were
photosynthesis (GO: 0015979, p=2.16x107*) in the biological
process group, thylakoid (GO: 0009579, p=5.33x10">*) in the
cellular component group, iron-sulfur cluster binding (GO:
0051536, p=4.38x10"%) in the molecular function group
(Figure 3C). Moreover, many photosynthesis-related GO terms
were also enriched. The results indicated that maize seed
germination under low-temperature stress caused the down-
regulation of photosynthesis-related GO terms in the two inbred
lines. Translation (GO: 0006412, p=6.79 x 107') in the biological
process group, ribosome (GO: 0005840, p=7.64x107"¥) in the
cellular component group, structural constituent of ribosome
(GO: 0003735, p=6.47 x 107'®) in the molecular function group,
represented the most markedly enriched GO terms in SM-specific
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FIGURE 2 | Differentially expressed genes in two maize inbred lines. (A) The number of up-regulated and down-regulated differentially expressed genes (DEGs)
between low-temperature sensitive maize (SM) and low-temperature resistance maize (RM) lines. (B) Venn diagram of up-regulated DEGs in SM_LNTvsNT and RM_
LNTVsNT. (C) Venn diagram of down-regulated DEGs in SM_LNTvsNT and RM_LNTvsNT. SM: low-temperature sensitive maize inbred line; RM: low-temperature
resistant maize inbred line. NT treatment: seeds germinated at 25°C for 4 days. LNT treatment: maize seeds germinated at 13°C for 4 days followed by 25°C for
2days. SM_LNTvsNT: SM line samples under LNT compared with those under NT. RM_LNTvsNT: RM line samples under LNT compared with those under NT.
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FIGURE 3 | Significantly enriched gene ontology (GO) terms in (A) SM-specific up-regulated genes. (B) RM-specific up-regulated genes. (C) Common down-
regulated genes. (D) SM-specific down-regulated genes. (E) RM-specific down-regulated genes in SM_LNTvsNT and RM_LNTvsNT. SM: low-temperature sensitive
maize inbred line; RM: low-temperature resistant maize inbred line. NT treatment: seeds germinated at 25°C for 4days. LNT treatment: maize seeds germinated at
13°C for 4 days followed by 25°C for 2days. SM_LNTvsNT: SM line samples under LNT compared with those under NT. RM_LNTvsNT: RM line samples under LNT
compared with those under NT.

down-regulated DEGs, suggesting that ribosomes of SM line
might be damaged by low-temperature stress (Figure 3D). For
RM-specific down-regulated DEGs, the most prominently
enriched GO terms were response to oxidative stress (GO:
0006979, p=2.41x107") in the biological process group, apoplast
(GO: 0048046, p=4.58%1077) in the cellular component group,
peroxidase activity (GO: 0004601, p=1.14x107") in the molecular
function group (Figure 3E). The results indicated that peroxidase
activity might not be involved in the enhanced antioxidant
capacity of the RM line in response to low-temperature stress.

Photosynthesis and Antioxidant
Metabolism Pathways Are Involved in
Response to Low-Temperature Stress at
the Germination Stage

KEGG enrichment analysis showed photosynthesis-antenna
proteins, photosynthesis, phenylpropanoid biosynthesis, flavonoid
biosynthesis, glutathione metabolism, porphyrin and chlorophyll
metabolism, stilbenoid, diarylheptanoid, and gingerol biosynthesis
were markedly enriched KEGG pathways for common DEGs
(Figure 4). Therefore, photosynthesis and antioxidant metabolism
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pathways might play essential roles in response to low-
temperature stress at the germination stage.

Only the ribosome pathway was significantly enriched for
SM-specific DEGs, which was also enriched in GO enrichment
analysis. In the ribosome pathway, there were 78 DEGs in
SM_LNTvsNT (Supplementary Table S2). Of the 78 DEGs,
most genes were down-regulated except for three genes
(Zm00001d022111, Zm00001d022197, and Zm000014002462),
indicating that low-temperature stress might have a significant
influence on the ribosomal pathway of low-temperature sensitive
inbred lines. For RM-specific DEGs, the significantly enriched
KEGG pathways were related to phenylpropanoid biosynthesis,
phenylalanine metabolism, ubiquinone, and other terpenoid-
quinone biosynthesis, tropane, piperidine and pyridine alkaloid
biosynthesis (Supplementary Table S3). Only one gene was
down-regulated among five DEGs involved in tropane, piperidine
and pyridine alkaloid biosynthesis.

The Photosynthetic System of the SM Line
Is More Vulnerable to Low-Temperature
Stress

The DEGs enriched in photosynthesis-related pathways were
mainly located in the chloroplast and annotated to function
as antenna proteins, photosystems I and II components,
porphyrin, and chlorophyll metabolism-related proteins
(Figure 5; Supplementary Table S4). Although DEGs involved
in photosynthetic-antenna proteins were all down-regulated
in both SM and RM lines, the degree of down-regulation of
the DEGs was lower in the RM line than in the SM line.
Moreover, most of the DEGs involved in photosynthesis and
porphyrin and chlorophyll metabolism pathway were also
down-regulated in both SM and RM lines, and the RM line
also had a lower degree of down-regulation of the DEGs
than the SM line (Figure 5; Supplementary Table S4).

Taken together, the photosynthetic system of the SM line
was even more damaged when seed germinated under
low-temperature stress.

Validation of Transcriptome Data by
qRT-PCR and Physiological
Characteristics

All the DEGs showed similar expression patterns in the qRT-PCR
assays as their changes of relative expression level identified by
RNA-seq, suggesting the transcriptome data were credible
(Figure 6). By extending the seedling growth at 25°C for 2 days,
we observed that maize seed germination under low-temperature
markedly inhibited subsequent seedling growth under normal
temperature, especially in the SM line (Figures 7A,B).
Subsequently, we further detected the changes in SPAD value,
SOD, and POD activities. Both SM and RM lines displayed a
significant decrease of SPAD value under LNT, and the level
of reduction in the SM line was larger than that in the RM
line, which was consistent with the changes of the photosynthetic
system from transcriptome analysis (Figure 7C). The SM line
had lower SOD activity and higher POD activity under LNT
than NT treatment, while the RM line showed the opposite
trend of SOD and POD activities, which were consistent with
the results of GO enrichment analysis (Figures 7D,E). Moreover,
the changes in SOD activities in both SM and RM lines were
similar to TAC trends (Figures 1F, 7D). Therefore, SOD activity
might play a key role in TAC in seed germination under
low-temperature stress.

DISCUSSION

Low-temperature stress often occurs at the germination
stage, which retards the seedling emergence of spring maize.
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Maize is vulnerable to low-temperature stress at the germination
stage and the early stage of seedling establishment (Zhang
et al, 2020). Deciphering the mechanism underlying maize
seed germination in response to low-temperature stress can
help improve low-temperature resistance.

ROS generation in plant cells can be induced by some
environmental factors, such as cold (Li et al., 2019), drought
(Zheng et al., 2020), heat (Zhao et al, 2018), and cadmium
stress (Gu et al., 2019). ROS, as signal molecules, trigger signal
transduction pathways in response to these abiotic stresses.

In addition, ROS can cause irreversible cell damage through
its strong oxidation characteristics, thereby promoting the change
of plant morphology and structure and enhancing resistance
(Bose et al., 2014; Ohama et al., 2017). ROS can cause lipid
peroxidation, DNA damage, protein denaturation, carbohydrate
oxidation, pigment decomposition, and enzyme activity damage
(Bose et al., 2014). In the present study, both SM and RM
lines showed enhanced MDA content in seed germination
under low-temperature stress, which was consistent with
previous studies.
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FIGURE 6 | Validation of DEGs by gRT-PCR. Zm00001d002611 (Superoxide dismutase 13); Zm00001d025703 (Amine oxidase1); Zm00001d027557 (Glutathione
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The black and gray bars represent the relative expression level from the RNA-seq and qRT-PCR data. The maize Actin gene, as an internal control, was used to
normalize the expression levels of the target genes. The error bars represent the standard deviations of three replicates. SM: low-temperature sensitive maize inbred
line; RM: low-temperature resistant maize inbred line. NT treatment: seeds germinated at 25°C for 4 days. LNT treatment: maize seeds germinated at 13°C for

4 days followed by 25°C for 2days. SM_LNTvsNT: SM line samples under LNT compared with those under NT. RM_LNTvsNT: RM line samples under LNT

compared with those under NT.

The detoxification mechanism of ROS plays a vital role in
the normal metabolism of plants, especially under stress. The
main ROS scavenging enzymes in plants include SOD, POD,
CAT, GPX, and APX. Previous studies have shown that CAT
and monodehydroascorbate reductase activities are effective
screening tools for maize hybrids with cold resistance (Hodges
et al., 1997). The activities of antioxidant enzymes significantly
increase when maize seeds germinate under low-temperature
(Cao et al, 2019). In the present study, the RM line under
LNT displayed increased SOD activity and decreased POD
activity compared with NT treatment, while the SM line showed
opposite trends in both SOD and POD activities (Figures 7D,E).
Moreover, GO enrichment analysis showed similar trends with
the activities of SOD and POD (Figures 3B,E). Interestingly,
the changes in TAC were consistent with SOD activity
(Figures 1F, 7D). Therefore, SOD activity might play a key
role in the TAC of maize seed germination under low-temperature
stress. A previous study has shown that the intrinsic high
level of SOD in halophytes is necessary to trigger a series of

adaptive responses, and the role of other enzymatic antioxidants
might reduce the basic level of H,O, (Bose et al., 2014). Whether
SOD activity also triggers a series of adaptive responses under
low-temperature stress needs further study.

Glutathione metabolism regulates redox-sensitive signal
transduction of plant tissues and maintains antioxidant properties
(Cnubben et al., 2001; Noctor et al., 2012). Compared with
NT treatment, glutathione metabolism-related genes encoding
GPX (Zm00001d026154 and Zm00001d002704), glutathione
transferase (Zm00001d018220, Zm00001d027557,
Zm00001d042102, Zm00001d029706 and Zm00001d043344),
isocitrate dehydrogenase (Zm00001d044021) were all up-regulated
only in the RM line under LNT (Supplementary Table S5).
Of these genes, Zm00001d026154 and Zm00001d029706 have
been reported to help maize resist drought stress (Zheng et al.,
2020). Therefore, Zm00001d026154 and Zm00001d029706 might
be essential for resistance to various abiotic stresses in maize.

Vitamin B6 contains six forms, pyridoxal, pyridoxamine,
pyridoxine, pyridoxal 5-phosphate (PLP), pyridoxamine
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5’-phosphate, and pyridoxine 5-phosphate, of which PLP is the
active form (Denslow et al, 2007). PLP is essential for many
biochemical reactions, including decarboxylation, transamination,
deamination, racemization, and trans sulfur reactions, which are
mainly related to amino acid synthesis (Drewke and Leistner,
2001). Vitamin B6 as a cofactor has been fully confirmed. Moreover,
vitamin B6 as an effective antioxidant and a factor that can
increase resistance to biotic and abiotic stress has been proved
(Huang et al, 2013). Previous studies have shown that VB6 is
an effective singlet oxygen quencher, and its quenching rate is
equivalent to or higher than that of vitamin C and E, which
are known as the two most effective biological antioxidants
(Ehrenshaft et al., 1998, 1999; Denslow et al., 2007). In the present
study, GO enrichment analysis of RM-specific up-regulated DEGs
showed pyridoxal phosphate binding (GO: 0030170, p=2.08 x 107
and vitamin B6 binding (GO: 0070279, p=3.85x107%) were
significantly enriched in the molecular function group (Figure 3B).
Therefore, vitamin B6 might be involved in enhancing the
low-temperature resistance of maize at the germination stage.

Photoinhibition occurs when the harvested light energy
exceeds the available energy of chloroplasts or low-temperature
sensitive plants exposed to low-temperature stress (Li et al.,
2019). Moreover, low-temperature stress can regulate PSII
activity, leading to the loss of photosynthetic capacity (Savitch
et al,, 2011). The down-regulation of light-harvesting complex
protein will affect the downstream energy-related processes
and ultimately affect plant growth and development (Savitch
et al., 2011). Most genes related to photosynthetic apparatus
were down-regulated in both RM and SM lines, but the level
of reduction of the SM line was greater than that of the RM
line (Figure 5). Compared with NT treatment, the RM line
showed better recovery ability in photosynthesis than the SM
line under LNT. Cold affects photosynthesis through
overexcitation of PSII reaction centers and the production of
oxygen free radicals (Nie et al., 1992). ROS has harmful effects
on photosynthetic devices (Di Fenza et al, 2017). The RM
line has higher TAC than the SM line, which might be related
to the smaller decrease in photosynthesis in the RM line.
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FIGURE 8 | A possible network of maize seed germination under low
temperature affecting subsequent seedling growth. The thickened blue line
indicates stronger changes induced by low-temperature stress (according to
Figure 5).

After low-temperature treatment, the SPAD values of the two
lines decreased significantly, but the level of reduction of the
SM line was greater than that of the RM line, which was
consistent with the transcriptome data. Therefore, seed
germination under low-temperature stress reduced subsequent
seedling photosynthesis, but the level of reduction of
photosynthesis was different between maize inbred lines with
various low-temperature resistance.

Ribosomes are implicated in resistance to various adverse
conditions (Garcia-Molina et al., 2020). Many down-regulated
DEGs were enriched in the ribosome (GO: 0005840,
p=7.64x107"%) in the SM line (Supplementary Table S2). In
mammalian cells, nucleolus, especially ribosome, is considered
to be the hub of integrating cell response to adverse conditions
(Yang et al, 2018; Pfister, 2019). Some plant species have
similar regulatory roles of ribosomes under abiotic and biotic
stresses (Garcia-Molina et al., 2020). So far, many ribosomal
proteins (RPS) mutants with defects in chloroplast ribosomes
have been reported in plants (Schultes et al., 2000; Xu et al,
2013; Zhang et al, 2016). In the present study, gene

(Zm00001d012353) encoding 30S ribosomal protein S17
chloroplastic was significantly down-regulated in SM_LNTvsNT.
The first plant plastid ribosomal protein mutant (high chlorophyll
fluorescence 60) in maize displays an unstable light green effect
on seedling growth due to the lack of plastid ribosomal small
subunit protein 17 (Schultes et al., 2000). The transcription
level of RPS is up-regulated after low-temperature acclimation
(Garcia-Molina et al., 2020). The up-regulation of RPS under
low-temperature stress is considered to maintain the rate of
protein synthesis under adverse thermodynamic conditions
(Garcia-Molina et al., 2020). The genes encoding 30S ribosomal
protein S1 chloroplastic (Zm000014038835), 30S ribosomal
protein S10 chloroplastic (Zm00001d028153), 30S ribosomal
protein S4 chloroplastic (Zm00001d047186), 30S ribosomal
protein S6 alpha chloroplastic (Zm00001d034808), 50S ribosomal
protein L1 chloroplastic (Zm00001d038084), 50S ribosomal
protein L11 chloroplastic (Zm000014027421), 50S ribosomal
protein L17 chloroplastic (Zm000014012998), 50S ribosomal
protein L21 chloroplastic (Zm00001d053377), 50S ribosomal
protein L6 chloroplastic (Zm00001d047462) were all down-
regulated only in the SM line. The role of translation and
ribosome in adaptation to abiotic environment changes has
been found in a recent analysis of the corresponding Arabidopsis
mutants (Reiter et al., 2020). In particular, various examples
of impaired cold tolerance due to the inactivation of chloroplast
proteins involved in translation have been described, including
subunits (Wang et al., 2017), biogenesis factors (Reiter et al.,

2020) of the plastid ribosome-associated proteins (Pulido et al.,
2018), translation initiation or elongation factors (Liu et al,
2010) and RNA-binding proteins (Kupsch et al., 2012). Therefore,
down-regulated chloroplastic ribosomal protein-related genes
in the SM line under LNT might cause the down-regulation
of genes involved in the photosystem, thereby affecting
photosynthesis and decreasing SPAD value.

Overall, we propose a possible network of maize seed
germination under low-temperature stress affecting subsequent
seedling growth (Figure 8). Maize seed germination under
low-temperature  stress caused the down-regulation of
photosynthesis-related genes in both SM and RM lines, but
the degree of down-regulation of the genes was lower in the
RM line than in the SM line. Moreover, the SM line displayed
the down-regulation of the ribosome and SOD-related genes,
whereas genes involved in SOD and vitamin B6 were up-regulated
in the RM line. SOD activity might play a key role in the
TAC of maize seed germination under low-temperature stress
because the changes in TAC were consistent with SOD activity.
The inhibition of maize seed germination under low-temperature
on seedling growth might be mainly due to impaired
photosynthesis. The differences of TAC (especially SOD activity)
among various lines might affect low-temperature resistance
at the germination stage.

CONCLUSION

In summary, maize seed germination under low-temperature
stress displayed an increase of lipid peroxidation and inhibited
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subsequent seedling growth under normal temperature.
Transcriptome analysis revealed that photosynthesis and
antioxidant metabolism-related pathways played essential roles
in seed germination in response to low-temperature stress at
the germination stage, and the photosynthetic system of the
SM line was more vulnerable to low-temperature stress. Moreover,
SOD activity might play a key role in TAC in seed germination
under low-temperature stress. Therefore, this study provides
new insights into maize seed germination in response to
low-temperature stress.
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Fraxinus velutina Torr with high salt tolerance has been widely grown in saline lands in the
Yellow River Delta, China. However, the salt-tolerant mechanisms of £ velutina remain
largely elusive. Here, we identified two contrasting cutting clones of F. velutina, R7 (salt-
tolerant), and S4 (salt-sensitive) by measuring chlorophyll fluorescence characteristics
(Fv/Fm ratio) in the excised leaves and physiological indexes in roots or leaves under
salt treatment. To further explore the salt resistance mechanisms, we compared the
transcriptomes of R7 and S4 from leaf and root tissues exposed to salt stress. The
results showed that when the excised leaves of S4 and R7 were, respectively, exposed
to 250 mM NaCl for 48 h, Fv/Fm ratio decreased significantly in S4 compared with R7,
confirming that R7 is more tolerant to salt stress. Comparative transcriptome analysis
showed that salt stress induced the significant upregulation of stress-responsive genes
in R7, making important contributions to the high salt tolerance. Specifically, in the R7
leaves, salt stress markedly upregulated key genes involved in plant hormone signaling
and mitogen-activated protein kinase signaling pathways; in the R7 roots, salt stress
induced the upregulation of main genes involved in proline biosynthesis and starch and
sucrose metabolism. In addition, 12 genes encoding antioxidant enzyme peroxidase
were all significantly upregulated in both leaves and roots. Collectively, our findings
revealed the crucial defense pathways underlying high salt tolerance of R7 through
significant upregulation of some key genes involving metabolism and hub signaling
pathways, thus providing novel insights into salt-tolerant F. velutina breeding.

Keywords: Fraxinus velutina Torr, salt stress, comparative transcriptome, stress-responsive gene, defense
response
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INTRODUCTION

Soil salinization has become a global major challenge. Saline
soils are a major contributor to the regional fragile ecosystems,
thereby posing a heavy burden on the sustainable advancement
of local economies (Egamberdieva et al., 2019; Wani et al,
2020). As one kind of the most important tree species for
afforestation, the Fraxinus species play crucial roles in ecological
restoration (Yildiz et al., 2018; He et al., 2021). Thus, it is
of importance to breeding high salt-tolerant Fraxinus species
suitable for afforestation, especially in the areas with heavy
saline-alkaline pollution. Fraxinus velutina Torr is a deciduous
tree native to southwestern North America. Due to the rapid
growth rate and superior salinity tolerance, the species has been
intentionally introduced and widely planted in saline land in
the Yellow River Delta, China (Mao et al., 2017). However,
the molecular mechanisms underlying the high salt tolerance of
F. velutina remain largely unknown.

Saline stress imposes primary stresses (ionic and osmotic) and
secondary stresses (oxidative stress) on plants (Zhu, 2002; Yang
and Guo, 2018a). Thus, plants mainly rely on the reestablishment
of cellular homeostasis, namely, ionic, osmotic, and reactive
oxygen species (ROS) to cope with salt stress. The process is
complicated and involved in multiple signals and pathways, such
as Ca?™, plant hormone, and ROS signaling pathways (Yang
and Guo, 2018b). After salt exposure, the excessive extracellular
Na™ induces the generation of several second messengers (e.g.,
cytosolic Ca®*), which are sensed by their sensors/receptors
and protein kinases including mitogen-activated protein kinase
(MAPK) and then transduce the stimuli signals into downstream
components that switch on transcriptional cascades to defense
against salt stress (Chinnusamy et al., 2004; Huang et al., 2012;
Van Zelm et al, 2020; Chen et al., 2021). Plant hormones,
namely, ethylene, salicylic acid, and abscisic acid (ABA) play
irreplaceable roles in the defense response of plants to salt stress
(Bari and Jones, 2009; Yu et al., 2020). For instance, salt stress
can enhance ABA signaling and activate an ABA-dependent
responsive complex to cope with saline stress in plants (Umezawa
et al., 2009; Cai et al., 2017; Soma et al., 2017; Lin et al., 2021). In
addition, salt stress induces the rapid production of ROS, which
is sensed by ROS sensor/receptor and then transduced to regulate
the defense response of plants under salt stress (Ashraf, 2009;
Yang and Guo, 2018b). However, different plants or even different
accessions of the same plant species respond differently to salt
stress (Seki et al., 2003; Ji et al., 2013). Therefore, an in-depth
understanding of the defense response of F. velutina against salt
stress is an essential aid to breeding work on salt resistance.

Transcriptome profiling has been widely used to analyze salt-
induced gene expression in various plants (Zhu et al., 2019; Zhang
et al., 2020; Li et al., 2021; Ma et al., 2021). With the aid of
RNA sequencing, significant pathways of differentially expressed
genes (DEGs) are identified that would otherwise have been
overlooked. In this study, two contrasting materials, F. velutina
R7 (salt-tolerant) and S4 (salt-sensitive) were identified by
measuring chlorophyll fluorescence characteristics (Fv/Fm ratio)
in the excised leaves and physiological indexes in roots or
leaves under salt treatment. To further explore the mechanisms

underlying salt tolerance, a comparative transcriptome analysis
was performed on the leaf and root of R7 and S4 clone exposed
to salt stress. Our findings revealed the crucial defense response
genes underlying high salt tolerance, thus providing insights into
the salt-tolerant F. velutina breeding.

MATERIALS AND METHODS

Plant Materials

The F. velutina materials were obtained from the Experimental
Base of Afforestation on Saline—Alkali Soil of Shandong
Provincial Academy of Forestry, Shouguang City, Shandong
Province, China (118°42/9.18” E, 37°9/38.94” N), China. The
salt-tolerant F. velutina R7 accession and salt-sensitive F. velutina
S4 accession were identified from 189 F. velutina accessions
(unpublished data) by measuring Fv/Fm ratio on the excised
leaves exposed to 250 mM NaCl for 48 h according to the
previously described method (Smethurst et al., 2009). Due to
easy availability and appropriate size of 1-year-old cuttings
of F. velutina (height: 26.40 £ 0.50 cm) for the experiment.
In addition, 1-year-old cuttings are frequently used as plant
materials for salt resistance research (Gucci et al., 1997;
Tsabarducas et al., 2015; Ran et al., 2021). So, 1-year-old cuttings
of F. velutina R7 and S4 were used in this study. After gently
removing the soil around the root, the cuttings were firstly
precultivated in distilled water for 2 weeks and then transferred
to a plastic container containing 6 L of half-strength Hoagland’s
solution for 4 weeks. The solutions were refreshed every 7 days.
The cuttings were grown in a growth incubator (LICHEN,
Shanghai, China) under 25/20°C (day/night temperature), 65%
relative humidity, 16 h light (1,200 umol m~2 s~1)/8 h dark.

Chlorophyll Fluorescence

As previously described (Gabilly et al., 2019), chlorophyll
fluorescence parameters (Fv/Fm ratio) were determined using
a pulse-amplitude modulated chlorophyll fluorometer (FMS2,
Hansatech Instruments, Pentney King’s Lynn, United Kingdom).
The images reflecting chlorophyll fluorescence parameters were
acquired with FluorCam imaging fluorimeters (Photon Systems
Instruments, Brno, Czech Republic) according to the instructions
of the manufacturer.

Salt Treatment
After 6 weeks of acclimatization, the healthy cuttings with
appropriate size (height: 26.40 & 0.50 cm) for this experiment
were selected and exposed to the solution containing 250 mM
NaCl for 12 h, and the clone without NaCl treatment were
considered as control. The NaCl concentration and exposure time
were selected based on our preliminary tests and previous studies
(Lietal., 2012; Yan et al., 2019; Catald et al., 2021). The leaves and
roots of each clone from three independent biological replicates
were harvested and stored in -80°C until being used.

For easy understanding, the letters “S” and “C” were used to
represent the salt-treated samples and control, respectively, while
“L” and “R” represented the leaves and roots samples, respectively.
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FIGURE 1 | Determination of selected biochemical parameters in F. velutina R7 and S4. (A) The images reflecting chlorophyll fluorescence parameters.

(B) Chlorophyll fluorescence parameters (Fv/Fm ratio) of the excised leaves of F. velutina R7 and S4 exposed to 250 mM NaCl for 48 h. Soluble sugar (C,D) proline
content in R7 and S4 roots with or without salt treatment. (E,F) HoO» content in leaves (E) and roots (F) of R7 and S4 before and after salt stress. (G) In situ
visualization of H,O» accumulation by DAB staining in R7 and S4 leaves before and after salt stress. Error bars represented SD (n = 5). ***P < 0.001 represented
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For instance, the sample R7SL represented the leaves of R7 clone
treated with NaCl solution.

Physiological Parameter Measurements

The contents of proline, soluble sugar, and H;O, were
determined using the commercial kits purchased from Nanjing
Jiangcheng Bioengineering Institute (Nanjing, China) following
the instructions of the manufacturer. Histochemical location of
H,0; was conducted by staining with 3,3’-diaminobenzidine
(DAB) according to the previously described (Daudi and O’Brien,
2012). Cell death was determined by trypan blue staining as
previously described (Pogany et al., 2009). Each sample group
contained five biological replicates.

Transcriptome Sequencing

Total RNA was extracted using the GeneJET Plant RNA
Purification Mini Kit (Thermo Fisher Scientific, Waltham,
Massachusetts, United States). The concentration and integrity
of RNA were evaluated using a NanoDrop ND-2000 (Thermo
Fisher Scientific, Waltham, Massachusetts, United States) and
Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara,
California, United States), respectively. About 1 pg of qualified
total RNA was used to construct cDNA libraries with an insert
size of 350 bp using the TruSeq RNA Sample Preparation Kit
v2 (Illumina, San Diego, California, United States). The qualified
libraries were sequenced on an Illumina NovaSeq 6000 platform
(KeGene Science and Technology Corporation Ltd., Shandong,
China) with a paired-end 150 mode.

Transcriptome Data Analysis
The raw reads obtained were trimmed using Trimmomatic v0.39
(Bolger et al., 2014), and the high-quality reads obtained were

mapped to velvet ash reference genome' (Kelly et al., 2020)
using HISAT2 version 2.2.1 software (Kim et al, 2015). The
transcripts were assembled and quantified using StringTie v2.1.5
(Perteaetal., 2015), and the gene expression levels were measured
using fragments per kilobase of transcript per million fragments
mapped (FPKM). The genes with FPKM > 5 in at least one
sample were selected to perform differential gene expression
analysis using DESeq2 v4.1 (Love et al., 2014) based on | log2 (fold
change)| > 2 and false discovery rate < 0.01.

Gene Set Enrichment Analysis

The Gene Ontology (GO) enrichment analysis of the DEGs was
performed using the Cytoscape v3.9.0 plug-in ClueGO v2.5.8
(Bindea et al., 2009). Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis of the DEGs was carried
out using clusterProfiler v4.2.0 (Yu et al., 2012). The transcription
factors were identified by aligning all the transcripts obtained
against the plant TF database PlantTFDB v5.0 (Tian et al., 2020).

Quantitative Real-Time Reverse
Transcription PCR Analysis

To validate the reliability of transcriptome sequencing data,
16 DEGs were randomly selected to perform quantitative real-
time (qRT)-PCR analysis. The CFX Connect Real-Time System
(Bio-Rad, Hercules, CA, United States) was used for qRT-PCR.
The PCR assays were conducted as previously described (Fang
et al., 2021). The actin genes were chosen as internal reference
(Li et al., 2013, 2019). The genes were quantified using the
27AACT method (Arocho et al, 2006). Each sample group

Thttp://ashgenome.org/
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FIGURE 2 | Transcriptome data and the differentially expressed genes (DEGs) in £, velutina R7 and S4 plants with or without salt treatment. (A) The DEG number of
each pairwise comparison in leaf samples. (B) The DEG number of each pairwise comparison in root samples. (C) Correlation between gPCR (X-axis) and RNA-seq
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contained three biological replicates. The primers are listed in
Supplementary Table 1.

Statistical Analysis

Statistical data were represented as mean £ SD. The Student’s
t-test was used to determine the differences between the two
groups. The statistical analyses were performed with GraphPad
Prism v9.0 (GraphPad Software Inc., La Jolla, United States).
*P < 0.05, P < 0.01, and ***P < 0.001 represented
statistical significance.

RESULTS

Fraxinus velutina R7 Accession Is More
Salt Tolerant Than S4

To evaluate the salt tolerance between R7 and S4, the Fv/Fm
parameters in the salt-treated excised leaves were determined.
The results showed that when the excised leaves of S4 and R7
were, respectively, exposed to 250 mM NaCl for 48 h, Fv/Fm

ratio decreased significantly in S4 than in R7 (Figures 1A,B),
suggesting that R7 is more salt tolerant.

Several selected biochemical parameters, such as soluble
sugars and proline content in roots, and H,O, content (both
leaves and roots) of R7 and S4 clone exposed to salt stress
were determined. The results showed that the levels of soluble
sugars and proline in R7 roots were significantly higher than
in S4 (Figures 1C,D). Moreover, R7 leaves and roots presented
lower levels of H,O, than S4 under salt stress (Figures 1E,F),
which was further confirmed by the histochemical staining
(Figure 1G). The above results further demonstrated that R7 is
more tolerant to salt stress.

Transcriptome Sequencing of R7 and S4

Accessions

To explore the differences between R7 and S4 accessions
regarding gene expressions, a comparative transcriptome analysis
was performed on the leaf and root of R7 and S4 clone exposed to
salt stress. The results showed that 1.01 billion clean reads were
obtained, with an average Q30 value was 98%. Then the clean
reads were mapped to the F. velutina genome assembly and the
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results showed that 73.96-94.85% of total reads were mapped to
the genome. After transcript assembly, 32,887 genes were finally
produced by RNA sequencing (Supplementary Table 3).

To evaluate the consistency among the biological replicates,
hierarchical clustering of all samples based on the correlation
coefficient y> between each sample was performed. The results
showed that leaf and root samples were clustered individually
whereas the three biological replicates of each group were
clustered together (Supplementary Figure 1), indicating that the
biological replicates in each group are highly consistent.

To identify salt-responsive genes, the differential gene
expression analysis of pairwise comparisons R7SL vs. R7CL, S4SL
vs. S4CL, R7SL vs. S4SL, and R7CL vs. S4CL in leaves and R7SR
vs. R7CR, S4SR vs. S4CR, R7SR vs. S4SR, and R7CR vs. S4CR
in roots were performed, respectively (Supplementary Table 4).
The results showed that 3,218, 2,238, 3,592, and 2,119 DEGs were
identified in comparisons R7SL vs. R7CL, S4SL vs. S4CL, R7SL vs.
S4SL, and R7CL vs. S4CL in leaves, respectively (Figure 2A and
Supplementary Figure 2). There were 8,455, 9,548, 1,797, and

1,898 DEGs in comparisons R7SR vs. R7CR, S4SR vs. S4CR, R7SR
vs. S4SR, and R7CR vs. S4CR in roots, respectively (Figure 2B
and Supplementary Figure 3).

To validate the reliability of RNA sequencing data, 16 DEGs
were randomly selected to perform qRT-PCR analysis. The
results showed a high correlation coefficient (R? = 0.7266)
between RNA sequencing data and qRT-PCR results, indicating
that the RNA sequencing data are reliable (Figure 2C). We,
therefore, concluded that the global transcriptome in R7 is
altered than in S4.

Fraxinus velutina R7 Enriched
Stress-Responsive Genes Under Salt
Stress

To understand the potential mechanisms underlying the
distinguishing R7 and S4 in response to salt stress, a GO
enrichment analysis of the DEGs in the comparisons R7SL
vs. S4SL and R7SR vs. S4SR was performed, respectively.
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FIGURE 4 | The Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of the differentially upregulated genes from leaves. (A) The top 15
enriched pathways (ranked by P-value) of upregulated genes in comparison R7SL vs. S4SL were showed. The size of dot represented the number of DEGs. From
blue to red represented the P-value from low to high. (B) Heatmap showed the expression patterns of DEGs related to plant hormone signal transduction and MAPK
signaling pathway pant. From blue to red represented the fold change in tolerant leaves compared to sensitive leaves from low to high.

The results showed that multiple stress-associated GO terms stress, response to an organic substance, and response to the
were significantly enriched in both leaves and roots, such hormone (Figures 3A,C). Several GO terms related to oxidative
as response to an inorganic substance, response to salt stress, signal transduction, and metabolic process were also
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pathways (ranked by P-value) for DEGs in response to salt stress in tolerant (A) and sensitive roots (B) were showed. (C) The expression patterns of DEGs
associated with “starch and sucrose metabolism” pathway in R7 and S4 roots underlying salt conditions. Heatmap colors represented the fold change and from blue
to red represented the value from low to high.

enriched in both leaves and roots. In addition, several GO
terms, namely, photosynthesis, transmembrane receptor protein
tyrosine kinase signaling pathway, and cell surface receptor
signaling pathway were specifically enriched in leaves, whereas
the terms including response to cadmium ion and response to
osmotic stress were peculiarly enriched in roots (Figures 3B,D
and Supplementary Table 5). These results suggested that salt
stress induces the higher enrichment of specific stress-responsive
genes in R7 than in S4.

Fraxinus velutina R7 Leaves Enriched
Hormonal and MAPK Signaling Pathways
Under Salt Stress

To identify the signaling pathways involved in enhancing
the salt tolerance of R7, the KEGG pathway enrichment
analysis was performed using upregulated and downregulated
DEGs from the comparison R7SL vs. S4SL. The results
showed that the upregulated DEGs were mainly enriched in
“plant hormone signal transduction” and “MAPK signaling
pathway-plant” (Figure 4A and Supplementary Table 6),
whereas the downregulated DEGs were enriched in

“photosynthesis” and  “photosynthesis-antenna  proteins”
(Supplementary Figure 4).

There were 23 DEGs involved in “plant hormone signal
transduction,” namely, the signaling network of auxin (IAA
and SAUR), cytokinin (AHP and A-ARR), gibberellin (GID1),
abscisic acid (PYR/PYL and PP2C), ethylene (EIN3, ETR, ERF1,
and EBF1/2), and salicylic acid (PRland TGA). In addition,
there were 21 DEGs involved in the “MAPK signaling pathway
plant.” All these genes exhibited upregulation in the leaves
of F. velutina R7 in comparison to the one in S4 under salt
treatment (Figure 4B). The findings indicated that hormonal
and MAPK signaling pathways are altered in the leaves of R7

after salt exposure.

Fraxinus velutina R7 Roots Accumulated
More Soluble Sugar and Proline Than S4
Under Salt Stress

To explore the differences between R7 and S4 roots in response
to salt stress, KEGG pathway enrichment analysis was performed
based on the DEGs from comparisons R7SR vs. R7CR and S4SR
vs. S4CR, respectively (Supplementary Table 7). The results
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showed that three pathways were overlapped between two

comparisons included “carbon metabolism,” “biosynthesis
of amino acids” and “starch and sucrose metabolism”
(Figures 5A,B).

Starch and sucrose metabolism can regulate osmotic
adjustment via determining the contents of soluble sugars,
playing critical roles in salt tolerance (Dahro et al, 2016;
Wei et al, 2019). Thus, the expression patterns of DEGs in
“starch and sucrose metabolism” in R7 and S4 roots under
salt stress were further analyzed. The results showed that the
expression patterns of several genes were different between
R7 and S4 roots under salt stress (Figure 5C), which was
consistent with the significantly elevated levels of soluble sugars
in R7 roots than in S4 (Figure 1C), suggesting that starch
and sucrose metabolism induced by salt stress in R7 and S4
roots is different.

To explore the common mechanisms in response to salt stress
between R7 and S4 roots, an intersection analysis between the
comparisons R7SR vs. R7CR and S4SR vs. S4CR was performed.
The results identified 5,296 shared DEGs in F. velutina R7 and S4
roots under salt stress (Figure 6A). KEGG enrichment analysis
of these genes revealed 16 significantly enriched pathways,
such as “biosynthesis of amino acids” and “Arginine and
proline metabolism” (Figure 6B and Supplementary Table 8),
suggesting that accumulation of amino acids might improve

the salt tolerance in both F. velutina R7 and S4 roots.
Proline acting as an osmoprotectant plays an important role
in improving salt tolerance in the plant (Liang et al., 2018;
Rady et al, 2019). As a rate-limiting enzyme involved in
proline biosynthesis (Turchetto-Zolet et al, 2009), a gene
encoding delta-1-pyrroline-5-carboxylate synthase 1 (P5CS1)
was differentially upregulated to higher levels in R7 roots
than in S4 (Figure 6C), which was consistent with the
significantly elevated levels of proline in R7 roots than in
S4 (Figure 1D).

Fraxinus velutina R7 Roots and Leaves
Accumulated Less Reactive Oxygen
Species Than S4

The increase in ROS levels leads to oxidative stress, posing
detrimental effects on plant cells and tissues (Choudhury et al,,
2017). Therefore, the DEGs involved in response to oxidative
stress were analyzed further via dissecting the oxidative stress-
related GO terms. Among the genes, 12 encoding peroxidases
(PODs) were upregulated higher in R7 leaves (10 genes) and
roots (2 genes) than in S4 (Figure 6D and Supplementary
Table 4) under salt stress. Consistently, R7 leaves and roots
presented lower levels of H,O, than S4 under salt stress
(Figures 1E-G). Collectively, these results suggested that

Frontiers in Plant Science | www.frontiersin.org

March 2022 | Volume 13 | Article 842726


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

Ma et al. Salt-Tolerant Mechanisms of Fraxinus velutina
A c G | MYB {3
ERFHI ERF{IT 30
WRKY{T 12
f ——
LBD 10 =
MYBA 8
NAC-:I8 HD-ZIP{TC 18
I S—T —y
HD-ZIP{]7 G2like {ZT16
bzIPT5 C2H2 15
C2HATS WRKY {14
R7SLvs.R7CL  S4SL vs. S4CL GRAS{I4 R7SRvs. R7CR  S4SR vs. S4CR MYB_related T 014
T T T T 1 T N & N
0 5 10 15 20 25
Gene Number
B B K 3P
El g
5 B 5 10
= =2
£ &l < B
=0 a =
of o
a S SH°
= 5
5
-10 10
15
y >
40 &
]
K
j —
o —————— NACHI——
N2 —— MYB-II
T e — PHLH =217
ARFEs = WRKY
8 R —" “ ol ———
WRKY{Es MYB_related {10
MYB{I4 HD-ZIP-F 10
& & MYB_related{Immml4 CoM2{I9
- e HD-ZIPA 4 bZIP{E9
% N T T T T . T T 1
& ® 0 2 4 6 8 10 &S 0 10 20 30
< Gene Number
Gene Number Q-ﬁ Q-ﬁ
S S
F .
T ERFII3 3 WRKY71 3 LBDI1 T MYB62 gy s T MYBI08 T ERF025 T bHLHI30 3 NAC29 = s
2 2 5] 2 2 2 3 3 = R7
= 6 = 40 = 10 * =15 + @ R7 = 30 Exk = 50 = = 20 patd
2 S * S S S S 40 S S
24 230 2 20 220 2 2 215
g 8 g6 g £ o 30 g £
o a.20 o o a. o o a 10
52 5 54 5 s 510 52 5 s 5
° o 10 o 24 & o o axk o 10] xxx o o 57 wxx
2 2 2 L ES > ES fi! £ ES
g0 K] g0 g0 g g g0 K]
<  Control Salt -5 Control Salt <  Control Salt <  Control Salt = Control  Salt =  Control  Salt =  Control Salt &  Control Salt
1 4 4 4 4 1 & 4
FIGURE 7 | Analysis of the differentially expressed transcription factors (TFs) in R7 and S4. (A,G) Venn diagrams showed the distribution of salt-induced TFs in R7
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(A-E, I-K) The top 10 TF families (ranked by gene number) in specific and common TFs among different comparisons. (F,L) The relative expression levels of the
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R7 exhibits higher ROS scavenging capacity than S4 under
salt stress.

Several Transcription Factors Were
Involved in Defense Response of
Fraxinus velutina R7 Against Salt Stress

Transcription factors (TFs) act as the master switches in
regulating multiple downstream target genes, thus playing crucial
roles in various biological processes including salt stress response.
By dissecting the RNA sequencing data, multiple TF genes were
significantly altered between R7 and S4 under salt stress (Figure 7
and Supplementary Tables 9, 10). Among the significantly
expressed TFs, 172 and 85 TFs were specifically expressed in
R7SL vs. R7CL and S4SL vs. S4CL, respectively, and 115 were
overlapped in both R7 and S4 (Figures 7A,B). Of the shared
TFs, ERF, WRKY, LBD, and MYB were the most represented TF
families induced by salt stress (Figure 7C).

In leaves under salt stress, 30 genes were encoding ERF
17 encoding MYB, 16 encoding bHLH, and 11 encoding NAC
prominently expressed in R7 (Figure 7D), whereas there were 8
encoding ERE 6 encoding NAC, 6 encoding SBP, and 6 encoding
bHLH prominently expressed in S4 (Figure 7E). In root tissues,
bHLH, ERF, WRKY, and MYB TF families were prominently
induced by salt stress in both R7 and S4 (Figures 7H,I).
There were 29 genes encoding bHLH, 25 encoding ERF, and
19 encoding WRKY preferentially induced in R7 (Figure 7J),
whereas 27 genes were encoding ERF, 19 encoding NAC, and 18
encoding MYB preferentially induced in S4 (Figure 7K).

To further confirm the roles of these TFs in regulating the
stress response, 8 TF genes, namely, ERF113, WRKY71, LBDI,
and MYB62 in leaves and MYBI08, ERF025, bHLH130, and
NAC29 in roots were chosen to perform qRT-PCR analysis. The
results showed that both WRKY71 and MYB62 were significantly
upregulated higher in R7 leaf than in S4, while LBDI was
downregulated in R7 compared with S4 (Figure 7F). In addition,
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FIGURE 8 | A model proposed potentially to explain the high salt tolerance of F. velutina R7. Under salt stress, R7 activates multifaceted defense machines in the
roots and leaves to enhance salt tolerance. In the R7 root, salt stress induces the upregulation of P5CS17 and the key genes involved in starch and sucrose
metabolism, therefore increasing osmotic adjustment. In the R7 leaf, salt stress induces the upregulation of important genes involved in plant hormone signaling
(especially PYR1/PYL/RCAR ABA receptor genes and PP2C) and MAPK signaling pathways (especially CAM4, MPK3, and WRKY33). In addition, salt stress induces
the upregulation of POD genes in both roots and leaves, so enhancing ROS scavenging capacity.

Osmotic adjustment

MYBI108 and NAC29 were found downregulated in R7 root
than in S4, whereas ERF025 was significantly upregulated in
R7 in comparison to S4 (Figure 7L). These results suggested
that the stress-responsive TFs, such as WRKY7I, MYB62,
and ERF025 are the important contributors to enhancing salt
tolerance in R7.

DISCUSSION

In this study, to explore the mechanisms underlying salt
tolerance of F. velutina, a comparative transcriptome analysis
was performed on the leaf and root of two contrasting materials,
F. velutina R7 (salt-tolerant) and S4 (salt-sensitive) clone exposed
to salt stress. The results showed that the high salt tolerance of R7
is mainly attributed to the enrichment of stress-responsive genes.
The stress-responsive genes in the R7 leaf were associated with
plant hormone signaling and MAPK signaling pathways, whereas
the genes in the root were involved in proline biosynthesis
and starch and sucrose metabolism. The genes encoding POD

were upregulated after salt exposure, resulting in high ROS
scavenging capacity in R7.

Plant hormones are the important contributors of plant
growth and developmental processes and play crucial roles in
biotic and abiotic stress responses (Wang et al., 2013; Xia et al,,
2015; Kaleem et al., 2018). In this study, the pathway “plant
hormone signal transduction” was significantly enriched in the
R7 leaf, which included 23 DEGs related to auxin, cytokinin,
gibberellin, abscisic acid, ethylene, and salicylic acid. Our results
were consistent with the previous studies showed that these
hormones play irreplaceable roles in the response to salt stress
in plants (Zheng et al., 2018; Feng et al.,, 2019; Gao et al., 2021;
Huang et al., 2021; Saini et al., 2021; Zhu et al, 2021). For
instance, salt stress can induce ABA signaling and activate an
ABA-dependent responsive complex to cope with saline stress in
plants (Umezawa et al., 2009; Cai et al., 2017; Soma et al., 2017;
Lin et al.,, 2021). In this study, 5 DEGs related to ABA signal
transduction were significantly affected under salt stress, such
the significantly upregulated genes encoding protein phosphatase
(PP2C), which has been confirmed that the upregulation of PP2C
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can lead to enhanced salt tolerance in Arabidopsis and maize
(Liu et al., 2012). These findings suggested that the activation of
hormone signaling improves salt tolerance in plants. In addition,
we found that PYRI/PYL/RCAR ABA receptor genes and PP2C
were the top salt responsive genes, suggesting that these genes
are the candidate genes for developing salinity resilience through
genetic engineering in the future.

The stress-responsive genes in the R7 leaf were also involved in
the MAPK signaling pathway, which is documented to modulate
plant tolerance to various abiotic stress, such as salt stress (De
Zelicourt et al., 2016). The pathway included multiple genes that
respond to salt stress, such as calmodulin (CAM4), mitogen-
activated protein kinase 3 (MPK3), and WRKY transcription
factor 33 (WRKY33). The overexpression of MsCML46 in tobacco
can lead to enhanced tolerance to multiple stresses, namely,
drought, freezing, and salt stress (Du et al., 2021). In potatoes,
it is confirmed that the overexpression of MPK3 can enhance
osmosis and salinity tolerances by modulating the antioxidant
system and proline biosynthesis (Zhu et al., 2020). In Arabidopsis,
WRKY33 leads to enhanced salt tolerance by modulating
CYP94B1 expression (Krishnamurthy et al., 2020). These results
indicated that the genes involved in the MAPK signaling pathway
are important contributors to high salt tolerance in plants,
especially CAM4, MPK3, and WRKY33 which are the important
candidate genes for future salt-tolerant plants breeding through
genetic engineering.

Under salt stress conditions, the compatible osmolytes soluble
sugars and proline are critical for adjusting osmotic potential
induced by excessive salt stress (Zhu, 2016; Liang et al,
2018). Increasing evidence indicated that the accumulation of
soluble sugars and proline is associated with enhanced stress
tolerance in plant cells (Mansour and Ali, 2017; Dai et al.,
2018; Rady et al., 2019). Proline content, antioxidant activities,
and potassium content are influenced in response to abiotic
stresses for controlling membrane stability and mitigating the
toxicity of sodium (Heidari et al., 2021; Musavizadeh et al., 2021).
In our study, a gene encoding P5CS1, a rate-limiting enzyme
involved in proline biosynthesis (Turchetto-Zolet et al., 2009),
was differentially upregulated to higher levels in R7 roots than in
S4. Meanwhile, significantly elevated levels of proline were also
found in R7 roots. In addition, the contents of soluble sugars
were determined and we found R7 roots exhibited higher levels of
soluble sugars than S4. These results suggested that the increased
levels in soluble sugars and proline lead to enhanced salt tolerance
and that the salt stress-induced P5CS1 is a crucial candidate for
salt-tolerant engineering in F. velutina.

Salt stress causes oxidative stress by promoting the generation
of ROS in the plant (Zhu, 2016). It is documented that plants can
alleviate ROS-caused damages by activating several enzymatic
and non-enzymatic pathways involved in the antioxidant system
(Choudhury et al., 2017). Previous studies have revealed that the
improved ROS scavenging capacity can enhance plant tolerance
to several stresses (Gill and Tuteja, 2010; Zhang et al., 2015;
Wei et al,, 2019). In our study, 12 genes encoding POD were
upregulated to higher in R7 compared with S4 under salt stress.
Consistently, lower levels of H,O, and fewer cell damages were
found in R7 than in S4.

CONCLUSION

This study revealed that F. velutina R7 presents higher salt
tolerance than S4. The findings reported here allow us to propose
a potential mechanism to explain the high salt tolerance of R7
(Figure 8). Under salt stress, R7 activates multifaceted defense
machines in the roots and leaves to enhance salt tolerance. In the
R7 root, salt stress induces the upregulation of P5CSI and the
key genes involved in starch and sucrose metabolism, therefore
increasing osmotic adjustment. In the R7 leaf, salt stress induces
the upregulation of important genes involved in plant hormone
signaling (especially PYRI/PYL/RCAR ABA receptor genes and
PP2C) and MAPK signaling pathways (especially CAM4, MPK3,
and WRKY33). In addition, salt stress induces the upregulation of
POD genes in both roots and leaves, enhancing ROS scavenging
capacity. Collectively, our findings revealed the crucial defense
pathways underlying the high salt tolerance of R7, thus providing
insights into the salt-tolerant F. velutina breeding.
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comparisons S4SL vs. S4CL, R7CL vs. S4CL, R7SL vs. S4SL, and R7SL vs.
R7CL based on Z-score. The color represented the Z-score. From blue to red
represented the Z-score from low to high. (B) Venn diagram showed the
distribution of upregulated and downregulated DEGs among different
comparisons, respectively.

Supplementary Figure 3 | Identification of the differentially expressed genes
(DEGs) in roots. (A) Heatmap showed the expression patterns of DEGs in
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Low temperature is a key factor limiting the rubber plantation extending to high latitude
area. Previous work has shown that cold-induced DNA demethylation was coordinated
with the expression of cold-responsive (COR) genes in Hevea brasiliensis. In this work,
reduced representation bisulphite sequencing analysis of H. brasiliensis showed that cold
treatment induced global genomic DNA demethylation and altered the sequence contexts
of methylated cytosines, but the levels of mMCG methylation in transposable elements were
slightly enhanced by cold treatment. Integrated analysis of the DNA methylome and
transcriptome revealed 400 genes whose expression correlated with altered DNA
methylation. DNA demethylation in the upstream region of gene seems to correlate with
higher gene expression, whereas demethylation in the gene body has less association.
Our results suggest that cold treatment globally change the genomic DNA methylation
status of the rubber tree, which might coordinate reprogramming of the transcriptome.

Keywords: Hevea brasiliensis, cold, DNA demethylation, transposon, RRBS

INTRODUCTION

Low temperature is a major environmental stress that seriously affects plant development and
geographic distribution. Depending on the extent of the cold sensitivity of plants, cold stress
can be subdivided into chilling (0-15°C) and freezing (<0°C; Wani et al, 2013). Chilling
disrupts plant growth physiology by inducing photosynthesis-associated damage, chlorosis,
apoptosis, and loss of membrane fluidity. Freezing causes ice formation and protoplast dehydration
that directly kill cells. Plants exhibit increased freezing tolerance upon long-term exposure to
non-freezing temperatures, a process known as cold acclimation (Liu et al, 2017a). Cold
tolerance relies on many changes in plant processes, ranging from gene expression to physiological,
biochemical, and metabolic processes (Knight and Knight, 2012; Theocharis et al., 2012). Cold
acclimation activates rapid expression of the C-repeat binding factor (CBF) transcription factors
and induces CBF-targeted genes, such as cold-responsive (COR) genes, which contribute to
enhanced freezing tolerance (Jaglo-Ottosen et al., 1998; Fowler and Thomashow, 2002). Cold
acclimation also increases the cytoplasmic volume and levels of organic acids (alpha-ketoglutarate,
citrate, fumarate, and malate; Strand et al, 1999). During cold acclimation, the suppression
of photosynthesis and photosynthesis gene expression is removed in leaves and is accompanied

Frontiers in Plant Science | www.frontiersin.org 92

March 2022 | Volume 13 | Article 831839


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2022.831839﻿&domain=pdf&date_stamp=2022--21
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2022.831839
https://creativecommons.org/licenses/by/4.0/
mailto:jinlingzhai@126.com
mailto:xihuang@hainanu.edu.cn
https://doi.org/10.3389/fpls.2022.831839
https://www.frontiersin.org/articles/10.3389/fpls.2022.831839/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.831839/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.831839/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.831839/full

Tang et al.

Reprogramming Epigenome and Transcriptome

by increase in the activities of enzymes in the Calvin cycle
and in the sucrose biosynthesis pathway (Strand et al., 1999).

Epigenetic regulation via mechanisms including DNA
methylation and histone modification is involved in plant stress
responses (Chinnusamy and Zhu, 2009a). Cytosine methylation
is an important epigenetic mechanism that regulates gene
expression and transposable elements (TEs) silencing and
safeguards genome stability (Law and Jacobsen, 2010). In plant
genomes, cytosine can be methylated in three sequence contexts:
symmetric contexts CG and CHG (H=A, T, or C), or asymmetric
context CHH (Law and Jacobsen, 2010; Vanyushin and Ashapkin,
2011). Both symmetric- and asymmetric-methylations are
associated with repressive chromatin in gene promoters and
with repression of gene transcription. Whole-genome DNA
methylome analyses revealed that heavy cytosine methylation
occurs in repetitive sequences and TEs (Penterman et al., 2007;
Cokus et al, 2008). Methyltransferases Domains Rearranged
Methylase 1 (DRM1) and DRM2 catalyze de novo cytosine
methylation through the RNA-directed DNA methylation
(RADM) pathway, while the maintenance of symmetric CG
and CHG methylation is mediated by the DNMT1-like enzyme
MET1 and the plant-specific enzyme Chromomethylase 3
(CMTS3), respectively (Cao and Jacobsen, 2002; Henderson and
Jacobsen, 2007).

Plant cold response involves in epigenetic regulation.
Vernalisation is a well-known example of epigenetic regulation
in the plant cold response (Gendall et al, 2001; Bastow
et al., 2004; Sung and Amasino, 2004). For other example,
cold induced expression of ZmMII was correlated with a
reduction in methylation in the DNA of the nucleosome
core in maize roots (Steward et al., 2002). In tobacco, cold
stresses induced-DNA demethylation in the coding sequence
of a glycerophosphodiesterase-like protein (NtGPDL) gene
correlated with NtGDPL gene expression (Choi and Sano,
2007). However, cold induced epigenetic regulation is still
relatively undocumented.

Hevea brasiliensis Muell. Arg. is an economically important
tree originating from the tropical Amazon rain forest. When
the locations of rubber plantations are extended to high latitude
areas, such as southern China and northern Vietnam, cold
stress becomes a key factor limiting rubber production. Low
temperature prevents the tapping of trees for 1-3 months per
year in the suboptimal areas (Rao et al., 1998; Jacob et al,
1999). Much attention has been paid to breeding cold-tolerant
cultivars and studying the chilling physiology of H. brasiliensis
(Rao et al.,, 1998; Mai et al., 2009, 2010), but the cold response
mechanisms of H. brasiliensis have not been well elucidated.
In a previous report, we showed that cold treatment altered
the expression patterns of DNA methylation-associated genes,
such as HbMET, HbCMT, and HbDRM. Long-term cold treatment

Abbreviations: CBE C-repeat binding factor; COR, Cold-responsive; DEGs,
Differentially expressed genes; DGE, Digital gene expression; DMCs, Differentially
methylated cytosines; DMP, Differentially methylated position; DMR, Differentially
methylated region; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes
and Genomes; RRBS, Reduced representation bisulphite sequencing; TEs, Transposable
elements; UTR, Untranslated region.

induced DNA hypomethylation in the promoters of HbICEI,
HbCBF2, and HbMET. Under natural conditions, the HbICEI
and HbBMET promoters switch from hypomethylation to
hypermethylation status as the seasons change from winter to
summer (Tang et al.,, 2018). COR gene expression levels were
correlated with the status of DNA demethylation but not with
the genetic background; we therefore proposed that epigenetic
modification was closely related to the cold response of H.
brasiliensis (Tang et al., 2018). However, the key question of
how genome-wide DNA methylation in H. brasiliensis is affected
by cold stress conditions remains open. Understanding this
response might help us to better understand the mechanisms
of cold acclimation in H. brasiliensis. In this study, we use
reduced representation bisulphite sequencing (RRBS) to examine
the alteration of the epigenome in response to cold stress.
RRBS is a cost-effective method for rapid and affordable
genome-wide DNA methylation analysis (Gu et al., 2011; Tanas
et al., 2017). Additionally, we used digital gene expression
(DGE) analysis based on RNA sequencing (RNA-seq) to analyze
the expression of COR genes. Combined RRBS and DGE
analyses allowed us to identify the causal link between genome-
wide changes in DNA methylation and gene expression.

MATERIALS AND METHODS

Plant Materials and Treatments

To minimize the variation of the genomic background, tissue-
cultured self-rooting juvenile clones (JCs) from the same donor
clones Reyan 7-33-97 were selected in the study (Li et al,
2016). Reyan 7-33-97 is an elite cultivar widely planted in
China and its genome has been sequenced and fine assembled
(Tang et al., 2016). The 60-day old JCs saplings (after transferring
from sterile tube to polybag) were transferred to climate chamber
for cold treatment as reported previously (Tang et al.,, 2018).
Twenty saplings were treated under 19°C with the following
growth conditions: 16-h light (100Iux)/8-h dark, 75% relative
humidity for 1 month. Twenty control saplings were cultivated
under 28°C with the same lighting, photoperiod, and relative
humidity conditions. The cold-treated saplings were transferred
to 28°C for a 1-month recovery and then further transferred
to 19°C for the second and third treatments. A one-month
interval of recovery between two treatments could prevent the
saplings from leaf falling. After the third treatment, the treated
and control leaf samples were collected, frozen immediately,
ground in liquid nitrogen, and stored at —80°C until RNA
and DNA extraction, respectively (Xia et al, 2011). Three
independently treated leaf samples (treated or control) were
mixed for pooling sample for RNA-seq and bisulphite sequencing.

Reduced Representation Bisulphite
Sequencing

After genomic DNAs were extracted from the pooling leaf
samples, DNA concentration and integrity were detected by
NanoPhotometer®  spectrophotometer ~ (IMPLEN,  CA,
United States) and agarose gel electrophoresis, respectively,
(Tang et al., 2018). The qualified DNA was digested by restriction
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endonucleases (Mspl) and repaired by 3’-end addition and
adaptor ligation. The 40-220bp fragments were selected for
bisulfite conversion with Methylation-Gold kit (ZYMO, CA,
United States). The converted DNA was PCR amplified and
measured using an Agilent 2,100 bioanalyzer instrument, then
the RRBS library was constructed and subjected the Illumina
X10 sequencing platform with paired-end 150bp sequencing
by Gene Denovo Biotechnology Co. (Guangzhou, China). To
get high quality clean reads, raw reads were filtered according
to the following rules: (1) removing reads containing more
than 10% of unknown nucleotides (N); (2) removing low quality
reads containing more than 40% of low quality (Q-value <20)
bases. The obtained clean reads were mapped to the Clone
7-33-97 reference genome using BSMAP software (Xi and Li,
2009). Then a custom Perl script was used to call methylated
cytosines and the methylated cytosines were tested with the
correction algorithm described (Lister et al, 2009). The
methylation level was calculated based on methylated cytosine
percentage in the whole genome, in each scaffold and in
different regions for each sequence context (CG, CHG, and
CHH). To assess different methylation patterns in different
genomic regions, the methylation profile at flanking 2kb regions
and genebody (or TEs) was plotted based on the average
methylation levels for each window.

Differentially Methylated Regions Analysis
Differentially methylated regions for each sequence context
(CG, CHG, and CHH) between two samples were identified
according to the following criteria: (1) more than five methylated
cytosines in at least one sample; (2) more than 10 reads coverage
for each cytosine, and more than four reads for each methylated
cytosine; (3) region length is between 40bp and 10kb; (4) the
distance between adjacent methylated sites <200bp; (5) the
fold change of the average methylation level>2; (6) Pearson’s
chi-square test (y*) value p <0.05. The putative DMRs overlapping
at adjacent 2kb (upstream or downstream) or body regions
of genes or TEs were sorted out for further study (Akalin
et al.,, 2012).

Functional Enrichment Analysis of DMC/
DMR-Related Genes

To analyze functional enrichment of genes affected by DMRs,
Gene Ontology (GO) enrichment analysis and KEGG pathway
enrichment analysis were conducted for DMR-related genes.
GO enrichment analysis provides all GO terms that significantly
enriched in genes comparing to the genome background, and
filter the genes that correspond to biological functions. Firstly,
all genes were mapped to GO terms in the Gene Ontology
database." KEGG is the major public pathway-related database.?

RNA Sequencing
After total RNA was extracted, mRNA was enriched by Oligo
(dT) beads. Then the enriched mRNA was fragmented into

'http://www.geneontology.org/
*http://www.kegg.jp/kegg/

short fragments and reverse transcripted into cDNA with random
primers. Second-strand cDNA were synthesized, purified with
QiaQuick PCR extraction kit, and then ligated to Illumina
sequencing adapters. The ligation products were size selected
by agarose gel electrophoresis, PCR amplified, and sequenced
using Illumina HiSeqTM 2,500 by Gene Denovo Biotechnology
Co. (Guangzhou, China). High quality clean reads were further
filtered according to the following rules: (1) removing reads
containing adapters; (2) removing reads containing more than
10% of unknown nucleotides (N); and (3) removing low quality
reads containing more than 50% of low quality (Q-value <20) bases.
The clean reads were then mapped to reference genome of
Clone 7-33-97 by TopHat2 (version 2.0.3.12; Kim et al., 2013;
Tang et al., 2016). The alignment parameters were as follows:
(1) maximum read mismatch is 2; (2) the distance between
mate-pair reads is 50bp; and (3) the error of distance between
mate-pair reads is +80bp. After aligned with reference genome,
unmapped reads (or mapped very poorly) were then re-aligned
with Bowtie2, the enriched unmapped reads were split into
smaller segments which were then used to find potential splice
sites. Splice sites were built with initial unmapped reads by
TopHat2 without relying on the known genes annotation
(Trapnell et al., 2010). The reconstruction of transcripts was
carried out with software Cufflinks (Trapnell et al., 2012), which
together with TopHat2, allow to identify new genes and new
splice variants of known reference genes. EdgeR software was
used to normalize the data and extract digital gene expression
(DGE) data (Robinson et al, 2010). Differentially expressed
genes (DEGs) were selected when the false discovery rate (FDR)
was <0.05. DGE data were used for clustering of DMRs. Gene
Ontology (GO) term and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways analyses were visualized with
Pathview software (Young et al., 2010; Wang et al., 2015).

Integrated Analysis of DNA Methylation
and the Transcriptome

After differentially Methylated Regions (DMRs) and DEG analysis,
the distribution of Spearman rho statistics between DNA
methylation and gene expression was calculated including either
all pairs of genes/methylation positions or only pairs formed
by a DMP and a DEG. All DNA methylation and transcriptomics
data analyzed were output in Bam format.> A list of genes and
transposons and the corresponding DNA methylation positions
was obtained, and a correlation coefficient was calculated for
each pair. The average DNA methylation levels of the genes
and TEs in the control and cold-treated plants were displayed
in a Bam format file. All data were visualized and analyzed
using box plots, heat maps, and circos plots.

Validation of Differential Gene Expression
by Quantitative RT-PCR

Quantitative RT-PCR (qRT-PCR) was used to confirm differential
expression of the unigenes obtained from sequencing and to
further analyze the reliability of the RNA-seq data generated

*http://samtools.sourceforge.net/SAM1.pdf
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in this study. Primers used in this work are listed in
Supplementary Table S6. The HPACT7b gene was used as an
internal control. First-strand cDNA was synthesized using a
cDNA synthesis kit according to the manufacturer’s instructions
(Fermentas, Vilnius, Lithuania). qRT-PCR was performed
according to Li’s method (Li et al., 2014). All relative expression
data were analyzed using GraphPad Prism 7 software. Each
biological sample was represented by three independent replicates.
qRT-PCR conditions were as follows: denaturation at 95°C for
30s followed by 50cycles for 10s at 94°C, 30s at 60°C, and
15s at 72°C for amplification. Data obtained from qRT-PCR
analysis were clustered in accordance with the instructions
provided by Stratagene (Santa Clara, CA, United States). The
expression  analysis  was  performed  from  three
individual reactions.

RESULTS

Cold Treatment Induced Global DNA
Demethylation in H. brasiliensis

After cold treatment, genomic DNA was isolated from leaf
samples for RRBS. The sequencing statistic was shown in
Table 1 and Supplementary Table S1. There were 83,531,456
and 82,345,180 clean reads generated by RRBS for control and
cold treated samples, respectively (Supplementary Table S1).
After filtering, 7,900MB of clean data and 82,143,730 clean
reads were generated from the control samples, 91.24% of
which were uniquely mapped to genomic sequences of H.
brasiliensis ~ cultivar ~ Reyan7-33-97 (NCBI SRA  data:
PRJNA741882). In total, 7,766 MB of clean data and 81,565,518
clean reads were generated from the cold-treated samples,
94.80% of which were uniquely mapped (Table 1 and
Supplementary Table S1).

Sequencing depth analysis showed that the coverage level
in genomic functional elements ranged from 21 to 51%, in
which the coverage rate of C, CG, CHG, and CHH were
indicated, respectively (Supplementary Table $3). RRBS results
also showed that the numbers of the mCG. mCHG and mCHH
in the control samples were 1,610,060, 2,579,031, and 2,582,602,
respectively (23.78, 38.08, and 38.14%, respectively). By contrast,
the methylation numbers of the cold-treated samples were
632,899, 939,769, and 798,268, respectively (26.69, 39.64, and
33.67%, respectively). These data indicated that cold treatment
strongly decreased the methylation number of mCG, mCHG,
and mCHH. The total number of three types methylated
cytosines decreased from 6,771,693 (control) to 2,370,936 (cold),
suggesting that average DNA methylation level were down

regulated by  cold  treatment (Table 1 and
Supplementary Table S4).

Further analysis of the distribution of methylated cytosines
in various gene regions revealed that the level of mCG methylation
was much higher than those of the other two types of Methylated
cytosines. Lower methylation was observed near the transcription
start site. The levels of mCG methylation located in the gene
body, 2-kb upstream region, and 2-kb downstream region were
evidently decreased in the cold-treated samples. mCHG
methylation was lower than mCG methylation but higher than
mCHH methylation. Cold treatment slightly induced
demethylation of mCHG and mCHH in the 2-kb upstream
and downstream regions (Figure 1A). When gene regions were
further subdivided into the gene body, 2-kb upstream region,
2-kb downstream region, exon, intron, coding sequence (CDS),
5’-untranslated region (UTR), and 3’-UTR, all methylation
levels distributed among the mCG, mCHG, and mCHH were
lower in the cold-treated samples than in the control samples
(Figure 1B), suggesting that cold treatment induced global
DNA demethylation in H. brasiliensis.

Statistics showed that cold treatment induced significant
alteration of the sequence context upstream of methylated
cytosines (e.g., mCG, mCHG, and mCHH) and the sequence
context downstream of mCG, whereas no difference was found
in the sequence context of unmethylated cytosines after cold
treatment (Figure 1C). These results suggest that cold treatment

reprogrammed the H. brasiliensis epigenome.

Cold Treatment Enhanced mCG
Methylation in TEs
To reveal the differential methylation patterns between functional
genes and TEs, which were annotated in Hevea brasilensis
genomic sequences (Tang et al, 2016), statuses of mCG, or
mCHG, or mCHH between control and cold treatment were
compared, respectively. The distribution of methylation in genes
exhibited a “W” shape. Higher methylation levels showed in
the gene body, 2-kb upstream region, and 2-kb downstream
region but markedly lower level at the transcription start site
and transcription termination site (Figure 2, left panel). By
contrast, the distribution of methylation in TEs exhibited a
“single-hump camel” profile. The DNA methylation level changed
dramatically at the TE boundaries, whereas both the upstream
and downstream regions had lower methylation levels (Figure 2,
right panel). Similar phenomenon was also observed in Brassica
rapa (Chen et al, 2015).

DNA methylation plays an important role in modulating
TE silencing. The DNA methylation level is much higher in
TEs than in genic regions. Cold treatment reduced average

TABLE 1 | Reduced representation bisulphite sequencing (RRBS) statistics.

Sample Clean reads/clean data GC content Mapping mCG no./ mCHG no./ mCHH no./ Total

P (bp) (%) rate (%) proportion proportion proportion methylated
Control 82,143,730/7,900,525,750 24.58% 91.24% 1,610,060/23.78% 2,579,031/38.08% 2,582,602/38.14% 6,671,693
Cold-treated 81,565,518/7,766,520,664 24.56% 94.80% 632,899/26.69% 939,769/39.64% 798,268/33.67% 2,370,936
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FIGURE 1 | Distribution of methylated cytosines in genic regions and
sequence preference after cold treatment. (A) Methylation levels of CG, CHG,
and CHH distributed in the gene body, upstream region, and downstream
region. Upstream, 2-kb region upstream of the transcription start site; gene
body; downstream, the 2-kb region downstream of the transcription
termination site. (B) Distribution of mCG, mCHG and mCHH in the gene
body, 2-kb upstream region, 2-kb downstream region, exon, intron, CDS,
5-UTR, and 3-UTR. Solid column and squares column histograms represent
the control and cold-treated samples, respectively. The data were normalized
by the mapping rate and mapping reads. (C) Logos of sequence contexts
that are preferentially unmethylated/methylated CG, CHG, and CHH in control
and cold-treated samples in which the cytosine is in the fifth position. The
logo graphically displays the sequence enrichment at a particular position in
the alignment of 10-mers in each class.

DNA methylation levels in mCG, mCHG, and mCHH in genic
regions, including the gene body, 2-kb upstream region, and
2-kb downstream region (Figure 2, left panel). Interestingly,
cold treatment slightly increased the mCG methylation levels
in gene body of TEs, although mCHG and mCHH methylation
levels were significantly decreased by cold treatment (Figure 2,
right panel). These differential methylation patterns might reflect

the distinct roles of genes and TEs in the H. brasiliensis
mechanisms for coping with cold stress.

Digital Gene Expression Analysis of
Cold-Treated H. brasiliensis
To gain a global view of the gene expression patterns induced
by the cold treatment of H. brasiliensis, we used RNA-seq to
identify differentially expressed genes. In total, 3,764,205,386
and 3,433,710,574 HQ (high quality) clean data were acquired
from the control and cold-treated samples, respectively
(Supplementary Table S2, NCBI SRA data: PRJNA741882).
Genes coverage analysis showed that the RNA-seq for control
sample covers 70.55% of Reyan7-33-97 reference genes at
80-100% coverage rate and 14.85% genes at 60-80% coverage
rate (Supplementary Figure S1A); RNA-seq for cold treated
sample has similar coverage rate (Supplementary Figure S1B),
suggesting that RNA-seq data have relative higher coverage.
Statistics of RNA-Seq reads showed that 29131and 30,242 genes
were mapped to the genes of Reyan7-33-97 for control and
cold treated samples, respectively (Supplementary Table S5),
of which 5,736 genes showed differential expression (low
FDR<0.001 and p-value <0.05), including 3,693 upregulated
genes and 2043 downregulated genes
(Supplementary Figure S1C). Scatter plots indicated that most
data points were distributed near the diagonal, suggesting that
the expression levels of the majority of genes were largely
unaffected by cold treatment (Supplementary Figure S1D).
To identify pathways in which the cold-induced differentially
expressed genes (DEGs) might be involved, the DEGs were
categorized based on KEGG pathways and GO term enrichment.
The cold-induced DEGs were enriched in the KEGG pathways
of plant hormone signal transduction, phenylpropanoid
biosynthesis, and amino acid biosynthesis (Figure 3). The DEGs
were enriched in 47 GO terms, among which “catalytic activity,”
“metabolic process,” “cellular process,” “single-organism process,’
and “binding” were the most enriched (Supplementary Figure S2).

Integrated Analysis of DEGs and Changes
in DNA Methylation

To establish a correlation between RRBS and DEGs induced
by cold treatment, we engineered the mutual information-based
analysis using count data from the DGE analysis and overlaid
the DNA methylation data by summarizing the methylation
changes of the linked DMRs and DMPs. Additionally, to better
understand the distribution of methylation levels among the
cold-induced DEGs in DMRs, the methylation levels of the
DEGs were visualized using a heat map. First, the methylation
levels of mCG, mCHG, and mCHH of DEGs in control and
cold-treated samples were shown by a heat map. Highest
methylation level appeared in mCG, in which demethylation
induced by cold could be observed in upstream, genebody
and downstream regions. Although methylation level of mCHG
and mCHH was much lower than mCG, cold treatment also
evidently induced demethylation (Figure 4A). Cluster analysis
using heat map to represent the methylation levels of DEGs
reveals different patterns of methylation modification after cold
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FIGURE 2 | Methylation patterns of genic and transposon element (TE) regions after cold treatment. Levels of mC, mCG, mCHG, and mCHH methylation
distributed in the gene body, upstream region, and downstream region of genes and TEs. 2-kb region upstream of the transcription start site; gene body;
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treatment. The more genes showed demethylation under cold
stress, some of which at upstream regions (marked with red
rings) and some of which at genebody (marked with blue
rings). Interestingly, some cluster of genes exhibited increased

methylation level, e.g., at downstream regions (marked with
green rings; Figure 4B). These results suggest that cold treatment
induced different modifications of DNA methylation in different
genes regions of rubber tree. To better visualize the combined
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DEGs and RRBS analysis, a circos plot of epigenomic changes
superimposed with DEGs was generated. The methylation sites
of mCG, mCHG, and mCHH, and the expression levels of
the corresponding DEGs were visualized at the genomic level.
The DEGs that correlated with alterations in DNA methylation
were distributed among 30 different scaffolds, which enable
us to globally observe the methylation status and gene expression
at the genomic width (Figure 5).

Integrated analysis of DEGs and modifications to DNA
methylation indicated that highly expressed genes (red line)
showed higher methylation levels in the gene body but low
methylation levels in the upstream and downstream regions

(Figure 6). By contrast, genes that were not expressed (pink
line) showed lower methylation levels in the gene body but
higher methylation levels in the downstream region at mCG,
mCHG, and mCHH. Methylation status in upstream region
might correlate with gene expression, there are fewer reports
about the role of downstream region in gene transcription
regulation, although plenty documents have shown that 3'UTR
involve in mRNA-based processes (Mayr, 2017, 2019). It is
reasonable to speculate that 2kb downstream region of one
gene might include part or even complete upstream sequence
of the next adjacent gene. DMR-related differentially expression
genes was analyzed by GO annotation. These genes involve
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FIGURE 4 | Distribution and clustering of the methylation of differentially expressed genes. (A) The methylation levels of mMCG, mCHG and mCHH in control and
cold-treated samples are shown by a heat map (upper panel). The box plot shows CG, CHG, and CHH methylation levels at hyper-DMRs. Dark horizontal line,
median; edges of boxes, 25th (bottom) and 75th (top) percentiles; whiskers, minimum and maximum percentages of DNA methylation (lower panel). (B) Heat map of
gene clustering representing the methylation levels of differentially expressed genes at various gene regions. The methylation level is indicated by the depth of the color.

in many processes, such as protein modification, response to  correlated with methylation modification (Figure 6). We selected
stimulus, metabolic process, macromolecular modification, and 23 of these genes for validation by qRT-PCR. These genes
so on (Supplementary Table S7). included a cold-regulated plasma membrane protein gene

. . (HbCRPI), chloroplast genes (HVCHLI1/2), dehydratase genes
Validation of Cold-Induced Genes by (HbDEH1/2/3), a histone demethylase gene (HbHDMI), zinc
qRT-PCR finger protein genes (HbCZF2/VZF3), a methyltransferase gene
Circle mapping and whole-genome visualisation using the (HbTMETI), a sugar transporter gene (HbSTE3),
Integrative Genomics Viewer (IGV) software revealed that glycosyltransferase genes (HbUGT1/GT1), an early-responsive
more than 400 genes exhibited expression levels that were to dehydration gene (HbERDI), NAC domain-containing protein
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FIGURE 5 | Circos plot showing methylation sites and gene expression levels at the genomic level. Outer rings represent different scaffolds. (a) Yellow column
represents the base site where the methylation takes place. (b) Red column represents the mCG methylation site in the control sample. (c) Dark red column
represents the mCG methylation site in the cold-treated sample. (d) Blue column represents the mCHG methylation site in the control sample. (e) Dark blue column
represents the mCHG methylation site in the cold-treated sample. (f) Green column represents the mCHH methylation site in the control sample. (g) Dark green
column represents the mCHH methylation site in the cold-treated sample. (h) Up- and down-regulation of gene expression levels after cold treatment indicated by

red and green colors, respectively.

genes (HbNACI/NAC2), a dehydration-responsive element-
binding protein gene (HbDREI), transposons (HbRTN1/2), and
ethylene-responsive transcription factor genes (ERF). The
qRT-PCR analysis confirmed the cold treatment-induced
expression of these genes shown by the DGE analysis
(Supplementary Figure S3).

DISCUSSION

Being sessile organisms, higher plants inevitably endure more
environmental stresses (e.g., cold, heat, UV irradiation, salinity,
drought, and heavy metal) than animals in their life cycles
(Puli and Raghavendra, 2012; Liu et al., 2017b). Of these abiotic
stresses, cold stress is an important factor that limits plant
range expansion and survival (Sanghera et al., 2011). When
rubber tree was introduced to suboptimal planting areas, low
temperature becomes the most detrimental factor influencing
latex production and limits the expanding of rubber plantations
to higher-latitude areas. All popular rubber tree cultivars are
derived from “Wickham base,” and little genetic variation was

observed among the different cultivars of H. brasiliensis (Tang
et al,, 2016). Despite their similar genetic makeup, rubber tree
cultivars exhibit various levels of cold tolerance (Mai et al,
2009, 2010). Epigenetic modification induced by location-specific
environmental factors has been reported in rubber trees (Uthup
et al,, 2011). Our previous reports showed that cold treatment
switched HbICEI promoters from hypermethylation status to
hypomethylation status under both artificial and natural
conditions, cold-induced DNA demethylation of COR gene
might play a key role in cold acclimation in rubber tree (Tang
et al.,, 2018).

In contrast to whole-genome bisulphite sequencing, which
requires deep re-sequencing of the entire genome (Cokus et al.,
2008; Zhong et al., 2013), RRBS enriches CG-rich parts through
digestion with Mspl (recognized context sequence C'CGG) and
ligation of genomic DNA to adapters for bisulphite conversion
and Illumina sequencing (Gu et al., 2011). This work demonstrated
that RRBS is a cost-effective method for genome-wide DNA
methylation analysis. RRBS revealed that cold treatment induced
global DNA demethylation and significant genome-wide alteration
of the sequence contexts of methylated cytosines in H. brasiliensis.
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Preexisting DNA methylation can be lost as a consequence of
passive or active demethylation processes. The active removal
of cytosine methylation is catalyzed by the members of the
DNA glycosylase family (Chinnusamy and Zhu, 2009a,b). Previous
report showed that the demethylation-associated genes were
strongly induced by cold treatment (Tang et al., 2018), suggesting
that cold induced global DNA demethylation might be an active
process in rubber tree. Similar phenomenon was observed in
other plant species. When maize seedlings were exposed to
cold stress, a genome-wide demethylation occurred in root
tissues (Steward et al, 2002). Rapid alterations in cytosine
methylation occurred throughout the periods of chilling and
freezing associated with the cold tolerance of an alpine subnival
plant, Chorispora bungeana (Song et al, 2015). It is the first
time to report that cold treatment globally reprogrammed the

epigenome of H. brasiliensis. Following the global DNA
demethylation, extensive chromatin rearrangement and gene
expression regulation might occur. Integrated analysis of the
DNA methylome and the transcriptome revealed the correlation
of gene expression with altered DNA methylation. DMR-related
differentially expression genes involve in protein modification,
response to stimulus, metabolic process, macromolecular
modification, and so on. These genes might regulate physiological,
biochemical, and metabolic processes to accumulate protective
proteins and sugars and modify lipid metabolism to cope with
cold stress. However, how such a demethylation locates its target
regions remains to be explored.

Another interesting finding is the differential pattern of cold
induced DNA methylation in TEs. Total mCG methylation
was enhanced by cold treatment in the TEs. The differential
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methylation patterns reflect the different roles that genes and
TEs play in H. brasiliensis in coping with cold stress. TEs
have long been known as useless “junk” DNA. These mysterious
mobile elements of the genome might play some kind of
regulatory role, determining which genes are turned on and
when this activation takes place. TEs not only play a role in
regulating gene expression, but also in generating different cell
types and different biological structures (Pray, 2008). Enhanced
methylation of TEs under cold stress influences the TEs
transcription and decrease the “jumping” activity of TEs, which
might affect the gene expression related to cold response. This
phenomenon has not been described in previous reports. In
contrast, hypomethylation and transposition of the Tam-3
transposon were induced by cold stress in Antirrhinum majus
(Hashida et al., 2006). Repetitive elements were reported to
be transcriptionally activated in a genotype-dependent manner
in alfalfa during cold acclimation (Ivashuta et al., 2002).

Most of stress-induced epigenetic modifications are reset to
the basal level once the stress is relieved, whereas some of the
modifications may be stable. These epigenetic stress memories
may help plants cope more effectively with subsequent stresses
(Chinnusamy and Zhu, 2009a). Vernalisation is a well-documented
“memory response” in which mCG methylation serves as a central
epigenetic coordinator that ensures stable transgenerational
inheritance (Mathieu et al, 2007). Integrated analysis of DEGs
and changes in DNA methylation revealed several protective genes
for tolerance to cold stress. HbSTE3 is related to sugers transport
and metabolism (Tang et al, 2010). ERF might involve in latex
drainage related with ethylene signaling (Duan et al., 2013). HbCRP],
HbERDI and HbDRE] are well-known cold stress responsive genes
of plant. NAC domain-containing protein gene (HbNACI/NAC2)
is involved in response to many abiotical stresses. These genes
might help to maintain rubber production under cold stress.

A key question regarding the epigenetic regulation of the
cold response in H. brasiliensis is whether cold-induced DNA
demethylation is a transient or “memory” response. Under
natural condition, the methylation status of HbICEI and HDMET1
promoters changed seasonally (Tang et al., 2018), suggesting
that these stress-induced epigenetic modifications were transient
response. This work reveals a global cold induced DNA
demethylation, it is still unknown whether it was transient or
a stable “memory” Clarification of this question might help
us to answer whether cold acclimation by methylation
modification could be applied to tree breeding and production.
Additionally, the stress-induced change of DNA methylation
is usually coordinated with histone modification, e.g., cold
response in vernalisation, which requires the epigenetic silencing
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Expression of VrLEA Encoding Genes
In Vigna glabrescens Reveal Its Role
in Heat Tolerance

Chandra Mohan Singh'*, Mukul Kumar', Aditya Pratap?*, Anupam Tripathi’,
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Late embryogenesis abundant (LEA) proteins are identified in many crops for their
response and role in adaptation to various abiotic stresses, such as drought, salinity,
and temperature. The LEA genes have been studied systematically in several crops but
not in Vigna crops. In this study, we reported the first comprehensive analysis of the LEA
gene family in three legume species, namely, mung bean (Vigna radiata), adzuki bean
(Vigna angularis), and cowpea (Vigna unguiculata), and the cross-species expression of
VILEA genes in a wild tetraploid species, Vigna glabrescens. A total of 201 LEA genes
from three Vigna crops were identified harboring the LEA conserved motif. Among these
55, 64, and 82 LEA genes were identified in mung bean, adzuki bean, and cowpea
genomes, respectively. These LEA genes were grouped into eight different classes. Our
analysis revealed that the cowpea genome comprised all eight classes of LEA genes,
whereas the LEA-6 class was absent in the mung bean genome. Similarly, LEA-5 and
LEA-6 were absent in the adzuki bean genome. The analysis of LEA genes provides an
insight into their structural and functional diversity in the Vigna genome. The genes, such
as VILEA-2, VILEA-40, VILEA-47, and VILEA-55, were significantly upregulated in the
heat-tolerant genotype under stress conditions indicating the basis of heat tolerance.
The successful amplification and expression of VIiLEA genes in V. glabrescens indicated
the utility of the developed markers in mung bean improvement. The results of this study
increase our understanding of LEA genes and provide robust candidate genes for future
functional investigations and a basis for improving heat stress tolerance in Vigna crops.

Keywords: abiotic stress, candidate genes, expression analysis, heat stress, mung bean, wild Vigna, LEA genes

Frontiers in Plant Science | www.frontiersin.org 105

March 2022 | Volume 13 | Article 843107


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2022.843107
http://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-3857-7361
http://orcid.org/0000-0001-7280-0953
https://doi.org/10.3389/fpls.2022.843107
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2022.843107&domain=pdf&date_stamp=2022-03-22
https://www.frontiersin.org/articles/10.3389/fpls.2022.843107/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Singh et al.

Genome-Wide Identification and Expression of LEA Proteins

INTRODUCTION

Mung bean (Vigna radiata) is an important short-duration
pulse crop occupying a large area, predominantly in the Indian
subcontinent, besides many other places in Australia, Africa, and
United States. It is primarily consumed as food and animal feed
and also as a green manuring crop (Pratap et al., 2021). It has
a high nutrition value (Pratap et al., 2020) with a prominence
of quality protein besides having soil ameliorative properties
(Allito et al., 2015; Sehrawat et al., 2015; Singh et al., 2017).
Although several high-yielding and superior varieties have been
developed over the last few decades in the mung bean due to
their climate sensitivity, improving their productivity in extreme
environments is still a major challenge (Singh et al., 2014, 2019a;
Manivannan and Mahalingam, 2021). In legume species, such
as Vigna crops, seed yield is highly affected by various abiotic
stresses (HanumanthaRao et al., 2016; Douglas et al., 2020).
Drought and high temperature are the most limiting factors
(Douglas et al., 2020; Kumar et al., 2020; Singh et al., 2021) among
the abiotic stresses, affecting the crops at different growth stages,
leading to severe yield penalties. Varieties respond differentially
to abiotic stresses as per stress duration, crop growth stage, and
genetic potential of a variety, which leads to moderate-to-severe
yield loss (Bangar et al., 2019). Hence, there is an urgent need
to develop abiotic stress-tolerant varieties to mitigate the effects
of climate change.

The heat stress negatively affects the seedling vigor, biomass
accumulation, and reproductive development in mung bean
(Tzudir et al., 2014; HanumanthaRao et al., 2016). It also affects
all reproductive traits, such as flower initiation, pollen viability,
stigma receptivity, ovule size and viability, fertilization, pod set,
grain filling, and seed quality (Barnabas et al., 2008; Wassmann
et al, 2009; Douglas et al., 2020). Flower shedding is very
common in mung bean under heat stress (Kumari and Varma,
1983) while it severely affects flower bud initiation, and this
sensitivity may prevail for 10-15 days (Bita and Gerats, 2013).
Terminal heat stress is a major problem in spring- and summer-
grown crops, whereas heat stress during early vegetative growth
is frequent in Kharif (rainy) season.

A few potential donors have been identified and characterized
among the cultivated germplasm and wild relatives in earlier
studies against various abiotic stresses (Pratap et al., 2014; Sharma
etal., 2016; Singh et al., 2021), which can be included in breeding
programs for mung bean improvement. Pratap et al. (2014)
characterized two wild accessions belonging to Vigna umbellata
and Vigna glabrescens for photo- and thermoperiod insensitivity.
In this study, we investigated the gene expression of VrLEA
genes in heat-sensitive (HS) mung bean and heat-tolerant (HT)
creole bean (V. glabrescens) genotypes for understanding the
response of selected candidate genes under high-temperature
stress. Wild species can be especially useful toward integrating
crossable donors in breeding programs and help in improving
stress tolerance in domesticated cultivars and broadening the
genetic base of the crop.

Abiotic stresses decline crop productivity and seed quality by
serious disruptions in plant growth and development (Xiong and
Zhu, 2002; Ahuja et al., 2010). Therefore, to defend these adverse

climatic conditions, plants have evolved complex regulatory
mechanisms at molecular, physiological, and biochemical levels
to minimize the effects of abiotic stresses (Zhu, 2016). Proteins
play a major role in regulating the various signaling pathways
that activate under abiotic stresses and indirectly improve stress
tolerance. The late embryogenesis abundant (LEA) protein gene
family is considered as an important group of functional proteins
to reduce the scope of abiotic stresses in plants (Hirayama
and Shinozaki, 2010; Debnath et al., 2011). These proteins can
eliminate the cellular content of reactive oxygen species (ROS)
to protect the macromolecular substances and alleviate damages
caused by the various abiotic stresses (Yu et al., 2019).

The LEA genes were first identified in mature cotton seeds
(Dure et al., 1981), which are found to be accumulated during
dehydration and maturation of seeds, and protect them from
damage. They have also been detected in various plant parts, such
as seedlings, leaves, stems, roots, and other organs, under abiotic
stress (Hincha and Thalhammer, 2012). Later, LEA proteins
have also been identified in other plants, such as Arabidopsis
(Finkelstein, 1993; Hundertmark and Hincha, 2008), Brassica
napus (Liang et al., 2016), maize (Li and Cao, 2016), rice (Wang
et al., 2007), soybean (Liu et al., 2018), wheat (Liu et al., 2019),
grape wine (Ibrahime et al., 2019), poplar (Cheng et al., 2021),
and many more species. LEA proteins are highly hydrophilic
and intrinsically unstructured, whereas they partially fold into
mainly a-helical structures under dehydration state (Hand et al.,
2011). This allows them to contribute the function as chaperones
(Hanin et al., 2011) and also in the stabilization of membranes,
calcium-binding, and metal homeostasis and the protection of
functional proteins against aggregation (Krueger et al., 2002;
Tolleter et al., 2010; Rahman et al., 2011; Rosales et al., 2014).
LEA proteins are divided into eight different clusters, including
LEA-1, LEA-2, LEA-3, LEA-4, LEA-5, LEA-6, dehydrin (DHN),
and seed maturation protein (SMP) (Hundertmark and Hincha,
2008; Finn et al., 2010; Hunault and Jaspard, 2010).

While the LEA gene family also plays an important role in
growth and development under multiple stress conditions, the
study of this gene family in Vigna is still lacking. Many Vigna
species are now sequenced, such as mung bean (Kang et al., 2014),
adzuki bean (Kang et al., 2015), cowpea (Lonardi et al., 2019),
beach pea (Singh et al,, 2019b), moth bean (Takahashi et al.,
2019), and black gram (Souframanien et al., 2020), with their
sequence data available in the public database and can be accessed
for analysis. Keeping this in view, this experiment was conducted
to survey LEA genes and study their comparative structural
diversity analysis in mung bean, adzuki bean, and cowpea. The
expression of selected VrLEA genes through quantitative real-
time PCR (qRT-PCR) was performed on HS mung bean and HT
creole bean genotypes. It provides new insights for understanding
the mechanism of heat tolerance in Vigna species.

MATERIALS AND METHODS

Plant Materials and Stress Treatment
The plant materials comprised a high-yielding and HS-advanced
breeding line of mung bean, IPM 312-19, and one HT-wild creole
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bean (V. glabrescens), accession 1C251372. The plants of both
the genotypes were grown in the net house during Kharif (rainy
season) 2021 at Banda University of Agriculture and Technology,
Banda, located at 24°53’ latitude and 25°55 latitude. Both the
genotypes were subjected to heat-shock treatment through the
detached leaf method following the study by Kumar et al. (2009)
with modification as well as in planta.

Experiment 1

At the early vegetative stage (20 days after germination), the
expanded second trifoliate leaves from the top of the plants
were subjected to heat stress treatment through the detached
leaf method. This was performed in a growth chamber. The
leaves from both the test genotypes (IPM 312-19 and IC 251372)
were plucked and kept in Petri plates in distilled water, and heat
shock was induced at two levels, namely, HSI 1: 45°C for 3 h
with 60% relative humidity (RH); and HSI 2: 45°C for 6 h with
60% RH. For the control treatment (non-stressed), the detached
trifoliate leaves were kept in Petri plates in distilled water and
put into the growth chamber for 6 h at 25°C temperature with
60% RH to recover them from the injury induced by plucking.
Immediately after the heat shock, the stressed and control (non-
stressed) samples were taken out, blot-dried by slightly pressing
between two layers of filter paper, frozen in liquid nitrogen, and
stored at —80°C for further study.

Experiment 2

Another experiment was performed in planta under laboratory
conditions in a plant growth chamber. The plants of both the
genotypes were raised in a potting mixture in plastic pots with
ideal conditions, such as 30°C temperature with 60% RH. The 7-
day-old seedlings were subjected to heat stress. The leaf samples
without induction of heat stress were kept as control (non-stress)
while those taken 24 h after heat stress (45°C, 60% RH) were
considered as stressed plants. The leaf samples from the stressed
plants were immediately frozen in liquid nitrogen after plucking
at different time points and stored at —80°C for further study.

RNA Extraction and cDNA Synthesis

A total of 200 mg of frozen leaf samples were homogenized
in liquid nitrogen, and RNA was extracted using a Plant
RNA Extraction Kit (RNeasy Mini Kit, QIAGEN) following
the manufacturer’s instructions. Subsequently, RNA was reverse-
transcribed from 1 g of RNA by the RevertAid First-Strand
cDNA Synthesis Kit (Thermo Fisher Scientific). The cDNA was
normalized by 50 ng/jl for QRT-PCR analysis.

Identification of Late Embryogenesis
Abundant Protein Sequences

The genome-wide data of mung bean (V. radiata), adzuki
bean (Vigna angularis), and cowpea (Vigna unguiculata) were
obtained from Legume Information System (LIS) online website'.
The typical LEA protein genes were retrieved through Pfam
analysis with PF03760, PF03168, PF03242, PF02987, PF0477,

Uhttps://legumeinfo.org/

PF10714, PF0492, and PF00257%. The redundancy of sequences
was eliminated by ExPASy’ to generate a unique set of
LEA proteins. The LEA proteins were scanned against the
mung bean, adzuki bean, and cowpea genomes by using
the HMMER 3.0 program* followed by manual verification
with the Pfam database’. The protein sequences that did
not comprise LEA domains were removed and not included
in the analysis.

Chromosomal Distribution and
Phylogenetic Analysis of Late

Embryogenesis Abundant Genes

The physical positions (in bps) of the VrLEA, VaLEA, and
VuLEA genes were identified in this study, and the length
of chromosomes was obtained from the LIS database. These
genes from short arm to long arm were mapped onto their
corresponding chromosomes in ascending order using MapChart
2.3 (Voorrips, 2002). The LEA genes identified in the scaffold
were not assigned on the chromosome. The putative VrLEA,
VaLEA, and VuLEA genes were classified into eight different
groups. The phylogenetic trees were constructed with all
the putative LEA genes identified in this study. Multiple
alignments of the deduced amino acid sequences were performed
using ClustalW (Thompson et al, 2002). The phylogenetic
tree was constructed through the maximum likelihood (ML)
method (Guindon and Gascuel, 2003) provided in the MEGA
7.0 tool (Tamura et al., 2013) based on the Jones-Taylor-
Thornton (JTT) matrix-based model. The bootstrap analysis
was set with 1,000 replications for the accuracy of the
constructed tree.

Gene Structure Prediction and Protein
Analysis of Late Embryogenesis

Abundant Genes

The CDS and the genomic DNA sequences of the corresponding
LEA genes were retrieved by blast analysis on the NCBI database.
The gene structures of LEA were determined by comparing
the genomic DNA sequences and their corresponding coding
sequences using the Gene Structure Display Server version 2.0
(Hu et al,, 2015)°. The molecular weight (kDa) and isoelectric
point (pI) of LEA sequences were predicted with EndMemo’ and
pI calculator®, respectively (Gasteiger et al., 2003). The motifs
were analyzed through the MEME program’® (Bailey et al., 2009).
In motif analysis, the maximum number of motifs was preset to
10 while the optimum width of motifs was set to 6-50 amino acid
residues, and other settings were kept as default.

Zhttps://legumeinfo.org/search/gene
*https://web.expasy.org/decrease_redundancy/
*https://www.ebi.ac.uk/Tools/hmmer/
Shttp://pfam.xfam.org/
Chttp://gsds.gao-lab.org/
“http://www.endmemo.com/bio/promw.php
8http://isoelectric.org/
“https://meme-suite.org/meme/tools/meme
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TABLE 1 | The proportions of late embryogenesis abundant (LEA) genes in three
Vigna and Medicago truncatula genomes*.

Description Mung bean Adzuki bean Cowpea Medicago
(V. radiata) (V. angularis) (V. unguiculata) truncatula
Total LEA family 55 64 82 96
proteins
LEA-1 01 02 05 06
LEA-2 38 45 55 68
LEA-3 06 10 08 05
LEA-4 02 02 03 02
LEA-5 02 00 02 02
LEA-6 00 00 01 02
SMP 05 02 04 06
DHN 01 03 04 05
Total 26961 26634 28314 31927
protein-coding
genes
LEA genes (%) 0.20 0.24 0.29 0.30
Genome size 459.27 447.81 607.06 419.47
(Mb)
Average LEA 0.12 0.14 0.13 0.23
genes per Mb

*Data accessed from the LIS database on May 10, 2021.

Gene-Based Primer Designing and

Quantitative Real-Time PCR Analysis

All the VrLEA candidate genes were blasted against the
V. glabrescens genome, and the qRT-PCR primers were designed
using the Primer-BLAST tool. Six gene-specific qRT-PCR
primers from each clade based on their functions were selected
for expression analysis. For PCRs, 10 pl 2X SYBR Green
qPCR Master Mix, 1 pl of 10 pmol each forward and reverse
primers, and 6 pl nuclease-free water were used. The three-
step program was run with 10 min: initial denaturation at
96°C, 40 cycles of 45 s; denaturation at 96°C, 45 s; annealing
at 58°C, 45 s; and extension at 72°C, followed by melting at
the default setting. The Actin gene was used as an internal
control. The qRT-PCR analysis was carried out using a Rotor-
Gene Q-6000 Real-Time PCR machine (QIAGEN). Three
biological replicates were taken for expression profiling, and two
technical replicates were used for analysis. The relative expression
levels of the genes were calculated using the 272 4CT method
(Livak and Schmittgen, 2001).

RESULTS

Genome-Wide Identification of VrLEA,

VaLEA, and VuLEA Genes

A total of 201 LEA genes were retrieved from three Vigna
species, namely, mung bean, adzuki bean, and cowpea. A total
of 55 non-redundant LEA-sequences from mung bean, 64 from
adzuki bean, and 82 from cowpea genomes were identified and

Ohttps://www.ncbi.nlm.nih.gov/tools/primer-blast/

considered as putative LEA genes (Table 1). However, 96 MtLEA-
genes were retrieved from the analysis of the Medicago truncatula
genome. These sequences were classified into eight different
groups, namely, LEA-1, LEA-2, LEA-3, LEA-4, LEA-5, LEA-6,
SMP, and DHN. LEA genes accounted for 0.20% of all genes
present in mung bean (VrLEA), 0.24% of genes present in adzuki
bean (VaLEA), 0.29% of genes present in cowpea (VuLEA), and
0.30% of genes present in model legume Medicago. Among the
eight classes of the LEA gene subfamily, VrLEA-6 was absent in
mung bean, whereas VaLEA-5 and VaLEA-6 were found absent in
adzuki bean. The maximum proportion of LEA-2 was noticed in
all the three Vigna species as 38 VrLEA-2 genes were observed in
mung bean, 45 VaLEA-2 in adzuki bean, 55 VuLEA-2 in cowpea,
and 68 VrLEA-2 genes in Medicago. The average LEA genes per
Mb were found as 0.12 genes per Mb in mung bean, 0.15 in adzuki
bean, 0.13 in cowpea, and 0.23 genes per Mb in M. truncatula.

Chromosomal Distribution of VrLEA,

VaLEA, and VuLEA Genes

The study observed that 48 out of 55 VrLEA, 38 out of 62
VaLEA, and 80 out of 84 VuLEA genes were distributed across
11 chromosomes of mung bean, adzuki bean, and cowpea,
respectively (Figure 1), whereas the rest of the VrLEA, VaLEA,
and VuLEA genes were present in the scaffold (Supplementary
Tables 1-3). Chromosome 10 (ch. 10) had a minimum number
of two VrLEA genes, whereas ch. 8 had the maximum
number of nine VrLEA genes in the mung bean genome. Four
chromosomes, namely, 1, 2, 10, and 11 had only VrLEA-2 genes,
whereas the rest of the VrLEA genes were distributed over seven
chromosomes. Similarly, in adzuki bean, ch. 5 comprised only
one VaLEA gene, whereas ch. 4 had a maximum number of seven
VaLEA genes. The ch. 1, 7, and 10 are comprised only VaLEA
genes. In the cowpea genome, ch. 8 had a minimum of four
VuLEA genes, whereas ch. 5 had a maximum of 11 VuLEA genes.
Out of 11 chromosomes of cowpea, three chromosomes, namely,
ch. 2, 8, and 11 consisted of only VuLEA genes while the rest of
the 8 chromosomes comprised a mixture of different classes of
VuLEA genes.

Phylogenetic Relationship of VrLEA,
VaLEA, and VULEA Genes

For the domain-based classification of LEA proteins, all the
201 LEA genes from three Vigna species identified in this
study were considered for the construction of the phylogenetic
tree (Figure 2). The LEA genes verified through Pfam for late
embryogenesis-abundant domains were considered as putative
LEA genes. All of the 201 LEA genes were clearly grouped into
15 major classes indicating their diversity. In mung bean, all the
55 LEA genes were grouped into eight clusters (Figure 3). Clade
I comprised 27 VrLEA-2 genes, forming the largest cluster. Clade
IT consisted of 10 VrLEA genes, including 3 VrLEA-2 genes, 6
VrLEA-3 genes, and 1 VrLEA-4 gene. Clades III and IV were the
single-cluster clades comprising 1 VrLEA-2 gene each. Clade V
had three types of LEA genes, including 1 VrLEA-1 and VrLEA-4
gene each, and 4 VrLEA-2 genes. Clade VI had 4 VrSMP genes,
and Clade VII had 2 VrLEA-2 genes. Similarly, Clade VIII had
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FIGURE 1 | (A) Chromosomal distribution of late embryogenesis abundant (LEA) genes on mung bean (Vigna radiata) genome. (B) Chromosomal distribution of LEA
genes on adzuki bean (Vigna angularis) genome. (C) Chromosomal distribution of LEA genes on cowpea (Vigna unguiculata) genome.

Frontiers in Plant Science | www.frontiersin.org

109

March 2022 | Volume 13 | Article 843107


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

Singh et al.

Genome-Wide Identification and Expression of LEA Proteins

FIGURE 2 | Phylogenetic relationship of ViLEA, VaLEA, and VULEA genes.

VaLEA-23

VWLEA42

four VrLEA genes, including 2 VrLEA-5 and VrLEA-6 genes each.
The LEA genes in adzuki bean clearly grouped into three major
clades (Figure 4). Clade I comprised 44 VaLEA-2 genes and 1
VaLEA-3 gene. Clade II consisted of only one gene of VrLEA-
1. Clade III had 2 VaLEA-2, 3 VaDHN, 9 VaLEA-3, 2 VaLEA-4,
and SMP genes each. Similarly, all the 82 LEA genes from the
cowpea genome were grouped into four clades (Figure 5). Clade
I comprised 50 VuLEA-2 genes, and 1 VuLEA-3 and VuSMP gene
each whereas Clade II consisted of five different types of VuLEA
genes. Clade IIT had 4 VuLEA-2 genes and 1 VuLEA-3 gene. Six
VuLEA-3 genes and 1 VuLEA-4 gene were grouped together in
Clade IV. This phylogenetic analysis also provided information

about diversification and evolutionary relationships among the
LEA genes.

Characterization of VrLEA, VaLEA, and

VUuLEA Genes

The analyses about the length of LEA protein, genomic and
CDS sequence, number of exons, molecular weight, and plI are
presented in Supplementary Tables 1-3. The genomic length of
LEA genes ranged from 282 bp (VrLEA-40) to 22,112 bp (VrLEA-
34) in mung bean, 249 (VaLEA-56) to 30,173 bp (VaLEA-21) in
adzuki bean, and 410 (VuLEA-61) to 4711 bp (VuLEA-70) in
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FIGURE 3 | Intron-exon gene structure analysis of ViLEA genes.
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cowpea. Simultaneously, the length of coding sequences varied
from 282 bp (VrLEA-40) to 7,113 bp (VrLEA-34) in mung bean,
249 (VaLEA-56) to 3,993 bp (VaLEA-21) in adzuki bean, and 270
(VuLEA-76) to 2,386 bp (VuLEA-24) in cowpea. The number
of exons ranged from 1 to 7 in mung bean, whereas it varied
from 1 to 4 in adzuki bean and cowpea, respectively. The LEA
protein length varied from 94 (VrLEA-34) to 2,354 (VrLEA-34) in
mung bean, 83 (VrLEA-55) to 1,050 (VrLEA-64) in adzuki bean,
and 83 to 1,050 in cowpea. The predicted molecular weight of
LEA proteins from mung bean, adzuki bean, and cowpea ranged
from 10.22 kDa (VrLEA-48) to 263.50 kDa (VrLEA-34), 9.36 kDa
(VaLEA-55) to 1063.50 kDa (VaLEA-59), and 21.11 kDa (VuLEA-
76) to 199.46 kDa (VuLEA-44), respectively. Similarly, pI ranged
from 4.47 (VrLEA-50) to 9.78 (VrLEA-31), 4.40 (VaLEA-60) to
11.02 (VaLEA-54), and 3.85 (VuLEA-60) to 4.37 (VuLEA-76) in
the three Vigna species under study, indicating the structural
diversity of LEA genes.

Gene Structure and Motif Analysis of
VrLEA, VaLEA, and VuLEA Genes

The exon-intron organization of the 201 LEA genes from
mung bean, adzuki bean, and cowpea was constructed using
the coding and genomic sequences (Figures 3-5). The gene
structures of LEA genes revealed that all the LEA genes exhibited
variable exon-intron organization. It ranged from 1 to 7 exons
in mung bean and 1 to 4 exons in both adzuki bean and
cowpea. The maximum number of introns was found in mung
bean as compared to adzuki bean and cowpea, indicating the
diversification of the mung bean genome. A total of 10 distinct
motifs were identified for LEA genes from mung bean, adzuki
bean, and cowpea (Figure 6).

Expression Pattern of VrLEA Genes in

Response to Heat Stress

All the 55 VrLEA candidate genes were used for primer designing,
and subsequently, 55 primer pairs were developed. These primers
were BLAST-searched against the V. glabrescens genome, and
their annotation was performed (Supplementary Table 4). Seven
representative candidates from each subclade were selected for
the expression analysis (Figure 7). The expression of these
seven genes (VrLEA-1, VrLEA-2, VrLEA-40, VrLEA-47, VrLEA-
48, VrLEA-54, and VrLEA-55) in the HS (IPM 312-19) and HT
(IC251372) genotypes was analyzed. The gene VrLEA-I exhibited
a significant increase (about 15-fold) in HS genotypes on heat
shock, whereas a decrease was noticed in the HT genotype. The
VrLEA-2 transcript significantly increased in HS genotype and
decreased in HT genotype (IC 251372) at both the levels of heat
stress (HSI-1 and HSI-2; 45°C for 3 and 6 h, respectively). The
expression of VrLEA-40 decreased in both the genotypes at HSI-
1, whereas significantly increased in both the genotypes at HSI-2.
The VrLEA-47 exhibited a significant decrease in HS genotype,
whereas it increased significantly to about 2.5-fold at HSI-2. The
pattern of expression of VrLEA-48 was similar to that of V¥rLEA-
47, although the level of expression was higher than VrLEA-47.
The VrLEA-54 transcript was downregulated in the HS genotype
after the heat sock, whereas it was upregulated significantly to

about 2-fold in the HT genotype after the heat-shock induction.
Similarly, about a 5-fold increase was noticed in HT genotypes at
HSI-2 as compared to control.

In the second experiment, the 7-day-old seedlings of HS and
HT genotypes were subjected to 24-h heat-shock induction and
they exhibited differential expression of the genes (Figure 8). The
gene VrLEA-1 exhibited a similar pattern of expression as in the
case of the detached leaf method although it was comparatively
lower. The expression of three genes, namely, VrLEA-2, VrLEA-
40, and VrLEA-47, was downregulated in the HS genotypes after
24 h of heat stress, whereas it was significantly upregulated in
the HT genotype. In contrast, Vr©LEA-48 and VrLEA-54 exhibited
upregulation in both HS and HT genotypes, although the level
was higher in the HS genotype. Similarly, VrLEA-55 exhibited
upregulation in both HS and HT genotypes with a higher
expression in the HT genotype as compared to the HS genotype.

DISCUSSION

Abiotic stresses encompass extreme environmental factors
which alter a plant’s biochemical and physiological processes
constraining its productivity (Douglas et al, 2020). Abiotic
stresses, either individually or in combination, hinder the crops
from reaching their actual genetic yield potential. Among the
abiotic stresses, heat stress is one of the most important
and frequent constraints that limit the productivity of crop
plants, especially during the current scenario of climate change,
and is, therefore, a concern for crop cultivation worldwide.
The crop yield of mung bean is highly affected by the
fluctuating temperatures as the progression and the phenological
development of the plant are mainly driven by temperature
(Carberry, 2007; Chauhan et al., 2010). While the optimum
temperatures for mung bean are 28-30°C (Kaur et al., 2015),
the key temperatures are 7.5°C (baseline), 30°C (optimum), and
40°C (maximum). Most of the Vigna crops are very frequently
subjected to extreme environmental conditions that are many
times at the upper extremes as far as temperature is concerned.
However, a very limited study has been conducted till present
on the aspect of high-temperature tolerance in mung bean
(Kumar et al., 2016, 2017). The linkage of high-throughput
phenotyping platforms for the screening of target traits with
omics interventions can give a clue for its mitigation (Pratap etal.,
2019). Besides, the genome-wide analysis of gene families and
transcriptional factors helps in designing crops for improved heat
tolerance in mung bean.

The LEA gene family is large and widely diversified across
the plant kingdom (Gao and Lan, 2016). It is an important
gene family that responds to plant developmental activities,
biotic and abiotic stresses (Hincha and Thalhammer, 2012), and
hormonal regulations (Liu et al., 2019). This gene family has been
characterized in many crops, such as Arabidopsis (Hundertmark
and Hincha, 2008), wheat (Liu et al, 2019), tea (Jin et al,,
2019), potato (Chen et al., 2019), and poplar (Cheng et al,
2021). Besides, this gene family was also identified in fungi
and bacteria (Garay-Arroyo et al., 2000; Gal et al., 2004; Gao
et al., 2016). In contrast, the genome-wide identification and
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FIGURE 6 | Motif analysis of (A) ViLEA, (B) VaLEA, and (C) VULEA genes.
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characterization of the LEA gene family in mung bean, adzuki
bean, and cowpea have not yet been performed systematically.
In this study, a total of 201 LEA genes were identified, in which
55, 64, and 82 LEA genes were found in mung bean, adzuki
bean, and cowpea genomes, respectively. The analysis revealed
that these genes belong to six to eight classes of the LEA gene
family. Based on the conserved domain and phylogenetic tree
analyses, 55 VrLEA genes were categorized in seven distinct
groups, 64 VaLEA genes in six groups, and 82 VuLEA genes
in eight groups. The cowpea genome had all the eight types of
LEA subfamilies whereas the adzuki bean genome lacked two
subfamilies of VaLEA genes (i.e., VaLEA-5 and VaLEA-6), and
the mung bean genome lacked the VrLEA-6 subfamily. It was
indicated that LEA-1 to LEA-4, SMP, and DHN were highly
conserved. The LEA-6 group has also been found to be absent
in a few higher plants, such as Dendrobium officinale (Ling et al.,
2016) and Solanum lycopersicum (Cao and Li, 2015). This finding
indicated that the variation exists in the LEA protein gene family
groups in some of the plant species. In the three Vigna species
studied, the maximum proportion of the LEA gene family was
accounted for LEA-2 as compared to other LEA groups. A similar
type of contribution of LEA-2 has been observed earlier by Jin
et al. (2019) in tea. In contrast, a similar proportion of the
LEA-2 group was not observed earlier in many plant species,
such as Arabidopsis thaliana (Hundertmark and Hincha, 2008),
Cleistogenes songorica (Muvunyi et al., 2018), Manihot esculenta
(Wu et al, 2018), Pinus tabuliformis (Gao et al., 2016), and
Populus trichocarpa (Lan et al., 2013). This difference may be
attributed to the improvement in the annotation of genomes of
plants species. The differences were observed in all the groupings
of VrLEA, VaLEA, and VuLEA genes in the phylogenetic analysis,
indicating their diversification and differential genetic pattern.

This finding also indicated the variation and complexity of the
LEA gene family in plants. The gene structure prediction of LEA
genes revealed that most of the LEA genes contained only a few
or no introns, and all encoded the conserved LEA domain.

Based on the physiochemical properties of LEA genes, it was
noticed that most of the LEA genes (58.18%) encode relatively
small proteins (<25 kDa) in the mung bean genome (Figure 9A),
whereas only 3.60% of them are large proteins (>50 kDa)
(Figure 9B). Similarly, about 43.75% of genes encode small
proteins in the adzuki bean genome and 7.81% of them encode
larger proteins. On the contrary, only 2.44% of genes are <25kDa
in the cowpea genome, whereas most of the genes (about 52.44%)
had a high molecular weight (50.1-100 kDa). This result was in
conformity with the findings of Chen et al. (2019) in Solanum
tuberosum (94.6%) and those of Liang et al. (2016) in B. napus
(90.7%). Therefore, while this report is in conformity with the
earlier reports in the case of mung bean and adzuki bean, it
is contrasting in the case of the cowpea genome. The analysis
also revealed that each LEA group contained conserved motifs
that have been previously reported in other plant species (Liang
et al., 2016; Magwanga et al., 2018). This was indicated that LEA
genes may encode functional LEA proteins that have specific
functions within the group, and the members of the same protein
within the group may have originated from gene expansion. The
members of the different groups may be due to the evolution from
different ancestors.

Most of the LEA proteins are predicted to have no stable
secondary structure in solution, but they may acquire a-helical
structures on dehydration (Bremer et al., 2017), which allows
them to conformational change according to the changes in their
microenvironment, resulting in multiple functions in abiotic
stresses (Hanin et al., 2011). Previous studies have shown that
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LEA genes play an important role in low-temperature, drought,
and high-salinity stresses (Jin et al., 2019). The expression of LEA
proteins is often induced by abiotic stresses, such as drought,
temperature, salt, and exogenous application of hormones, at
different development stages and tissues of plants (Chen et al.,
2019), and an increased expression of the LEA genes can improve
stress tolerance. The overexpression of the wheat DHN-5 was
reported to enhance osmotic stress tolerance in Arabidopsis (Brini
etal, 2011). Ding et al. (2021) reported the maximum expression
of LEA genes under polyethylene glycol (PEG) treatment, low
temperature, and light intensity deviations in the case of rye.
Therefore, the above-mentioned studies demonstrate that the
LEA genes could potentially be used to improve the abiotic
stress tolerance of crops. The expression analysis of HS and HT
genotypes in this study indicated that the genes VrLEA-1, VrLEA-
47, VrLEA-48, VrLEA-54, and VrLEA-55 play an important role
toward heat stress tolerance in the HT-wild Vigna, accession
IC 251372. Similarly, LEA genes, such as VrLEA-2, VrLEA-40,
VrLEA-47, and VrLEA-55, were significantly overexpressed in the
HT genotype, indicating the basis of heat tolerance in IC251372.
The VrLEA-55 (DHN protein) gene showed a 5-fold increase in
the expression in HT genotype in Experiment-1 (detached leaf
method), whereas about two-fold increase was noticed at the
seedling stage under 24 h of heat induction in the intact seedling
(in planta heat stress treatment). The differential expression of
the VrLEA-55 gene in both treatments could be attributed to
mechanical injury in addition to heat stress in the detached
leaf method as compared to the in planta method. Ding et al.
(2021) also noticed the expression of this gene in different tissues,
including seeds of rye, in drought stress although the expression
was non-significant. Our study reports the expression of this
candidate gene in the leaves of the HT-wild Vigna genotype and
provides a new insight to heat tolerance. Therefore, the results
of this study laid the foundation for further investigating the
functional characterization of LEA proteins and their potential
use in the genetic improvement of mung bean for heat tolerance.

CONCLUSION

A total of 201 LEA genes were identified in three Vigna species
which were further grouped into seven distinct clades based on
their phylogenetic relationships. The LEA-6 group was found
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TIFY proteins play crucial roles in plant abiotic and biotic stress responses. Our transcriptome
data revealed several TIFY family genes with significantly upregulated expression under drought,
salt, and ABA treatments. However, the functions of the GmTIFY family genes are still unknown
in abiotic stresses. We identified 38 GmTIFY genes and found that TIFY70 homologous genes
have the most duplication events, higher selection pressure, and more obvious response to
abiotic stresses compared with other homologous genes. Expression pattern analysis showed
that GmTIFY10e and GmTIFY10g genes were significantly induced by salt stress. Under salt
stress, GmTIFY10e and GmTIFY10g transgenic Arabidopsis plants showed higher root lengths
and fresh weights and had significantly better growth than the wild type (WT). In addition,
overexpression of GmTIFY10e and GmTIFY10g genes in soybean improved salt tolerance by
increasing the PRO, POD, and CAT contents and decreasing the MDA content; on the contrary,
RNA interference plants showed sensitivity to salt stress. Overexpression of GmTIFY10e and
GmTIFY10g in Arabidopsis and soybean could improve the salt tolerance of plants, while the
RNAI of GmTIFY10e and GmTIFY10g significantly increased sensitivity to salt stress in soybean.
Further analysis demonstrated that GmTIFY10e and GmTIFY10g genes changed the
expression levels of genes related to the ABA signal pathway, including GmSnRK2, GmPP2C,
GmMYC2, GmCATT, and GmPOD. This study provides a basis for comprehensive analysis
of the role of soybean TIFY genes in stress response in the future.

Keywords: soybean, TIFY, salt tolerance, ABA, transcription factor

INTRODUCTION

Environmental stresses affect both growth and yield in soybean (Bohnert et al,, 1995). To adapt
to environmental stresses, several regulatory pathways gradually formed during the evolution of
plants (Zhu et al, 2011). In previous studies, TIFY proteins were found to respond to abiotic
and biotic stresses through regulatory pathways (Thines et al., 2007; Ebel et al,, 2018). Studying
TIFY proteins were useful for protecting soybean (Glycine max) growth and yield under various
environmental stresses.
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TIFY proteins were defined with conservative amino acid (aa)
sequence (TIF[F/Y] XG) (Vanholme et al., 2007). The TIFY
family genes were divided into four subfamilies, including TIFY,
Jasmonate ZIM domain (JAZ), PEAPOD (PPD), and ZIM-like
(ZML) according to their specific domains (Bai et al, 2011).
TIFY subfamily members contain only one TIFY domain; JAZ
subfamily members have a C-terminal Jas (SLX,FX,KRX,RX;PY)
domain (also named CCT_2 domain) in addition to the TIFY
domain (Staswick, 2008); ZML subfamily members contain the
CCT domain (CONSTANS, CO-like, and TOC1) and the GATA
zinc finger domain (CX,CX,,CX,C), except for the TIFY domain
(Nishii et al., 2000); PPD subfamily members contain the N-terminal
PPD domain, TIFY domain and the C-terminal Jas domain
without PY motif (SLX,FX,KRX,RX;) (Chung et al., 2009).

In the early research, TIFY proteins could respond to biotic
stresses, such as insects and pathogens by jasmonic acid (JA)
signaling pathway (Thines et al, 2007; Barah and Bones, 2015;
Thireault et al, 2015; Mao et al., 2017; Dhakarey et al, 2018).
Recent studies have demonstrated that TIFY proteins play an
important role in regulating plants resistance to abiotic stresses
(Demianski et al., 2012; Zhu et al,, 2013; Fu et al,, 2017; Sun
et al, 2017; Peethambaran et al, 2018; Meng et al., 2019; Luo
et al, 2020; Zhao et al.,, 2020a). The Arabidopsis AtTIFY10a and
AtTIFYI0b genes and their wild soybean homologous genes
GsTIFY10a, GsTIFYI10b, and GsJAZ2 positively regulated the
response to salt and alkali stresses (Zhu et al., 2013; Zhao et al,,
2020a). Overexpression of GhJAZ2 in cotton plants can significantly
enhance sensitivity to salt stress (Sun et al, 2017). During the
seedling and reproductive stages of rice, overexpression of OsJAZ1
in rice can improve sensitivity to drought stress, while JAZI t-DNA
inserted in mutant plants had higher drought resistance than wild
type (WT) plants (Fu et al, 2017). The rice OsJAZ8 gene was
confirmed to improve the salt tolerance of transgenic tobacco
through the JA signaling pathway (Peethambaran et al, 2018).
The hard wheat TdTIFY1la gene can improve salt tolerance when
overexpressed in Arabidopsis (Ebel et al., 2018). Arabidopsis AJAZ7
gene was identified to mediate drought tolerance through comparative
proteomics and metabolomics analysis (Meng et al., 2019). Cotton
GbJAZI gene was confirmed to interact with ABA-insensitivel
(ABII) and involved in regulation the tolerance of salt and drought
through the ABA signaling pathway (Luo et al., 2020).

Soybean is one of the most important commercial crops
worldwide and an important source of vegetable protein and oil
for humans. Salt stress is an important factor which could affect
the growth and yield of soybean (Zhu et al, 2013). Studying
salt stress-related genes and their functions are of great significance
to soybean molecular breeding. After analyzing the transcriptome
data in previous studies, we found that the expression levels of
many TIFY family genes were significantly upregulated under
drought, salt, and ABA treatments (Shi et al, 2018). In our
study, we performed a genome-wide identification of the TIFY
family genes in soybean and identified 38 GmTIFY genes.
We analyzed the structure characteristics, expression patterns,
duplication events, and physical and chemical properties of GmTIFY
family genes. During transcriptome data analysis, we found six
significantly upregulated genes under salt treatment, which were
all GmTIFY10 and GmTIFYI1l homologous genes in the JAZ

subfamily. The gene function analysis of GmTIFY10e and
GmTIFY10g showed that they have a positive regulatory effect
on salt stress tolerance in Arabidopsis and soybean. Further analysis
demonstrated that overexpression of GmTIFY10e and GmTIFY10g
could influence the expression levels of ABA-related genes, which
suggested that GmTIFY10e and GmTIFY10g may regulate the
salt tolerance in plants by participating in ABA signaling pathway.

MATERIALS AND METHODS

Screening and Identification of TIFY Genes
The nucleic acid and protein databases of Arabidopsis, rice, soybean,
apple, and grape were downloaded from the Ensemble Plants
database.! The hidden Markov model (HMM) of TIFY domain
(PF06200) was obtained from Pfam.> We then used the hmm-search
program HMMER3.1 (Prince and Pickett, 2002; Xia et al., 2017)
to identify the TIFY HMM for the TIFY proteins in the resulting
protein databases. The 18 Arabidopsis AtTIFY protein sequences
were obtained from TAIR® and used to search the TIFY proteins
from rice, soybean, apple, and grape protein databases by the
BLASTp program of basic local alignment search tool (BLAST;
Wang et al., 2017). We compared the results of the two methods
to confirm TIFY candidate genes in these species. These candidate
genes were identified in their domains with SMART* and CDD’
to ensure that the TIFY domain was in sequence (Letunic et al,
2002; Marchler-Bauer et al., 2002). Finally, the ExXPASy® ProtParam
tool was used to query the physical and chemical properties of
the GmTIFYs (Appel et al, 1994; Wang et al., 2020a).

Phylogenetic Tree Analysis of TIFY Proteins
The TIFY protein sequences of Arabidopsis, rice, soybean, apple,
and grape were compared using ClustalW in the MEGA-X software.
The maximum likelihood (ML) method was used to construct
a phylogenetic tree for analyzing the phylogenetic relationship
between TIFYs (Kumar et al., 2016; Leng et al., 2021). The bootstrap
method was used with 1,000 replicates. The methods and parameters
were the same as the Jones-Taylor-Thornton (JTT) model, gamma-
distributed rates (G), and the gamma parameter 1.

Chromosomal Location, Gene Duplication,
and Selective Pressure Analysis
The position information of the GmTIFY family genes was
extracted from the GFF3 file of the soybean genome. The
location and distribution of GmTIFY family genes were visualized
on the chromosomes using Map Gene 2 Chromosomal (Jiangtao
et al., 2015; Wang et al., 2020a).

For gene duplication analysis, the TBtools software was used
to identify the duplication events of the soybean genome and
GmTIFY genes. The collinearity pairs of GmTIFY genes were

'http://plants.ensembl.org/index.html
*http://pfam.Xfam.org/

*http://www.arabidopsis.org/
*http://smart.embl-heidelberg.de/
*https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
°https://www.expasy.org/
"http://mg2c.iask.in/mg2c_v2.0/
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extracted and used to visualize a synteny map with the CIRCOS
software (Lestari et al., 2013).

The TIFY coding sequences were aligned using ClustalW
software. The alignment results were converted to PAML format
using EasyCodeML and a tree file in Newick format was built
using MEGA-X. The selection pressure was estimated using
the branch model of EasyCodeML. The ratio of non-synonymous
to synonymous substitution rates (w) was determined by the
free-ratio model and the two-ratio model among the branches
of the TIFY tree file (Gao et al., 2019).

Gene Structure, Motif, and Promoter
Sequence Analysis
The motif information of the soybean GmTIFY proteins was
analyzed using the MEME online tool (Bailey et al., 2009; Wang
et al, 2019).% The resulting files and soybean gene structure
annotation files were imported into TBtools for visualization.
The 2,000bp promoter sequences were submitted to the
PlantCARE website’ to analyze the cis-acting elements of its
family members (Guo et al, 2007; Su et al,, 2020; Wang et al.,
2020a). The resulting file was imported into GSDS" for visualization.

Expression Patterns of GmTIFY Genes

The RNA-seq data of GmTIFY family members in different
tissues and organs were downloaded from the Phytozome
database." The transcriptome data of several abiotic stresses
were obtained from previous studies (NCBI SRA accession:
PRJNA694374; Shi et al., 2018). TBtools software was used to
visualize the expression levels of GmTIFYs.

Plant Materials, Stress Treatments, and
Real-Time Fluorescence Quantitative PCR
The soybean variety Zhonghuang39 was used for this study. The
soybeans were planted in a greenhouse in a mixture of humus
and vermiculite (humus: vermiculite=1:1). Seven-day-old soybean
seedlings were treated with 10% PEG6000 and 250mM NaCl,
respectively. The samples were collected at 0, 0.5, 1, 2, 4, 8, 12,
and 24h after treatments (Li et al, 2017; Zhang et al, 2019).

An RNA plant extraction kit (Zhuangmeng, Beijing, China)
was used to extract total RNA from soybean leaves and TranscriptR
All-in-One First-Strand ¢DNA Synthesis SuperMix (TransGen
Biotech, Beijing, China) was used for reverse transcription. The
primers designed by Primer Premier 5.0 software were listed in
Supplementary Table 1. The eukaryotic elongation factor 1-p
(GmELF1b) was used as the internal control (Jian et al., 2008).
An Applied Biosystems 7500 Real-Time PCR System was used
to perform RT-qPCR. The 27T method was used to analyze
the quantitative results analysis (Udvardi, 2008PC). Each experiment
was performed with three biological replicates.

Subcellular Localization Assay

Pectinase and cellulase were used to lyse fresh Arabidopsis leaves
and obtain Arabidopsis protoplasts. The gene coding regions were
cloned into the 16318hGFP expression vector. The fusion expression

$http://meme-suite.org/
*http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
"http://gsds.cbi.pku.edu.cn/
!https://phytozome-next.jgi.doe.gov/pz/portal.html

vector GmTIFY10e-hGFP and GmTIFY10g-hGFP were transformed
into Arabidopsis protoplasts mediated by PEG4000, respectively
(He et al, 2016). After 18h of incubation at 22°C in the dark,
the GFP fluorescence signal was detected using a laser confocal
microscope (Zeiss LSM 700, Germany; Riechmann et al., 2000).

Obtaining Transgenic Arabidopsis and Salt
Stress Treatment

Arabidopsis (Col-0) seeds were sterilized with 75% alcohol for
15min. Sterilized Arabidopsis seeds were sprinkled on %2 MS
medium and maintained at 4°C for 4days, after which they
were moved to a growth incubator at 22°C under a 16h light
and 8h dark cycle. When the seedlings grew to four leaves,
they were transferred to a mixture of humus and vermiculite
for subsequent experiments (Riechmann et al., 2000; Du et al., 2018).

The coding regions of the GmTIFY genes were subcloned
into the pCAMBIA1302 vector. The constructed pPCAMBIA1302-
GmTIFY10e and pCAMBIA1302-GmTIFY10g were transformed
into Arabidopsis using the floral dip method, respectively (Clough
and Bent, 1998). Positive lines were selected on % MS medium
plates containing hygromycin (35mg/L) and were further verified
using PCR. The same method was used until transgenic three
generation (T;). The expression levels of transgenic lines were
determined by RT-qPCR and three homozygous T; lines with
the highest expression levels were used for the subsequent
phenotypic analysis (Li et al., 2017).

For the experiment of root growth, 5-day-old seedings were
transferred to MS medium and MS medium with 125mM NaCl
for another 7days, after which the lengths of primary root and
fresh weights were measured (Wang et al., 2019). For salt treatment,
5-day-old seedlings were transferred to the soil, and then, 21-day-
old seedlings were treated with 250mM NaCl for 14days (Wang
etal, 2019). All experiments contained three independent replicates.

Obtaining Soybean Hairy Roots by
Agrobacterium rhizogenes-Mediated

(A. rhizogenes-Mediated)

To obtain the overexpression vector of GmTIFY genes, the
coding regions of GmTIFY genes were ligated with the
pCAMBIA3301 vector to obtain recombinant plasmids (Kereszt
et al.,, 2007; Zhao et al.,, 2017). To obtain the RNA interference
expression vector, a 546bp interference fragment consisting of
a 200bp target fragment and its antisense sequence connected
by 146bp zeol dehydrogenase gene sequence was synthesized
and inserted into pCAMBIA3301 (Wang et al., 2019).

The constructed overexpression vector, interference expression
vector, and empty pCAMBIA3301 vector were transferred to the
Bacillus  rhizobacillus (B. rhizobacillus) strain K599, and the
recombinant vector was transferred to the hypocotyl of soybean
via the A. rhizogenes-mediated method (Wang et al., 2015). The
injected plants were cultured under high humidity conditions in
a greenhouse until hairy roots grew at the infected site. When
the hairy root reached about 5cm long, the hypocotyl was removed
below 0.5-1cm of the infection site. At the same time, the seedlings
were transplanted in mixed soil and cultured in the greenhouse
for 7days (Wang et al., 2020a). The positive soybean plants were
subjected to salt stress test.
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GmTIFYs Response to Salt Stress

Measurement of Physiological Indicators
and Nitroblue Tetrazolium Staining

The leaves and roots of plants were used to determine
physiological indicators under salt stress. A Physiological Index
Test Kit (Cominbio, Suzhou, China) was used to test the contents
of malondialdehyde (MDA), proline (PRO), catalase (CAT), and
peroxidase (POD) in leaves and roots (Shi et al., 2018). The whole
leaves and roots were soaked in nitroblue tetrazolium (NBT)
for overnight staining. After staining, the samples were soaked in
a decolorizing solution (30% glycerol and 70% ethanol) to
decolorize the sample until it turned white (Du et al., 2018).
All experiments were performed in three biological replicates.

Enrichment Analysis of Co-expression
Genes

The co-expression genes were obtained from the Phytozome database.
The enrichment analysis was performed by Database for Annotation,
Visualization and Integrated Discovery (DAVID) online tools."” R
software was used to visualize the results of the enrichment analysis.

https://david.nciferf.gov/

Statistical Analysis

One-way ANOVA test analysis was performed in Microsoft
Excel 2007. Data were shown as means+standard deviation
(SD), with a p-value cutoff of 0.05 and 0.01. The method was
used to analyze the RT-qPCR results and physiological indicators.

RESULTS

Screening and Identification of GmTIFY
Genes

The BLASTp program and hmmsearch program were used to search
for TIFY genes in databases of Arabidopsis, rice, soybean, apple,
and grape. We then compared the results of two programs and
identified the TIFY domain using SMART and CDD to confirm
TIFY members in five species. Finally, 38 GmTIFY genes were
identified in the soybean genome. The number of TIFY genes in
Arabidopsis (18), rice (20), grape (19), and apple (30) are consistent
with previous reports (Ye et al., 2009; Bai et al, 2011; Li et al,
2014). The GmTIFY genes were named according to their relationship
with Arabidopsis and their location on the chromosomes (Table 1).

TABLE 1 | Details of the 38 soybean TIFY genes.

Gene name Gene ID ORF (aa) MW (kD) Chromosome pl/

GmTIFY1a Glyma_02G215600 310 33.34 2 6.08
GmTIFY1b Glyma_04G096200 324 35.51 4 5.68
GmTIFY1c Glyma_06G097900 304 33.44 6 5.70
GmTIFY1d Glyma_14G182800 307 33.28 14 6.23
GmTIFY2a Glyma_04G096300 350 37.87 4 4.63
GmTIFY2b Glyma_06G098000 351 38.08 6 4.67
GmTIFY2¢c Glyma_07G182700 355 39.59 7 4.91
GmTIFY2d Glyma_08G067200 358 39.90 8 5.24
GmTIFY2e Glyma_08G221800 334 36.69 8 6.56
GmTIFY3a Glyma_09G077500 206 2211 9 6.90
GmTIFY3b Glyma_13G116100 207 22.71 13 9.89
GmTIFY3c Glyma_<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>