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As a high-quality legume forage, alfalfa is restricted by various abiotic stresses during its
growth and development. Melatonin is a multifunctional signaling molecule that involves
in plant defense against multiple stresses. However, little is known about its downstream
signaling pathway and regulatory mechanisms in salt stress of alfalfa. In this study,
we investigated the protective effects and key regulatory pathways of melatonin on
alfalfa under salt tolerance. The results showed that melatonin promoted the growth of
alfalfa seedlings under salt stress, as demonstrated by higher plant height, leaf area,
and fresh weight. Melatonin treatment resulted in an increase in the photosynthetic
capacity and starch content of alfalfa. Moreover, melatonin decreased cell membrane
damage and reactive oxygen species (ROS) accumulation by enhancing antioxidant
defense activity under salt stress conditions. Transcriptome sequencing (RNA-seq)
analysis revealed that melatonin mainly induced the transcription of genes involved in
Ca?* signaling (cyclic nucleotide gated channel, CNGCs; cam modulin/calmodulin-like
protein, CAM/CMLs and calcium-dependent protein kinase, CDPKS), starch and sucrose
metabolism (a-amylase, AMYs; B-amylase, BAMSs; starch synthase, SSs and sucrose
synthase, SUSs), plant hormone signal transduction (auxin/indole acetic acid protein,
AUX/IAAs; ABA receptor, PYL4; protein phosphatase 2C, PP2Cs; scarecrow-like protein,
SCLs and ethylene-responsive transcription factor 1B, ERF1B), and key transcription
factors (C3Hs, MYBs, ERFs, and WRKYS). Specifically, we focused on starch and sucrose
metabolism and plant hormone signal transduction pathways. The interactions between
melatonin and other phytohormones occurred via regulation of the expression of genes
involved in hormone signaling pathways. In addition, melatonin increased the contents of
endogenous melatonin, auxin, gibberellic acid (GAs), salicylic acid, brassinosteroids, and
ethylene, while decreasing the abscisic acid content under salt stress. In summary, this
study established a regulatory network for melatonin-induced key signaling pathways
and functional genes under salt stress and provided a theoretical basis for salt tolerance
breeding in alfalfa.

Keywords: melatonin, salt stress, transcriptome, plant hormone, signal transduction, Medicago sativa
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INTRODUCTION

Soil salinization is a severely adverse environmental factor
that threatens agricultural sustainability and global food
security (Cheeseman, 2016). Salinization limits plant growth,
development, productivity and quality, especially in arid, and
semiarid regions (Pang et al., 2016). Unfortunately, salt stress
influences more than 800 Mha of all irrigated lands worldwide,
and this problem continues to worsen (Yang and Guo, 2018; FAO,
2019). The excessive salts in the soil solution cause osmotic, ionic,
and secondary stresses on plants. Salt stress is commonly caused
by high concentrations of sodium ions (Na™) and chloride ions
(CI7) in soil (Ismail and Horie, 2017). Plants have evolved diverse
mechanisms to cope with salt stress. Currently, several regulatory
components have been found to play important roles in signal
transduction under salt stress, including ion balance regulation,
reactive oxygen species (ROS) homeostasis modulation, and
plant hormone metabolism (Horvath et al., 2015).

Melatonin (N-acetyl-5-methoxytryptamine) is a highly
conserved and ubiquitous indoleamine molecule in the plant
kingdom (Paredes et al., 2009). Numerous studies have revealed
that melatonin, as a growth regulator or defense response
biostimulator, is involved in regulating various biological
processes in plants, including seed germination, seedling growth,
root morphology, leaf senescence, nutrient absorption, floral
transition, fruit ripening, as well as multiple abiotic and biotic
stress responses (Fan et al, 2018; Arnao and Hernandez-
Ruiz, 2019; Sun et al., 2021). The biosynthesis of melatonin
in higher plants begins with tryptophan and is catalyzed by
the following four successive enzyme reactions: Tryptophan
decarboxylase (TDC), tryptamine 5-hydroxylase (T5H),
serotonin N-acetyltransferase (SNAT), and N-acetylserotonin
methyltransferase (ASMT)/caffeic acid O-methyltransferase
(COMT) (Back et al., 2016).

Melatonin is a powerful antioxidant and free radical scavenger
that suppresses peroxidative metabolism in plants under abiotic
stresses (Arnao and Hernandez-Ruiz, 2019; Sharma et al., 2020).
Experimental evidence proves that melatonin can exert its
antioxidant capacity by scavenging excessive ROS and reactive
nitrogen species (RNS) directly (Martinez et al., 2018). Melatonin
increases a wide spectrum of plant stress tolerance indirectly
by enhancing the activities of antioxidant enzymes (SOD, CAT,
POD and GPX, etc.), improving photosynthesis and redox
homeostasis, activating downstream signals and regulating the
expression of stress-responsive genes (Zhang and Zhang, 2014;
Liuetal., 2020). Melatonin interacts with various phytohormones
such as auxin (IAA), ethylene (ETH), jasmonic acid (JA), salicylic
acid (SA), abscisic acid (ABA), and brassinosteroids (BRs) to
participate in stress responses (Arnao and Hernandez-Ruiz,
2019). Melatonin promotes ethylene biosynthesis by regulating
the expression of ACSI gene; thus, enhancing the salt tolerance
of grapevines (Xu et al., 2019). In the recent years, there has been
much research on melatonin in salt stress and in a variety of
plant species (Wei et al., 2015; Yan et al., 2019; Liu et al., 2020).
Nevertheless, the signaling network of melatonin-mediated salt
stress responses in plants is complex and remains largely obscure,
especially in forages.

Alfalfa (Medicago sativa L.) is an important perennial legume
species that is widely cultivated around the world. The planting
area of alfalfa is approximately 32.2 Mha worldwide, 11% (~3.77
Mha) of which are planted in China (Shi et al., 2017). Alfalfa
provides high protein content and excellent palatability of forage
for animals and improves soil fertility. It is therefore regarded
as the “king of forages.” However, alfalfa quality and yield are
severely constrained by adverse environmental factors, such as
soil salinity and limited water supplies in agriculture (Singer
et al., 2018). Therefore, combining physiological, biochemical,
and molecular approaches to improve the salt tolerance of alfalfa
is significant for the production of high-quality alfalfa on saline-
alkali land.

In this study, we investigated the physiological and molecular
mechanisms of melatonin-mediated salt stress tolerance in alfalfa
plants. The results reveal that melatonin could improve alfalfa
salt tolerance by enhancing photosynthetic capacity and the
antioxidant defense system and reducing membrane damage
and ROS accumulation at the physiological level. Based on
transcriptome data, we focused on the key genes involved in
starch and sucrose metabolism and hormone signaling pathways.
The results of this study aid in understanding the molecular
mechanism underlying melatonin-mediated salt stress tolerance
in alfalfa.

MATERIALS AND METHODS

Plant Materials and Treatments

Alfalfa (Medicago sativa L. cv. zhongmu 1#) seeds were surface-
sterilized with 75% (v/v) ethanol and 5% sodium hypochlorite
solution and then germinated on wet filter paper in Petri
dishes for 6 days at 25°C. For the hydroponic experiment,
seedlings with uniform growth were transferred into plastic
containers filled with Hoagland solution in a growth chamber
(25°C, 16-h light/8-h dark cycle, 60% relative humidity).
For soil culture, the seedlings were transplanted into plastic
pots that were 7cm in diameter and 8.5cm in depth with
vermiculite and watered with Hoagland nutrient solution. After
3 weeks of incubation, the plants with uniform growth were
treated with the following different solutions: (i) Control (CK),
Hoagland nutrient solution alone; (ii) salt stress (S), Hoagland
nutrient solution with 150-mM NaCl; (iii) melatonin (M),
Hoagland nutrient solution plus melatonin; and (iv) salt stress
with melatonin (SM), Hoagland nutrient solution with 150-
mM NaCl plus melatonin. The NaCl treatment concentration
was set according to the literatures (Benabderrahim et al,
2020; Yu et al, 2021). Each treatment contained 36 pots
with one plant per pot. Alfalfa plants were treated with 10-
WM melatonin in hydroponic experiments to observe the
root phenotype. In soil culture pre-experiments, four different
concentrations (0, 20, 50, and 100 wM) of melatonin were
applied to choose the appropriate concentration of melatonin
treatment. After treatment, the leaf samples were subsequently
frozen in liquid nitrogen and stored at —80°C. The experiment
was repeated 3 times.
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Determination of Physiological Parameters

and Hormone Contents

According to the growth phenotype of alfalfa, the representative
individuals from each group were photographed on the 15th
day of salt treatment, and the plant height, shoot fresh weight,
and leaf area were measured. The net photosynthetic rate
(Pn) of the third fully expanded leaf was determined using
a Li-6400 portable photosynthesis system (Lincoln, NE, USA)
according to the manufacturer’s instructions. The photosynthetic
photon flux density (PPFD) and the external CO; concentration
were set at 1,000 pmol m~2 s~! and 400 pmol mol™},
respectively. Electrolyte leakage was detected by conductometer
according to the methods of a previous study (Li et al., 2019a).
The malondialdehyde (MDA) content was quantified by a
thiobarbituric acid method (Puckette et al., 2007). The content of
hydrogen peroxide (H,O,) and superoxide anion radical (O;")
were spectrophotometrically determined as described by Jiang
and Zhang (2001). The activities of superoxide dismutase (SOD),
peroxidase (POD), glutathione S-transferase (GST), ascorbate
peroxidase (APX), as well as the levels of proline, total soluble
sugar, and total starch were determined using the corresponding
plant kits (Solarbio Science & Technology Co., Ltd. Beijing,
China) according to the manufacturer’s instructions.

The Na® and K' contents were measured following our
previous work (Li et al., 2019b). Approximately 20-50 mg of dry
powder sample from each treatment was weighed and dissolved
with acetic acid solution. Then, the Na™ and K contents of the
extract were determined using a flame photometer.

The content of endogenous hormones, including melatonin,
ABA, TAA, gibberellic acid (GA3), SA, BR, and ETH, in the
alfalfa leaf samples were measured using HPLC-MS/MS analysis
as described in the previous studies, with some modifications (Liu
etal., 2018; Zhang et al., 2018).

The RNA Sequencing and Bioinformatics

Analysis
The RNA samples for the transcriptome were extracted from
the leaves of CK-, S-, M-, and SM-treated alfalfa plants. Each
treatment was represented by three biological replicates of
leaf samples. The total RNA was isolated and purified using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) following the
manufacturer’s procedure. The RNA amount and purity of each
sample were quantified using a NanoDrop ND-1000 (NanoDrop,
Wilmington, DE, USA). The integrity of RNA was assessed
by a Bioanalyzer 2100 (Agilent, CA, USA) with RIN > 7.0
and confirmed by electrophoresis with denaturing agarose gel.
Sequencing library construction and sequencing were performed
using Illumina Novaseq™ 6000 (LC-Bio Technology CO.,
Ltd., Hangzhou, China) following the vendor’s recommended
protocol. The adaptor contamination reads were removed using
Cutadapt software (version 1.9), and the low-quality bases and
undetermined bases were removed from the raw data (Wang
et al., 2012). HISAT?2 software (version: 2.0.4) was used to map
clean reads to the genome (Kim et al., 2015).

The mapped reads of each sample were assembled using
StringTie with the default parameters. Then, all transcriptomes

from all samples were merged to reconstruct a comprehensive
transcriptome using gffcompare software. StringTie and
Ballgown software were used to estimate the expression levels
of all transcripts and perform gene expression level analysis by
calculating the fragments per kilobase of transcripts per million
(FPKM) mapped reads. Genes with fold change more than 2
or < 0.5 and p < 0.05 were defined as differentially expressed.
The differential expression analysis was conducted using the
DESeq2 R package (Pertea et al., 2015). The Gene Ontology (GO)
terms and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis of differentially expressed genes
(DEGs) were conducted using the R package (Minoru et al,
2008; Young et al., 2010).

Quantitative Real-Time PCR (qRT-PCR)

Validation

Total RNA was isolated and purified using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). The RNA samples were
reverse-transcribed with HiScript II Q RT SuperMix for qPCR
(+gDNA wiper) (Vazyme, Nanjing, China) according to the
manufacturer’s protocol. Twenty genes were randomly selected
for the qRT-PCR assay to validate the RNA-seq data. The qRT-
PCR was performed using SYBR Premix on a Bio-Rad CFX 96
RT-PCR System (Bio-Rad, Inc., CA, USA). Three independent
biological replicates and three replicate reactions for each sample
were performed in qRT-PCR assays. The alfalfa S-actin gene
was used as an internal control for expression analysis (Long
et al,, 2014). The relative expression levels of selected genes were
calculated by the 272ACt method (Livak and Schmittgen, 2001).
The gene-specific primer pairs used in qRT-PCR are listed in
Supplementary Table 1.

Statistical Analysis

Statistical analysis was performed using SPSS 20.0 statistical
software (SPSS Inc., Chicago, IL, USA). Significant differences in
the physiological parameters were analyzed by one-way ANOVA
followed by Duncan’s test. The differences between individual
means were considered significant at p < 0.05.

RESULTS

Detection of the Alleviating Effects of
Exogenous Melatonin on Salt Stress in
Alfalfa

To evaluate whether melatonin can improve the salt stress
tolerance of alfalfa, the seedlings were subjected to NaCl and
melatonin treatment, and the phenotypic traits were observed
(Figure 1A and Supplementary Figures 1A,D). Compared with
the control plants, 10-uM melatonin treatment significantly
increased the root length and root dry weight of alfalfa in
hydroponic experiments. Salt stress inhibited the root length and
root dry weight, while the application of melatonin significantly
improved these parameters (Supplementary Figures 1B,C). In
the soil culture pre-experiments, the plant height and Pn of
the plants treated with 50-uwM melatonin were higher than
those of other treatments (0, 20 and 100 wM) under salt
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FIGURE 1 | Effect of exogenous melatonin on the phenotype traits and photosynthetic capacity of alfalfa seedlings after 15 day of 150-mM NaCl treatment. (A) The
phenotype of a representative individual from each treatment. (B) Plant height. (C) Fresh weight. (D) Leaf area. (E) Net photosynthetic rate (Pn). (F) Fv/Fm. The data
are means + SE (n = 6) and different letters are significantly different (o < 0.05).

stress (Supplementary Figures 1E,F). Therefore, we selected 50-
UM as the optimal concentration for melatonin treatment
in subsequent experiments. Compared with the control, salt
stress obviously inhibited the growth of alfalfa seedlings, as
evidenced by the declines in plant height, leaf area, fresh
weight, and photosynthetic parameters: Pn and Fv/Fm; however,
the application of melatonin dramatically mitigated this effect

in the soil culture experiments (Figures 1B-F). In addition,
melatonin treatment significantly decreased the electrolyte
leakage and MDA content under salt stress, but had no
obvious effect on control plants (Figures 2A,B). Salt treatment
resulted in a significant increase in H,O, and O; contents,
while the melatonin treatment reduced them by 0.8 and
0.7 times, respectively (Figures2C,D). Plants have involved
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of alfalfa seedlings after 15 days of 150-mM NaCl treatment. Data are means + SE (n = 3) and different letters are significantly different (o < 0.05).
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a complex antioxidant defense system to cope with abiotic
stress-triggered oxidative damage, including some functionally
correlated antioxidant enzymes. As shown in Figures 2E-H,
salt stress significantly increased the SOD, POD, APX, and
GST enzymatic activities in comparison with control plants.
However, the activity of these enzymes was remarkably higher
in melatonin-treated plants than in non-treated plants under
salt stress.

Melatonin had no significant effect on the proline content
under control conditions. When salt stress was applied, the
proline content was significantly increased, while the melatonin-
treated plants exhibited a higher level of proline accumulation
(Figure 3A). The soluble sugar content of the seedlings was
greatly increased under salt stress, while melatonin treatment
decreased the soluble sugar content in both the control and salt-
treated plants by 44.08 and 28.81%, respectively (Figure 3B). As
shown in Figure 3C, melatonin treatment increased the starch
content in alfalfa plants before and after salt stress. Salt stress
resulted in significantly higher starch level than that in the control
plants. The K*/Na™ ratio, a key indicator of salt stress mitigation,
was significantly decreased under salt stress conditions due to
elevated Nat and reduced K*. However, melatonin treatment
markedly increased the salt-induced K*/Na™ ratio in alfalfa
(Figures 3D-F).

Transcriptome Sequencing (RNA-Seq) and
DEGs Analysis

To further elucidate the molecular mechanism underlying
melatonin-induced salt stress tolerance in alfalfa, transcriptome

analyses of alfalfa leaves were performed on 12 samples (CK-1/-
2/-3, M-1/-2/-3, S-1/-2/-3, and SM-1/-2/-3) using the Illumina
Novaseq™ 6000 sequencing platform. A total of 92.78 GB
raw reads were obtained from all tested samples. More than
6.34 GB average clean data were obtained for each RNA-seq
sample, and the valid data ratio was above 92% (Q20 > 99.94%
and Q30 > 98.60%) (Supplementary Table 2). The valid data
were mapped to the reference genome by HISAT software,
and over 90.40% mapped reads were obtained. A total of
164,632 transcripts were generated in the alfalfa transcriptome
data, and 126,412 and 49,751 transcripts were annotated in
GO and KEGG, respectively (Supplementary Table 3). Three
independent biological replicates of each treatment were
clustered in a PCA, and the repeatability within each group (CK,
M, S, and SM) and the discrimination between groups were good
(Supplementary Figure 2). The transcriptome data were reliable
enough to support further analysis.

Compared with the control plants, 2,485 (1,485 upregulated
and 1,000 downregulated genes), 6,120 (3,267 upregulated genes
and 2,853 downregulated genes) and 4,992 (2,264 upregulated
and 2,728 downregulated genes) DEGs were identified in the “M
vs. CK) “S vs. CK,” and “SM vs. CK” comparisons, respectively.
A total of 1,774 DEGs, including 732 upregulated and 1,042
downregulated genes, were obtained in “SM vs. S” (Figure 4A
and Supplementary Table 4). A Venn diagram showed that 723
DEGs were affected by both melatonin and salt stress (the
intersection of “M vs. CK” and “S vs. CK”). Melatonin affected
135 DEGs under both the control and salt stress conditions
(the intersection of “M vs. CK” and "SM vs. S”). Additionally,

67 DEGs were found in the intersection of “M vs. CK,” “S vs.
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CK) and “SM vs. S” (Figure 4B), indicating that these genes
may be involved in the melatonin-induced salt stress response.
To determine the expression patterns of DEGs under different
experimental conditions, the FPKM values of the DEGs were
used for hierarchical cluster analysis (HCL) (Figure 4C).

Gene Ontology Enrichment Analysis of the
DEGs

To further clarify the functional categories of the DEGs induced
by melatonin treatment, GO enrichment analysis was performed.
The DEGs from “M vs. CK,” “S vs. CK “SM vs. CK,” and
“SM vs. 7 were assigned to 2,119, 2,958, 2,799, and 1,906
GO terms, respectively (Supplementary Table 5). As shown in
Supplementary Figure 3, the identified DEGs were classified
into the following three major GO categories: Biological process,
cellular component, and molecular function. The top-25, top-15,

and top-10 GO terms of biological process, cellular component
and molecular function were selected for display and analysis
according to the number of DEGs. The GO terms in the biological
process category were mainly related to biological process,
regulation of transcription, DNA-templated, transcription, DNA-
templated, oxidation-reduction process, defense response, and
protein phosphorylation. In the cellular component category,
nucleus, plasma membrane, cytoplasm, integral component of
membrane, chloroplast and cytosol were the main GO terms.
In molecular function, the top enriched GO categories were
involved in molecular function, protein binding, ATP binding,
DNA binding transcription factor activity, metal ion binding
and DNA binding. The GO terms in the three major categories
were different among the comparison groups, which indicates
that the salt resistance processes regulated by melatonin in alfalfa
are complex.
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Kyoto Encyclopedia of Genes and
Genomes Pathway Enrichment Analysis of
DEGs

Genes usually interact with each other to play roles in certain
biological functions. To further understand the biological
functions of genes involved in the melatonin-regulated salt
resistance process, the enriched KEGG pathways were identified
using the KEGG database (Supplementary Table 6). In total,
49 KEGG pathways were significantly enriched in at least one
comparison (p < 0.05) (Figure5A). A total of 93,232 and
10 KEGG pathways were significantly enriched in the “M vs.
CK “S vs. CK “SM vs. CK” and “SM wvs. S” comparisons,
respectively. As shown in Figure5A, aflatoxin biosynthesis,
fatty acid elongation, benzoxazinoid biosynthesis, riboflavin
metabolism, plant hormone signal transduction, glycine, serine
and threonine metabolism, ABC transporters, brassinosteroid
biosynthesis, phosphonate and phosphinate metabolism and
N-glycan biosynthesis were the only significantly enriched
metabolic pathways in “SM vs. CK.” The pentose phosphate
pathway, glycolysis/gluconeogenesis and carotenoid biosynthesis
pathways were significantly enriched in the “M vs. CK;” “S wvs.
CK” and “SM vs. CK” comparisons. Furthermore, carbon fixation
in photosynthetic organism pathway was significantly changed
in all comparisons and enriched in the top five (Figure 5B).
Analysis of the top five KEGG pathway showed that the DEGs
in the “S vs. CK” and “SM vs. CK” comparisons were enriched
in photosynthesis and glyoxylate and dicarboxylate metabolism.
The DEGs involved in photosynthesis-antenna proteins were
observed in the “S vs. CK” “SM vs. CK” and “SM wvs. §”
comparisons. In addition, linoleic acid metabolism was enriched
in “S vs. CK” and “SM vs. S” (Figure 5B). The results indicate
that highly enriched pathways may be essential for melatonin-
regulated salt resistance in alfalfa.

Detection of key Melatonin-Induced Genes
and Transcription Factors (TFs) Under Salt

Stress

Plants can trigger multiple biological processes to regulate gene
transcription and physiological adaptation under unfavorable
conditions (Deng et al,, 2020). We examined the profiles of
the genes involved in the plant-pathogen interaction pathway
and starch and sucrose metabolism (Figure 6). In the plant-
pathogen interaction pathway, a total of 87 DEGs were identified
in “M vs. CK,” including 66 upregulated and 21 downregulated
DEGs. Under salt stress, most of the genes involved in Ca?"
signal transduction and WRKY TFs were downregulated in
“S vs. CK” and “SM wvs. CK, while the opposite was true
in “M vs. CK” and “SM vs. S” (Supplementary Table 7). The
expression profiles of 22 DEGs involved in the Ca?* signaling
pathway are shown in Figure 6A. Melatonin induced the
expression of genes encoding cyclic nucleotide-gated ion channel
(CNGC20), calmodulin/calmodulin-like protein (CML7, CMLI11,
CML24, CML45, and CML48), calcium-dependent protein kinase
(CDPK1), and respiratory burst oxidase (RbohB) in “M vs. CK”
(Supplementary Table 7).

The expression profiles of 32 DEGs involved in starch and
sucrose metabolism are shown in Figure 6B. According to our
results (Supplementary Table 8), 35 genes were differentially
expressed in “M vs. CK with 24 upregulated and 11
downregulated genes, while 25 DEGs were identified in “SM vs.
S.” In “M vs. CK,” sucrose synthase (SUSs), glycoside hydrolase
family 17 (GH17), and B-amylase 3 (BAM3) were downregulated,
while trehalose-phosphate phosphatase (TPP), endoglucanase 6
(EDGL6), and glucan endo-1,3-beta-glucosidase 13 (EGLCI13)
were upregulated. Specifically, the gene encoding fructokinase
(FRK7) was upregulated in both “M vs. CK” and “SM vs. S,” while
EGLC14 was upregulated in “M vs. CK” and downregulated in
“SM vs. CK.” In response to salt stress, 63 DEGs (31 upregulated
and 32 downregulated genes) were identified in both “S vs. CK”
and “SM vs. CK.” The genes encoding EGLCs, TPP, hexokinase 3
(HXK3), SUSs, a-amylase (AMY), beta-glucosidase 24 (BGLU24),
and FRK4 were downregulated, whereas BAM, starch synthase
(SSs), BGLUs, sucrose-phosphate synthase 2 (SPS2), granule-
bound starch synthase (GBSSs), and AMY2 were upregulated
under salt stress.

Transcription factors play a critical role in regulating
upstream stress signal transduction to downstream gene
transcription and specific biological processes. A total of 2,111
TFs from 52 families showing differential expression were
identified (Figure 7A and Supplementary Table 9). The C3H,
MYB, and ERF families were the three most abundant TF families
in each comparison. The expression profiles of the three TF
families in four comparisons are presented in Figure 7B. We
found 373 and 278 TFs were differentially expressed in “M vs.
CK” and “SM vs. S7; the largest proportion of the C3H family
contained 69 and 55 DEGs, respectively. Interestingly, 147 TFs
were differentially expressed in “SM vs. S;” but not in “S vs. CK,
which suggests that these TFs are participated in salt resistance
regulated by melatonin.

Detection of Melatonin-Induced Genes
Involved in Phytohormone Signal

Transduction Under Salt Stress

To explore whether melatonin participates in regulating other
plant hormones in alfalfa salt tolerance, the expression profiles
of the genes related to plant hormone signal transduction
were analyzed (Figure8 and Supplementary Table 10).
Furthermore, we predicted the key protein-protein interaction
(PPI) network of proteins in the hormone signaling pathway
(Supplementary Figure 4).

For the auxin signal, nine genes were differentially expressed
in “M vs. CK,” two of which were upregulated, genes encoding
auxin-induced protein (AUX28) and auxin response factor
(ARF19). In addition, AUX10, AUX28, and IAA6 appear to be
central genes in “SM vs. S.” Under salt stress, the expression
of TAA27, SAUR-like auxin-responsive family protein, IAAS,
and TAA22D was induced in “S vs. CK;” and transport inhibitor
response 1 (TIR1) and ARF3 expression was induced in “SM
vs. CK.” For the ABA signal, two PYR/PYLs (PYL4 and PYRI)
were downregulated under salt stress in “S vs. CK” and “SM
vs. CK,” while PYL9 and protein phosphatase 2C (PP2C24 and
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FIGURE 6 | Expression profiles of the key genes involved in (A) Ca®* signal pathway and (B) starch and sugar metabolism in response to MT and salt treatment.

PP2C51) were upregulated. In addition, serine/threonine-protein
kinase SRK2A was upregulated and PP2C51 was downregulated
in “M vs. CK.” For the GA signal, the genes encoding F-box
proteins (GID2), scarecrow-like proteins (SCL14 and SCL30), and
phytochrome interacting factor 3 (PIF3) were downregulated in

“S vs. CK,” whereas SCL9 was upregulated in “S vs. CK” and “SM
vs. CK.” Moreover, the PIF4 gene was upregulated in “M vs. CK”
and “SM vs. CK,” indicating that it was induced by melatonin.
For the CTK signal, CTK receptor histidine kinases (AHK4) and
response regulator and transcription factor RR-A-type family
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genes were significantly upregulated in both “S vs. CK* and “SM
vs. CK, while histidine-containing phosphotransfer proteins
(AHPI) and two-component response regulators (ARRI2 and
ARRS5) were downregulated. However, melatonin upregulated the
expression of ARRS5 in “M vs. CK” and “SM vs. S.”

For the SA signal, the SA receptor gene NPR3 and
pathogenesis-related protein (PRI) were downregulated in “S
vs. CK” and “SM vs. CK, while the downstream TGA TFs
of NPR showed different expression patterns in SA signaling.
For the JA signal, three JAZs (TIFY3, TIFY10A and TIFY6B)
were upregulated in both “M vs. CK” and “S vs. CK,” whereas
melatonin also induced the expression of TIFY5A, TIFY10B, and
TIFY11B in “M vs. CK.” The MYC2s showed varied expression
levels in JA signaling under salt and melatonin treatments, in
which bHLHI8 was upregulated in “S vs. CK” and “SM vs.
CK,” but downregulated in “SM vs. S.” For the ETH signal, salt
stress inhibited the expression of ethylene receptor 2 (ETR2)
and MEK map kinase kinase (SIMKK) in “S vs. CK” and “SM
vs. CK.” However, the ethylene receptor EIN4 and SIMKK
were significantly upregulated in “SM vs. S.” Serine/threonine-
protein kinase CTRI was downregulated in “M vs. CK” and
“SM vs. CK,” whereas it remained unchanged in “S vs. CK.” In
addition, ethylene-responsive transcription factor 1B (ERFIB)
was downregulated in all comparisons except “SM wvs. S.”
The EIN3-binding F-box protein 1 (EBFI) was downregulated
in both “S vs. CK’ and “SM wvs. CK.” For the BR signal,
brassinazole-resistant 1 (BZRI), brassinosteroid LRR receptor
kinase (BRL), and xyloglucan endotransglucosylase/hydrolase
protein 23 (XTH23) were downregulated in “S vs. CK” and
“SM vs. CK,” whereas they were upregulated in “M vs. CK”
comparison. In addition, serine/threonine-protein kinase BSK3
was upregulated under both salt stress and melatonin treatment.

Detection of the Phytohormone Contents
of Alfalfa Under Salt Stress

To evaluate the effect of exogenous melatonin on the
phytohormone levels of alfalfa, we detected the contents of
melatonin, ABA, IAA, GAjz, SA, BR, and ETH. Herein, we
observed that melatonin treatment significantly increased
the endogenous melatonin content of alfalfa before and
after salt treatment (Figure 9A). As shown in Figure 9B, salt
stress significantly increased the endogenous ABA content in
comparison with the control plants. However, the application
of melatonin decreased the ABA content under salt stress.
The contents of IAA, GA3, SA, and BR showed similar trends
under treatment conditions. Under salt stress conditions, the
IAA, GA3, SA, and BR contents were remarkably accumulated
compared with the control, while melatonin markedly increased
the contents in alfalfa (Figures 9C-F). Melatonin-treated plants
exhibited obviously higher ETH content than the control plants.
Salt stress resulted in a significant increase in the ETH content
compared with the control, while melatonin application further
enhanced ETH accumulation under salt stress (Figure 9G).

Validation of DEGs by qRT-PCR

To validate the accuracy and reproducibility of the RNA-seq data,
20 DEGs, including hub genes in starch and sucrose metabolism

and plant hormone signal transduction, were randomly selected
for qQRT-PCR. The expression patterns of all genes were highly
consistent with the RNA-seq data (Supplementary Figure 5),
which confirms that the DEGs identified in this study
are credible.

DISCUSSION

Salt stress is one of the main factors affecting sustainable
agricultural development. Melatonin has been reported to be
involved in plant adaptive responses to salt stress in various
plants (Yan et al., 2019; Liu et al., 2020; Zhang et al., 2021). Here,
we analyzed the key mechanisms by which melatonin enhanced
salt tolerance in alfalfa at the physiological and molecular levels.
Our results suggest that melatonin could effectively alleviate
oxidative damage and ion toxicity by improving photosynthetic
capacity, antioxidant defense system, proline content, and the
K*/Na™ ratio. Combined with the changes in starch, sugar,
and hormone contents, and the expression of key genes in
the transcriptome, our study indicates that melatonin is highly
involved in starch and sugar metabolism and plant hormone
signal transduction to regulate salt stress.

In the current study, the application of melatonin mitigated
the growth inhibition of alfalfa under salt stress, which was
reflected in superior plant height, leaf area, and fresh weight
(Figures 1A-D). Exogenous melatonin reduces the detrimental
effects of salinity on photosynthetic capacity (Chen et al., 2018;
Liu et al, 2020). Consistent with these findings, higher Pn
and Fv/Fm were observed in melatonin-treated alfalfa under
salt stress conditions (Figures 1E,F). Salt stress causes excessive
accumulation of ROS, which leads to cell membrane damage and
oxidative stress (Miller et al., 2010). Melatonin is known as a
broad-spectrum antioxidant that scavenges ROS and increases
antioxidant enzyme activity under salt stress (Reiter et al,
2016). Herein, we found that melatonin treatment reduced
electrolyte leakage, MDA content, and ROS accumulation under
salt stress, while the activities of SOD, POD, GST, and APX
were increased (Figure 2). These results suggest that melatonin
alleviates oxidative stress mainly by enhancing the activities of
antioxidant enzymes in alfalfa plants. Proline acts as an osmolyte
and participates in melatonin-regulated salt stress tolerance
(Siddiqui et al., 2019). This is consistent with our results, as we
found that melatonin led to a remarkable increase in the proline
content of alfalfa under salt stress (Figure 3A).

Melatonin, RBOH-mediated ROS, and Ca?* exhibit complex
signaling crosstalk to regulate plant responses to salt stress (Wei
et al., 2018; Liu et al, 2020). The elevation of intracellular
Ca’" induced by salt stress sequentially activates CNGCs,
CDPKs, or CAM/CMLs (Srivastava et al.,, 2013; Gao et al.,
2020), while RBOHs can be activated by CDPKs (Drerup et al.,
2013; Dubiella et al., 2013). In our study, melatonin activated
the expression of CNGCs (such as CNGCI and CNGC20),
CaM/CMLs (such as CAM7, CAM11, and CAM24), and CDPKs
(such as CDPK1, CDPK11, and CDPK28) in the Ca%* signaling
pathway, which in turn downregulated RBOHs (RBOHB and
RBOHD) (Supplementary Table 7). A recent study by Liu et al.
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FIGURE 9 | Effect of exogenous melatonin on the endogenous hormone levels of alfalfa seedlings after 15 days of 150-mM NaCl treatment. (A) Melatonin content,
(B) ABA content, (C) IAA content, (D) GA3 content, (E) SA content, (F) BR content, and (G) ETH content. The data are means + SE (n = 3) and different letters are
significantly different (p < 0.05).

(2020) revealed that melatonin activated Ca®" signaling to
mediate RBOH, which is critical for changes in transcriptional
profiles and high- and low-affinity Kt transporter activity,
thereby improving the salt tolerance of rice. This may be related
to the higher K¥/Na%t in melatonin-treated plants under salt
stress conditions (Figure 3F).

Sugars act as osmoprotectants to participate in the abiotic
stress response in plants (Wang et al, 2016; Yang et al,
2019). Stress-induced starch-to-sugar conversion promotes the
accumulation of sugar, which provides osmoprotection and
energy supplies for plants (Dong and Beckles, 2019). In sucrose
biosynthesis and degradation, SPS and SUS are the key enzymes
(Winter and Huber, 2000). Salt reduces the activities of GBSS
and AGPase; thus, inhibiting the synthesis of starch (Libalweksler
et al., 1994; Chen et al, 2008). BAM1 and AMY3 were

also activated by osmotic stress to degrade starch into sugar
(Thalmann et al., 2016). However, Yin et al. (2010) reported that
salinity increased AGPase activity and enhanced carbohydrate
accumulation as starch during the early development stages
in tomato. In our study, the contents of sugar and starch
in alfalfa increased obviously under salt stress (Figures 3B,C).
Interestingly, salt stress upregulated a-glucan phosphorylase,
BAM, AMY2, SS, AGPs, GBSS, and SPS2, while it downregulated
AMY and SUS (Supplementary Table 8). This result indicates
that, during a certain stage of salt treatment, the contents of
starch and sugar in alfalfa could be simultaneously maintained
at high levels to resist stress.

The previous reports have revealed that melatonin could
enhance abiotic stress resistance by maintaining a higher
accumulation of carbohydrates in bermudagrass (Shi et al., 2015).
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In our study, melatonin treatment increased the accumulation of
starch, which was a major reason for the higher photosynthetic
capacity of melatonin-treated plants under salt stress. The
sugar and starch content increased in both salt-tolerant and
salt-susceptible tomato leaves, but the tolerant genotype had
higher starch accumulation (Balibrea et al., 2000). Plants convert
a portion of sugars to starch to minimize the physiological
damage of excess sugar in the source leaves (Dong and Beckles,
2019). According to our data, the genes EDGL6, EGLCI3,
EGLCI14, GBSS2, BAM, and FRK7 were upregulated in “M
vs. CK; while six SUSs were downregulated (Figure 6B and
Supplementary Table 8). The melatonin-induced expression
changes of most genes were more conducive to the accumulation
of starch, thus reducing the content of sucrose. Higher starch is
proposed to increase starch statoliths and gravitropic response,
and to direct root growth for the acquisition of nutrients,
minerals, or water under salt stress (Baldwin et al., 2013;
Thitisaksakul et al., 2017). The isoforms of BGLU located to
various organelles catalyze the single-step hydrolysis of ABA-
glucose ester to produce ABA, and they become activated
upon stress (Han et al., 2020). Wang et al. (2021) have
revealed that melatonin regulates BGLUI8 mediated ABA-
glucose ester hydrolysis to modulate ABA homeostasis and
abiotic stress responses. We found that BGLUI12 and BGLU46
were downregulated in the “SM vs. S” comparison, indicating
that they may be associated with the ABA signaling pathway.
Moreover, a high Na* concentration stimulates the accumulation
of starch in common reed (Phragmites australis), which leads
to the deposition of Nat in starch granules, thus achieving
“lon-trapping” to maintain cellular osmotic balance (Kanai
et al., 2007). Melatonin treatment may be beneficial to this
process, which needs to be further verified. Taken together, these
results suggest that salt stress activates the starch and sucrose
metabolism to maintain a high and balanced level; moreover, the
application of melatonin was beneficial to the maintenance of the
starch-sucrose ratio to improve the salt tolerance of alfalfa.

Transcription factors have been reported to play important
roles in salt stress responses, which uniquely regulate and modify
different stress-responsive genes. Many TFs have been identified
to be involved in melatonin-mediated stress tolerance. Most of
these were stress-related TFs, including MYBs, WRKYs, NACs,
and zinc finger-related TFs (Zhang et al., 2014; Zhan et al,
2021). In this study, various TFs were significantly differentially
expressed in different comparisons, among which C3H, MYB,
and ERF were the three most abundant families (Figure 7). The
largest proportion of the C3H family contained 69 and 55 DEGs
in “M vs. CK” and “SM vs. S, respectively, suggesting that these
TFs participated in salt resistance regulated by melatonin. In
tomato, DREBI« and TAA3 are key downstream transcription
factors of melatonin-induced sodic alkaline stress tolerance at the
genetic level (Yan et al,, 2019). These results indicate that TFs
might contribute to enhancing the salt tolerance of melatonin-
treated alfalfa.

It has been shown that phytohormones, act as secondary
messengers, participate in stress sensing and signal transduction
through antagonistic or synergistic action, and activate
downstream transcription factors to regulate stress responses

(Long and Benfey, 2006; Yan et al, 2019). In this study, we
focused on the major hormone signaling pathways under salt
and melatonin treatments and their possible crosstalk. Salt
stress induces changes in endogenous melatonin levels in
different plant species (Li et al.,, 2019¢; Zhang et al., 2021). It
has been reported that COMT and SNAT are pivotal genes for
melatonin biosynthesis (Arnao and Hernandez-Ruiz, 2014).
Herein, we observed a significant increase in endogenous
melatonin levels in both the control and salt-treated plants after
melatonin treatment (Figure 9A). In addition, the expression
of COMT was upregulated under salt stress, and its extent of
upregulation in “SM vs. CK” was higher than that in “S vs. CK”
(Supplementary Figure 5). The results suggest that melatonin
is closely related to the salt tolerance of alfalfa, and consistent
results were found in cotton and tomato (Yan et al., 2019; Zhang
et al., 2021).

Auxins play key roles in regulating plant growth and
development, and they can govern the growth response of plants
to stress (Eyidogan et al., 2012). Auxin-responsive genes have
been separated into three major classes: Aux/IAA, GH3 and
SAUR (Hagen and Guilfoyle, 2002). There are at least two auxin
receptors reported in the literature: nuclear TIR1/AFB Aux/IAA
coreceptor and auxin-binding protein 1 (ABP1) (Grones and
Friml, 2015). Stress pathways interact with the auxin gene
regulatory network through the transcription of Aux/IAA genes
(Shani et al., 2017). In this study, melatonin suppressed almost
all Aux/IAA and SAUR genes under salt stress, but induced
TIR1 and ARF3 expression (Supplementary Table 10). Chen
et al. (2017) reported that overexpression of CsTIR enhanced
salt tolerance in transgenic Arabidopsis. It has been reported
that melatonin treatment induces a slight increase in endogenous
IAA in Brassica juncea and tomato (Chen et al., 2009; Wen
et al., 2016). Our results showed that endogenous IAA content
in alfalfa was significantly increased after melatonin application
under salt stress (Figure 9C). The results indicate that melatonin
may alleviate salt stress by modulating the expression of auxin
coreceptors and response genes and increasing auxin content.

Abscisic acid has been proposed as a stress hormone because
it acts as an important internal signal mediating plant responses
to stress, and stress tends to induce ABA synthesis (Fahad et al.,
2015). In the ABA biosynthetic pathway, when PYR/PYL/RCAR
binds to ABA, the complex interacts with PP2C to reduce
the inhibition of SNF1-related kinases (SnRKs), thus activating
their downstream transcription factors (Yang et al., 2019). ABA
oxidase (AAO) and 9-cis-epoxycarotenoid dioxygenases (NCED)
are key enzymes in the ABA biosynthetic pathway (Mcadam
et al., 2015). In this study, salt stress induced PYL9, PP2Cs,
AAOI1, and NCEDs expression and ABA accumulation, while
repressing PYL4 and SnRK2s expression. However, melatonin
treatment increased SRK2A expression in the “M vs. CK”
comparison (Supplementary Table 10). Di et al. (2018) reported
that BnPYL9-1 and BnPYL9-2 expression was inhibited by salinity
stress, which may be due to negative feedback regulation caused
by high ABA accumulation. Also, SnRK2s are key regulators
governing plant adaptive responses to osmotic stresses. Soma
et al. (2020) reported that subclass I SnRK2s (SRKs) are rapidly
activated by osmotic stress prior to ABA accumulation, implying
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that SRK2A may not be activated by ABA. Melatonin treatment
upregulated the expression of ABA catabolism gene CYP707A1
and reduced ABA accumulation under salt stress. This result
is consistent with that in tomato reported by Hu et al. (2021).
In addition, melatonin treatment resulted in downregulated
expression of PP2C51. The previous studies have revealed that
PYL4 and PP2Cs are considered to be central genes that interact
with ERF and GA metabolic genes, and that melatonin plays a
regulatory role upstream of the ABA signaling pathway (Wang
et al,, 2021). In this study, we speculate that PP2Cs interacted
with ETH and IAA metabolic genes in the “S vs. CK” and “SM
vs. CK” comparisons (Supplementary Figure 4). These results
suggest that melatonin might enhance the salt tolerance of alfalfa
by mediating PP2C51 and CYP707A1 expression and crosstalk
with ETH and TAA signals.

As a key messenger and integrator of intrinsic growth
responses, GA is also involved in regulating plant responses
to salt stress. Gibberellic acid signaling is mediated by its
receptor GIDI, the repressor DELLA, and the F-box protein
GID2; thus, triggering downstream responses (Kohli et al., 2013).
The repressor, DELLA, controls the GA signaling pathway by
antagonizing the GA-positive regulator SCL3 promoter sequence
and blocks PIF transcriptional regulation activity to orchestrate
GA homeostasis (Hirano et al., 2008). The findings of our study
showed that salt stress inhibited SCLs and PIF3 expression,
while melatonin treatment resulted in upregulation of PIF4 and
SCL13 to regulate GA signaling. Zhang et al. (2014) reported that
melatonin increased GA content by promoting the expression
of the GA synthesis genes GA20ox and GA3ox under salt stress
conditions. Similarly, our results also showed that GA20x2 was
upregulated after melatonin application. The repressor, DELLAs,
orchestrate the crosstalk between GA and other plant hormones,
such as ABA and ETH, to participate in the salt stress response
(Achard et al., 2006). In our study, PIFs and SCLs were hub genes
in the GA signaling pathway, and SCLs interacted with the genes
involved in ABA and SA signal transduction to alleviate salt stress
in alfalfa.

Ethylene is considered a stress hormone required in
various abiotic stress responses in plants. Salt stress promotes
ethylene production in plants by regulating the activities of 1-
aminocyclopropane-1-carboxylate (ACC) synthase (ACS) and
ACC oxidase (ACO) (Achard et al, 2006; Dong et al., 2011).
Melatonin enhances salt tolerance by promoting MYBI08A-
mediated ethylene biosynthesis in grapevines (Xu et al., 2019). In
our study, salt stress and melatonin treatment increased the ETH
content in alfalfa (Figure 9G), indicating that melatonin could
defend against salt stress by regulating ethylene levels. The ERFs
are the major downstream regulatory factors of the ETH signaling
pathway in stress responses. Although ERFIB was identified as
a positive regulator of salt stress tolerance, its expression was
repressed under salt treatment in Chrysanthemum (Gao et al,
2015). Similarly, ERF1B was downregulated by melatonin under
salt stress (Supplementary Table 10). The regulatory effect of
melatonin on ethylene synthesis may be related to complex
hormone signal crosstalk (Xu et al., 2019). Ethylene-responsive
transcription factor can combine with ABA to affect stomatal
opening under drought stress and through the combination of

ERFs, GA, and CIPK under low-oxygen stress to play a specific
role (Kohli et al., 2013). In this study, ERF1B was associated with
other hormonal signaling components, such as ARF2A, TIFY10A,
and MYC2, indicating that hormonal signals regulate salt stress
through a crosstalk relationship.

Salicylic acid participates in defense responses to a variety of
environmental stresses including salinity. Salicylic acid signaling
leads to the activation of the NPRI, which is thought to be
recruited to numerous downstream PRs by transcription factors
such as TGAs (Jin et al., 2018). Li et al. (2019a) reported that
overexpression of TGA17 enhanced the salt tolerance of soybean.
Our data showed that melatonin induced the upregulation
of TGA3 and TGA7 under salt stress. Moreover, cytokinin-
activated transcription factor ARR2 in Arabidopsis promotes
plant immunity through a TGA3/NPR1-dependent salicylic acid
signaling pathway (Choi et al., 2010). Here, the hub gene
TGA was associated with the ETRI, SCL14, and MYC2 genes
in the ETH, GA and JA signaling pathways, which suggested
that crosstalk occurred between these phytohormones. Taken
together, these results reveal the crosstalk relationship of plant
hormones and provide new insights into the involvement of
hormone signals in salt stress responses.

Jasmonic acid is known to play major roles in mediating
the plant defense response against salt stress. The transcription
factor MYC2 and repressor protein JAZ play crucial roles in
the JA response under stress conditions (Verma et al., 2016).
Under JA-stimulated conditions, JA-Ile (bioactive JA) binds to
its receptor, an F-box protein CORONATINE INSENSITIVE1
(COI1), and leads to 26S proteasome-mediated degradation of
JAZ, thereby allowing for MYC2 to upregulate the expression
level of JA target genes (Chini et al., 2007). In this study, salt
stress and melatonin treatment induced the expression of TIFY3,
TIFY10A, TIFY6B, and MYC2 (bHLH18), indicating that they
might play important regulatory roles against salt stress in alfalfa
(Supplementary Table 10). This is consistent with the regulation
of JA signaling by melatonin in loquat under drought stress
(Wang et al., 2021).

The previous studies have demonstrated that melatonin and
BRs synergistically regulate plant morphogenesis (Hwang and
Back, 2018; Fu et al., 2022). However, there are still divergent
views on the crosstalk of melatonin and BR signaling in
abiotic stress (Hwang and Back, 2019). In this study, melatonin
treatment increased the BR content under salt stress (Figure 9F).
In addition, melatonin induced the transcription levels of
genes related to BR signaling including BZRI, BRL, BSK3,
and XTH23 in alfalfa (Supplementary Table 10), indicating
that melatonin and BR function together in response to salt
stress. These findings are consistent with the study of Fu
et al. (2022), who reported that melatonin-induced cold and
drought tolerance is regulated by BR in perennial ryegrass.
BR-mediated stress tolerance in Arabidopsis was associated
with the ABA, SA, and ETH pathways (Divi et al, 2010).
In this study, the BR LRR receptor kinase CURL3 interacted
with EIN3, NPRI, IAA6, PP2C51, and GID2 under salt
stress, indicating that there may be a crosstalk relationship
between BR and ETH, SA, IAA, ABA, and GA signaling
(Supplementary Figure 4).
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FIGURE 10 | Schematic model for melatonin-induced salt stress tolerance in alfalfa.

In conclusion, this study provides new insight into the
protective roles of melatonin against salt stress in alfalfa.
Based on physiochemical and transcriptomic data, a schematic
model for the regulation of the alfalfa salt stress response
by melatonin is presented in Figure 10. Melatonin alleviated
salt stress by increasing starch accumulation to maintain
high photosynthetic capacity and enhancing the antioxidant
defense system to scavenge excess ROS accumulation. Melatonin
improved the salt stress tolerance of alfalfa mainly by mediating
the profiles of the genes involved in Ca®" signaling and starch
and sucrose metabolism. Melatonin participated in mediating
other plant hormone signal transduction pathways and affected
endogenous hormone levels by regulating related genes under
salt stress. Moreover, the crosstalk relationship among important
phytohormone signaling pathways in alfalfa under salt stress
is evidenced. Our results lay a foundation for further research
on the molecular mechanisms of the melatonin-induced salt
stress response.
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RNA sequencing and weighted
gene co-expression network
analysis uncover the hub genes
controlling cold tolerance in
Helictotrichon virescens
seedlings

Mingjun Cheng'?, Zeyang Pan?®, Kuoshu Cui*, Junjun Zheng?,
Xuan Luo®, Youjun Chen?, Tao Yang?, Hui Wang?, Xiaofeng Li?,
Yang Zhou?, Xiong Lei®, Yingzheng Li*, Ruizhen Zhang?,
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Academy of Agricultural Sciences, Chengdu, China, ®Sichuan Academy of Grassland Science,

Chengdu, China, ’College of Grassland Science and Technology, Sichuan Agricultural University,
Chengdu, China

Helictotrichon virescens is a perennial herbaceous plant with a life expectancy
of about 10 years. It has high cold and heat resistance and can successfully
survive over winter in the habitats with a temperature range of —25 to
25°C. Therefore, this study aimed to identify the key genes regulating low-
temperature stress responses in H. virescens and analyze cold tolerant at
molecular level. This study used RNA sequencing (RNA-Seq) and weighted
gene co-expression network analysis (WGCNA) to identify the hub genes
associated with cold tolerance in H. virescens. RT-PCR was conducted,
homologous genes were identified, and related bioinformatics were analyzed
to verify the identified hub genes. Moreover, WGCNA analysis showed that
only the brown module had the highest correlation with the active-oxygen
scavenging enzymes [peroxide (POD), superoxide dismutase (SOD), and
catalase (CAT)]. The expression levels of three hub genes in the brown module
(Cluster-37118.47362, cluster-37118.47713, and cluster-37118.66740) were
significantly higher under low-temperature stress than those under control
conditions. Furthermore, gene ontology (GO) and KEGG annotations showed
that the three hub genes were mainly enriched in the metabolism pathways of
sphingolipids, selenocompounds, glyoxylate, and dicarboxylate, carotenoids
biosynthesis, and other biological pathways. The results of this study also
showed that the subcellular localization prediction results showed that the
cold tolerance hub genes were all localized to the plasma membrane. By
constructing a protein interaction network, it was found that the hub gene
Cluster-37118.66740 interacted with Sb09g003460.1 and Sb049g020180.1
proteins in Sorghum bicolor. By constructing phylogenetic trees of the four
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species of H. virescens, Sorghum bicolo, Oryza sativa Japonica, and Arabidopsis
thaliana, the results showed that, the hub gene Cluster 37118.66740 (of H.
virescens) and Os03g0340500 (of Oryza sativa Japonica) belonged to the
same ancestral branch and were in the same subfamily. Thus, this study
provides methodology and guidance to identify the cold tolerance genes for
other herbage and their cold tolerant molecular mechanisms at molecular

level.

KEYWORDS

Helictotrichon virescens, perennial herbs, cold tolerance, WGCNA, active-oxygen
scavenging enzymes, homologous gene identification

Introduction

Qinghai-Tibet Plateau region has a cold continental climate
with daily temperature fluctuations. In this region, the winter is
long and cold, with extremely low temperatures. Cold stress and
other disasters occur from time to time, resulting in short growing
period with small plants and low biomass of grassland vegetation,
and even unable to survive over winter normally which leads to
plant death. Low-temperature stress severely restricts plant growth
and grassland renovation in Qinghai-Tibet Plateau.

Helictotrichon virescens is a Tetraploid perennial herb
with about 100 species distributed across Asia, Europe, and
North America. More than 20 species are distributed across
the provinces of China; for example, there are about 11
species and one variant in Sichuan, and other nine species
and one variant in the high-altitude areas of Ganzi, Aba, and
Liangshan. These species are mainly distributed in the high-
altitude areas of 2,000-4,500 m, where they serve as an
important part of the wild pastures. Helictotrichon virescens
has many leaves, soft blades, lower crude fiber content (than
the old Mangosteen and Elysia), high nutritional value, and
good palatability for ruminants. It has high economic values
in terms of output and quality and has been widely promoted
in the northwest plateau of Sichuan. The grass has a lifespan
of about 10 years with high cold and heat resistance and can
successfully overwinter in low-temperature habitats (=25 to
25°C; Cheng et al., 2022). Helictotrichon virescens has been
playing an irreplaceable role in promoting animal husbandry
in the alpine grassland, and has become an important source
of high-quality forage for livestock supplement during winter
and spring seasons in the alpine pastoral areas of the Qinghai-
Tibet Plateau.

The process of crops adapting to low-temperature stress
can be divided into several levels, such as changes in biofilm
structure, cell osmotic regulators, antioxidant enzymes, and
changes in photosynthesis parameters. Low-temperature
stress affects the stability of the plant cell membrane systems
(Hoffman et al., 2010), which is considered as the main target
of low-temperature damage. The imbalance of ions and
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osmolates inside and outside the cell destroys the stability of
the cell membrane system, which in turn affects the
photosynthesis and respiration of plants. Change in the cell
membrane system is the initial response mechanism of
turfgrass chilling injury or freezing injury response (Levitt,
1980). Turfgrass produces the large amounts of reactive
(ROS)
including hydrogen peroxide (H,0,), superoxide radical
(O*), hydroxyl radical (-OH), etc., which in turn induce
antioxidant enzyme systems activation, including peroxides
Enzyme (POD), superoxide dismutase (SOD), catalase (CAT),
and other anti-stress reactions, which collectively remove
ROS and free radicals from plants, thereby alleviate the

oxygen species under low-temperature stress,

damage of turfgrass caused by low-temperature stress
(Sigaud-Kutner et al, 2010). Under the stress of low
temperature, plants can also reduce the cold damage by
adjusting the osmotic balance of cells with the accumulation
or decomposition of osmotic regulating substances. In recent
years, a large number of studies have demonstrated that the
contents of free proline, soluble sugar, and soluble protein are
closely related to the stress tolerance mechanism in plants.
Physiological, transcriptomic, proteomic, and metabolomic
changes during cold acclimation of perennial herbs have been
extensively studied (Hoffman et al., 2010; Bocian et al., 2011, 2015;
Paina et al., 2014; Abeynayake et al., 2015; Augustyniak et al.,
2018). For example, a major quantitative trait locus QTL in
LpCBFIIIc was associated with low-temperature tolerance, which
was identified in 109 perennial ryegrass plants (Hulke et al,, 2012).
Candidate gene association mapping revealed that LpCBFIb was
closely associated with winter survival, while LpLEA3, LpMn SOD,
LpCAT, and LpChl, Cu-Zn SOD were mainly associated with
spring plant regeneration (Yu et al., 2015). Heterologous
overexpression of AtDREBIA/CBF3 increased cold stress tolerance
in ryegrass plants (Li et al., 2011). Transcriptomic analysis revealed
that 60 cytochrome P450s transcripts were upregulated and 59
tall
low-temperature stress, of which 26 and 17 transcripts were
involved in the metabolism of flavonoids and brassinosteroids,
respectively. Cold stress regulation suggests that P450s play a

transcripts were downregulated in fescue under
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crucial role in the cold stress response of tall fescue (Tao et al.,
2017). Zhao et al. (2020) studied cold-tolerant material “10-122"
and low-temperature sensitive material “09-126” of Poa pratensis
in native grassland of Qinghai Province by transcriptome
sequencing technology to analyze differentially expressed genes
between low-temperature stress and normal temperature control.
The enrichment analysis of differentially expressed genes in the
two materials showed that the differentially expressed genes were
significantly enriched in photosynthesis, REDOX reaction,
carbohydrate metabolism, cell membrane system, transporter, and
sub-biological metabolism under low-temperature stress. In
addition, some genes of calcium signaling regulation, hormone
metabolism, signal transduction, antioxidant system, carbohydrate
metabolism, and other pathways were only upregulated in cold-
tolerant germplasm “10-122,” which have the potential to be used
as cold-tolerant, such as CML, CPK, CALM, DHAR, GST, NCED,
SNRK?2, BSK, CKX, BIN2, ARFE, and PEK, etc.

Due to the lack of genomic information of H. virescens, the
current research on cold tolerance of H. virescens is mainly limited
to physiological indicators. The molecular mechanism and
regulatory network of H. virescens in response to low-temperature
stress are still unclear. Therefore, in this study, RNA sequencing
was performed on H. virescens after treating it under low
temperature, and three hub genes significantly relating to
protective enzymes were mined through the analysis strategy of
WGCNA. RT-PCR validation, homologous gene mining, and
related bioinformatics analysis were performed. This study lays the
foundation for an in-depth understanding of the response
mechanism of perennial herbs to low-temperature stress.

Materials and methods
Plant materials and measurements

Uniformly sized and plump H. virescens seeds were selected
and sown into pots (21 cm in diameter and 16 cm in height; 50-60
seeds per pot). The pot mix contained a mixture of peat, pine
needles, and yellow clay in a volume ratio of 3:1:1, according to
Cheng et al. (2022). The seedlings with thinned to 20 plants per
pot after the first leaf had fully expanded. The plants were watered
daily using a half-strength Hogland nutrient solution [2.5mmol L™
Ca(NO;),, 2.5mmol L™ KNOs, 1 mmol L™ MgSO,, 0.5mmol L™’
KH,PO,, 45 pmol L' Fe-EDTA, 23 pmol L™ H;BOs, 4.55 pmol L™!
MnCl,, 0.16pumolL™ CuSO,, 0.38pmolL™" ZnSO,,
0.28 pmol L' Na,MoO,]. After 5-week growth, seedlings were
placed in a constant temperature and light incubator
(MLR-352H-PC) simulating low-temperature stress=(0°C), with
the illumination of 3000 Lx. The control temperature was
25°C. The third leaf of each plant was collected after 12, 36, and
60h of the low-temperature treatment and immediately frozen in

and

liquid nitrogen, and stored in a —80°C ultra-low temperature
refrigerator for the determination of related indicators. Each
treatment had three biological replicates.
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Phenotypic data analysis

At the end of the experiment, 30 seedlings with relatively
consistent growth were selected from the treated and control
groups for the relative leaf conductivity using assay developed by
Cheng et al. (2022). Briefly, the middle section (2cm x4 cm) of the
first fully expanded leaf were obtained from each seedling, and
then mixed and cut into 1 cm pieces. The pieces were subsequently
divided into three parts placed in 10 ml EP tubes, which were then
filled with distilled water. After soaking for 3h, the Ecl of the
leaves was measured using a conductivity meter, while the Ec2 was
measured using the same instrument after the leaves being
incubated in a boiling water bath for 10 min and cooled to room
temperature. The relative conductivity was calculated using
formula: REC=EC1/EC2 x 100%.

Chlorophyll a and b were extracted from 0.2 g of fresh leaves
using 95% ethanol at room temperature, as described by Cheng
etal. (2022). Briefly, the homogenate was centrifuged at 10,000 g
for 10min, and the chloroplast pigment extract was aliquoted
into 1 cm cuvette to measure the absorbance at wavelengths 663
and 646nm using 95% ethanol as blank. The chlorophyll
concentration was calculated using formula:

Chlorophyll a=12.21 x ODgs;—2.81 x ODgyq

Chlorophyll b=20.13 x ODj4s—5.03 x ODg;

Pro, SOD, POD, catalase (CAT), and ROS activities were
measured using kits purchased from China Quanzhou Ruixin
Biological Technology Co., LTD, and the type is Ruixinbio
(Quanzhou, China).

The mean, standard error (SE), maximum and minimum
values, and coeflicient of variation, kurtosis, and skewness of each
trait were calculated in Microsoft Excel. ANOVA of the collected
phenotypic traits was conducted using SPSS (Statistical Product
and Service Solutions, version 21.0, IBM, Armonk, NY,
United States). The correlation analysis of phenotypic traits was
carried out using the PerformanceAnalytics package in R software.

RNA-seq, WGCNA, and hub gene
identification

Three biological replicates of the leaf samples (third leaf of
each plant collected after 12, 36, and 60h of low-temperature
treatment) stored at —80°C were processed for RNA-seq. The
RNA extraction, detection, cDNA library construction, and
sequencing were conducted at Beijing Nuohezhiyuan Technology
Co., Ltd. Utilizing Oligo(dT) magnetic beads enriched mRNA
with polyA tail procedures. Briefly, mRNA was randomly
fragmented by divalent cations in NEB Fragmentation Buffer
(NEB, Ipswich, MA, United States). The first strand of cDNA was
prepared using random oligonucleotides as a primer, and the
second strand was synthesized using DNA polymerase I. The
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ends of purified double-stranded cDNA were repaired by adding
a tail and sequencing connector and screened to 250-300bp
c¢DNA for PCR amplification. The PCR product was purified
again to obtain the final library, and after qualifying the library.
High-quality sequencing libraries were sequenced on the
Mlumina HiseqTM 4,000 sequencing platform, statistical Q20
(Phred =—10log10 [e]), Q30 (Phred = —10log10 [e)], GC content
and sequencing error (< 6%), and other indicators of sequencing
quality control were used for these procedures (Cheng et al.,
2022), and Trinity software (Grabherr et al., 2011) was used to
splice clean reads into transcripts (Unigenes), which were used
as reference sequences for subsequent analysis. The splicing
transcript was sequenced based on its length from long to short,
and the length of transcript was added to the length of splicing
transcript, so that it was not <50/90% of the total length, namely
N50/N90, to measure the continuity of de novo assembly. Its
numerical value can be used to evaluate the quality of the
assembly. The obtained Unigenes were functionally annotated
using Blast (Altschul, 2012) on seven databases, including
non-redundant (NR), nucleotide (NT), gene ontology (GO),
EuKaryotic Orthologous Groups (KOG), KEGG Orthology
(KO), Swiss-Prot, and FPKM. Thereafter, clean reads from each
sample were aligned to the reference sequence (obtained by
Trinity splicing), and the read counts of the aligned genes were
obtained using Bowtie2. The number of read counts was
converted to FPKM values (expected number of Fragments per
Kilobase of transcript sequence per Millions base pairs
sequenced; Trapnell et al., 2010) and used to evaluate the gene
expression levels (FPKM > 0.3 was regarded as gene expression).
Quantitative gene expression analysis was conducted using the
RSEM method (Dewey and Li, 2011).

Differentially expressed genes were determined from the
different samples using statistical analysis based on gene expression
levels, and their original read counts were normalized with DEG-Seq
software (Love et al., 2014). Negative binomial distribution (p value)
was used for hypothesis testing, followed by multiple hypothesis test
correction using Benjamini-Hochberg (BH) method to obtain the
FDR value (False Discovery Rate, or padj). The obtained FDR values
were then used to screen for the differential genes using [log, (fold
change)|>1&padj<0.05 as the standard.

The differentially expressed genes were constructed according
to the normalized FPKM values of obtained transcriptome data
from 18 cold stress treatments (including control) for weighted
gene co-expression network analysis (WGCNA). The R package
used for this analysis is presented in Supplementary Paper 1. The
WGCNA program parameter settings were: variance data
expression >0; no missing data expression <0.1; soft threshold =10
(estimated value); maximum block size =2,000; depth split=4;
minimum block size =50; and Merge cut height=0.1. Moreover,
hub genes were screened in each module using the connection
value (JKME|) >0.95, module membership (MM)>0.9, and gene
significance (GS) > 0.9 of eigengenes, and functionally annotated.
Cytoscape.v3.9.1 was used to draw the local transcriptional
regulatory network.
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GO and KEGG enrichment hub genes

The GO enrichment analysis of the hub genes was performed
using GOseq method (Young et al., 2010), while KOBAS method
(Kanehisa et al., 2008) was used for the KEGG metabolism and
signal transduction pathway enrichment analysis of the hub genes.
In both analyses, padJ<0.05 was used as the threshold for
significant enrichment.

Real-time fluorescence quantitative
analysis of the hub genes

The RNA was extracted from the samples (stored at —80°C)
using the HiPure Plant RNA Mini Kit (Magen), according to the
manufacturer’s instructions. The concentration and quality
(OD40/ODg value) of the RNA samples were determined using
the NanoVue plus Spectrophotometer. Subsequently, total RNA
was used as a template for the first-strand cDNA synthesis using
the RevertAid First Strand cDNA SynthesisKit (TaKaRa), which
also contains recombinant endonuclease (DNase I) for removing
genomic DNA contamination from RNA samples. Briefly, DNase
I was added to the RNA samples and incubated at 37°C for 30 min
for DNA removal. Thereafter, 1 pl of 50 mM EDTA was added, and
the mixture was incubated at 65°C for 10 min to inactivate the
DNase I. Reverse transcription was then performed by adding the
reverse transcriptase to the mixture and incubating at 42°C for
60min. The samples were then stored at —20°C for later use. The
reverse transcription process is shown in Supplementary Paper 2.

The real-time fluorescence quantitative (QRT-PCR) reaction
system (CFX96 real-time PCR system; Bio-Rad) was sterilized
before configuration, and the samples were mixed and loaded into
the instrument. The real-time fluorescence quantitative reaction
system is shown in Supplementary Paper 3. The reaction involved
three biological and four technical replicates, as shown in the
procedure presented in Supplementary Paper 4. The QRT-PCR
results were analyzed by the 224 method with GAPDH as the
internal reference; it is widely present in many organisms and is
abundant in cells, accounting for 10-20% of the total protein. The
GAPDH gene has a highly conserved sequence, and the protein
expression level in the same cell or tissue is generally constant.
Therefore, this gene has been widely used as an internal reference
gene in qPCR for a long time. In this study, GAPDH is the internal
reference gene of naked oats (from the Wheat Research Institute
of Sichuan Agricultural University).

Homologous EST label identification of
hub gene

The Open Reading Frame Finder tool from NCBI was used to
align the RNA-Seq data to the open reading frames (ORFs) of the
transcripts obtained from the reference genomes of Avena barbata
and Hordeum vulgare subsp. The functions of the expressed genes
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TABLE 1 Statistical description of Helictotrichon virescens phenotypic data at 25°C.

Trait Range Mean SE CV/% Kurtosis Skewness Sig
Pro 0.0115-0.4040 0.2635 0.0631 0.2397 —1.7140 —0.8400 ns
Rec 0.0371-0.0398 0.0385 0.0004 0.0100 —1.7140 0.0130 ns
Chla 0.0028-0.0029 0.0029 0.0000 0.0013 —1.7140 —0.7480 ns
Chlb 0.0016-0.0018 0.0017 0.0000 0.0170 —1.7140 0.0000 ns
POD 1372.48-1392.48 1382.4800 2.8868 0.0021 —1.7140 0.0000 ns
SOD 698.47-811.64 749.7333 16.5500 0.0221 —1.7140 0.3990 ns
CAT 467.93-518.90 493.6233 7.3576 0.0149 —1.7140 —0.0360 ns
ROS 3507.94-3755.02 3601.4067 38.7033 0.0107 —1.7140 0.7980 ns

ns, not significant.

are determined by comparing and analyzing the obtained
Expressed Sequence Tag (EST) with the known sequences in
various public databases. The ORFs corresponding to the
previously screened hub gene were used to search the EST and
Genbank databases on the NCBI official website' to obtain the hub
genes. Thereafter, the matched base sequences were screened for
homologous genes, using the alignment thresholds of
identity>85% and Query Coverage>30%.

Bioinformatics analysis of hub genes and
construction of protein interaction
network

First, extract the hub genes sequence from the non-redundant
gene database obtained by RNA-seq sequencing and splicing of
H. virescens. Then, the hub genes sequence was aligned to the NR
database and the Swissprot protein database, the ORF coding
frame information corresponding to the transcript was extracted
from the alignment result, and the coding region sequence was
translated into the amino acid sequence according to the standard
codon table (according to the 5'- >3" order). Finally, the ORF of
the hub gene was predicted by ESTSCAN? software based on PSM
and codon preference, there by predicting the nucleic acid
sequence and amino acid sequence encoded by the hub genes.

The online analysis website ExPASy’ was used to predict the
protein physicochemical properties of the hub gene; Subcellular
localization prediction was performed using WoLF PSORT";
Protein transmembrane domain prediction was performed by the
online tool TMHMM 2.0°%; The online analysis website STRING®
was used, the monocot genome annotation information was

o AN W
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selected as the background file for comparison, and the protein
interaction network was constructed for the hub genes.

Identification and phylogenetic analysis
of homologous genes of hub genes

The predicted amino acid sequence of the hub genes was used
as a probe, the Sorghum bicolor, Oryza sativa Japonica, and
Arabidopsis thaliana were identified by alignment and domain
alignment in pfam, CDD and SMART databases, and homologous
genes were located with similarity >50 and E-value <1le—10.
Among them, data files were downloaded from the National
Center for Biotechnology Information (National Center for
Biotechnology Information) database. After multiple sequence
alignment using maftt software, the phylogenetic tree of the gene
family was constructed by JTT+G4 method using IQ-tree
software, and the phylogenetic tree was beautified using EvolView
online website platform.

Results

Evaluation of cold-tolerance phenotypes
of Helictotrichon virescens

The cold tolerance of H. virescens was evaluated at its seedling
stage in a simulated cold-stress environment in the laboratory. The
results showed that there were no significant differences in Pro,
Rec, Chla, Chlb, POD, SOD, CAT, and ROS levels in H. virescens
seedlings grown at 25°C (Table 1). The coefficient of variation of
Pro was the largest (0.2397), while POD was the smallest (0.0021);
however, the kurtosis of each indicator was similar. Moreover,
ROS exhibited the largest skewness (0.7980), and Chlb and POD
had the smallest (0.0000). As shown in Figure 1A, Pro had a
significant negative correlation with Chlb (p<0.001), but
positively correlated with SOD (p<0.001) and CAT (p <0.0001).
Meanwhile, Chlb significantly negatively correlated with SOD
(p<0.001) and CAT (p<0.001). POD and SOD showed a
significant positive correlation (p<0.05), while SOD and CAT
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FIGURE 1

Correlation analysis of Helictotrichon virescens phenotypic indicators. Morphological data obtained from samples under (A) the control

temperature (25°C) and (B) low-temperature stress (0°C). * represents p<0.05,** represents p<0.01 and *** represents p<0.001.

showed a highly significant positive correlation (p <0.001). There

was no correlation between the other indicators.

The phenotypic data obtained after 12, 36, and 60h under
low-temperature stress (0°C) are shown in Table 2. Rec, Chia,
Chib, POD, CAT, and ROS showed significant differences in
treatment time gradient (p<0.01), except for Pro and SOD levels.

In addition to, pro had the largest coefficient of variation between
the treatment time gradients, while ROS exhibited the smallest.
Moreover, the kurtosis was the largest (0.8250) for Pro, but the
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smallest (—1.8650) for ChIb. Pro also had the largest skewness
(1.6090), while SOD had the smallest (—0.5600). Furthermore,
there was no correlation between Pro and POD, and Pro and ROS,

except for Pro and Rec, as shown in Figure 1B.
Table 3 shows that Pro, Chia, Chib, POD, SOD, CAT, and
ROS were significantly different between the treated and

control groups (p<0.01), the results of the above studies

indicated that H. virescens had less low temperature damage

and stronger resistance.
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TABLE 2 Statistical description of H. virescens phenotypic data at 0°C.

10.3389/fpls.2022.938859

Trait Range Mean SE CV/% Kurtosis Skewness Sig
Pro 0.0056-1.3260 0.3233 0.1763 0.5451 0.8250 1.6090 ns
Rec 0.0426-0.1155 0.0765 0.0106 0.1386 —1.7140 0.3080 o
Chla 0.0019-0.0028 0.0024 0.0001 0.0510 —1.6560 —0.3000 o
Chlb 0.0009-0.0012 0.0010 0.0000 0.0459 —1.8650 —0.3990 o
POD 1423.07-2195.00 1774.6511 89.9860 0.0507 —1.2050 0.1680 o
SOD 811.64-1043.80 947.4278 27.8088 0.0294 —1.0020 —0.5600 ns
CAT 494.04-743.17 616.8478 28.0549 0.0455 —0.9540 0.0610 o
ROS 3707.94-4269.36 3972.1533 75.2806 0.0190 —1.8280 0.2500 ok

ns, not significant.
##p<0.01.

TABLE 3 ANOVA of H. virescens phenotypic data (Treatment vs.
Control).

SS df MS F Sig

Pro 1.2350229 5 0.2470 2.2707 0.0000
Rec 0.0146118 5 0.0029

Chla 2.098E-06 5 0.0000 386.4508 0.0000
Chlb 2.157E-06 5 0.0000 69.7016 0.0000
POD 1250555.2 5 250111.0380 119.3142 0.0000
SOD 222368.21 5 44473.6421 18.4626 0.0000
CAT 119992.54 5 23998.5080 32.3438 0.0000
ROS 1009380.7 5 201876.1399 19.3729 0.0000

RNA-seq, WGCNA, and hub gene
identification

High-throughput illumina sequencing of 18 H. virescens
samples generated 24,000,000bp of raw data, from which
22,730,000bp of high-quality sequence data (clean data) were
obtained after assembly and de-redundancy. The clean reads were
over 6.5G per sample, and the base error rate of the sequences
from each sample was 0.02-0.03%. Additionally, the Q20 and Q30
of the clean reads were over 98.00 and 94.00%, respectively, and
their GC contents were 50.21-55.21%. Trinity splicing generated
396,649 transcript sequences from the clean reads, which were
used as reference sequences for subsequent analyses. These
transcript sequences were assembled into 112,775 Unigenes after
Corset hierarchical clustering (Cheng et al., 2022). The alignment
efficiency of the clean reads from the 18 H. virescens samples with
the reference genome was high (>70%).

The expression modules were divided according to the
standard of mixed dynamic shearing, and 38,921 transcripts
exhibiting high expression levels were selected for subsequent
analyses. The results showed that 27 gene co-expression modules
were identified in this study (Figure 2).

The association analysis was conducted using the phenotypic
traits based on the previously divided modules. The results showed
that the brown, magenta, and tan modules had significant positive
correlations (p<0.01) with ROS and the main ROS scavenging
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enzymes, such as SOD, POD, and CAT. Among these, the brown
module had the highest correlation with ROS and the main ROS
scavenging enzymes, which were 0.94 (p=4e—9), 0.89 (p =6e—7),
0.93 (p=1e—08), and 0.9 (p=3e—07) for SOD, POD, CAT, and
ROS, respectively. Furthermore, the turquoise and blue modules
exhibited significant positive correlations with the chlorophyll a
(Chla) and b (Chlb) contents, and the relative electrical
conductivity (Rec) of H. virescens leaves. The other modules
negatively correlated with the measured plant parameter
(Figure 3). Therefore, this study selected three modules (turquoise,
blue and brown modules) that exhibited the highest correlation
with cold tolerance phenotype for further analysis. Among them,
the brown module had 108 hub genes, while the blue and
turquoise modules had 96 and 21 hub genes, respectively.

GO enrichment hub genes

The GO enrichment analysis was performed on the hub genes
obtained in the brown, blue, and turqouise modules. As shown in
Figure 4A, the 108 hub genes of the brown module were mainly
enriched in sucrose synthase, translation initiation factor, and
biological pathways activities, such as UDP-glucosyltransferase,
nitric-oxide synthase, glucosyltransferase, translation factor,
structural molecule activities, and structural constituent of
ribosome. Conversely, the 96 hub genes of the blue module were
mainly enriched in glycine reductase, proline-tRNA ligase,
oxidoreductase, and other activities of the biological pathways,
such as sodium: proton antiporter, phosphatase, and carbohydrate
derivative transporter activities (Figure 4B). Figure 4C shows that
the GO enrichment analysis of the 21 hub genes of the turquoise
module was significant in glucose-6-phosphate dehydrogenase,
peptide-methionine (R)-S-oxide reductase, glutamate synthase,
nitronate monooxygenase, and oxidoreductase, and other
activities of biological pathways.

As shown in Supplementary Table 1, clusters 37118.66740,
37118.7361, 37118.42165, 37118.46066, 37118.37348, 37118.47362,
—37118.48621, 37118.14130, 37118.46066, 37118.14533, and
37118.28125 of the brown module were significantly enriched in
Translation Initiation Factor,

sucrose synthase,
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UDP-Glucosyltransferase, UDP-glycosyltransferase, and other
activities of the biological pathways. The expression levels of the above
11 hub gene clusters were significantly higher under low-temperature
stress than those under normal temperature (Figure 5A), indicating
the important roles of these hub genes in the coercion process.
Clusters — —7118.46642, 37118.47341,  37118.45930,
37118.46409, 37118.52628, 37118.52427, 37118.42974, and
37118.41399 of the blue module were significantly enriched in
glycine reductase, proline-TrNA ligase, oxidoreductase, sodium:
proton antiporter, and other activities of the biological pathways
(Supplementary Table 2). As shown in Figure 5B, the expression
levels of these hub gene clusters were significantly lower under the
low-temperature treatment than those under control conditions.
As shown in Supplementary Table 3, the turquoise module had
eight clusters (37118.55857, 37118.71123, 37118.46249,
37118.38354, 37118.47615, 37118.46437, 37118.55857, 37118.71123,
37118.46249, 37118.38354, 37118.47615, 37118.46437, 37118.45675,
and 37118.45412), which were significantly enriched in army-6-
phosphate dehydrogenase and glutamate synthase, nitronate
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monooxygenase, xidoreductase, and other activities of the biological
pathways. The expression levels of these hub gene clusters were
significantly lower under the low-temperature stress than those
under control conditions (Figure 5C).

Cheng et al. (2022) showed that H. virescens has a very high
cold tolerance and can successively survive a cold environment of
up to —25°C. The 11 hub genes of the brown module were the only
ones with significantly higher expression under low-temperature
stress, while those from the other two modules had lower
expression levels under low-temperature stress than those under
control conditions. Therefore, the 11 hub genes of the brown
module could be used as key genes responsible for cold tolerance
in H. virescens, and might need to be studied further.

KEGG enrichment hub genes

The KEGG enrichment analysis was performed for the hub
genes in the brown, blue, and turquoise modules. As shown in
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Figure 6A and Supplementary Table 4, the eight hub genes in the
brown module were mainly enriched in sphingolipid,

selenocompound, sphingolipid, starch, sucrose, pentose
phosphate, fructose, mannose, and galactose metabolism
pathways, and other biological pathways. Notably, these biological
pathways are all related to glucose metabolism, showing that
monosaccharide or polysaccharide metabolism is involved in
H. virescens response to low-temperature stress.

Contrarily, two out of the 96 hub genes in the blue module
were mainly enriched in the endocytosis pathway (Figure 6B and
Supplementary Table 5), while four out of the 21 hub genes in the

turquoise module were mainly enriched in the carotenoid
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biosynthesis, and glyoxylate and dicarboxylate metabolism
pathways (Figure 6C and Supplementary Table 6).

As shown in Figure 6D, the 14 hub genes enriched by KEGG
analysis from the three modules were further subjected to cluster
analysis based on their expression levels. The expression levels of
clusters 37118.66740 and s37118.47362 were significantly higher
under the low-temperature treatment than those under control
conditions. However, the expression levels of the remaining hub
genes, of which eight belonged to the brown module, were
significantly lower under the low-temperature treatment than
those under control conditions. Figure 3 shows that the brown
module has the highest correlation with the main ROS scavenging
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enzymes, indicating that these enzymes play important roles in
H. virescens response to low-temperature stress.

Real-time fluorescence quantitative
analysis of hub gene

In this study, the RT-PCR analysis of the four hub genes,
which exhibited higher expression in the brown module

(Figure 7), showed that,

different time points. However, after 12h of low-temperature
treatment, clusters 37118.47362, 37118.47713, and 37118.66740
had no significant difference between the control and treated
groups. However, after 36 and 60 h of low-temperature treatment,
the clusters exhibited significant differences between the control

and treated groups.

Local regulatory network of the hub

genes

Homologous EST label identification of
the hub genes

The comparison analysis of the generated hub gene transcripts
shows that the four hub genes are closely related to Triticum
aestivum, Hordeum vulgare subsp. vulgare, and the ESTs of Avena
barbata. Gene Cluster-37118.28125 matched 21 homologous
ESTs, among which it had a higher homology with cDNA
sequence DK620133.1 obtained from the shoot tips of
low-temperature barley subspecies seedlings. Meanwhile, gene
cluster-37118.66740 matched 52 homologous ESTs, and had
higher homology with DK600269.1 sequence from the cDNA
library of the stem segments of low-temperature barley subspecies.

the expression of GAPDH was stable at

The cDNA sequences obtained from callus cloning of the
low-temperature barley subspecies also had high homology with
gene cluster-37118.66740. The gene cluster-37118.47713 identified
five homologous ESTs from oat, while gene cluster-37118.47362
matched 92 homologous ESTs, of which 11 were homologous
sequences related to abiotic stress. The ESTs were deposited in the
GenBank database (NCBI), and their sequences are shown in
Supplementary Table 7.

Cytoscape_v3.9.1 was used to draw a local regulatory
network map of cold tolerance-related pathways based on the
four key regulatory genes obtained by GO and KEGG enrichment Bioinformatics ana lysis of hub genes
analyses from the brown module (Figure 8). The results showed
that clusters 37118.28125 and 37118.47362 are related to cold

tolerance and had higher weights and more interactions with

The physicochemical properties of the protein encoded by the
hub genes were analyzed. The results showed that the number of

multiple genes.
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number of amino acids in Cluster-37118.66740 was relatively
large. In addition, the protein isoelectric points of the four hubs
were all greater than 5, and they were all hydrophobic proteins
(Table 4). The subcellular localization prediction results showed
that, the hub genes were all localized to the plasma membrane.

Construction of protein interaction
network of hub genes

According to the protein function annotation information of
the Sorghum bicolor genome by STRING software, it was found
that Cluster-37118.28125, Cluster-37118.47362, and Cluster-
37118.47713 could not be compared to monocotyledonous crops.
However, the predicted results of Cluster-37118.66740 protein
were relatively accurate and the protein was highly similar to
Sb01g035890.1, a key regulatory protein in the sucrose metabolism
pathway in Sorghum bicolor. By constructing a protein interaction
network, it was found that the hub gene Cluster-37118.66740
interacted with Sb09g003460.1 and Sb04g020180.1 proteins in
Sorghum bicolor (Figure 9A).

Identification and phylogenetic analysis
of homologous genes of hub genes

A total of five sucrose synthase activity (SUS) family members
were identified in Sorghum bicolor, 6 in Oryza sativa Japonica, and
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six in Arabidopsis thaliana using the protein sequence of the cold
hub gene Cluster-37118.66740 as a probe (Supplementary Table 8).
By constructing phylogenetic trees of the four species of
H. virescens, Sorghum bicolo, Oryza sativa Japonica, and
Arabidopsis thaliana, the results showed that, the hub gene Cluster
37118.66740 (of H. virescens) and Os03g0340500 (of Oryza sativa
Japonica) belonged to the same ancestral branch and were in the
same subfamily (Figure 9B). In addition, monocotyledonous and
dicotyledonous plants form different branches, and Oryza sativa
Japonica, Sorghum bicolo and H. virescens are more closely related.
The results of this study also showed that the clustering
distribution of species in the subfamily was obvious, indicating
that the differentiation time of the sucrose synthase family genes
was earlier.

Discussion

Relationship between physiological
indices and response to low-temperature
of Helictotrichon virescens

Abiotic stresses affect plant growth and development at
different levels. Excessive production and accumulation of ROS
(such as OH, H,0,, and O*) in plant cells leads to the damage of
macromolecules, including proteins, RNA, and DNA. Superoxide
radicals (O*") are disproportionated by SOD to H,0, and further
scavenged by CAT and peroxides such as POD by conversion to
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H,O. Freezing treatment for 3h significantly increased the
activities of CAT, POD, and SOD. These results are consistent with
the findings of Bermudagrass, which showed that treatment at 4°C
over6 days increased the activities of CAT, POD, and SOD (Cheng
etal, 2016). However, 4°C over 72h low-temperature treatment
increased SOD activity but decreased CAT and POD activities
(Wei et al.,, 2015). These differences may be attributed to detailed
changes in temperature, treatment time, and grass species. All data
suggest that low-temperature stress modulates ROS by modulating
antioxidant enzyme activities. Cheng et al. (2022) showed that
with the prolongation of stress time, the ROS content in
H. virescens leaves gradually increased, and the difference between
the treatment and control groups reached significant or highly
significant levels; at the same time, POD, SOD, and CAT were
significantly enhanced, which is conducive to the scavenging of
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ROS in the H. virescens plants and other plants. In addition, due
to the diversity of plant cold tolerance indicators and physiological
adaptation mechanisms, the analysis of a single index often cannot
truly reflect the cold tolerance of plants. Therefore, a
comprehensive analysis of the related indicators of its cold
tolerance can comprehensively evaluate and compare the cold
resistance of plants. However, there is no report on the
comprehensive evaluation of the physiological response and cold
tolerance of forage varieties to low-temperature stress. He et al.
(2021) used the membership function method to calculate the
fresh weight, dry weight, chlorophyll content, SOD activity, MDA
content, free proline content, and soluble sugar content of six
kinds of grasses (Elymus sibiricus'Qingmu No.1’, E.sibiricus Tongde’,
E.breviaristatus'Tongde’, Poa crymophila’Qinghai’, Ppratensis
var.anceps Gaud Qinghai’, and Festuca sinensis Qinghai’) under
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low-temperature stress. According to the membership function
value of the six species of grasses, the cold resistance of the six
types of grass can be comprehensively evaluated so that the
evaluation results can more comprehensively reflect the actual
cold resistance of the six grass species. Cheng et al. (2022) showed
that the chlorophyll content in H. virescens leaves showed a
decreasing trend with the extension of the stress time. After 12h
of low temperature stress, the content of chlorophyll a was not
significantly different between the treated group and the control
group, and the content of chlorophyll b was significantly reduced;
after 36 and 60h of low temperature stress, the content of
chlorophyll a and b in the treated group were significantly lower
than those in the control group; In addition, the relative
conductivity of leaves increased after low temperature stress. After
12h of low temperature stress, the relative conductivity of leaves
in the treated group was 1.15 times that of the control group. After
prolonged low temperature stress to 60h, the relative conductivity
of leaves in the treated group increased. to 2.90 times that of the
control group, indicating that the stability and tolerance of leaf cell
membranes were damaged during low temperature stress; Under
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low temperature stress, the accumulation of proline (Pro) can
reduce the cytosolic freezing point and increase the osmotic
potential, thereby stabilizing the cell membrane system to prevent
cell freezing and dehydration and reduce the exudation of solutes.
The Pro content in the treated group and the control group
showed a very significant difference, and the Pro content in the
treatment group was 2.16 times that of the control group. In this
study, as shown in Table 3, the method analysis of the phenotypic
indicators of H. virescens under low-temperature stress and
control treatments was carried out, and the results showed that
Pro, Chia, Chib, POD, SOD, CAT, and ROS were significantly
different between the treated and the control groups (p <0.01), the
results of the above studies indicated that H. virescens had less low
temperature damage and stronger resistance. As shown in
Figure 1B, except for Pro and Rec, there was no correlation
between Pro and POD, and Pro and ROS, and there were
significant (p <0.05) andextremely significant (p<0.01) between
other indicators. The above results indicate that these indicators
can be used as phenotypic indicators for the identification of cold
stress in H. virescens.
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FIGURE 8
Local regulatory network of cold tolerance-related genes obtained from the brown module. Red circles represent the key cold tolerance-related
genes, while blue ones represent the differentially expressed genes interacting with the key genes.

TABLE 4 Physical and chemical properties and subcellular localization prediction of hub gene protein related to cold tolerance in H. virescens.

Transcript ID Amino acid Molecular pl Hydrophilicity Transmembrane  Subcellulat
amounts(aa) weight (KD) coefficient domain amounts  localization
Cluster-37118.28125 372 42.06 6.4 —0.381 3 Plasma membrane
Cluster-37118.47362 80 39 9.89 —-0.035 1 Chloroplast
Cluster-37118.66740 744 36.65 5.93 —0.243 2 Plasma membrane
Cluster-37118.47713 306 27.61 9.06 —0.412 1 Mitochondrion
WGCNA is a key strategy to excavate choosing a quantifiable target trait is a primary consideration
cold tolerance genes in Helictotrichon for WGCNA analysis.
virescens Qin et al. (2020) used the seedlings of cultivars C16
(CIP 397077.16) and C119 (CIP 398098.119) from the
Weighted Gene Co-expression Network Analysis is a International Potato Center as test materials for the mannitol-
research method in systems biology with many applications, induced drought stress experiment. The study obtained 15 gene
including mining gene modules related to target traits in co-expression modules closely related to root drought resistance,
multi-sample transcriptome data. Unlike other network and several core genes with the highest correlation with the target
analysis methods, WGCNA can specifically identify genes trait were identified from four modules. The functional annotation
associated with the target traits, screen core genes, and showed that most of these genes were involved in the drought
perform modular classification to obtain co-expression stress regulation pathway. Moreover, Li et al. (2019) used 47
modules with high biological significance. Therefore, transcriptome data sets of normal rice tissue for cold, drought, and
Frontiers in Plant Science frontiersin.org

36


https://doi.org/10.3389/fpls.2022.938859
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Cheng etal. 10.3389/fpls.2022.938859

A B
$b02g032250.1
A B o N
3 2 N &
2, g & 5
Sb04g020180.1 A = 2 S &
ﬂ 2 < g 3

$b05g021420.1

Cluster-3711866740 *

S0,
REy 300,(;34
2

Sb01g046230.1

17:3
Iy
3

FIGURE 9

(A) Sb01g035890.1 protein interaction network. The red node in the figure is the sorghum protein Sb01g035890.1 aligned by Cluster-37118.66740,
the red line represents gene fusion, the cyan line is from the database, the pink line is the experimental proof result, the black line is the co-
expressed protein, and the blue line represents the gene symbiotic relationship; (B) Phylogenetic Analysis of sucrose synthase gene family.

salt stress treatment. The study identified 15 modules using Through KEGG enrichment analysis, the results show that hub
WGCNA and found that the three known rice-related genes were genes are mainly enriched in biological pathways such as
present in each module. Two modules related to the three stress Sphingolipid metabolism, Selenocompound metabolism,
treatments were selected to construct the gene regulatory network Sphingolipid metabolism, Starch and sucrose metabolism, Pentose
in which 25 key genes related to stress resistance were predicted. phosphate pathway, Fructose and mannose metabolism, Galactose
Wang et al. (2021) used different peanut varieties as materials to metabolism, Glycolysis, and Gluconeogenesis. Among them, the
analyze the similarities and differences in the expression of the above biological pathways are all related to sugar metabolism,
stem-growth-related genes. The results showed that the dwarf type which indicates that monosaccharide or polysaccharide
Df216 had 5,872 differential genes while tall type Huayu had 33. metabolism is involved in the process of H. virescens in response
Df216 and the intermediate type Shanhua 108 had 6,662 to low temperature stress. Therefore, the 11 hub genes screened in
differential genes, which were implicated in the biological origin the brown module could be the key cold-tolerance genes of
and regulatory processes of the primary and secondary cell walls H. virescens, and might need further studies.

biosynthesis, phenylpropane biosynthesis and metabolism, lignin

biosynthesis, cellulose synthase activity, and other molecular

functions. Additionally, WGCNA identified five co-expression The antioxidant defense system plays an
modules significantly correlated with the main stem height, whose im portant role in response to

core genes encoded caffeoyl-CoA-O-methyltransferase, low-temperature stress in Helictotrichon
transcription factors ATAF2, WAT1, and GDSL lipase. In the virescens

present study, three modules (turquoise, blue and brown modules)

had the highest correlation with cold tolerance phenotype and Plants have complex mechanisms to respond to abiotic
were selected for further analysis. The brown module had 108 hub stresses (such as drought, salinity, and extreme temperatures). The
genes, while the blue and turquoise models had 96 and 21 hub stress signals are sensed by receptors on the cell membrane and
genes, respectively. Only 11 hub genes in the brown module had then transduced to second messengers, a phenomenon that
significantly higher expression levels under low-temperature induces the activation of downstream physiological responses. The
stress, while those in the other two modules were significantly expression of different stress-responsive genes ultimately leads to
lower than those under control conditions. Through GO a protective response in the whole plant (Varshney et al., 2011; Lei
enrichment analysis, the results showed that hub genes were et al.,, 2014). Transcriptome profiling is an important strategy for
significantly enriched in biological pathways, such as sucrose elucidating the molecular components of cells and tissues for
synthase activity, translation initiation factor activity, explaining functional elements of the genomes in response to
UDP-glucosyltransferase activity, and UDP-glycosyltransferase different stimuli (Qiu et al, 2013). High-throughput RNA
activity, among which, the above biological pathways were all sequencing (RNA-seq) has been used for gene discovery and
related to sucrose synthesis Enzymes and glycosyltransferases are regulatory network studies, including stress response studies in
related, thus indicating that the enzyme activity is involved in the higher plants (Deyholos, 2010; Kakumanu et al., 2012; Wang et al.,
low temperature response process and plays a crucial role. 2013). In recent years, some studies have revealed the molecular
Frontiers in Plant Science frontiersin.org
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mechanism of abiotic stress by RNA-seq technology in turfgrass.
For example, comparative transcriptome analysis of tall fescue and
ryegrass exposed to heat or cold stress for 10h showed that
approximately 30 and 25% of genes showed significant changes
under heat and cold stress, respectively, and of them, HSFs genes
exhibited strong responses to heat and cold stresses (Wang et al.,
2015). Transcriptome data of cold-acclimated and non-acclimated
bermudagrass were studied, and the results showed that 5,867
genes were differentially expressed in cold-acclimated and
unaccustomed bermudagrass, of which 2,181 were downregulated
and 710 were up-regulated; among up-regulated genes, AP2, NAC,
and WRKY family members were associated with cold stress (Zhu
et al, 2015). However, in comparison to other grasses, little
research has been done on the molecular mechanism of
H. virescens response to low-temperature stress. It is well known
that low-temperature stress can change the permeability of
mesophyll cells in crop seedlings, and the change in permeability
is inversely proportional to the external temperature and
proportional to the action time; therefore, the low-temperature
stress seriously causes cell membrane damage and greatly changes
cell membrane permeability (Fridovich, 1978) collectively referred
to the three enzymes SOD, CAT, and POD as cytoprotective
enzyme systems, and their activity trends could reflect the cold
tolerance of crops. In this study, H. virescens seedlings were
subjected to low temperature stress at 0°C, the results showed that
after 12, 36, and 60h of stress, the leaves of H. virescens seedlings
suffered less low temperature damage and the plants could grow
normally. Subsequently, this study conducted a method
comparison and analysis of the phenotypic indicators of
H. virescens under treated group and control group, the results
showed that POD, SOD, CAT, and ROS were significantly different
between the treatment and the control groups (p <0.01; Table 3).
The above results show that under low-temperature stress, the
high activity of antioxidant enzymes is beneficial to the removal
of ROS in H. virescens plants and reduces the damage of ROS in
the plants.

In order to elucidate the mechanism of response to cold
stress of H. virescens, previous research results show that: at low
-temperature, ROS content accumulation was the same as POD,
SOD and CAT activity, the gene that regulates POD activity
(Cluster37118.16911) and the gene that regulates ROS
(Cluster37118.62042) may be involved in ROS elimination
during low-temperature treatment (Cheng et al, 2022).
However, in this study, we used weighted gene co-expression
network analysis (WGCNA) to identify the hub genes associated
with cold tolerance in H. virescens. Specifically, the correlation
coefficients between the brow module and superoxide
dismutase, peroxisome, catalase, and ROS were 0.94 (p <0.001),
0.89 (p <0.001), 0.93 (p <0.001), and 0.9 (<0.001; Figure 2).
Therefore, GO annotation results show that, as shown in
Figure 4A, the hub genes of cluster-37118.47362, cluster-
37118.47713, and cluster-37118.66740 were mainly enriched in
sucrose synthase, translation initiation factor, and biological
activities, such as

pathways UDP-glucosyltransferase,
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nitric-oxide synthase, glucosyltransferase, translation factor,
structural molecule activities, and structural constituent of
ribosome. KEGG annotation results show that, as shown in
Figure 6A and Supplementary Table 4, the cluster-37118.47362,
cluster-37118.47713, and cluster-37118.66740 were mainly
enriched in sphingolipid, selenocompound, sphingolipid,
starch, sucrose, pentose phosphate, fructose, mannose, and
galactose metabolism pathways, and other biological pathways.
Notably, these biological pathways are all related to glucose
metabolism, showing that monosaccharide or polysaccharide
in H.
low-temperature stress. Subsequently, RT-PCR analysis of the

metabolism is involved virescens response to
hub genes that were highly expressed in the brown module
showed that the expression levels of cluster-37118.47362,
cluster-37118.47713, and cluster-37118.66740 were significantly
higher than those in the control conditions at 36 h and 60h of
low-temperature treatments (Figure 7). Compared with the
results of Cheng et al. (2022), in this study, the phenotypic data
of the analysis results of POD, SOD, CAT, and ROS phenotype
indicators were combined with the FPKM value of differential
genes to conduct WGCNA analysis, and the key hub genes were
mined. This analysis method is more reasonable and more
purposeful, and at the same time, according to the analysis
results of hub gene expression, GO annotation results, KEGG
annotation results, it can showed that cluster-37118.47362,
cluster-37118.47713, and cluster-37118.66740 play an important
role in the response to low-temperature stress in the H. virescens.
On the basis of the above research, bioinformatics analysis of
hub gene showed that, the protein isoelectric points of the hubs
were hydrophobic proteins, and the hub genes were all localized
to the plasma membrane. By constructing a protein interaction
network, it was found that the hub gene Cluster-37118.66740
interacted with Sb09g003460.1 and Sb04g020180.1 proteins in
Sorghum bicolor. Homologous gene identification results
showed that, a total of five sucrose synthase activity (SUS)
family members were identified in Sorghum bicolor, six in Oryza
sativa Japonica, and six in Arabidopsis thaliana. In addition,
KEGG enrichment analysis were performed on the above
homologous genes (Supplementary Tables 9-11), the results
showed that, all homologous genes were significantly enriched
in metabolic pathways and starch and sucrose metabolism
pathways, and studies have shown that the above biological
pathways are related to abiotic stress. It is worth noting that, by
constructing phylogenetic trees of the four species of
H. virescens, Sorghum bicolo, Oryza sativa Japonica, and
Arabidopsis thaliana, the results showed that the gene Cluster
37118.66740 and Os03g0340500 belonged to the same ancestral
branch and were in the same subfamily (Figure 9B),
subsequently, we performed functional annotation of
0s03g0340500, the functional annotation as Sucrose-UDP
glucosyltransferase 4. In plants, UDP-glycosyltransferase
catalyzes the glycosyl transfer reaction, which transfers the
sugar group from the activated donor molecule to the acceptor
molecule, thereby regulating the activity of the acceptor
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molecule in cells and organisms, such as biological activity,
dissolution sex, and transport. In conclusion, the hub gene
Cluster 37118.66740, as a key candidate gene, should be further
analyzed in the follow-up studies.
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MsTHI1 overexpression
Improves drought tolerance in
transgenic alfalfa (Medicago
sativa L.)
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Guowen Cui* and Pan Zhang*
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In recent years, drought stress caused by global warming has become a
major constraint on agriculture. The thiamine thiazole synthase (THI1) is
responsible for controlling thiamine production in plants displaying a response
to various abiotic stresses. Nonetheless, most of the THI1 activities in plants
remain largely unknown. In this study, we extracted MsTHI1 from alfalfa and
demonstrated its beneficial impact on improving the resistance of plants to
stress conditions. The highest levels of MsTHI1 expression were identified
in alfalfa leaves, triggered by exposure to cold, drought, salt, or alkaline
conditions. The upregulation of MsTHI1 in drought-stressed transgenic plants
resulted in enhanced accumulation of vitamin B1 (VB1), chlorophyll a (Chl
a), chlorophyll b (Chl b), soluble protein, higher soil and plant analyzer
development (SPAD) value, and the activity of peroxidase (POD), maintained
Fv/Fm, and decreased lipid peroxidation. Moreover, overexpression of MsTHI1
upregulated the transcription of THI4, TPK1, RbcX2, Cu/Zn-SOD, CPK13,
and CPK32 and downregulated the transcription of TH1 and CPK17 in
transgenic alfalfa under drought stress. These results suggested that MsTHI1
enhances drought tolerance by strengthening photosynthesis, regulating the
antioxidant defense system, maintaining osmotic homeostasis, and mediating
plant signal transduction.

KEYWORDS

alfalfa, MsTHI1, photosynthesis, antioxidant defense, osmotic homeostasis, drought
tolerance

Introduction

Plants must deal with abiotic and biotic stresses in the wild, where they are constantly
subjected to unfavorable environmental stresses (Zhu, 2016; Rao et al., 2020). The
increased frequency and intensity of extreme weather events due to climate changes
make drought stress a significant constraint on agriculture (Rivero et al., 2022). Climate
change has made drought an even more substantial problem, dramatically reducing crop
yields and quality and limiting plant development (Li et al., 2020). Plants respond to
drought conditions by altering photosynthetic, physiological, metabolic, and molecular
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activities, which in turn causes membrane rearrangement,
osmotic pressure aggravation, the buildup of reactive oxygen
species (ROS), in addition to functional abnormalities in cellular
components (Roo et al., 2020; Yan et al., 2020). As a result,
plants have developed sophisticated defense mechanisms to
mitigate the detriment of drought conditions, from molecular
and physiological to cellular and ecological levels (Xu and Zhou,
2008; Hussain et al., 2018). Rapid genetic enhancements in
drought-tolerant crops may be possible if proteins or genes
involved in such alterations are identified.

As an enzyme cofactor, thiamine [vitamin Bl (VBI)] is an
integral part of the diets of all living species, since it is required
for the appropriate metabolic activity of all living things (Strobbe
et al,, 2022). In plants, the biosynthesis of thiamine is promoted
during adaptation responses to persistent abiotic stresses, such as
drought, cold, heat, salinity, and oxidative stress (Rapala-Kozik
et al,, 2008; Yu et al., 2014; Meng et al., 2017; Amjad et al., 2021;
Qian et al,, 2022). Thiamine can improve the oxidation state of
mitochondria, enhance the activities of pyruvate dehydrogenase
(PDH), release ROS quickly when stimulated by stress, and
activate downstream genes to induce stress resistance in plants.
Thiamine thiazole synthase (THI1), also known as 4-methyl-5-
hydroxyethyl thiazole phosphate (HET-P) synthase, is a major
enzyme in thiamine biosynthesis, and it performs a crucial
function in controlling thiamine production in plants (Chen
et al, 2022). Nodule expansion and seed development in
Lotus japonicus depend on the thiamine synthesis controlled
by THII (Nagae et al., 2016). Concurrently, THII reacted to
various abiotic stimuli, which may improve mitochondrial DNA
damage tolerance (Rapala-Kozik et al., 2012). The expression
of THI was upregulated in Elaeis guineensis (oil palm) under
osmotic, salinity, and oxidative stress, and was also found to
be predominantly upregulated in the early phase (2-6h) of the
NaCl or sorbitol treatment in Arabidopsis (Rapala-Kozik et al,
20125 Abidin et al., 2016). When temperatures increased, THII
was more prevalent than usual, while thiamine concentrations
were lower than usual in Oryza meridionalis (Scafaro et al,
2010). THII plays a vital role in the drought responsiveness in
Arabidopsis and the abscisic acid (ABA) signaling in guard cells
(Livak and Schmittgen, 2000). To regulate ABA activation of
slow-type anion channels and ABA-induced stomatal closure in
Arabidopsis, THII can inhibit Ca?T-dependent protein kinase
(CPK33) activity in a plasma membrane-restricted way (Li et al.,
2016).

A significant amount of Medicago sativa, also known as
alfalfa, is grown globally as a leguminous feed crop. Alfalfa is
essential for the growth of herbivorous animal husbandry and
agricultural sustainability due to its high protein content and
palatability and symbiotic nitrogen fixation (Yang et al., 2021).
The alfalfa acreage has significantly risen in China since the
Chinese government has started a strategy to strengthen the milk
and alfalfa sectors in 2012 (Fan et al., 2018). Although the deep
root structure of alfalfa protects it from drought on the dry and
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semi-arid ground, the scanty and erratic precipitation of the
region has severely hampered crop yields and quality, stifling
the growth in the alfalfa business (Zhang and Shi, 2018; Zhao
et al, 2019). Enhancing drought resistance of alfalfa requires
first learning about its molecular process by which the plant
reacts to drought stress. Even though numerous THII genes
have important activities in other plants, little is known about
THII in alfalfa. In this investigation, the MsTHII was extracted
from alfalfa and was characterized. The transcription levels of
MSsTHII in reaction to cold, drought, salt, and alkalinity were
tested to identify how MsTHII is expressed in response to
abiotic stresses. The physiological functions of MsTHII under
drought stress have also been studied by overexpressing MsTHI1
in Nicotiana benthamiana (tobacco) and alfalfa. In addition,
the regulation mechanism was illustrated by quantifying the
expression of associated genes involved in the thiamine
pathway and stress response. Our findings demonstrated
that MsTHII upregulation increased drought resistance by
boosting photosynthetic activities, decreasing ROS formation,
and preserving osmotic stability. This study will improve our
knowledge on how alfalfa reacts to droughts, which could have
implications for stress-resistance breeding efforts.

Materials and methods

Plant materials and stress treatments

Alfalfa (Medicago sativa L. cv. Longmu 801) seeds were
treated with 75% ethanol solution for 30 s, followed by treatment
with 10% NaClO solution for 10min. The seeds were then
germinated on moist filter paper in Petri dishes after being
cleaned 4-5 times with ultrapure water. When the seedlings
were 5 days old, they were transplanted into a pot with nutrient
soil, perlite, and vermiculite (1:1:1). They were placed in a
growth chamber with 60% humidity and a 16 h photoperiod at
24°C and irrigated with 1/2 Hoagland nutrient solution every
2 days. The seedlings were exposed to stress treatments for 4
weeks at 0 (control), 3, 6, 12, 24, and 48h. To simulate the
effects of drought, salt, and alkaline stress, the alfalfa plants
were transplanted into nutritional solutions containing 15%
PEG-6000, 150 mM NaCl, and 150 mM NaHCO3, respectively.
To carry out the cold treatment, the plants were placed in a
growth chamber maintained at 4°C. Leaves, stems, and roots
were promptly removed, frozen in liquid nitrogen, and stored
at —80°C for subsequent examination. The experiment was
performed in triplicate.

Isolation and sequence analysis of
MsTHI1 gene

The total RNA from alfalfa leaves was isolated using
an Ultrapure RNA kit (CWBIO, Beijing, China). Following
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the manufacturer’s instructions, first-strand complementary
DNA (cDNA) was generated using the HiScript II 15t Strand
cDNA Synthesis Kit (+gDNA wiper) (Vazyme, Nanjing,
China). The coding DNA sequence (CDS) of MsTHII was
obtained via PCR with degenerate primers (MsTHI1-F/MsTHII-
R, Supplementary Table S1) that were designed based on the
MtTHII sequence of Medicago truncatula retrieved from
the National Center for Biotechnology Information (NCBI).
The coding uses a 2xUniqueTM Taq Master Mix (with
Dye) (Novogene, Beijing, China) following the manufacturer’s
instructions. The PCR product was inserted into the pEASY-
Blunt Simple Cloning vector using ClonExpress®II One Step
Cloning Kit (Vazyme, Nanjing, China) and sequenced by
SangonBiotech Co. (Shanghai, China).

DNAMAN
determinations (version 9, LynnonBiosoft). The phylogenetic

software performed multiple comparison

tree was generated using MEGA X software and the neighboring
connection method. MEME was employed to examine the
conserved motif (http://memesuite.org/). Protparam (http://
expasy.org/Proteomics) was used to explore the physical and
chemical characteristics of polygenes. The secondary structure
of the protein was anticipated by the web application, SPOMA
(http://pbil.ibcp.fr). The 3D structure of the MsTHII amino
acid sequence was predicted using SWISS-MODEL (https://
Using CELLOv.2.5 (http://cello.
life.nctu.edu.tw/), the subcellular localization of amino acid

swissmodel.expasy.org/).

sequences in alfalfa was predicted.

Subcellular localization of MsTHI1 protein

The coding region of MsTHII without a stop codon was
amplified using specific primers (MsTHI1-BamHI-F/MsTHII-
SacI-R,
restriction sites. The amplicons were double-digested with
Sacl and BamHI, followed by joining with pCAMBIA-1300
to create a fusion plasmid, pCAMBIA1300-MsTHI1-green
fluorescent protein (GFP). The MsTHII fusion protein was

Supplementary Table S1)  with BamHI and Sacl

transformed into the epidermal cells of N. benthamiana through
the infiltration of Agrobacterium tumefaciens. A confocal laser
scanning microscope was used to identify the fluorescence
signal after 48 h incubation at 25°C in the dark (Leica TCS SP2
AOBS, Germany).

Quantitative real-time PCR analysis

Quantitative real-time PCR (qPCR) was used to determine
how MsTHII is expressed in different tissues and how it
responds to environmental stress in transgenic alfalfa. Total
RNA was removed from each piece of harvested tissue
and reverse transcribed into ¢cDNA. The CDS of MsTHII
was used to make the qPCR primers for MsTHII. The
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GAPDH gene was utilized in alfalfa as an internal control
(He et al., 2020). In transgenic tobacco plants, the tobacco
actin gene (NtActin) was used as a reference gene. Using
the online NCBI Primer-BLAST (http://www.ncbi.nlm.nih.gov/
tools/primer-blast/), gene-specific primers for thiamine pathway
genes were made and are listed in Supplementary Table S1.
Three separate biological replicates and three identical reactions
were done with each sample. The 2~ 2ACT comparative method
was used to determine how each gene was expressed (Livak and
Schmittgen, 2000).

Plant transformation and generation of
transgenic plants

For generating transgenic tobacco plants, the gene-
specific primers (MsTHII-PstI-F/MsTHII-BamHI-R,
Supplementary Table S1) of MsTHII were inserted into
the pCAMBIA1300 vector to make pCAMBIA1300-MsTHI1
expression vector. Afterward, the recombinant vector was put
into the A. tumefaciens strain, EHA105. Then, the recombinant
vector was introduced into EHA105, and transformed into
wild-type (WT) tobacco by the agroinfiltration method (Kaur
et al, 2021). A 20 mg-L~! hygromycin (Hyg) was put into
the medium for seed germination to find transgenic lines
(T1) that are resistant to Hyg. Utilizing specific primers
(Hyg-F/Hyg-R, Supplementary Table S1), a PCR test was
used to detect the Hyg gene in homozygous transformants
(T2), which was validated by qPCR using specific primers for
MsTHII. NtActin was used as a control within the lab. For
more drought stress tests, lines 2 (OV#Nt2), 3 (OV#Nt3), and 7
(OV#Nt7) from T2-generation homozygous lines and WT lines
were utilized.

To create transgenic alfalfa plants, the gene-specific primers
(MsTHII-Spel-F/MsTHII-Xbal-R,
of MsTHII were inserted into the pMDCI23 vector to
make pMDCI23-MsTHI1 expression vector. After that,
the recombinant vector was put into A. tumefaciens strain,
LB4404, and transformed into the cotyledon nodes of alfalfa
using the agroinfiltration method (Sun et al., 2020). Since

Supplementary Table S1)

the pMDC123 vector has a Bar resistance gene that makes it
resistant to the herbicide glufosinate, 1.0 mg-L ™! of glufosinate-
ammonium was used to pick out the transformants. The
shoots grown back were planted in 1/2 Murashige and Skoog
(MS) medium. The herbicide-resistant plants were then
put through a PCR test to find the Bar gene by employing
(Bar-F/Bar-R,
which was affirmed by qPCR using specific primers for
MsTHII. The GAPDH gene from alfalfa was used as a
control for the study. The homozygous lines were then

specific  primers Supplementary Table S1),

passed on and used in more tests to find how drought
affects plants.
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Drought tolerance assay

On 1/2-strength MS medium plates, seeds of WT tobacco
and transgenic tobacco lines were planted and kept at 4°C for
2 days before being moved to a growth chamber at 25°C for
7 days. After the seeds were germinated, they were moved to
a greenhouse and put in plastic containers with vermiculite.
Drought resistance tests were done on 3-week-old plants. The
WT alfalfa and transgenic alfalfa were spread by cutting. Then,
the same WT and transgenic plants were moved into plastic pots
with vermiculite and put in a greenhouse. Drought tolerance
tests were done on 6-week-old plants. For drought tolerance
tests, the plants were irrigated for a week with a nutrient solution
with 15% PEG-6000. Afterward, the treated leaves of the plants
were picked right away, frozen in liquid nitrogen, and kept at
—80°C for subsequent use.

Measurement of physiological and
biochemical changes

Stress-treated W'T, transgenic plants, and three categories of
biological repeats, in addition to the three technical repeats, were
set up at each time point. A kit was used to quantify the amount
of VBI1 based on the manufacturer’s recommendations (Comin,
Suzhou, China). The accumulation of malondialdehyde (MDA)
was determined by a modified thiobarbituric acid (TBA) method
as described by Puckette et al. (2007). The relative chlorophyll
content [soil and plant analyzer development (SPAD) value]
was measured by the SPAD-502 Chlorophyll Meter, and three
leaves from each group were used to determine the value.
Three measurements were made to find the average SPAD value.
Three leaves kept in the dark for 20 min were measured thrice
to get an average Fv/Fm value. The amount of superoxide
anion radical (O; ) was measured by making some changes
to the procedure reported by Jiang and Zhang (2001). The
nitroblue tetrazolium (NBT) method (Giannopolitis and Ries,
1972) with a few minor changes were used to test the activity of
superoxide dismutase (SOD, EC1.15.1.1). The guaiacol method
was used to measure the peroxidase activity (POD, EC 1.11.1.7)
(Polle et al., 1994). The amount of proline (Pro) was found
using spectrophotometry and the ninhydrin method (Zhao
et al., 2009). Wellburn and Lichtenthaler (1984) found out the
quantity of chlorophyll a (Chl a) and chlorophyll b (Chl b)
present in plants. Tietze (1969) used fluorometry to identify
reduced glutathione (GSH) in the body. The Bradford method
was employed to determine the soluble protein (Bradford, 1976).

Expression analysis of related genes
In WT and transgenic alfalfa, the expression of eight genes

associated with the thiamine pathway and stress response
was analyzed by employing qPCR; this was done to show how
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MsTHII helps plants deal with drought. Some of these genes, like
thiazole biosynthetic enzyme (THIAMIN4, THI4), 4-amino-
2-methyl-5-hydroxymethyl pyrimidine phosphate (HMP-P)
kinase/thiamin monophosphate (TMP) pyrophosphorylase
(TH1), thiamine pyrophosphokinase (TPK1I), chaperonin-like
RbcX protein 2 (RbcX2), SOD [Cu-Zn] (Cu/Zn-SOD), and
calcium-dependent protein kinases (CPKI3, CPKI7, and
CPK32) play critical roles in thiamine synthesis and abiotic
stress response. The GAPDH gene was utilized as an internal
reference gene, and Supplementary Table S1 lists the primers
employed in this study.

Data analysis

All experiments presented in this study were done three
times in the same way. For statistical analysis with SPSS 22.0,
the Student’s t-test and one-way analysis of variance were used
to identify significant differences.

Results

Isolation and characteristics of MsTHI1

The MsTHI1I CDS (GenBank accession: MH206189)
encoded a protein of 350 amino acids with three putative
thiazole synthesis domains, 20 essential amino acids, 28
positively charged amino acid residues (Arg, Lys), and
36 negatively charged amino acid residues (Asp, Glu)
(Supplementary Figure SIA). The MsTHII has the chemical
formula of Ci623H2605N4410500S19, the molecular weight
(MW) of 3691 kDa, and a predicted isoelectric point (PI)
of 5.68. MsTHII protein aqueous solution at 280nm has
an extinction coeflicient of 18,575, fat coefficient of 90.3, an
average hydrophilic coefficient of 0.112, and an instability
coeflicient of 33.24, suggesting the stability of the protein. The
neighbor-joining approach used to generate the phylogenetic
tree showed that MsTHII and MtTHIl were on the same
branch and that MsTHII was the most similar to MtTHII
(Supplementary Figure S1B). MsTHII protein, as accurately
predicted by its three-dimensional structure, consists of 32.86%
a-helices, 18.57% P-extension chain, 8.29% f-rotation angle,
and 40.29% irregular curls (Supplementary Figure S1C).

Subcellular localization of MsTHI1

To investigate the subcellular distribution of MsTHII, a
GFP-MsTHI1 fusion protein was transiently coexpressed in N.
benthamiana leaves and then visualized using laser scanning
confocal microscopy. MsTHI1-GFP fluorescence was found
in the cell membrane and chloroplasts, as evidenced by the
brilliant field under infected leaves, as well as the fusion picture
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FIGURE 1
Subcellular localization of MsTHI1. (A) fusion GFP fluorescence. (B) bright field under infected leaves, (C) fusion picture. Scale bar, 20 pm.

(Figure 1). However, predictions of CELLO 2.5 to find where
MSsTHII is subcellularly localized suggested that it is most likely
to be found in chloroplasts (4.275). Therefore, the MsTHII
protein was primarily found in chloroplasts.

MsTHI1 expression patterns

The expression profiles of MsTHII in distinct alfalfa tissues
and its sensitivities to drought, cold, salt, and alkaline stress
were studied through qPCR. The findings demonstrated that
the expression pattern of MsTHII in alfalfa leaves was more
significant than in the roots and stems (Figure2A). The
expression level of MsTHII was significantly suppressed during
cold stress (Figure 2B). The expression level of MsTHII changed
comparably with 15% of PEG and 150 mM of NaCl treatment.
They peaked at 3h, dropped at 6 and 12h, and climbed once
more at 24 and 48h. Contrary to the MsTHII upregulation
under salt stress, the MsTHII expression was significantly
suppressed at 6 and 12h under drought stress. The expression
level of MsTHII at 150 mM of NaHCO3 peaked at 3 h, followed
by a drop from 6 to 48 h. These findings indicated that MsTHII
expression was tissue-specific in alfalfa and that MsTHII might
implicate the self-protection mechanisms of alfalfa in response
to aggressive ecological scenarios.

The ability of transgenic plants to tolerate
drought is enhanced by MsTHI1
upregulation

Transgenic tobacco (T2) and alfalfa plants were created

and validated with Hyg and Bar, respectively, through PCR
to examine the involvement of MsTHII in the plant drought
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tolerance (Supplementary Figure S2). MsTHII transcript levels
in OV#Nt2, OV#Nt3, as well as OV#Nt7 transgenic lines
were 413.6, 3593.0, and 3014.8 times greater than those in
WT tobacco plants, accordingly (Figure 3A). The expression
of MsTHII was 29.2 and 6.9 times greater in OV#Ms7 and
OV#Ms9 transgenic lines, respectively, compared to that in WT
alfalfa plants (Figure 3B). No phenotype was observed between
MsTHII-transformed and WT plants under normal control
conditions in either transgenic tobacco or transgenic alfalfa
(Figures 3C,D). When exposed to dryness for a week, the leaves
of both WT tobacco and alfalfa plants wilted, and the growth
was significantly suppressed. Despite this, OV#Nt2, OV#Nt3,
OV#Nt7, OV#Ms7, and OV#Ms9 continued to develop properly
with only a few yellow leaves. The results demonstrated that
the drought resistance of transgenic plants was enhanced by
overexpressing MsTHII.

Modifications in the physiology of
transgenic plants that overexpress
MsTHI1 during conditions of drought
stress

To better demonstrate the role of MsTHII in stress

conditions tolerance, the physiological modifications in
the transgenic tobacco or even alfalfa plants experiencing
environmental stresses were studied. Transgenic tobacco
with an increased VB concentration was found both in
normal and drought conditions due to MsTHII upregulation
(Figure 4). During normal conditions, MDA levels in WT
plants were higher than in OV#Nt2 and OV#Nt3 species. Even
though the SPAD value of the transgenic tobacco was lesser
than that of the WT plants in the control environment, all

plants increased their SPAD value after being subjected to
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letters denote variations that are statistically significant (@ = 0.05).

Expression pattern of MsTHI1. (A) Tissue-specific expression of MsTH/ in the alfalfa root, stem, and leaf. (B) Expression analysis of MsTHI1 in
leaves of alfalfa subjected to cold (4°C), drought (15% PEG), salt (150 mM of NaCl), and alkaline (150 mM of NaHCO3) stresses. The expression
levels were normalized in the alfalfa GAPDH gene. Mean =+ standard deviations from three biological replicates are shown with error bars. These

drought treatment, with OV#Nt7 plants showing the most
significant increase. During drought conditions, the Fv/Fm
ratio decreased more quickly in WT plants than in transgenic
tobacco, with OV#Nt2 plants having the highest Fv/Fm ratio
(0.79). Following drought stress, the WT and transgenic
tobacco showed an increase in O, concentration and SOD
and POD activities. While WT plants increased their O~
level quicker than the transgenic tobacco, the latter eventually
caught up. Considering drought stress, there was no significant
difference between the WT and transgenic tobacco in free
Pro concentration.

During drought conditions, VB1 levels in transgenic and
WT alfalfa decreased, but the transgenic plants maintained
a greater VBI concentration than the WT ones. During
drought conditions, MDA levels of transgenic and WT alfalfa
were elevated, whereas the MDA level of transgenic alfalfa
was lower under control or drought conditions. Chl a and
Chl b concentrations were reduced during drought and
were increased in MsTHI-transformed plants, mirroring the
pattern of VBI. Transgenic and WT alfalfa both elevated their
Oy
the O, level of transgenic alfalfa remained lower in

levels in response to drought conditions, whereas

control and drought conditions. However, the functions
of SOD and the concentrations of GSH in transgenic
alfalfa plants were significantly decreased compared to
WT plants during control and droughts scenarios, confirming
the role of VBI1 in alfalfa drought tolerance. Transgenic
alfalfa and WT plants exhibited statistically significant
elevations in POD activity and Pro content in response to
drought conditions.
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Expression analysis of associated genes
in the overexpression of MsTHI1 in
transgenic alfalfa under drought stress

Eight associated genes involving THI4, TH1, TPKI, RbcX2,
Cu/Zn-SOD, CPK13, CPK17, and CPK32 were assessed for
their expression patterns in transgenic and WT alfalfa plants
under drought conditions using qPCR. As depicted in Figure 6,
drought stress dramatically upregulated the expression of THI4,
TPK1, RbcX2, and CPK32 in transgenic and WT alfalfa plants.
Intriguingly, during drought stress, TH1 and CPK17 expression
levels were reduced in transgenic alfalfa while they were
increased in WT alfalfa. During drought conditions, Cu/Zn-SOD
expression did not alter much in the transgenic alfalfa, whereas
it was significantly upregulated in WT alfalfa. During drought
stress, the CPK13 expression was elevated in the transgenic
alfalfa but suppressed in WT plants.

Discussion

To support proper metabolic activity, people depend on an
adequate thiamin intake from food. Metabolic engineering to
boost thiamin production in plants is a promising approach
to reducing VBl deficiency and, by extension, improving
worldwide human health (Strobbe et al., 2021). In addition to
its established roles in thiamine synthesis and mitochondrial
DNA damage resistance, THII contributes significantly to
plant abiotic response to stress (Rapala-Kozik et al., 2012;
Li et al, 2016). Several plant THII genes that respond to
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alfalfa lines 7 and 9, respectively.

Identification of transformation with MsTHI1 via qPCR and phenotype of transformation with MsTHI1 under control conditions and drought
stress. (A) Identifying transgenic tobacco via quantitative real-time PCR (qPCR). (B) Identifying transgenic alfalfa via gPCR. (C) Phenotype of
three-week-old transgenic tobacco plants with overexpressed MsTHI1 under control and drought stress for seven days. (D) Phenotype of
six-week-old transgenic alfalfa plants with overexpressed MsTHI1 under control and drought stress for seven days. NtActin and alfalfa GAPDH
gene were used as the internal reference control for identifying transgenic tobacco and alfalfa, respectively, via gPCR. Mean + standard
deviations from three biological replicates are shown with error bars. “**": extremely significant difference between WT and transformation line
(P < 0.01). WT: wild type; OV#Nt2, OV#Nt3, and OV#Nt7: transgenic tobacco lines 2, 3, and 7, respectively. OV#Ms7 and OV#Ms9: transgenic

Control Drought stress

drought, salinity, heat, and oxidative stress have been identified
(Livak and Schmittgen, 2000; Scafaro et al, 2010; Abidin
et al., 2016; Mangel et al,, 2017; Chen et al.,, 2022), but no
research has been conducted on alfalfa. Here, we report the
isolation and functional characterization of a THII gene (called
MsTHII) from alfalfa. The protein encoded by MsTHII is
350 amino acids long. It has three putative thiazole synthesis
domains (Supplementary Figure S1A), all of which bind to
2-carboxylate-4-methyl-5-beta-(ethyladenosine 5’-diphosphate)
thiazole, a possible intermediate in the thiazole biosynthesis
of Eukaryotes (Godoi et al., 2006). The MsTHI1 protein was
localized mainly in the chloroplast of plant cells (Figure 1), as
is the case for the translation initiation at the first AUG (start
codons) directs translocation of THII to chloroplasts, indicating
a high requirement for THII in chloroplasts (Chabregas et al.,
2003). Similar to THI1 expression in Arabidopsis (Teixeira et al.,
2005; Dong et al., 2015), the expression level of MsTHI1 in alfalfa
leaves was higher than that in the roots and stems (Figure 2A),
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confirming the tissue-specific expression of THII1. The MsTHI1
was quickly upregulated in alfalfa leaves within 3h during
drought, salt, and alkaline stress, and downregulated under cold
stress (Figure 2B), which might contribute to the self-protection
mechanisms of alfalfa in response to unfavorable ecological
scenarios. Although the expression of MsTHII was similar in
response to drought and salt, MsTHII responses were more
sensitive to salt, which may be associated with the characters of
the alfalfa cultivar used in the study.

Overexpressing MsTHII can increase drought resistance
in transgenic plants. Drought stress significantly stunted the
development of WT tobacco and alfalfa plants (Figure 3). To
better understand the role of MsTHII in plants during drought
conditions, we studied the physiological and biochemical
responses of transgenic plants. VBI is a vital member of the
vitamin B group, and the elevation in the level of VBI is
important in alleviating stressful conditions (Amjad et al., 2021).
Our results demonstrated that VBI levels in transgenic tobacco
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Modifications in the physiology of transgenic tobacco plants that overexpress MsTHI1 during control or under drought stress. Mean =+ standard

deviations from three biological replicates are displayed with error bars. MDA, malondialdehyde. SPAD, soil and plant analyzer development.
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FIGURE 4 (Continued)

Fv/Fm, the PS Il primary light energy conversion efficiency. O, superoxide anion radical. SOD, superoxide dismutase. POD, peroxidase. Pro,
proline. WT, wild type. OV#Nt2, OV#Nt3, and OV#Nt7, transgenic tobacco lines 2, 3, and 7, respectively. "*", significant difference between WT
and transgenic tobacco lines (P < 0.05). "**", extremely significant difference between WT and transgenic tobacco lines (P < 0.01).

and alfalfa were always significantly higher than in WT plants.
However, VB1 contents diminished in WT and transgenic
plants under drought conditions suggesting that MsTHII
overexpression can counteract drought stress by consuming
VBI. The MDA amount was also analyzed as a vital sign of
lipid peroxidation in the membrane, reflecting stress-induced
molecular damage. Following exposure to drought, transgenic
SbWRKY30 Arabidopsis, as well as rice plants, had lower levels
of MDA than WT plants (Yang et al, 2020). In this case,
MDA levels in MsTHII-overexpressed alfalfa were considerably
lower than in WT alfalfa during control and drought stress,
demonstrating a robust ability to reduce membrane damage.
However, the MDA content in the transgenic tobacco was
higher than that in the WT tobacco after drought stress.
The results may reflect the difference in ROS scavenging
capacity and plasma membrane damage in alfalfa and tobacco.
Balanced photosynthesis under drought is necessary for better
survivability and agricultural benefits in terms of biomass and
output (Daszkowska-Golec et al,, 2019). Leaf SPAD readings
were directly correlated with grain output, and most of the
high SPAD genotypes sustained hot canopies under drought
(Raina et al, 2019). The chlorophyll contents and Fv/Fm,
utilized as reliable benchmark indicators in identifying drought-
adapted genotypes, were reduced under drought-treated Zea
mays (maize) seedlings (Chen et al., 2016). In this study, the
SPAD value in OV#Nt7 was substantially higher than that in the
WT tobacco under drought stress. Simultaneously, the decline
rate of Fv/Fm in the WT tobacco was faster than in transgenic
plants during drought conditions. The levels of Chl a and Chl b
reduced during drought conditions, but the alfalfa transformed
with MsTHI had more significant Chl a and Chl b levels. These
results revealed that MsTHII upregulation might have a function
of controlling chlorophyll content to balance photosynthesis,
thus conferring a degree of drought conditions.

Drought stress can produce an immediate generation of
ROS. Plants might elicit an antioxidant protective mechanism
to scavenge superfluous ROS and protect the cells against
oxidative stress during stressful circumstances (Sharma et al.,
2012). The antioxidant enzymes, including SOD and POD,
and non-enzymatic antioxidants, including GSH, are critical
in detoxifying stress-induced ROS. Herein, we noticed that
the transgenic tobacco and alfalfa revealed a lower O level
than WT plants during drought conditions (Figures4, 5).
Nevertheless, SOD activities and GSH concentration in the
transgenic alfalfa were similarly lesser than in WT plants.
The variations in POD activities depend on the expression
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pattern of MsTHII in transformants. There was no difference
in the POD activity between transgenic and WT tobacco
under drought stress. Conversely, the concentration of soluble
protein fell quickly during drought conditions. Previous findings
have indicated that the rise of VB1 by stimulating thiamine
metabolism protected cell organelles and decreased the ROS
levels in the cells of Taxus Chinensis, and chlorophyll could be
employed as an antioxidant (Meng et al., 2017; Agathokleous
etal., 2020). Consequently, ROS scavenging in transgenic plants
might correlate with MsTHII upregulation, which triggered
the thiamine metabolism and the aggregation of chlorophyll
to decrease the amount of ROS. The soluble protein and free
Pro are key osmotic regulators, which can raise the osmotic
potential of cells and boost plant tolerance to stressful conditions
(Hosseinifard et al., 2022). In the present research, the soluble
protein level in transgenic alfalfa was mainly greater than that
in WT alfalfa during control or drought settings. Although the
level of Pro in transgenic alfalfa was consistently lower than
that in WT alfalfa throughout control and drought situations,
there was no difference in the level of Pro between transgenic
and WT tobacco under drought conditions. These findings
demonstrated that enhancing drought tolerance in transgenic
plants might link with the buildup of soluble protein during
drought environments.

Upregulated MsTHII alfalfa responds to drought conditions
by upregulating genes involved in the thiamine system and
stress response. The suicide enzyme, THI4 is responsible for
mediating the production of the thiazole precursor of thiamin
(cThz-P), and hence, it must be destroyed and resynthesized
(Sun et al,, 2019). Verticillium dahliae, a disease of vascular
plants, is more resistant to stresses like UV damage and oxidative
stress due to VATHI4 (Hoppenau et al., 2014). THI, a thiamine
phosphate synthase, was upregulated in response to oxidative
stress due to its involvement in the phosphorylation of HMP-P
from plant thiamine thiazole to HMP-pyrophosphate (HMP-
PP) (Strobbe et al,, 2021). TPK is a crucial enzyme in the
biosynthetic pathways of thiamine, and during environmental
stresses, TPK activities were significantly increased in regulating
thiamine metabolism in maize seedlings (Rapala-Kozik et al,
2008). During drought conditions, this research found that
THI4 and TPKI transcription levels were elevated in transgenic
alfalfa, whereas TH1 levels were declined (Figure 6). RbcX2 can
carboxylate Rubisco, which boosts photosynthesis and can also
fold proteins to control the accumulation of soluble protein
and drought resistance in plants (Liu et al., 2010; Doron et al.,
2020). One form of SOD, Cu/Zn-SOD, is fundamental due to
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FIGURE 5 (Continued)

POD, peroxidase. GSH, reduced glutathione. Pro, proline. WT, wild type. OV#Ms7 and OV#Ms9, transgenic alfalfa lines 7 and 9, respectively. "*",
significant difference between WT and transgenic tobacco lines (P < 0.05). "**", extremely significant difference between WT and transgenic
tobacco lines (P < 0.01).
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10.3389/fpls.2022.992024

its role in ROS elimination and its correlation with drought RbcX2 transcription in response to drought stress, while WT
tolerance in plants (Saed-Moucheshi et al., 2021; Zhang et al., alfalfa showed a marked increase in Cu/Zn-SOD transcription.
2021). Both transgenic and WT alfalfa showed an increase in Changes in the content of soluble protein and SOD activity in the
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drought tolerance experiment of transformants were in line with
these findings. Serine/threonine protein kinases, of which CPKs
are a subfamily, interact with THII to confer resistance to abiotic
stressors, such as dehydration, salinity, and low temperature
(Atifetal., 2019; Zhang et al., 2020; Chen et al., 2021). Variations
in CPK13, CPK17,and CPK32 transcription were observed in the
present study. These findings indicated that CPKs might have
a role in regulating the response of MsTHII to drought stress;
however, the mechanisms by which CPKs regulated MsTHII
expression still require investigation.

Accordingly, we postulated that MsTHII participation in
the plant drought tolerance might include a complicated
regulating network that includes the physiological and gene
expression levels (Figure 7). The overexpression of MsTHII
can enhance the transcription of THI4, TPK1, RbcX2, Cu/Zn-
SOD, CPK13, and CPK32, and decrease the transcription
of THI and CPKI7 to increase the accumulation of VBI,
Chl a, Chl b, soluble protein, and POD activities, which
helps preserve osmotic balance and strengthens photosynthesis
and ROS scavenging.

Conclusion

Overall, we could identify the thiamine thiazole synthase,
MsTHII, from alfalfa and determine its beneficial effect on the
enhancement of drought stress tolerance. MsTHII localized to
chloroplasts and alfalfa leaves exhibited excellent expression
levels. Simultaneously, exposure to stressful conditions
increased MsTHII. The upregulation of MsTHII enhanced
drought tolerance in plants and led to an enhancement in
photosynthesis by increasing SPAD, maintaining Fv/Fm, and
aggregating Chl a and Chl b, reducing the ROS accumulation
and lipid peroxidation by elevating VBI1 synthesis and
POD activity, reducing MDA, and maintaining the balance
of osmotic by strengthening the accumulation of soluble
protein. Moreover, MsTHII mediated signal transduction
by upregulating the transcription of THI4, TPKI, RbcX2,
Cu/Zn-SOD, CPKI13, and CPK32, and downregulating the
transcription of THI and CPKI17 in transgenic alfalfa under
drought stress. Our findings shed light on the mechanism
by which MsTHII alleviates plant drought stress and suggest
that it should be incorporated into successful breeding
initiatives to enhance the tolerance of alfalfa to drought.
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Agriophyllum squarrosum (L.) Mog., well known as sandrice, is an important
wild forage in sandy areas and a promising edible and medicinal resource
plant with great domestication potential. Previous studies showed flavonoids
are one of the most abundant medicinal ingredients in sandrice, whereby
isorhamnetin and isorhamnetin-3-glycoside were the top two flavonols with
multiple health benefits. However, the molecular regulatory mechanisms of
flavonoids in sandrice remain largely unclear. Based on a common garden
trial, in this study, an integrated transcriptomic and flavonoids-targeted
metabolomic analysis was performed on the vegetative and reproductive
periods of six sandrice ecotypes, whose original habitats covered a variety
of environmental factor gradients. Multiple linear stepwise regression analysis
unveiled that flavonoid accumulation in sandrice was positively correlated
with temperature and UVB and negatively affected by precipitation and
sunshine duration, respectively. Weighted co-expression network analysis
(WGCNA) indicated the bHLH and MYB transcription factor (TF) families might
play key roles in sandrice flavonoid biosynthesis regulation. A total of 22,778
differentially expressed genes (DEGs) were identified between ecotype DL and
ecotype AEX, the two extremes in most environmental factors, whereby 85
DEGs could be related to known flavonoid biosynthesis pathway. A sandrice
flavonoid biosynthesis network embracing the detected 23 flavonoids in this
research was constructed. Gene families Plant flavonoid O-methyltransferase
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(ASPFOMT) and UDP-glucuronosyltransferase (AsUGT78D2) were identified
and characterized on the transcriptional level and believed to be synthases of
isorhamnetin and isorhamnetin-3-glycoside in sandrice, respectively. A trade-
off between biosynthesis of rutin and isorhamnetin was found in the DL
ecotype, which might be due to the metabolic flux redirection when facing
environmental changes. This research provides valuable information for
understanding flavonoid biosynthesis in sandrice at the molecular level and
laid the foundation for precise development and utilization of this functional
resource forage.

Agriophyllum squarrosum, sandrice, flavonoids, transcriptome, metabolome,
common garden, isorhamnetin-3-glycoside, isorhamnetin

Introduction

Plant secondary metabolites play important roles in
mediating plant responses to environmental factors (Yang
et al,, 2012). As the largest group of secondary metabolites in
plants, flavonoids are regarded as one of the key adaptations
to additional abiotic stresses of early land plants during the
transition toward a non-aquatic lifestyle in land colonization
(Albert et al,, 2018; Wen et al., 2020). Though its mechanism
of anti-oxidative activity remains unclear to some extent,
flavonoids were reported as defense compounds in plants
(Herndndez et al., 2009). Excessive accumulation of flavonoids
provides extensive stress tolerance via eliminating reactive
oxygen species (ROS), and responses to biotic stresses (like
pathogen infection and insect predation) as well as nearly
all kinds of abiotic stresses, including saline-alkali stress,
dehydration, heat, cold, high light intensity, UV radiation, etc.
(Nakabayashi et al,, 2014; Nakabayashi and Saito, 2015; Ma
et al., 2020; Bottner et al., 2021; Dong and Lin, 2021; Xu et al,,
2022). On the other hand, the past few decades witnessed
growing evidence for the multiple benefits of flavonoids on
human wellbeing as plant-derived nutraceuticals. Flavonoids
were proved to be anti-inflammatory agents and anti-oxidants,
and therefore a therapeutic intervention for a variety of chronic
diseases and metabolic syndromes (Galleano et al., 2012; Vi,
2018), including cancer (Le Marchand, 2002; Burkard et al,
2017), cardiovascular diseases (Hodgson and Croft, 2010; Fusi
et al., 2020), diabetes (Hussain et al., 2020; Proenca et al.,
2022), obesity (Rufino et al., 2021), respiratory system diseases
(Somerville et al., 2016), and neurodegenerative diseases, e.g.,
Alzheimer’s and Parkinson’s diseases (Solanki et al, 2015;
Spagnuolo et al., 2018; Tahir et al., 2021).

Flavonoids have been conservatively estimated to comprise
over 8,000 metabolites and could be categorized into six
subclasses according to different substituting positions on the
common diphenylpropane (C6-C3-C6) backbone, e.g., flavones,
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flavonols, flavanones, flavanols, anthocyanidins, and isoflavones
(Dong and Lin, 2021). Flavonoid biosynthesis in plants begins
with the general phenylpropanoid pathway (GPP), a three-
step enzymatic reaction catalyzed by phenylalanine ammonia
lyase (PAL), cinnamate 4-hydroxylase (C4H), and p-coumaroyl
coenzyme A ligase (4CL), generating p-coumaroyl-CoA (Vogt,
2010). The two main outlets of the phenylpropanoid pathway,
lignin, and flavonoid, branch off from here and are catalyzed by
Hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyl
transferase (HCT) and chalcone synthase (CHS), respectively.
CHS catalyzes the first step in sandrice flavonoid biosynthesis to
synthesize chalcone and directs the metabolic flux to flavonoid
metabolism. Next, chalcone isomerase (CHI) acts on chalcones
and generates flavanones, for example, naringenin. Then, a
series of successive enzymatic reactions synthesize different
classes of flavonoid compounds, whereby methylation and
glycosylation are two prevalent processes (Shelton et al,, 2012;
Wang S. et al., 2019).

Plants are the only natural resource of flavonoids
(Hernandez et al,, 2009). Due to their resilience to local
marginal environments, remarkable biodiversity, and multiple
dietary benefits, pseudocereals have greater potential as sources
of natural flavonoid exploitation and utilization. Sandrice
[Agriophyllum squarrosum (L.)] is an edible and medicinal
resource psammophyte of Chenopodiaceae, which is widely
distributed in the vast arid and semi-arid sandy lands in Central
Asia, the Caucasus, Mongolia, Siberia, and Northern China
(Qian et al, 2016). Sandrice is a pioneer species on mobile
sands, being able to adapt to the cruel environment in deserts
like extreme temperature, dehydration, and sand burial, and
was proved to have a wide range of genetic and phenotypic
variation among different populations, which was derived from
local adaptation to their original marginal habitats (Yin et al,,
20165 Zhao et al,, 2017, 2022; Qian et al.,, 2021). Although this
underutilized feed crop has not been domesticated, the seeds
of sandrice have a long consumption history and are rich in
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essential amino acids, crude fiber, polyunsaturated fatty acids,
etc., and tender stems and leaves of sandrice are wild feedings for
livestock in the sandy areas, making it an ideal functional food
and natural feed crop (Li et al., 1992; Chen et al,, 2014; Wang
Q. etal, 2019; Han et al., 2021; Zhao et al,, 2021). Additionally,
the aerial part of sandrice was documented as a medicinal plant
for kidney inflammation, dyspepsia, antipyretic, and analgesic
treatment in Traditional Chinese Medicine (TCM) as well as
in Mongolian medicine. Recent research on sandrice not only
elucidated its potential as a feed additive for improving the
growth performance of livestock (Liang et al., 2021), but also
clarified the efficacy of human diabetes treatment and liver
protection (Sagier et al,, 2019; Bao et al,, 2020). Moreover,
our previous studies provided evidence of the abundance
and diversity of multiple active pharmaceutical ingredients
in sandrice, such as terpenoids, phenolic acids, alkaloids, and
especially flavonoids (Yin et al, 2018; Zhou et al, 2021a,b).
Thus, the plant is of great domestication potential and capacity
of offering dietary and medical benefits to human health, in the
context of global climate change and continuous consumption
expansion.

Our latest research showed that isorhamnetin is the
most abundant flavonoid among a variety of ecotypes of
sandrice (Zhou et al,, 2021a). Isorhamnetin, and its derivate,
isorhamnetin-3-glycoside, were proved to have multiple health
benefits, including anti-virus (Urzainqui and Carrasco, 1989),
cardiovascular and cerebrovascular protection (Gong et al,
2020), anticancer (Saud et al., 2013; Hu et al., 2019; Park et al.,
2019), anti-inflammation (Yang et al, 2013; Xu et al, 2022),
detoxification (Kim et al., 2021), and could be a prescription
of diabetes (Matboli et al., 2021; Kalai et al., 2022). Together
with a few other flavonoids, isorhamnetin was recommended
as a dietary supplement to enhance immunity and relieve
inflammation of the respiratory system, in the context of the
COVID-19 global pandemic (Li et al., 2021). Isorhamnetin, or
3-methylquercetin, is formed via the methylation of quercitrin
at the 3/-OH and catalyzed by S-adenosyl-L-methionine (SAM)
dependent O-methyltransferase family (OMTs, Xie et al,
2022). Plant OMTs can be divided into families PIOMTI
(caffeoyl-CoA O-methyltransferase, CCoAOMT) and PIOMTII
(caffeic acid 3-O-methyltransferase, COMT) according to their
molecular weights and Mg?*-dependency, or categorized into
five subfamilies based on substrate preference (Liu et al,
2019). Moreover, three novel OMTs that had high similarity
with CCoAOMT, while presented substrate preference in
flavonoids was identified in Mesembryanthemum crystallinum,
and formed a subclade in the CCoOAOMT family and designated
as PFOMT or CCoAOMT-like (Ibdah et al., 2003). A few studies
provided experimental evidence of members in the PFOMT
subclade being capable of specifically catalyzing the methylation
of quercetin to form isorhamnetin in Mesembryanthemum
crystallinum (Ibdah et al, 2003), Serratula tinctoria (Huang
et al,, 2004), Glycine max (Kim et al., 2006), Citrus reticulata
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(Liu et al,, 2020), Prunus persica (Xie et al., 2022), etc. However,
there is currently no report available on systematic analyses of
PFOMT in sandrice or its closely related species, which hinders
the precise development of this valuable resource plant.

In our previous studies, differentially accumulation of
multiple flavonoids was detected between high- and middle-
altitudinal sandrice ecotypes in situ (data unpublished). After
transplanting to a common garden trial in a middle-altitudinal
location, flavonoids were diversified and enriched among 14
ecotypes of sandrice along altitudinal gradients, leading us
to the deduction that the enrichment of flavonoids in the
high-altitude populations of sandrice was a consequence of
physiological response to environmental stresses other than
of genetic differentiation involved in local adaptation to
the high altitude (Zhou et al, 2021a). To provide further
evidence to this hypothesis on the transcriptional level, and
to elucidate the underlying molecular basis and regulatory
modules of characteristic flavonoid biosynthesis, especially that
of isorhamnetin and isorhamnetin-3-glycoside in sandrice, here,
based on a common garden trial, we expanded our previous
research by integrated analysis combined metabolomics and
transcriptomics of six sandrice ecotypes, whose original habitats
covering multiple environmental factors gradients, across
two developmental stages. Multivariance regression analysis
provides solid evidence on the question of whether and how
sandrice flavonoid accumulation involves in local adaptation
to their original habitats, as a complement and revise to
univariate linear regression. Weighted co-expression network
analysis (WGCNA) and subsequent hub gene digging were
conducted to discover possible regulatory molecules, e.g.,
transcription factors (TF), regarding flavonoid biosynthesis.
Besides, one of our aims was to identify synthases of
isorhamnetin and isorhamnetin-3-glycoside in sandrice, for
their abundance and potential health benefits. In brief,
this research provided preliminary but valuable support for
flavonoid biosynthesis in sandrice, and pave the way for
the precise development of this resource plant in the health
industry.

Materials and methods

Plant growth, common garden trial,
and sample collection

Seeds of six sandrice ecotypes, AEX, DL, JST, NM,
TGX, and XSW, were collected originally from their habitats,
which cover multiple environmental factors gradients in
Northern China deserts and sandy lands (Figure 1A and
Supplementary Table 1). Seeds were planted in a common
garden trial conducted in natural environmental conditions
nearby the City of Wuwei, Gansu Province (Northwest China,
Tengger Desert, 37°54'10.98'N, 102°54’4.2"E, 1,530 m) in
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April 2019. Mature leaf samples from all the six ecotypes
were collected in June (vegetative growth stage of sandrice)
and August (reproductive growth stage of sandrice), and
were assigned as V and R, respectively. Pooled leaves from
the same developmental stage of at least two or more
individuals of the six ecotypes were immediately frozen
in liquid nitrogen, preparing for ribonucleic acid (RNA)
extraction.

Ribonucleic acid extraction and
RNA-seq library construction

RNA sequencing was performed to understand the
molecular mechanism of flavonoid biosynthesis in sandrice.
Total RNA was extracted with the RNAprep Pure Plant Plus kit
(TTANGEN, Beijing, China) and treated with RNase-free DNase
I (TTANGEN, Beijing, China), following the manufacturer’s
guidebooks. RNA concentration and purity were measured
using NanoDrop 2000 (Thermo Fisher Scientific, Wilmington,
DE). RNA integrity was assessed using the RNA Nano 6000
Assay kit of the Agilent Bioanalyzer 2100 system (Agilent
Technologies, CA, United States). Twelve RNA sequencing
samples were generated using NEBNext® Ultra™ Directional
RNA Library Prep Kit for lumina” (NEB, Ipswich, MA,
United States) following the manufacturer’s recommendations.
Library quality was assessed by the Agilent Bioanalyzer 2100
system. After cluster generation, the library preparations were
sequenced on an Illumina Hiseq Xten platform (Illumina Inc.,
San Diego, CA, United States) and paired-end reads were
generated. The raw sequencing files of transcriptomic data will
be available in the NCBI SRA database with accession number
PRJNA853545.

Quality control, assembly, and gene
functional annotation

Clean data were obtained by removing reads containing
adapter, poly-N, and low-quality paired-end raw reads. All
clean data with high quality were subsequently mapped to
sandrice reference genome (unpublished data) and formed a
joint transcript using HISAT2-Stringtie pipeline with default
parameter. To provide insight into the functions of newly
identified sandrice transcripts, the annotation for all unigenes
was performed by running BLAST against the following
databases: Nt (NCBI non-redundant nucleotide sequences);
Swiss-Prot (A manually annotated non-redundant protein
sequence database); InterProt (The InterPro protein families
and domains database); TrEMBL (Atlas of Protein Sequence
and Structure); GO (Gene Ontology database); and TAIR (A
resource for integrated Arabidopsis data) with an E-value
threshold of le-5 as significant hits.
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Multivariance stepwise regression
analysis

Multivariance stepwise regression analysis was conducted by
IBM SPSS Statistic 25 (SPSS Inc., Armonk, NY, United States)
to determine the main environmental factors affecting flavonoid
accumulation in sandrice. The 22 environmental climatic factors
from the original habitats of the six ecotypes (Supplementary
Tables 1, 2) were extracted by ArcGIS 10.2 (ESRI Inc,
California, United States) and DIVA-GIS 7.5.0.

Metabolic profiling and differentially
accumulated flavonoids analysis

Details of flavonoid-targeted metabolic profiling were listed
in our previous research (Zhou et al,, 2021a). OPLS-DA analyses
for differentially accumulated flavonoids (DAF) identification
between different developmental stages within an ecotype and
across ecotypes were performed using SIMCA 13.0 (Umetrics,
Umed, Sweden) and OmicShare tools.!

Identification and biological function
analysis of differentially expressed
genes

Differential expression analysis between developmental
stages and among ecotypes was performed using the EdgeR
package (3.32.1). Genes met an adjusted P-value < 0.05 and
the absolute value of log;(fold change) > 1 were assigned
as DEGs. Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis of DEGs were
implemented by the clusterProfiler R package and OmicShare
tools, using hypergeometric testing to find GO and KEGG
entries that are significantly enriched compared to the in-house
genome background. Pathway enrichment analysis of DEGs
was performed using the KEGG Automatic Annotation Server
(KAAS).2

Weighted co-expression network
analysis and hub genes digging

Read counts of the whole transcript from all the 12
samples were subjected to R package WGCNA (v3.2.2) to
construct gene co-expression networks. All samples were
initially clustered to analyze the sample height. Following
the application of the scale-free topology criterion, a soft

1 https://www.omicshare.com/tools/

2 http://www.genome jp/tools/kaas/
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Map of samples collected and the contents of flavonoids in the 12 samples. (A) Original habitats of the six ecotypes and the location of the
common garden trials are marked as stars and dots, respectively. The base map showed the gradient of annual precipitation, from high (blue) to
low (red). (B) The number in each cell is the average content in wg/g. Modified from Zhou et al. (2021a). Stars are locations of original habitats of
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threshold of 20 was chosen. Based on the topological
overlap-based dissimilarity measure, unigenes were first
hierarchically clustered, and the gene dendrogram was
used for module detection by the dynamic tree cut method
50. We
calculated the correlation coefficients between the module
eigengene (ME) and 26 flavonoid contents. In the WGCNA,
gene connectivity was based on the edge weight (ranging from

with mergeCutHeight = 0.25 and minModuleSize

0 to 1) determined by the topology overlap measure, which
reflects the strength of the communication between genes.
The weights across all edges of a node were summed and
used to define the level of connectivity by Cytoscape plug-in
CytoHubba, and flavonoids-related genes in a ME with high
connectivity were considered as hub genes. Illustration of
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genes connectivity within a specific module was performed in
Cytoscape 3.9.0.

Whole-transcriptional identification of
AsOMT and
UDP-glucuronosyltransferase gene
family

First, known plant OMT (¥Xie et al, 2022) or UGT78D2
protein sequences were subjected to the BLASTP process against
the whole transcripts to find possible homologs. Second, an
HMMER search for conserved domain structure of PF00891,
S-adenosyl-L-methionine (SAM)-dependent methyltransferase,
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was conducted against the sandrice protein database on a local
server. Union set of the two results above was then submitted
to the NCBI web CD-search tool® and manually checked to
exclude sequences with incomplete conserved domain, resulting
in a protein set of candidates AsOMT. For phylogenetic analysis
of inter-species OMT tree and intra-species AsOMT and
AsUGT78D2 trees, multi-alignment of OMT (or UGT78D2)
protein sequences was conducted by MEGA X built-in Muscle
program, and a neighborhood-joining (NJ) tree was constructed
by MEGA X. Visualization of the phylogenetic trees and gene
structure were performed in the iTOL online server* and GSDS
2.0 online server,> respectively; conserved motifs were found
by the help of MEME suite® while expression profile heatmaps,
conserved domains, and conserved motifs were visualized by
TBtools.

Results

Multiple environmental variables affect
flavonoid accumulation in sandrice

A total of 26 types of flavonoids in all the 12 tested samples
by flavonoids-targeted metabolomics were identified in our
latest research, whereby isorhamnetin, isoquercitrin, quercetin,
tricin, isorhamnetin-3G, and rutin were the top six flavonoids
with the highest contents (average content > 100 pg/g,
Figure 1B; Zhou et al., 2021a). Various environmental factors
co-shaped the unique original habitats. Thus, multivariance
stepwise regression provides more robust evidence other
than univariate linear regression and was conducted to take
a closer aspect of the combined relationship between the
22 environmental climatic factors in the original habitats
of the six ecotypes and 14 highly accumulated flavonoids
in sandrice (Table 1). In general, the amounts of most
flavonoids had a positive correlation with temperature and
UVB, whereas negatively affected by precipitation and sunshine
duration (SD). Among all the regression equations, resolution
(adjusted R?) of rutin (0.736), hispidulin (0.672), quercetin
(0.602), and tricin (0.601) were of the highest value with
a p-value of 0, indicating the four equations provided
better explanations to the relationship between corresponding
flavonoid contents and environmental factors. The content
of rutin was negatively affected by ALT (altitude) and
Tmin (the average minimum temperature in June/August);
hispidulin accumulation had a positive correlation with aat10
(accumulated temperature, > 10°C) and Tmin, while was

3 https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
4 https://itol.embl.de/

5 http://gsds.gao-lab.org/

6

https://meme-suite.org/meme/
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negatively affected by PWM (Precipitation of Wettest Month),
MTWEQ (Mean Temperature of Wettest Quarter), and PRE
(average precipitation in June/August). Equations in quercetin
and tricin were found quite similar. These two flavonoids were
both positively affected by PS (precipitation seasonality) and
MTWEQ, whereas had negative correlations with SD and TAR
(Temperature Annual Range), respectively. Isorhamnetin was
negatively affected by PWM, while isoquercitrin had a positive
correlation with aat10 and UVB, and a negative correlation with
Tmax (the average maximum temperature in June/August),
respectively. Though with rather low resolution (0.297),
UVB positively affected the accumulation of isorhamnetin-3-
glycoside in sandrice, which was in accordance with previous
research in peach fruit (Xie et al., 2022).

Biofunction prediction of transcripts
and flavonoid biosynthesis-related
differentially expressed genes
identification

Paired-end RNA sequencing generated 8.67 Gb of raw
data. After filtering, 8.63 Gb clean data with an average Q30
value of 91.06 were mapped to the sandrice reference genome
(unpublished data), and the average mapping ratio of the
12 samples was about 94%. A total of 69,323 unigenes were
generated by the HISAT2-Stringtie pipeline. The mean length
of unigenes was 1,292 bp, with N50 of 9,388 bp and GC
content of 38%, respectively. The statistics of length distribution
showed that 22,917 unigenes ranged from 1,000 bp to 2,000 bp,
accounting for 33.06% of the total sequences, while 16,531
unigenes were 2,000-3,000 bp, accounting for 23.85% of the
total sequences (Supplementary Figure 1A). Annotation of
all unigenes generated 38,624, 50,716, 44,967, 55,947, 57,655,
52,039 significant hits against GO, InterPro, SwissProt, Nr,
TrEMBL, and TAIR databases, respectively (Supplementary
Figure 1B). A total of 7,840 uncharacterized unigenes were
designated as novel genes in sandrice.

To clarify possible changes during different growth periods
and variant gene background of sandrice on the transcriptional
level, DEGs were identified among all the six ecotypes across
the developmental stage. In general, more upregulated DEGs
were identified in comparison between vegetative stage (V)
and reproductive stage (R) than downregulated DEGs among
most ecotypes, except for TGX and XSW (Figure 2A). Venn
diagram of DEGyysr showed that all ecotypes shared 1,834
common DEG, representing the core transcriptional changes
between vegetative and reproductive stages (Supplementary
Figure 2A). Comparative KEGG enrichment of DEGyysr
(Supplementary Figure 2C) unveiled that the six ecotypes
have experienced the
“Starch and “Glycerophospholipid
metabolism,” “GPI-anchor biosynthesis, and “Terpenoid

same transcriptional changes in

sucrose metabolism,”
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TABLE 1 Multivariance stepwise regression equation of flavonoid contents and environmental factors.

Compounds Adjusted R? Equation of regression P-value F

Total flavonoids 0.116 Y = 2146.964-49.847PWEQ 0.011 7.035
Isorhamnetin 0.205 Y = 896.279-3.057PWM 0.001 12.827
Isoquercitrin 0.399 Y = -1120.472 + 0.024aat10+869.483UVB-26.172Tmax 0.000 9.530
Quercetin 0.602 Y = 2719.683+7.298PS$-0.702SD+33.444MTWEQ-42.609TAR 0.000 18.379
Tricin 0.601 Y = 2470.176+6.726P$-0.629SD+31.760MTWEQ-40.106 TAR 0.000 18.356
Isorhamnetin3G 0.297 Y = -681.872+479.657UVB 0.000 20.471
Rutin 0.736 Y = 802.331-0.168ALT-31.129Tmin 0.000 65.070
Isovitexin NA NA NA NA

Calycosin7G 0.242 Y = -127.505+1.594P$ 0.000 15.646
Astragalin 0.115 Y = 35.448-0.136PWM 0.011 6.961
Hesperidin 0.217 Y = -4.412+0.005Arid 0.001 13.749
Hispidulin 0.674 Y = 38.108-0.072PWM+0.001aat10-2.5MTWEQ-0.129PRE+1.336 Tmin 0.000 20

Luteoloside 0.132 Y = 12.820-0.052PWM 0.007 8.008
Kaempferol 0.396 Y = 33.452+1.997MMTR-0.019SD 0.000 16.066
Lonicerin 0.186 Y =4.669-0.026PS 0.001 11.481

Flavonoids with an average amount of more than 1 pg/g were taken into consideration. The four equations with resolution (R?) > 0.5 were presented in bold. PWEQ, Precipitation of

Wettest Quarter; PWM, Precipitation of Wettest Month; aat10, accumulated temperature, > 10°C; UVB, UVB radiation; Tmax/min, the average maximum/minimum temperature of
June or August; PS, Precipitation Seasonality (Coefficient of Variation); SD, sunshine duration; MTWEQ, Mean Temperature of Wettest Quarter; TAR, Temperature Annual Range; Alt,
Altitude; Arid, aridity; PRE, average precipitation of June or August; MMTR, Mean Monthly Temperature Range.

backbone biosynthesis.” However, flavonoid biosynthesis was
not one of the characteristic differences between vegetative
growth and reproductive growth in sandrice, which was in
accordance with metabolomic analysis (Figure 2B).

Due to its lowest total flavonoid contents among all
the ecotypes, we chose ecotype DL as CK to perform DEG
identification among the other five ecotypes in the two
developmental stages. In the vegetative stage, except for
DLVvs]STYV, all the other comparisons had nearly twofold of
upregulated DEGs than downregulated ones. However, in the
reproductive stage, the comparison of DLRvsAEXR had the
most numerous of DEG, indicating these two ecotypes were
of great discrepancy in the reproductive stage (Figure 2A).
As shown in Supplementary Figures 2B,D, the majority of
DEG was shared among the five comparation in each of the
developmental stages, and mainly distributed in KEGG terms
“Glycerophospholipid  metabolism,”  “Phosphatidylinositol
signaling system,” “GPI-anchor biosynthesis,” “Terpenoid
backbone “Ether
(Supplementary Figure 2C). Flavonoid biosynthesis-related
DEG was screened out based on their KEGG Orthology
and ko00941,
flavonoid biosynthesis) in the enrichment result. A total of

biosynthesis,” and lipid metabolism”

(ko00940, phenylpropanoid biosynthesis,

24 flavonoids-related DEGs were found, of which five genes,
peroxidase (POD), 4CL, COMT, and glycosyl hydrolase family
protein (GHF), were the most abundant flavonoids-related
genes, the copy numbers of eight genes, CHS, flavanone 3-
dioxygenase (F3H), CHI, glycosyltransferase (GTF), Cytochrome
P450 98A2 (CYP98A2), feruloyl-CoA 6-hydroxylase (F6H),
CCoAOMT, and flavanol synthase (FLS), were of moderate
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quantity, while the rest 11 genes were scarcely found
differentially expressed (Supplementary Figure 3). On the other
hand, Members in one gene family have diverse expression
patterns, for example, three copies of CCoAOMT-coding genes,
AsqAEX008163, AsqAEX019070, and AsqAEX013633, were
highly expressed in XSWR, NMV, and AEXYV, respectively. In
general, more highly expressed flavonoid-related genes were
found in AEX and NM in the two developmental stages than in
other samples, while only a few genes expressed in DL and TGX
(Supplementary Figure 4), which could be due to the different
stress intensity impacted on the variant genetic background of
these ecotypes in the common garden trial.

Weighted co-expression network
analysis unveiled hub genes in key
flavonoids regulation in sandrice

WCGNA integrating transcriptomics and metabolomics
was conducted to find the regulation pattern of flavonoids
in sandrice. A total of 46,391 (66.9%) unigenes (out of
69,323; after filtering the ones with low expression) were
subjected to WGCNA for the characterization of gene
networks in flavonoid biosynthesis. Based on their expression
profiles, the tested 12 samples were clearly divided in PCA,
whereby AEX and NV, the two low-altitude ecotypes, were
separated from the other samples along diml; while the
vegetative stage and reproductive stage of each ecotype
were divided along dim2 (Supplementary Figure 5A).
A scale-free topology model with a soft threshold of 20
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B Up M Down

Pairwise comparison of DEG (A) and DAF (B). Up- and downregulated genes or flavonoids are illustrated in orange and turquoise, respectively.

(Supplementary Figures 5B,C) was used, resulting in 50
module eigengenes (ME) according to gene co-expression
patterns (Supplementary Figures 5D,E). Then, an investigation
of correlations was conducted between the 50 co-expression
modules and the top six flavonoids in sandrice (Figure 3).
We identified four MEs that were significantly (p < 0.05)
correlated with the top six flavonoids in sandrice, which
were MEblue with highly positive coefficients associated with
quercetin (0.84), tricin (0.85), and rutin (0.89); MEfloralwhite,
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with isorhamnetin (0.76); MElightgreen, with isorhamnetin-
3-glycoside (0.74); and MElightyellow, with isoquercitrin
(0.68), respectively. Additionally, quercetin and tricin were
significantly negatively correlated with MEskyblue (—0.82
and —0.81, respectively). We also found some high correlations
in the module-traits relationship, such as biochanin A (MEpink,
0.96), isovitexin (MEdarkred, 0.96), hesperidin (MEdarkgray,
0.99), naringenin, and eriodictyol (MElightsteelbluel, 0.94 and
0.93, respectively), providing insights into the utilization of
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FIGURE 3
Module-trait relationships, partial. This figure shows relationships between 50 module eigengenes and the top six flavonoids. The complete
module-trait relationships involving all the 26 detected flavonoids was provided in Supplementary Figure 6. The correlation and p-value of
corresponding flavonoids and gene modules are shown as numbers up and down in each cell, respectively. The color scale on the right side
represents the module-trait correlation from —1 (blue) to 1 (red).

the corresponding compounds in the future (Supplementary

Figure 6).

KEGG enrichment of the five modules with high
correlations with the top flavonoids in sandrice mentioned
above, i.e., MEblue, MEskyblue, MElightgreen, MElightyellow,
and MEfloralwhite, was performed to clarify their potent
biofunction (Supplementary Table 3). Next, hub genes
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in MEblue, MEskyblue, and MEfloralwhite were screened out
based on their annotation and connectivity in the corresponding
module (Figure 4). MEblue had a highly positive correlation
with quercetin, tricin, rutin, and naringin, and contained
eight flavonoid synthases, including POD, CHI, CHS, C4H,
cinnamyl alcohol dehydrogenase (CAD), cytochrome P450
81B2 (CYP81B2), and two COMTs. We found a lot of TFs in
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FIGURE 4
Hub genes identified in flavonoids-correlated modules. Hub genes in (A) MEblue, (B) MEskyblue, and (C) MEfloralwhite, respectively. Flavonoid
biosynthesis genes, transcription factors or regulators, and other high connectivity genes are shown as orange dots, blue triangle, and yellow
diamonds, respectively. Shape size indicated connectivity, while line width indicated the weight of edges.

this module, such as four bHLHs, three MYBs, three B3s, two
WRKYs, etc. Interestingly, FAR-RED IMPAIRED RESPONSE 1
(FAR1) was also found in this module, indicating that quercetin,
tricin, and rutin might be involved in plants’ light signaling
transduction and photomorphogenesis (Figure 4A; Ma and Li,
2018). MEskyblue was in negative correlation with quercetin
and tricin. A member of the WD-domain repeat (WDR) TF
family, WDR6, was screened out in MEskyblue (Figure 4B).
WDR family was documented as a component of the MYB-
bHLH-WDR (MBW) complex that regulates the biosynthesis
of flavonoids, especially anthocyanin, and leucoanthocyanidin
dioxygenase (LDOX) is one of its targets (Xu et al, 2015).
Besides, other four TFs, including APETALA2, AP2/ERFE
C3H25, and early responsive to dehydration stress 4 (ERD4),
were found negatively regulated the accumulation of quercetin
and tricin (Figure 4B). In MEfloralwhite, the module with a
positive correlation with isorhamnetin, two members in the
bHLH TF family, bHLH 18 and bHLH 51, were identified as
hub genes, indicating the two TFs might play key roles in the
regulation of isorhamnetin biosynthesis (Figure 4C). A few
uncharacterized genes and three transposons, two transposons
TNT 1-94 and one member in Ty3/Gypsy family, were involved
in the regulation of isorhamnetin, whose function requires
further study (Figure 4C). In MElightgreen and MElightyellow,
with a high correlation with isoquercitrin and isorhamnetin-3-
glycoside, respectively, no flavonoids-related gene was detected.
Details of hub genes in each module are listed in Supplementary
Table 4.

Identification of putative isorhamnetin
and isorhamnetin-3-glycoside
biosynthesis in sandrice

Members of the OMT gene family were reported in
previous studies to code the O-methyltransferases that catalyze
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FIGURE 5
Phylogenetic relationship of 33 candidate ASOMT and 45 known
OMTs in other plants. CCOAOMT subfamily, PFOMT subclade,
and COMT subfamily are colored in orange, yellow, and blue,
respectively. Sequences marked with triangles are the reported
isorhamnetin biosynthesis genes.

methylation on quercetin at the 3'-OH to form isorhamnetin.
As shown in Figure 5, a total of 33 sandrice candidate OMTs
were identified based on the whole transcripts, including
11 members in the CCoAOMT subfamily containing two
members in the PFOMT subclade, and 22 members in the
COMT subfamily. OMTs specifically catalyze the biosynthesis
of isorhamnetin in other plants, such as GmSOMT9, OsROMT,
and McPFOMT, etc., were all located in a subclade PFOMT in
the CCoAOMT subfamily (Xie et al., 2022), and clustered with
sandrice transcripts MSTRG89.1 and AsgAEX000095.1. Of note,
AsOMT shared relatively low similarity with OMTs in other
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species and were clustered into solely subclades, indicating
OMT in sandrice had experienced early differentiation
and possibly subsequent gene duplication events. The
intra-species ASOMT phylogenetic tree was divided into
CCoAOMT and COMT,
with the inter-species tree (Figure 6). Members in the
CCoAOMT subfamily embraced the conserved domain
AdoMet_MTases_superfamily, and the COMT subfamily
contained a dimerized domain and an AdoMet_MTases
domain. In the AsSPFOMT subclade, AsgAEX000095.1 had low
expression in the 12 samples. Thus, MSTRG89.1 might be the
candidate PFOMT-coding gene in isorhamnetin biosynthesis in

two subfamilies, in accordance

sandrice.

On the other hand, isorhamnetin-3-glycoside is formed
by glycosylation on isorhamnetin at 3-OH. Gene UGT78D2
was speculated to encode glycosyltransferases and act on
To
figure out the isorhamnetin-3-glycoside biosynthesis route
in sandrice, a total of 14 candidates sandrice UGT78D2
genes were identified, among which 12 genes were expressed

isorhamnetin to generate isorhamnetin-3-glycoside.

effectively in the 12 samples (Supplementary Figure 7).
Some of them present ecotype- and/or developmental stage-
specific expression modes, such as AsgAEX021169.1 and
AsqAEX021169.2. These two genes had almost identical gene
structures and conserved motifs but expressed complementarily
in the 12 samples. MSTRG.19033.1 expressed specifically in low-
altitude ecotypes, AEX and NM, indicating the accumulation of
isorhamnetin-3-glycoside might be involved in stress resistance
(Supplementary Figure 7).

The molecular basis of flavonoid
biosynthesis in sandrice

OPLS-DA analysis between all the six ecotypes across the
two developmental stages unveiled that there was no obvious
change in flavonoid contents during sandrice growth; whereas,
the reproductive stage of DL (DLR) and AEX (AEXR) had
the most discrepancy in flavonoid accumulation (Figure 2B),
of which contents of total flavonoids, quercetin, tricin, rutin,
and isoquercitrin were higher in AEXR than DLR, while
accumulation of isorhamnetin and isorhamnetin-3-glycoside
were higher in DLR than in AEXR, significantly (Table 2 and
Supplementary Figure 8).

To clarify the molecular basis underlying metabolomic
differences between AEXR and DLR, biofunction prediction
of DEGprrysagxr Was conducted based on transcriptomics.
Compared to DLR, there were 15,376 and 7,402 up- and
downregulated DEGs identified in AEXR, respectively
(Figure 2A). GO enrichment showed that the top five
enriched terms were cytoplasm (GO:0005737), carbohydrate
binding  (GO0:0005529), ABC-type
(GO:0140359), RNA  processing

transporter
(G0O:0006396),

activity
and
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kinase activity (GO:0016301; Supplementary Figure 9A),
while the KEGG enrichment analysis categorized these
genes mainly into Biosynthesis of secondary metabolites
(ko01110), carbon metabolism (ko01200),
sucrose metabolism (ko00500), biosynthesis of amino
acids (ko01230), phenylpropanoid biosynthesis (ko00940)
(ko03040)
Information Processing, and plant hormone signal transduction

starch and

in class metabolism, spliceosome in class
(ko04075) in class Environmental Information Processing
(Supplementary Figure 9B).

A flavonoid biosynthesis network in sandrice containing
the detected 23 compounds was then constructed (Figure 7).
The pathway of sandrice flavonoid biosynthesis starts with
the transformation of phenylalanine to p-coumaroyl-CoA.
The two main outlets of the GPP, lignin biosynthesis, and
flavonoid biosynthesis, were shunted here, via generating
naringenin and a series of CoA, respectively (Dong and Lin,
2021). The majority of the flavonoids-related DEGprrysAEXR
(51 out of 85) was identified in the lignin biosynthesis pathway,
including three copies of 4CL, two C4Hs, four Cytochrome P450
98A2s (C3'H), three shikimate O-hydroxycinnamoyltransferases
(HCTs), seven COMTs, three CCoAOMTs, two F6Hs, one
cytochrome P450 84A1 (F5H), five CADs, and 21 PODs.
Most of them had higher expression in AEXR than DLR,
indicating lignin biosynthesis was activated in ecotype AEX,
and possibly resulted from stresses (Meng et al, 2022).
On the other hand, naringenin is the intermediate product
of biosynthesis pathways of different classes of flavonoids
(Zhao et al., 2020), from which 21 out of all the 23 detected
flavonoids, except pinocembrin and chrysin, originated.
However, only a few enzyme-coding genes were found in the
flavonoid biosynthesis pathway in sandrice, ie., two copies
of CHI, one CHS, three FLSs, two flavonol-3-O-glucoside
L-rhamnosyltransferases (FG2), one putative OMT, and five
putative UGT78D2s. Lignin biosynthesis is one of the most
well-studied pathways and is conserved in higher plants
to a large extent, while clarifying flavonoid biosynthesis
genes in small species required further endeavors, which
might partially explain the reason why more genes were
identified in lignin biosynthesis than flavonoids biosynthesis
in sandrice. Quercetin is an important intermediate and
serves as a tee-valve in sandrice flavonoid biosynthesis, from
which three biosynthesis routes generate: quercetin-quercitrin;
quercetin-isoquercitrin-rutin; and quercetin-isorhamnetin-
isorhamnetin-3-glycoside (Figure 7). UGT78D1, UGT78D2,
and PFOMT, respectively, catalyze the formation of quercitrin,
isoquercitrin, and isorhamnetin. UGT78D2 also acts on
isorhamnetin to form isorhamnetin-3-glycoside, while FG2
acts on isoquercitrin to form rutin. Interestingly, according
to OPLS-DA, the contents of quercetin, isoquercitrin, and
rutin were significantly lower in DLR, while isorhamnetin
and isorhamnetin-3-glycoside accumulated higher in DLR
(Table 2), indicating metabolic flux was somehow redirected to
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TABLE 2 DAF (DLRvsAEXR) identified by OPLS-DA.

Compounds Log2FC VIP P-value
Total flavonoids 0.40 2.56 0.02
Isorhamnetin —0.68 222 0.02
Quercetin 2.39 2.15 0.00
Tricin 2.46 2.04 0.00
Rutin 2.37 1.79 0.00
Isoquercitrin 1.15 1.37 0.00
Isorhamnetin3G —1.09 1.06 0.00

VIP, Variable important in projection.

isorhamnetin generating rather than isoquercitrin generating in
ecotype DL (Figure 7).

Discussion

Flavonoid accumulation in sandrice
resulted more from stress-responding
than other local adaptation

Flavonoid accumulation can be induced by multiple stresses
and is regarded as the consequence of local adaptation
in some species. For instance, highland Zay maize often
accumulates flavonoids in its leaves for coping with the
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UV-B radiation (Casati and Walbot, 2005). Based on two
common garden trials, three flavonoid biosynthesis-related
genes, anthocyanidin synthase (ANS), anthocyanidin reductase
(ANR), and flavonoid 3’hydroxylase (F3' H) were found outliers
among seven natural population of Pinus yunnanensis (Sun
et al., 2020). In Populus, multiple flavonoid-related genes were
subjected to environment selection pressure and the region-
specific allele played an important role in local adaptive
evolution (Lu et al,, 2021). Moreover, in our previous study,
CCoAOMT, F3'H, and HCT were under diversifying selection
along elevation gradients, indicating flavonoid accumulation
was involved in sandrice high-altitude adaptation (data
unpublished). Nevertheless, neither selective signal nor gene
structure variance in flavonoid-related genes was detected in
the present research (data not displayed). Furthermore, in
multivariance stepwise regression analysis, most flavonoids had
a low resolution in correlation with environmental factors
in their original habitats (Table 1), indicating that local
adaptation was not enough to explain the diversity of flavonoid
accumulation among sandrice ecotypes. The common garden
trial is a method of detecting local adaptation as well as
studying phenotypic plasticity, which provides an equivalent
field condition that eliminated environmental heterogeneity
in ecotypes’ original habitats, while simultaneously creating
new stresses (Dorman et al, 2009). Hence, the phenotype
observed in a common garden (flavonoid accumulation in this
research) was a consequence of genetic background that was
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generated from local adaptation (G), response to environmental
cues (E), and their combined effects (G x E; Del Valle
2018; Zhou et al, 2021a). WW (common garden
location) was of mid-value among a series of environmental

et al.,

factors in the six original habitats. The diversity in expression
profiles of flavonoid-related DEGs among different ecotypes
(Supplementary Figure 4) indicated that low-land ecotypes
(AEX and NM) were subjected to intense stress, such as
dehydration and intense UVB radiation, while highland
ecotypes, e.g., DL and TGX, were in stress relieve or stress
release. In a word, flavonoid accumulation in sandrice is more
like a consequence of response to environmental factors other
than local adaptation to in situ habitats. Unfortunately, we
were unable to quantify the influences of genetic backgrounds,
environmental factors, and the much trickier factor, phenotypic
plasticity. In this regard, genetic-environment interactions
(G x E) analysis with strict variable control will be our future
research direction.
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Flavonoid biosynthesis pathway in
sandrice

Flavonoids obtain their structural biodiversity from a
series of enzymatic substitution reactions, whereby methylation
and glycosylation are two prevalent processes (Shelton et al,
2012; Wang S. et al, 2019). In the flavonoid biosynthesis
pathway, quercetin serves as an important intermediate
and generates isorhamnetin, quercitrin, and isoquercitrin.
PFOMT catalyzed methyl transferring on quercetin 3'-OH to
form isorhamnetin. It is reported that isorhamnetin rarely
2004).
However, our latest research showed isorhamnetin was highly

significantly accumulates in plants (Huang et al,

enriched in sandrice multiple ecotypes despite different genetic
backgrounds, indicating this compound is of great value to
sandrice growth and development. In sandrice, homologs of
PFOMT had either low expression or low correlation with
isorhamnetin contents (Figure 6). This may be partially due
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to the complexity and reticulum of the flavonoid biosynthesis
pathway. As an intermediate in the biosynthetic cascade of
methylated flavonoids, isorhamnetin accumulation is mainly
affected by its direct precursor and downstream compounds
(quercetin and isorhamnetin-3-glycoside, respectively), and
more importantly, the activity and catalytic efficiency of
PFOMT. Therein, more experimental evidence, in vivo or
in vitro, will help clarify the functions and regulatory modules
of AsPFOMT.

Since flavonoids glycosylation results in an increase in
stability (through the protection of reactive nucleophilic
groups) and water solubility, natural flavonoids in plants
are mostly found in the form of glycosides (Gachon et al,
2005). UGT78 gene
family catalyze the first 3-O-glycosylation steps on flavonols,
whereby UGT78D1 and UGT78D2 catalyzed rhamnosyl and
glucosyl transferring on quercetin 3-OH, respectively (Le
Roy et al, 2016), and UGT78D2 also acts on isorhamnetin
to form isorhamnetin-3-glycoside (Figure 7). In this study,
the AsUGT78D2 gene family embraced 14 genes. Most
enzymes in the flavonoid biosynthesis pathway are encoded

Two homologous enzymes in the

by multi-genes families rather than a major gene (Vogt, 2010).
Though we had little clue about the biological implications
of the redundant function of members in a multi-gene
family, it can be inferred as strategies in facing variant
environment cues. Even though none of the AsUGT78D2
family members had a significant positive correlation
with isorhamnetin-3-glycoside content in sandrice, the 14
homologs were of diverse expression profiles (Supplementary
Figure 7) and were considered to function redundantly and
complementarily in isorhamnetin-3-glycoside biosynthesis,
under the circumstance of adverse condition and different
developmental stages.

Trade-off between isorhamnetin and
rutin might contribute to
stress-responding in sandrice

Interestingly, the highland ecotype DL had relatively
low contents of quercetin, isoquercitrin, and rutin, but
was abundant in isorhamnetin and isorhamnetin-3-glycoside
(Figure 1B), which was significant when compared to AEX
(Table 2). Ecotype DL might redirect metabolic flux from route
quercetin-isoquercitrin-rutin to route quercetin-isorhamnetin-
isorhamnetin-3-glycoside by transcriptional suppression on
FG2 (Figure 7). DL locates at the Qinghai-Tibet Plateau,
which is of the highest altitude (3,130 m) among the six
tested ecotypes, with a combination of ecological factors of
low precipitation, low temperature, long SD, and intense
UVB radiation (Supplementary Table 1). Our previous studies
depicted that quercetin was abundant in sandrice highland
ecotype, and over-accumulated in lowland ecotype after
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transplanting into the middle-altitudinal common garden,
indicating quercetin can respond to environmental factors
involved in high-altitudinal habitats. The character of quercetin
has been thoroughly studied. It is reported that the high
efficiency in ROS elimination of quercetin rendered plants
with prevalent protection against intense UVB radiation,
heavy metal, osmotic stress, microbial infection, etc. Moreover,
quercetin could induce phytohormone signaling pathways,
including auxin (IAA) and abscisic acid (ABA), and regulate
the activity of enzymatic and non-enzymatic antioxidants in a
dose-dependent manner (Janczak-Pieniazek et al,, 2021; Singh
et al, 2021). On the other hand, rutin was documented to
be a plant defense compound against cold stress (Reimer
et al, 2022), salinity (Lim et al, 2012), and accumulated
after UVB radiation (Huang et al, 2016). Limited studies
on isorhamnetin function in plants in vivo unveiled that
isorhamnetin and isorhamnetin-3-glycoside could respond to
UVB, while the latter was upregulated by fungus infection
(Santin et al, 2018; Xie et al, 2022). According to research
on the antioxidant property of quercetin and its derivates,
quercetin is believed to have the highest potential, followed
by isorhamnetin and isorhamnetin-3-glycoside, whereas in
terms of lipid-peroxidation inhibition, isorhamnetin showed
higher activities than quercetin (Singh et al, 2021). If
isorhamnetin and its derivate can respond to stresses occurred
in the common garden, then enrichment of isorhamnetin
should have been observed in lowland ecotypes; If quercetin,
isoquercitrin, and rutin are responsible for ROS elimination,
then a similar decrease in biosynthesis of these three flavonoids
should have been monitored in the other highland ecotype
TGX. However, no such phenomenon was observed. The
reason for the trade-off between rutin and isorhamnetin in
sandrice ecotype DL remains unclear, but the unusual high
accumulation of isorhamnetin and isorhamnetin-3-glycoside
indicated that the ecotype might readjust the homeostasis
between quercetin (isoquercitrin or rutin) and isorhamnetin
(and isorhamnetin-3-glycoside) to cope with environmental
changes.

Conclusion

In this research, we conducted multivariance stepwise
regression analysis and elucidated the main environmental
factors, i.e., precipitation, temperature, UVB, and sunshine
duration, that affect flavonoid accumulation in sandrice.
Based on a common garden trial, an integrated analysis of
transcriptomics and flavonoids-targeted metabolomics from six
sandrice ecotypes in vegetative and reproductive stages provided
valuable data in outlining the flavonoid biosynthesis pathway
in sandrice. WGCNA and hub gene digging illustrated the
molecular regulatory network underlying the biosynthesis of the
characteristic flavonoids in sandrice, for instance, isorhamnetin,
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quercetin, rutin, isoquercitrin, tricin, and isorhamnetin-3-
glycoside, whereby bHLH and MYB TF family might be
the key transcriptional regulatory elements in flavonoid
accumulation. Moreover, identification and characterization
the of AsPFOMT gene family and AsUGT78D2 gene
family unveiled that members in the two families might
serve as synthases of isorhamnetin and isorhamnetin-3-
glycoside, respectively. Finally, the hypothesis that the
trade-off between rutin and isorhamnetin in highland
ecotype DL provided insights into sandrice stress-responding
mechanisms. Although there are still many gaps to be
filled, the
valuable data support in elucidating the molecular basis

present research provided preliminary but

of sandrice flavonoid biosynthesis, paving the way to

precise development of this valuable resource forage in the
health industry.
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Full-length transcriptional
analysis reveals the complex
relationship of leaves and roots
In responses to cold-drought
combined stress in common
vetch

Xueyang Min*?!, Qiuxia Wang!, Zhenwu Wei?, Zhipeng Liu*
and Wenxian Liu'*

State Key Laboratory of Grassland Agro-Ecosystems, Lanzhou University, Engineering Research
Centre of Grassland Industry, Ministry of Education, Western China Technology Innovation Centre
for Grassland Industry, College of Pastoral Agriculture Science and Technology, Lanzhou University,
Lanzhou, Gansu, China, ?College of Animal Science and Technology, Yangzhou University,
Yangzhou, Jiangsu, China

Plant responses to single or combined abiotic stresses between aboveground
and underground parts are complex and require crosstalk signaling pathways.
In this study, we explored the transcriptome data of common vetch (Vicia
sativa L.) subjected to cold and drought stress between leaves and roots via
meta-analysis to identify the hub abiotic stress-responsive genes. A total of
4,836 and 3,103 differentially expressed genes (DEGs) were identified in the
leaves and roots, respectively. Transcriptome analysis results showed that
the set of stress-responsive DEGs to concurrent stress is distinct from single
stress, indicating a specialized and unique response to combined stresses
in common vetch. Gene Ontology (GO) enrichment analyses identified that
“Photosystem II,” “Defence response,” and “Sucrose synthase/metabolic
activity” were the most significantly enriched categories in leaves, roots, and
both tissues, respectively. The Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis results indicated that "ABC transporters” are the
most enriched pathway and that all of the genes were upregulated in roots.
Furthermore, 29 co-induced DEGs were identified as hub genes based on
the consensus expression profile module of single and co-occurrence stress
analysis. In transgenic yeast, the overexpression of three cross-stress tolerance
candidate genes increased yeast tolerance to cold-drought combined stress.
The elucidation of the combined stress-responsive network in common vetch
to better parse the complex regulation of abiotic responses in plants facilitates
more adequate legume forage breeding for combined stress tolerance.
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Vicia sativa L., combined abiotic stress, leaves, roots, full-length transcripts
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Introduction

Abiotic stress conditions, including drought, heat, cold,
salinity, oxidative stress, and nutrient deficiency, are the primary
cause of yield loss and quality reduction worldwide
(Hasanuzzaman et al., 2019; Gong et al., 2020). Previous research
has shown that the combination of multiple stresses could cause a
more significant negative impact on crop productivity than the
stress applied individually (Gargallo-Garriga et al., 2015; Correia
et al, 2018). Under natural and cultivated field conditions,
drought is usually combined with abiotic and biotic stresses.
Although these stressors were randomly combined, the
combinations of drought with cold stress occur frequently in cold,
arid, and semiarid regions. When the frozen up ground tissues are
subjected to the sun, their water potential will become higher than
that of the surrounding air, and the frozen soil will increase water
flow, which results in the leaves’ water loss and restricts the water
uptake and transport from the underground to the xylem (Suzuki
etal, 2014; Zandalinas et al., 2018). Thus, to improve crop yield
and quality it is crucial to understand the mechanisms underlying
plant responses to combined stress challenges.

Previous reports have provided a plethora of information on
plants exposed to single abiotic stress, while these studies cannot
be used to obtain the effects of a combination of stresses on plants
(Suzuki et al., 2014; Correia et al., 2018; Mota et al., 2021).
Currently, an increasing number of reports have revealed the
combination of abiotic stress conditions at physiological and
molecular levels (Mittler, 2006; Choudhury et al., 2017). These
studies showed that the combined stress could impose a specific
set of requirements, and required the tailoring of unique and
shared regulatory transcript pathways including photosynthesis,
hormone signaling, antioxidant mechanisms, and transcription
factors (Mahalingam, 2015; Zhu, 2016). Under natural conditions
in northeast and northwest China, maize often suffers from
combined low temperature and drought stress at the seedling
stage. The authors used transcriptomic and metabolomic analyses
to systematically analyze the differences in the phenotype and
photosynthetic physiology of maize seedlings under single
drought, chilling and combined stress conditions and found that
drought stress could significantly alleviate the damage caused by
chilling stress under combined stress (Guo et al., 2021). In
addition to transcriptomic-based technology, a novel system for
evaluating drought-cold tolerance by using a chlorophyll
fluorescence model was established in grapevine, and find that the
temperature of 50% electrolyte leakage values exhibited good
reliability for evaluating the grapevine tolerance to drought-cold
stress (Su et al., 2015). Furthermore, the source (leaves) and sink
(roots) tissues are two distinct resource pools and are linked
through the vascular system. When plants suffer adverse
conditions, they rapidly perceive environmental signals and then
function in different organs to survive (Werner et al., 2008;
Lozano-Elena et al., 2022). Various signaling molecules have been
shown to play vital roles in response to abiotic stress in leaves and
roots, such as phytohormones, calcium, carbohydrates, reactive
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oxygen species (ROS), and photosynthetic electrons (Zhang and
Sonnewald, 2017; Min et al., 2020b,c). Nevertheless, systematic
comparisons among leaves and roots under combined drought
and cold stress are still limited. Thus, recognizing the integration
of
intercommunication

changes under combined stress, and possible

and specific mechanisms between
aboveground and underground tissues, are essential to expanding
our knowledge of plant responses to different stress stimuli
coordinately in different tissue types.

Common vetch is an economically important annual legume
species that is commonly cultivated in semiarid regions as a cool-
season forage legume due to its rich nutritional value, low
requirement, suitable intercrops for reducing diseases, ability to
improve soil properties, and superior abiotic stress tolerance
(Larbi et al,, 2011; Huang et al., 2017; Kartal et al., 2020).
Compared to some model plants, common vetch often has a more
complex genetic basis and is likely to have additional mechanisms
to adapt to stress stimuli. In this study, we investigated the
transcriptional dynamics elicited by drought in combination with
cold between leaves and roots via a meta-analysis of our previously
produced common vetch reference transcriptome database to
discover combined stress-responsive machines and core regulatory
genes (Min et al., 2020c). We also evaluated the function of the
cross-stress genes in transgenic yeast. The present study will
facilitate the identification of unique and common regulators
between leaf and root tissues and consequently support the

improvement of abiotic stress tolerance in legumes.

Materials and methods
Sample collection and data acquisition

Experimental materials, seed pretreatment, and seed
germination were performed as previously described (Min et al.,
2020b). The control groups were hydroponically cultured with 1/2
MS (half-strength Murashige and Skoog, pH = 5.8) solution under
(20°C, 16h/8h (light/dark)
photoperiod, 80 pmolm™s™" photosynthetically active radiation

plant incubator conditions
and 70% relative humidity) for 7 days. To conduct cold-drought
combined stress, seven-day-old uniformly growing seedlings were
transplanted into 1/2 MS solution containing 20% PEG solution
to simulate drought stress while adjusting the temperature of the
plant growth incubator to 4°C, the 1/2 MS treated plants at 20°C
were used as control. Our previous studies found that short-term
cold-drought stress could cause the aboveground of common
vetch to wilt, and the malondialdehyde and soluble sugar contents
were significantly increased at 24 h under 4°C in leaves (Min et al.,
2020b,c). Furthermore, to avoid the influence of different
photoperiods on experimental materials, samples from the control
and cold-drought combined conditions were grown in parallel
and harvested after 24h of treatments. After 24h, the third
and fourth leaves from the top of the plants and root tips (~1.5cm)
of four seedlings were harvested and pooled together.
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Twelve samples [(control and 4°C+20% PEG for 24h)xtwo
tissues (leaves and roots) x three replications] were used for
sequencing analysis, including 0 and 24 h two-time points. RNA
isolation, library construction, and sequencing were performed as
previously described (Min et al., 2020b). Finally, bowtie2 is used
to map the clean reads from a common vetch Illumina data set to

a reference transcript.!

Full-length reference transcriptome
construct

Firstly, equal amounts of total RNA from leaves, stems, and
roots under normal conditions, as well as leaves and roots treated
with salt, low temperature, drought, and cold-drought combined
stresses for 24 h with three biological replications were combined
to construct a reference transcriptome by PacBio sequencing.
Then, the raw reads were processed into error-corrected reads of
insert (ROIs) using the ToFu pipeline with parameters of
length >300bp. After that, the full-length, non-chimeric
transcripts were determined by searching for the PolyA, and the
5”and 3’ cDNA primers in ROIs. The Iterative Clustering for Error
Correction (ICE) was used to cluster the consensus isoforms and

prediction accuracy > 0.75, full pass > 0, and sequence

full-length consensus sequences, and each cluster was polished
with Quiver to obtain a consensus sequence, and full-length
transcripts with post-correction accuracy above 99% were
generated. Finally, the data of Illumina RNA-Seq were used to
correct the low-quality isoforms, and the CD-HIT program was
used to delete redundancy, with identity > 0.99.

Expression profile analysis

Gene expression levels of each sample were calculated by
RSEM (Li and Dewey, 2011), and the read count for each
transcript was obtained from the mapping results. To obtain the
difference in gene expression, the parameters of false discovery
rate (FDR) <0.01 and Log, (fold change) >2 were used to identify
differentially expressed genes (DEGs) (0). The expression profile
of DEGs was clustered by Short Time-series Expression Miner
(STEM)? software, with p <0.05, the maximum number of model
profiles was 15, and the log normalizes the data. The specific
primers were designed by Primer-BLAST progress on the NCBI
website as shown in Supplementary Table S1 and synthesized by
Sangon Biotech (Shanghai China). QRT-PCR was conducted as
previously described (Min et al., 2020b). The Vsactin (Unigene
68,614) gene was used to calculate the relative expression levels
following the 2 AACT method.
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Functional annotation and network
analysis

To obtain the annotation information of the transcript,
BLAST (version 2.2.26, E<107°) was used to search against the
NR, SwissProt, GO, COG, KOG, Pfam, and KEGG databases
(Altschul et al., 1997). The GOseq R package and KOBAS software
were used to conduct GO and KEGG enrichment (p <0.05; Xie
etal., 2008). PlantTFDB (v5.0) was used to identify transcription
factors of common vetch (Jin et al., 2016). The “best hit in
Arabidopsis thaliana” was checked to obtain the best hits.
Arabidopsis as a reference to predict protein—protein interactions,
protein function, and subcellular localization in STRING (V11.5)
Then, the key nodes of the interaction network were modulated
in Cytoscape.*

Generating overexpression lines in yeast

The coding regions of FO1.PB9597 (VsUMAMIT), FO1.PB3916
(VsPM19), and F01.PB22519 (VsP5CS2:) were amplified by
primers as shown in Supplementary Table S1. The amplification
product is purified by SanPrep Column DNA Gel Extraction Kit
(Sangon Biotech, Shanghai). The purified cDNA products were
directly cloned into the pYES2 vector (Invitrogen, Carlsbad,
United States) and then transformed into E. coli DH5a. The
recombinant plasmid was sent to Sangon Biotech for sequencing
by M13 universal primers. The following steps were performed
according to the protocol described by Kawai et al. (2010). Freeing
and osmotic (drought and salt) tolerance were performed in the
SC-Ura medium, according to previously described methods (Min
et al,, 2020a). For simultaneous (cold-drought) stress treatment,
yeast cells were grown in an SC-Ura liquid medium containing
30%, at —20°C for 36 h. Finally, the serial dilutions (1, 107}, 1072,
107,107, and 10~°) were spotted onto SC-ura, agar plates, and
carried out in triplicate at 30°C for 48 h.

Statistical analysis

Pearson correlation and principal component analysis (PCA)
of the expression level among each sample were calculated via the
R cor.test function.” Statistical significance was analyzed through
Duncan’s multiple range test at a 0.05 level. Venn diagrams,
heatmaps, and clusters were generated using TBtools (Chen
et al., 2020).

frontiersin.org


https://doi.org/10.3389/fpls.2022.976094
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
http://www.cs.cmu.edu/~jernst/stem
http://www.string-db.org/
https://cytoscape.org/
http://www.r-project.org

Min et al.

Results
[llumina-Seq, assembly, and annotation

The 12 ¢cDNA libraries of common vetch treated by cold-
drought combined stress conditionals between leaves and roots
for 24h (CDL1, CDL2, CDL3, CDR1, CDR2, CDR3) and normal
conditionals (CKL1, CKL2, CKL3, CKR1, CKR2, CKR3). In total,
311.62 million high-quality reads were identified in common
vetch. The percentages of average GC content and Q30 were 43.13
and 91.75, respectively. Bowtie2 software was used to map the
reads onto the previously produced common vetch full-length
transcript database. Overall, the average mapped read, uniquely
mapped read, and multi-mapped read percentages were 76.82%,
26.99%, and 73.01%, respectively (Supplementary Table S2).
Finally, we predicted a total of 30,727 non-redundant transcripts
from a min length of 304 to 14,390bp, the mean length was
2287.35bp with an N50 of 3.73kb (Figure 1A). The open reading
frame (ORF) length ranged from 63 to 4,674 bp, with a mean
length of 1,188.58bp (Figures 1B,C). In total, 30,250 (98.45%)
transcripts were functionally annotated, and 4,879 (15.88%) were
annotated in all eight databases. A total of 521 (1.7%) genes were

10.3389/fpls.2022.976094

not annotated (Supplementary Table S3). Next, the BLASTP
program was used to search against the NR database, examining
the evolutionary relationships among common vetch and other
plants. The results indicate a close relationship among
Leguminosae plants, only 4% of the transcripts were annotated to
plants outside the genus Medicago (Figure 1D).

Identification and functional profiles of
DEGs

The mapping results were combined with the RSEM method
for accurate transcript quantification from RNA-Seq data (Li and
Dewey, 2011). The FPKM (fragments per kilobase of transcript
per million mapped reads) value was used to indicate the
expression abundance of the corresponding transcript. When
comparing three biological replicates, Pearson’s correlation
indicated significant correlations (p <0.05, R* >0.88). A significant
positive relationship was found between normal and cold-drought
combined treatments in the same tissues (p <0.05, R* >0.64) but
not in the different tissues (p >0.05, R? <0.05). Compared to the
two tissues in response to abiotic stress, a more significant positive

A B
30 e
¢
75 oo
) g
5% 2
3 550
B= &
5 5
g10 5
.| 25
0 0 i s
0 5000 10000 15000 0 1000 2000 3000 4000
Transcript length/bp CDS length/bp
c D \
category
OREF length
6e—04 [ 1 Medicago truncatula(45.25%)
Transcript length [ 2 Cicer aietinum(22.1%)
W3 ifolium subterrancum(19%)
o W sotens %)
"l pisum saivam@.53%)
é‘ 4e—04 [ 5.Giycine max(1.5%)
2 [ 6. Cajanus cajan(0.98%)
193 angustifolius(0.63%)
[a] : 1ba(0.55%)
[ o Medicago sativa(0.36%)
2e—04 ' llo.Phamlnsvulgaris(n.xx%)
[ 1. Vigna anguiaris(028%)
[ 12.Lows japonicus(0.27%)
W 5.viei
| X (0.27%)
0e+00 I 15 Vigna radiata var radiata(0.2%)
(1] 2500 5000 7500 10000
Length/bp
FIGURE 1
Length distribution of the assembled transcript (A), CDS (B), frequency distribution comparison of transcript and CDS (C), and annotation
distribution (D).
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relationship was shown in roots (p >0.05, R? with an average of
0.77), indicating that leaves were more sensitive to abiotic stress
(Figure 2A). To understand how common vetch transcripts
respond to cold-drought stress between leaves and roots, the
mRNA populations were compared with PCA (Figure 2B), and
the results showed that the four groups were separated from each
other and the CK.

A total of 4,836 and 3,103 DEGs were identified in the leaves
and roots, respectively, under cold-drought combined conditions
compared with the control. Among these DEGs, 2,835 and 1,755
genes were upregulated in leaves and roots, respectively, while
2,001 and 1,348 DEGs were downregulated in leaves and roots
under cold-drought combined stress, respectively (Figures 3A,B).
Among them, 3,549 (53.3%) and 1,816 (27.3%) DEGs were found
to be leaf and root-specific, respectively (Figures 3C,D). Notably,
atotal of 1,187 (19.4%) genes were differentially expressed in both
tissues; of them, 843 (12.7%) were co-induced, 391 (5.9%) were
co-repressed and 53 (0.8%) were oppositely expressed in the leaves
and roots (Figures 3C,D). For the 521 novel transcripts, their
expression patterns were more likely to be downregulated under
cold-drought stress (Supplementary Table S4). Among them, 41
and 18 downregulated DEGs were identified in leaves and roots,
respectively. Twenty-five and 3 DEGs were classified as
upregulated in leaves and roots, respectively. Furthermore, 12
co-induced and 8 co-repressed DEGs were identified in both
leaves and roots (Supplementary Figure S1).

To further confirm the reliability of our RNA-Seq data, 15
candidate DEGs were selected for qRT-PCR validation
(Supplementary Figure S2). As shown in Supplementary Figure S3,
the expression levels of these DEGs in both leaves and roots were

10.3389/fpls.2022.976094

significantly correlated with the FPKM values (R*=0.8). Among
them, one (FOI1.PB19254) was downregulated, one (FO1.PB13497)
was oppositely expressed, and the remaining genes were
upregulated after cold-drought treatment.

Functional enrichment analysis of
potential DEGs

Consensus and different co-expression
modules identify by GO enrichment analysis

In plants, leaves and roots can respond asymmetrically under
abiotic stress, as has been observed at the physiological,
morphological, and genetic levels. However, the coordinated
variations in the functional genes of different tissues were also
observed in common vetch. GO enrichment results showed that
12 and 14 GO enriched terms were specifically divided into leaves
and roots, and five GO terms shared by leaves and roots, including

»

“Sucrose synthase activity,” “Metabolic process;,” “Ferric iron

» o«

binding,” “Ferroxidase activity, and “Integral component of
membrane” (Figure 4D).

Plant leaves and roots are tightly linked and jointly respond to
fluctuating environments. Even though above-and below-ground
follow distinct developmental trajectories, some highly
coordinated biological processes also exist. GO enrichment
(top 25, p<0.05) found that cold-drought combined treatments
significantly affected 12 BPs (biological process), 9 MFs (molecular
function), and 4 CCs (cellular component) in leaves (Figure 4A).
The “Photosystem II” was the most significantly enriched category

in leaves, followed by “Protein-chromophore linkage” and
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“Response to water” Among the 67 “Photosystem II” term-
enriched DEGs, all of them were upregulated in leaves and showed
tissue-specific expression patterns, and 61 of them were not
detected in roots (Supplementary Table S5). Notably, 20 DEGs
enriched in the “Response to water” term were all upregulated,
and 40% of DEGs were significantly upregulated (Log,FC>10) in
leaves. One, four, nine, and six DEGs of them were annotated as
“Endochitinase A2, “Embryogenic cell protein 40, “Dehydrin
DHN2,” and “Dehydrin-cognate,” respectively. Nearly half of them
were also upregulated in roots (Supplementary Table S5).
Similarly, 11 BP, 13 MEF, and one CC category were enriched
in the roots. The three most significantly enriched categories were
“defence response;” followed by “oxidation-reduction process” and
“glutathione transferase activity” (Figure 4B). In total, 70 DEGs
were enriched in the “defence response” term, 53 (88.6%) were
downregulated, and 46 specifically expressed DEGs were found in
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roots, with 8 upregulated and 38 downregulated. In particular, the
DEGs annotated as “TMV resistance protein” and “NB-ARC
domain disease resistance protein” were mostly downregulated,
implying that DEGs related to “defence response” might play a
negative role in the response to multiple stresses. The DEGs
belonging to “ABA-responsive protein” and “Endochitinase A2”
were all upregulated. Notably, 18 DEGs enriched in the
“glutathione transferase activity” term was all upregulated in roots,
among which five were upregulated in the leaves and roots
(Supplementary Table S6). Furthermore, there were 1,187 DEGs
were enriched into 15 BP and 10 CC categories in both tissues
(Figure 4C). The “Sucrose synthase/metabolic activity” terms were
most significantly enriched, followed by “Glutamate-5-
semialdehyde dehydrogenase activity;” and “Glutamate 5-kinase
activity” Interestingly, 24 DEGs were detected in the above-
mentioned terms, and all of them were upregulated in the leaves
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FIGURE 4

The distribution of the top 25 most represented GO categories. The DEGs obtained from leaves (A), roots (B), and shared between two tissues
(C) were assigned to three main categories: biological process, cellular component, and molecular function. The number of enriched GO

categories distribution (D).

and roots, indicating that these DEGs may be highly coordinated
in response to abiotic stress between the above-and underground
tissues of common vetch (Supplementary Table 7).

Consensus and different co-expression
modaules identify by pathway enrichment

To explore the key pathway under combined stress, KEGG
pathway analysis of DEGs obtained from leaves, roots, and
co-induced (shared in both tissues) was conducted by meta-
analysis. The enrichment result showed that 1,161, 881, and 340
cold-drought-induced DEGs were assigned to 121, 112, and 88
pathways in the leaves, roots, and co-induced, respectively. The
significantly enriched pathways (p <0.05) were further screened,
and it was found that 10 common elements (23.3%), including
“Circadian rhythm-plant,” “Cyanoamino acid metabolism,”

» «,

“Valine, leucine, and isoleucine degradation,” “Starch and sucrose

» <«

metabolism,

» <«

Plant hormone signal transduction,

» o«

metabolism,

Sphingolipid

Galactose metabolism,” “Arginine and proline
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metabolism,” “ABC transporters,” and “Alanine, aspartate and
glutamate metabolism,” were the shared pathways in leaves
(Figure 5A), roots (Figure 5B), and co-induced DEGs (Figure 5C).
Except for these coenriched pathways, 18 (41.9%), 9 (20.9%), and
2 (4.7%) pathways were specifically enriched in leaves, roots, and
co-induced DEGs, respectively.

KEGG pathway enrichment results showed that “ABC
transporters” was the most enriched pathway among leaves, roots,
and DEGs shared between both tissues. In the current study, six
common vetch ABC transporters (VsABC) were detected in both
tissues, and all of them were upregulated in roots, while, three of
them had the opposite expression patterns (FOI.PB27856, FOI.
PB32848, and F01.PB36915), which were upregulated in roots, but
downregulated in leaves (Supplementary Table S8). Eight and
seven VSABC genes showed tissue-specific expression profiles,
which were specifically identified in leaves and roots, respectively.
Compared with roots, more ABC transporters were downregulated
in leaves, suggesting that the function of VsABC genes may have
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tissue specificity, and play different functions between
underground and aboveground organizations.

Previous studies have found that the OsABCGY gene is
primarily expressed in rice leaves during vegetative growth. In
mutated OsABCGY plants, the cuticular wax contents on the leaves
are diminished by half, and this mutant exhibited growth
retardation and sensitivity to drought stress (Nguyen et al., 2018).
It is worth noting that the pathway of “Cutin, suberin, and wax
biosynthesis” was significantly enriched in leaves. Five DEGs were
identified in this pathway, two of which were upregulated in both
tissues (FO1.PB14194: Protein ECERIFERUM 1 and FO1.PB19883:
Cytochrome P450 94AI), one upregulated (FOI.PB22120:
Cytochrome P450 86A1) in leaves, and reaming two (FO1.PB25896
and F01.PB31997 were identified as Fatty acyl-CoA reductase 1)
downregulated in leaves (Supplementary Table S8), indicating that
VsABC genes may play an important function by regulating the
common vetch cutin, suberin, and wax biosynthesis pathway
against combined abiotic stress in leaves.

Transcription factors in response to
cold-drought stress

Transcription factors are important upstream regulators,
directly responsible for the activation or repression of various
abiotic stresses (Adcock and Caramori, 2009). For example, ERF
(ethylene-responsive element binding proteins), bZIP, NAC

10.3389/fpls.2022.976094

(NAM/ATAF/CUC), GRAS (GAI/RGA/SCR), bHLH (basic
helix-loop-helix), WRKY (WRKY-domain), and MYB
(myeloblastosis) have been proven to participate in multiple
stresses in various plants (Gujjar et al., 2014; Baillo et al,, 2019).
Consistent with previous studies, 189 and 130 DEGs were
identified as transcription factors under cold-drought treatments
in common vetch leaves and roots and were further divided into
37 and 32 families, respectively (Supplementary Table S9). ERF,
bZIP, bHLH, NAC, GRAS, and WRKY represented the most
abundant families. Compared with other families, the members of
NAGC, Dof, EIL, AP2, and MIKC-MADS were all upregulated in
both tissues. Furthermore, 126 (49.2%) and 62 (24.2%) tissue-
specific induced TFs were identified in leaves and roots,
respectively (Figure 6). Some tissue-specifically expressed TFs
have also been identified and have less-defined roles in abiotic
stress responses. For example, GATA, GRF, M-type_MADS,
NE-YA, NE-YC, Nin-like, and YABBY were specifically identified
in leaves, FAR1 and SRS were specifically identified in roots,
perhaps because functional differentiation occurred in the long-
term evolutionary process, and different complementary
responses of above-and belowground tissues to combined
abiotic conditions.

We also identified sets of TFs with similar behaviors among
leaves and roots during cold-drought combined stress, and the
most abundant TF families were the NAC (9), followed by the ERF
(8), bZIP (7), bHLH (6), and MYB (5) families. Among them, 63
co-responsive DEGs were identified in both tissues, which were
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classified into 24 TF families (Supplementary Figure 54), including
45 and 17 DEGs that were up-and downregulated, respectively.
Only one gene (F01.PB17105: bZIP) showed the opposite
expression pattern, which was upregulated in leaves but
downregulated in roots.

Consensus module identification and
hub gene protein—protein interaction
network analysis

To detect the conserved modules of DEGs under multiple
abiotic stresses, the consensus expression profile modules of single
drought, cold, and co-occurrence of cold-drought stress were
performed by combining the results we published previously (Min
etal,, 2020b,c). All DEGs could be clustered into six significantly
enriched trends (p<0.05) in leaves and roots, including two
upregulated patterns (profile 19 and 17), two downregulated
patterns (profile 0 and 2), one profile only upregulated under cold
and cold-drought stress (profile 12), and one profile only
downregulated under cold and cold-drought stress (profile 7;
Figures 7A,B). Compared with other profiles, we paid more
attention to profile 19, because these DEGs were upregulated
under all abiotic conditions. To further discover the key genes’
response to multiple stresses, 29 co-induced DEGs identified in
both tissues were selected as hub genes (Figure 7C). The top two
hub genes were Delta-1-pyrroline-5-carboxylate synthase B
(P5CSB) and Late embryogenesis abundant (LEA2). Additionally,
some proteins, including ABA-responsive protein ABR18, ERF1-3,
monosaccharide-sensing protein 2, MtN21/EamA-like transporter
protein, phosphatase 2C protein, and topless-related protein 2,
and two hypothetical proteins were also played some crucial roles
in the response to multiple abiotic stresses in whole plants.
Functional enrichment results demonstrated that 29 co-induced

10.3389/fpls.2022.976094

DEGs were relevant to “glutamate-5-semialdehyde dehydrogenase

» <« » <«

activity, “glutamate 5-kinase activity, “proline biosynthetic
process,  “cytoplasm;” and “oxidation-reduction process”
(Figure 8A). Additionally, we also found that the arginine and
proline metabolism pathway (ko00330), and biosynthesis of
amino acids (ko01230) were the most enriched pathways among
the hub genes (Supplementary Table S10).

To explore functional interactions among 29 hub DEGs
obtained from common vetch, STRING analysis was conducted
to present known protein coexpression by BLASTp homology
searches against the Arabidopsis genome, and 19 unique
orthologues were identified. Furthermore, Cytoscape was used to
display the most overrepresented DEGs (Figure 8B). In the
protein—protein interaction network, nearly half of them were
enzyme proteins, including four hydrolases [AtPP2C33 (FO1.
PB22768), UBP2 (F01.PB24895), MEE13.8 (F01.PB29312), FACI
(F01.PB21275)], three protein kinase genes [AT5G58950 (FO1.
PB17503), P5CS2 (F01.PB22755), P5CS1 (FO1.PB17947)], one
oxidoreductase [ALDH12A (F01.PB33234)], one aminotransferase
[POP2 (F01.PB20922)] and, one ligase [MCCA (F01.PB33120)].

Functional validation of hub genes

The enrichment result showed that “arginine and proline
metabolism” and “plant hormone signal transduction” were the
most co-enriched pathways in leaves, roots, and co-induced
DEGs, respectively (Figure 5). Previous research has shown that
Delta I-pyrroline-5-carboxylate synthetase (P5CS5) catalyzes is the
first and second steps in proline biosynthesis. In our study, we find
that five VsP5CS2 amino acid kinases (F01.PB22519, FOl.
PB13370, FO1.PB22755, FO1.PB17947, and F01.PB25217) were
upregulated under all abiotic conditions in both leaves and roots.
Among them, the expression of FOI1.PB22519 near zero under
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The expression pattern distribution of the most enriched transcription factors in response to cold-drought stress between leaves and roots.
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Dynamic progression of the common vetch transcriptome under cold-drought stress. (A,B) show the dynamic expression of DEGs in leaves and

roots, respectively, by K-means clustering. (C) shows the expression profile
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Functional enrichment (A) and protein—protein interaction analysis of 29 hub DEGs (B).

normal conditions, but significantly upregulated in both tissues
under different abiotic stress. In addition, F0I.PB9597
(VsUMAMIT: Usually Multiple Acids Move in and out
Transporters) was identified as an amino acid and auxin
transporter, which was upregulated in all abiotic stresses,
especially cold-drought combined stress. Furthermore, FO1.
PB3916 (VsPM19) is an ABA-induced plasma membrane protein,
previous research has shown that an increased level of this protein
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leads to greater tolerance to low temperature (Koike et al., 1997).
The rice homolog, OsPM19L1, is induced by osmotic stress and
may be associated with stress tolerance through an
ABA-dependent pathway (Chen et al., 2015). But whether FOI.
PB9597 and F01.PB3916 responds to multiple abiotic stresses
remains unclear. Therefore, FO1.PB9597, FO1.PB22519, and FO1.
PB3916 were selected as candidate genes for further studies. To
verify three hub genes in response to individual and simultaneous
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stresses, we overexpressed them in the S. cerevisiae yeast
strain INVScl.

Under normal conditions, the pYES2-VsPM19 recombinant
plasmid grows better than the empty yeast cells, while pYES2-
VsP5CS2 were not growing well as the control. When the
transgenic yeast was treated with 5M NaCl, 30% PEG, cold
(—20°C), and cold-30%PEG combined stress for 36 h, the empty
and recombinant plasmid cells showed different growth states.
Under single abiotic stress, pYES2-VsPM19 and pYES2-VsP5CS2
can still grow in 1073, but the pYES2 plasmid transgenic yeast cells
were hardly grown in a 10~ dilution. Although pYES2-VsPM19
grew well than control under single abiotic stress, did not show a
better cold-30%PEG combined stress tolerance, indicating that
VsPM19 could not enhance compound stress tolerance (Figure 9).
Among different abiotic stresses, VsUMAMIT were more sensitive
to 5M NaCl, 30% PEG and cold-30%PEG stresses. These
combined data indicated that VsUMAMIT and VsP5CS2 could
enhance abiotic tolerance, VsPM19 can only increase the tolerance
to single stress, the precise regulatory mechanism still needs
further studies. These three hub genes that have been validated
will provide a foundation for improving abiotic tolerance in future
common vetch genetic manipulation.

Discussion

The effects of cold and drought on transcriptional regulation
have been broadly studied separately. Generally, a cascade of
biochemical and molecular events was induced and led to similar
responses in most individual abiotic stresses. However, in natural
environments, simultaneous stress frequently occurs and always
causes a more severe effect on plants. There may exist some
unique, complex regulatory pathways under combined abiotic
stress (Pandey et al., 2017). Additionally, involving combined
stresses, plant leaves, and roots can respond to these changes in
various ways. Thus, at the molecular level, understanding common
vetch responses to cold-drought combined stresses among leaves
and roots will be necessary to identify key molecular targets and
adaptive mechanisms.

Common vetch responses to combined
cold and drought stress are also unique

Our previous studies showed that the length and fresh
weight of the aboveground and underground parts were
significantly reduced from those of the control groups (p <0.05),
especially the fresh weight, which is 32% less than that of the
control when the PEG concentration was up to 20% in cultivar
“Lanjian No.1” (Min et al., 2020b). We also compared the
physiological indicators of “Lanjian No.1” under 4°C treatment,
and found that the fresh weight decreased by 4.4% after 24h
compared with that before treatment, and a significant increase
in malondialdehyde and soluble sugar contents was detected at
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24h and maintained for at least 48 h under 4°C cold stress in
leaves (Min et al., 2020¢; Cui, 2021). At the molecular level, the
responses of the leaves and roots of common vetch to combined
cold and drought differ from those to each abiotic stress
separately. Cold stress can alter the cell membrane fluidity and
protein conformation, while drought induces hyperosmotic
stress in plant cells (Zhang et al., 2022). However, cold and
drought in combination alter photosynthesis, stomatal
conductance, and respiration, distinctly from cold or drought
alone. Under low temperature and drought conditions alone,
more DEGs were identified in leaves, especially under low
temperature, indicating that leaves are more sensitive to abiotic
than
transcriptome sequencing showed that combined cold and

stress roots. Consistent with previous studies,
drought stresses also have a greater impact on the leaves, and
more upregulated DEGs were identified in maize and tomato
leaves (Zhou et al., 2019; Guo et al., 2021).

Previous studies have indicated that plant responses to
combined abiotic stress also exhibit some unique regulatory
mechanisms and cannot be inferred from individual stresses. For
example, a transcriptomic study in common vetch showed that
Ca’ signaling, hormonal signaling, photosynthesis signaling, and
redox pathways play important roles through CBF-dependent or
CBF-independent transcriptional mechanisms to enhance cold
resistance (Min et al., 2020c). Under single drought stress alone,
hormonal signaling, starch and sucrose metabolism, and arginine
and proline metabolism were the most enriched pathways among
leaves and roots (Min et al., 2020b). Thus, a comprehensive
understanding is essential for improving common vetch
resistance to combined stress. Under combined cold and drought
stress, ABC transporters were the most enriched pathway among
leaves and roots, followed by arginine and proline metabolism,
circadian rhythm-plant, plant hormone signal transduction,
starch, and sucrose metabolism (Figure 5). Cutin, suberin and
wax biosynthesis, and glucosinolate biosynthesis were the most
enriched pathways in leaves and roots, respectively. ABC
transporters bind ATP and hydrolyze ATP, which are essential for
plant growth, development, and adaptation to the harsh
environment (Dahuja et al., 2021). In this study, 18 ABCBs and
three ABCCs were identified as having different (positive or
negative), or tissue-specific expression patterns. Some studies
have shown that the expression of ABC genes may regulate wax
and cutin transport in plant leaves, and further affect plant
responses to stress, including cold and drought. In rice, compared
with the wild type, the wax crystals disappeared in osabcg9-2
mutant leaves, and cuticular wax was diminished by 53%,
increased leaf chlorophyll leaching, and became more sensitive to
drought stress in osabcg9-1 mutant plants (Nguyen et al., 2018).
In Arabidopsis, AtABCGII, AtABCGI2, AtABCGI3, and
AtABCG32 are involved in cuticular wax and cutin monomer
transportation (Yeats and Rose, 2013). Under natural conditions,
common vetch always faces combined abiotic stresses, so it is
important to understand how common and stress-specific
response pathways interact.
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and cold + 30% PEG stresses.

The expression of pYES2, pYES2-VSUMAMIT, pYES2-VsPM19, and pYES2-VsP5CS2 in INVScl cells induced under cold (—20°C), 5M NaCl, 30% PEG,

In general, combined cold and drought stress is more likely to
disrupt the PS-II function of aboveground tissues in plants, and
then significantly reduce photosynthetic activity (Guo et al.,, 2021).
Upon abiotic stress, abiotic-stabilized phyB could promote plant
tolerance by controlling the expression of some stress-responsive
genes, enhancing photosynthetic efficiency (Zhang et al., 2022).
The CABs are the main functional components of the light-
harvesting complex (LHC) in higher plants. CAB genes are
classified into 10 gene families, and six CAB families, including
LHCb1, LHCb2, LHCb3, LHCb4, LHCb5, and LHCb6, are related
to photosystem IT (PS IT; Plochinger et al., 2016). CAB genes have
been identified to play a crucial role in the response to light
intensity, drought, low temperature, and salinity stress. Wang et al.
(2017) performed a proteomic analysis of tea leaves and found
that the expression of CAB genes increased dramatically during
drought stress (Wang et al., 2017). Arabidopsis LHCb4 mutant
plants have a disrupted PS II macrostructure and are defective in
photoprotection, proving that LHCb4 plays a unique role among
PS II antenna proteins and photoprotection (de Bianchi et al,,
2011). Abundant chlorophyll a-b binding proteins significantly
contributed to the “photosynthesis” pathway, and all of them were
significantly upregulated, indicating that photosynthesis was
enhanced under abiotic stress in common vetch leaves.

Dehydrin (DHN) genes are highly hydrophilic and are
predominantly induced by cold, drought, and salt stresses
(Shekhawat et al., 2011). Previous studies have suggested that
DHN genes can promote the accumulation of osmotic material by
protecting photosynthesis, enriching chlorophyll content,
enhancing water retention capacity, and activating ROS
detoxification (Singh et al, 2019). For instance, when rice
seedlings are exposed to severe drought conditions resulting all
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DHN genes are upregulated in leaves and roots (Verma et al.,
2017). In addition, the cold and drought tolerance was improved
by overexpressing DHN genes in transgenic tobacco, cotton, and
Sorghum plants, resulting in malondialdehyde, lipid peroxidation,
relative electrolyte leakage, and water loss reduction (Bao et al.,
2017; Guo et al., 2017; Halder et al., 2017; Kirungu et al., 2020).
Our results emphasized that DHN proteins have a positive impact
on common vetch cold-drought stress tolerance. In total, 20
differentially expressed DHN genes were enriched to the
“Response to water” category, all DHN genes were upregulated in
leaves, and seven of them were upregulated in both tissues.
Furthermore, some of VsDHNs, including FO1.PB13924, FO1.
PB6182, F01.PB8865, F01.PB5084, F01.PB3012, and F01.PB47
were found to be negligible in leaves and/or roots under normal
conditions and was significantly upregulated by more than
100-fold under combined treatments. Abundant CAB and DHN
genes were significantly induced and enriched in common vetch
leaves, confirming that DHNs may play a vital role in maintaining
the photosynthetic rates under combined stress.

TFs involved in the combined cold and
drought stress

When plants face abiotic stress, many genes, especially
transcription factors, can respond rapidly and regulate the
expression of downstream functional genes. Previous studies
found that C-repeat/dehydration-responsive element-binding
(CBE/DREB) transcription factors could be activated by AP2/ERE,
CAMTA, MYB, and nuclear factor Y (NF-Y), and play a key role
in low temperatures and/or water deficit (Wang et al., 2012;
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Park et al., 2015; Hu et al., 2020). AP2/ERF family, as one of the
largest gene families in plants, plays a diverse role in response to
abiotic stresses and phytohormones and can control a wide
network of downstream genes in the cellular signaling pathway
(Faraji et al., 2020; Heidari et al., 2021). Consistent with previous
studies, 18 and 22 AP2/ERF genes were identified under combined
stress in common vetch leaves and roots. Among them, nine AP2/
ERF genes were upregulated in both tissues. Some AP2/ERF genes
showed tissue-specific expression patterns. Two CAMTA (FOI.
PB25251, F01.PB28165) were specifically upregulated in leaves,
and one (F01.PB23756) was specifically downregulated in roots.
Several transcription factor families have shown tissue-specific
expression patterns were obtained. For example, NF-YA (FOI.
PB13198) was upregulated in leaves, and NF-YB (F01.PB3279) was
downregulated in leaves. The CBF transcriptional level response
is quite different between leaf and root tissues, which might
interact and/or inhibit each other.

The NAC (NAM, ATAEF, and CUC) TF family members play
an important role in plant growth, development, and stress
responses. In Arabidopsis, ANAC019 (AT1G52890.1), ANAC055
(AT3G15500), and ANAC072 (AT4G27410.2) were induced by
drought, salinity, and/or low temperature, and transgenic plants
overexpressing either of them showed significantly increased
stress tolerance compared to the wild type (Tran et al., 2004). In
this study, the NAC transcription factors were observed to be the
most significantly upregulated, including ANAC072 orthologous
F01.PB6545, F01.PB8282, and F01.PB9565, which are
upregulated in both tissues. Dof (DNA binding with one finger)
has been reported to participate in the regulation of gene
expression in plant defense processes (Waqas et al., 2020). The
expression levels of Dof transcription factors (FOI.PB31167 and
F01.PB10374) changed significantly in both tissues in common
vetch. Some of the previously uncharacterized abiotic
transcription factors also identified in this study might represent
novel regulators of combined stress tolerance in whole plants.
Examples include HSI2-like 1 (F01.PB35573) and DBB (FO1I.
PB6342) transcription factors.

Conclusion

The present study designed to compare the transcription
profiles of cold-drought combined stress between aboveground
and underground tissues revealed the operation of mechanisms
that (a) the responses of leaves and roots of common vetch to
combined cold and drought differ from that subjected to single
stress, as well as some unique genes related to stress tolerance, (b)
cold-drought combined stress has a greater impact on leaves, and
more upregulated DEGs were identified, (c) improve tolerance to
combined stress by upregulating a large amount of chlorophyll a-b
binding protein and water responsive genes (e.g., ECP40, DHN2
and Endochitinase A2) in leaves, many d response proteins (e.g.,
TMV resistance protein, NB-ARC domain disease resistance
protein, ABA-responsive protein, and Endochitinase A2) in roots,
and multifunctional enzymes (e.g., GABA-TP1, SUS2, and P5CS)
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were upregulated in both tissues. Additionally, the hub genes
involved in the single and combined cold-drought stress were
identified and functionally validated. Further metabonomic and
transgenic studies are needed to study the effect of hub genes
under both single and combined stresses.

Data availability statement

The original contributions presented in the study are publicly
available. This data can be found here: https://doi.org/10.6084/
m9.figshare.20629467.v1.

Author contributions

XM: methodology, software, validation, formal analysis,
investigation, data curation, visualization, and writing—original
draft. QW: formal analysis, supervision, and validation. ZW:
resources and project administration. ZL: methodology, funding
acquisition, and supervision. WL: investigation, methodology,
conceptualization, funding acquisition, visualization, and project
administration. All authors contributed to the article and
approved the submitted version.

Funding

This research was supported by the National Natural Science
Foundation of China (32071862), the Natural Science Foundation
of Gansu Province (20JR10RA622), and the Fundamental
Research Funds for the Central Universities (1zujbky-2021-ct21,
lzujbky-2021-it05, and lzujbky-2021-ct14), the Nature Science
Foundation of the Jiangsu Higher Education Institution of China
(22KJB230011), and the Natural Science Foundation of Jiangsu
Province (BK20220583).

Acknowledgments

We thank Jiaoyang Tian and Xiaoshan Lin for their assistance
with the qRT-PCR analysis.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

frontiersin.org


https://doi.org/10.3389/fpls.2022.976094
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://doi.org/10.6084/m9.figshare.20629467.v1
https://doi.org/10.6084/m9.figshare.20629467.v1

Min et al.

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.

976094/full#supplementary-material

References

Adcock, I. M., and Caramori, G. (2009). “Chapter 31 - transcription factors,” in
Asthma and COPD. 2nd Edn. eds. P. ]. Barnes, J. M. Drazen, S. I. Rennard and N. C.
Thomson Second ed (Oxford: Academic Press), 373-380.

Altschul, S. F, Madden, T. L., Schiffer, A. A., Zhang, J., Zhang, Z., Miller, W,, et al.
(1997). Gapped BLAST and PSI-BLAST: a new generation of protein database
search programs. Nucleic Acids Res. 25, 3389-3402.

Baillo, E. H., Kimotho, R. N., Zhang, Z., and Xu, P. (2019). Transcription factors
associated with abiotic and biotic stress tolerance and their potential for crops
improvement. Genes 10:771. doi: 10.3390/genes10100771

Bao, F, Du, D, An, Y,, Yang, W,, Wang, J., Cheng, T, et al. (2017). Overexpression
of Prunus mume Dehydrin genes in tobacco enhances tolerance to cold and
drought. Front. Plant Sci. 8: 151. doi: 10.3389/fpls.2017.00151

Chen, C., Chen, H., Zhang, Y., Thomas, H. R, Frank, M. H., He, Y, et al. (2020).
TBtools: An integrative toolkit developed for interactive analyses of big biological
data. Mol. Plant 13, 1194-1202. doi: 10.1016/j.molp.2020.06.009

Chen, H., Lan, H., Huang, P, Zhang, Y., Yuan, X., Huang, X., et al. (2015).
Characterization of OsPM19L1 encoding an AWPM-19-like family protein that is
dramatically induced by osmotic stress in rice. Genet. Mol. Res. 14, 11994-12005.
doi: 10.4238/2015.0ctober.5.12

Choudhury, E K,, Rivero, R. M., Blumwald, E., and Mittler, R. (2017). Reactive oxygen
species, abiotic stress and stress combination. Plant J. 90, 856-867. doi: 10.1111/tpj.13299

Correia, B., Hancock, R. D., Amaral, J., Gomez-Cadenas, A., Valledor, L., and
Pinto, G. (2018). Combined drought and heat activates protective responses in
Eucalyptus globulus that are not activated when subjected to drought or heat stress
alone. Front. Plant Sci. 9: 819. doi: 10.3389/fpls.2018.00819

Cui, Y. (2021). Transcrptome and metabonomic analysis of cold resistance of
“Lanjian” cultivars in common vetch (Vicia sative) [D]. Lanzhou: Lanzhou University.

Dahuja, A., Kumar, R. R., Sakhare, A., Watts, A., Singh, B., Goswami, S., et al. (2021).
Role of ATP-binding cassette transporters in maintaining plant homeostasis under
abiotic and biotic stresses. Physiol. Plant. 171, 785-801. doi: 10.1111/ppl.13302

de Bianchi, S., Betterle, N., Kouril, R., Cazzaniga, S., Boekema, E., Bassi, R., et al.
(2011). Arabidopsis mutants deleted in the light harvesting protein LHCB4 have a
disrupted photosystem II macrostructure and are defective in photoprotection.
Plant Cell 23, 2659-2679. doi: 10.1105/tpc.111.087320

Faraji, S., Filiz, E., Kazemitabar, S. K., Vannozzi, A., Palumbo, E, Barcaccia, G.,
et al. (2020). The AP2/ERF gene family in Triticum durum: genome-wide
identification and expression analysis under drought and salinity stresses. Genes
11:1464. doi: 10.3390/genes11121464

Gargallo-Garriga, A., Sardans, J., Pérez-Trujillo, M., Oravec, M., Urban, O.,
Jentsch, A., et al. (2015). Warming differentially influences the effects of drought on
stoichiometry and metabolomics in shoots and roots. New Phytol. 207, 591-603. doi:
10.1111/nph.13377

Gong, Z., Xiong, L., Shi, H.,, Yang, S., Herrera-Estrella, L. R, Xu, G, et al. (2020).
Plant abiotic stress response and nutrient use efficiency. Sci. China Life Sci. 63,
635-674. doi: 10.1007/s11427-020-1683-x

Gujjar, R. S., Akhtar, M., and Singh, M. (2014). Transcription factors in abiotic
stress tolerance. Indian J. Plant Physiol. 19, 306-316. doi: 10.1007/540502-014-0121-8

Guo, Q,, Li, X,, Niu, L., Jameson, P. E., and Zhou, W. (2021). Transcription-
associated metabolomic adjustments in maize occur during combined drought and
cold stress. Plant Physiol. 186, 677-695. doi: 10.1093/plphys/kiab050

Frontiers in Plant Science

85

10.3389/fpls.2022.976094

SUPPLEMENTARY FIGURE S1
Characteristics of novel transcripts. (A) The expression pattern
distribution of novel transcripts. (B) The expression level of novel
transcripts under cold-drought combined stress in leaves and roots.

SUPPLEMENTARY FIGURE S2

Validation of the expression profiles (log2-fold change) of 15 selected
DEGs from leaves and roots using qRT-PCR. The green bars represent
gRT-PCR-expressed leaves (left y-axis), and the blue trend lines represent
the FPKM value changes of the DEGs (right y-axis).

SUPPLEMENTARY FIGURE S3
The expression (Log2-fold change) correlation of 15 DEGs based on
RNA-Seq via gRT-PCR.

SUPPLEMENTARY FIGURE S4
The expression profile of 63 co-induced transcription factors in leaves
and roots, respectively.

Guo, X., Zhang, L., Zhu, ], Liu, H., and Wang, A. (2017). Cloning and
characterization of SiDHN, a novel dehydrin gene from Saussurea involucrata Kar.
Et Kir. That enhances cold and drought tolerance in tobacco. Plant Sci. 256, 160-169.
doi: 10.1016/j.plantsci.2016.12.007

Halder, T., Upadhyaya, G., and Ray, S. (2017). YSK2 type Dehydrin (SbDhn1)
from Sorghum bicolor showed improved protection under high temperature and
osmotic stress condition. Front. Plant Sci. 8: 918. doi: 10.3389/fpls.2017.00918

Hasanuzzaman, M., Hakeem, K. R., Nahar, K., and Alharby, H. E (2019). Plant
abiotic stress tolerance: Agronomic, Molecular and Biotechnological Approaches
(Switzerland: Springer).

Heidari, P, Entazari, M., Ebrahimi, A., Ahmadizadeh, M., Vannozzi, A.,
Palumbo, E, et al. (2021). Exogenous EBR ameliorates endogenous hormone
contents in tomato species under low-temperature stress. Horticulturae 7:84. doi:
10.3390/horticulturae7040084

Hu, Z., Ban, Q,, Hao, J., Zhu, X., Cheng, Y., Mao, ], et al. (2020). Genome-wide
characterization of the C-repeat binding factor (CBF) gene family involved in the
response to abiotic stresses in tea plant (Camellia sinensis). Front. Plant Sci. 11: 921.
doi: 10.3389/fpls.2020.00921

Huang, Y., Gao, X., Nan, Z., and Zhang, Z. (2017). Potential value of the common
vetch (Vicia sativa L.) as an animal feedstuff: a review. J. Anim. Physiol. Anim. Nutr.
101, 807-823. doi: 10.1111/jpn.12617

Jin, J., Tian, E, Yang, D.-C., Meng, Y.-Q,, Kong, L., Luo, J., et al. (2016). PlantTFDB
4.0: toward a central hub for transcription factors and regulatory interactions in
plants. Nucleic Acids Res. 45, D1040-D1045. doi: 10.1093/nar/gkw982

Kartal, G. K., Senbek, G., Karaca, M., and Acikgoz, E. (2020). Hybridization
studies in Vicia sativa complex. Euphytica 216:29. doi: 10.1007/s10681-020-2566-3

Kawai, S., Hashimoto, W.,, and Murata, K. (2010). Transformation of
Saccharomyces cerevisiae and other fungi. Bioeng. Bugs 1, 395-403. doi: 10.4161/
bbug.1.6.13257

Kirungu, J. N., Magwanga, R. O,, Pu, L., Cai, X., Xu, Y,, Hou, Y,, et al. (2020).
Knockdown of Gh_A05G1554 (GhDHN_03) and Gh_D05G1729 (GhDHN_04)
Dehydrin genes, reveals their potential role in enhancing osmotic and salt tolerance
in cotton. Genomics 112, 1902-1915. doi: 10.1016/j.ygeno.2019.11.003

Koike, M., Takezawa, D., Arakawa, K., and Yoshida, S. (1997). Accumulation of
19-kDa plasma membrane polypeptide during induction of freezing tolerance in
wheat suspension-cultured cells by abscisic acid. Plant Cell Physiol. 38, 707-716. doi:
10.1093/oxfordjournals.pcp.a029224

Larbi, A., Abd El-Moneim, A., Nakkoul, H., Jammal, B., and Hassan, S. (2011).
Intra-species variations in yield and quality determinants in Vicia species: 3.
Common vetch (Vicia sativa ssp. sativa L.). Anim. Feed Sci. Technol. 164, 241-251.
doi: 10.1016/j.anifeedsci.2010.09.002

Li, B., and Dewey, C. N. (2011). RSEM: accurate transcript quantification from
RNA-Seq data with or without a reference genome. BMC Bioinformatics 12:323. doi:
10.1186/1471-2105-12-323

Lozano-Elena, E, Fabregas, N., Coleto-Alcudia, V., and Cano-Delgado, A. L.
(2022). Analysis of metabolic dynamics during drought stress in Arabidopsis plants.
Sci. Data 9:90. doi: 10.1038/s41597-022-01161-4

Mahalingam, R. (2015). “Consideration of combined stress: a crucial paradigm
for improving multiple stress tolerance in plants,” in Combined stresses in plants:
Physiological, molecular, and biochemical aspects. ed. R. Mahalingam (Cham:
Springer International Publishing), 1-25.

frontiersin.org


https://doi.org/10.3389/fpls.2022.976094
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpls.2022.976094/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.976094/full#supplementary-material
https://doi.org/10.3390/genes10100771
https://doi.org/10.3389/fpls.2017.00151
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.4238/2015.october.5.12
https://doi.org/10.1111/tpj.13299
https://doi.org/10.3389/fpls.2018.00819
https://doi.org/10.1111/ppl.13302
https://doi.org/10.1105/tpc.111.087320
https://doi.org/10.3390/genes11121464
https://doi.org/10.1111/nph.13377
https://doi.org/10.1007/s11427-020-1683-x
https://doi.org/10.1007/s40502-014-0121-8
https://doi.org/10.1093/plphys/kiab050
https://doi.org/10.1016/j.plantsci.2016.12.007
https://doi.org/10.3389/fpls.2017.00918
https://doi.org/10.3390/horticulturae7040084
https://doi.org/10.3389/fpls.2020.00921
https://doi.org/10.1111/jpn.12617
https://doi.org/10.1093/nar/gkw982
https://doi.org/10.1007/s10681-020-2566-3
https://doi.org/10.4161/bbug.1.6.13257
https://doi.org/10.4161/bbug.1.6.13257
https://doi.org/10.1016/j.ygeno.2019.11.003
https://doi.org/10.1093/oxfordjournals.pcp.a029224
https://doi.org/10.1016/j.anifeedsci.2010.09.002
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1038/s41597-022-01161-4

Min et al.

Min, X,, Jin, X., Zhang, Z., Wei, X., Ndayambaza, B., Wang, Y., et al. (2020a).
Genome-wide identification of NAC transcription factor family and functional
analysis of the abiotic stress-responsive genes in Medicago sativa L. J. Plant Growth
Regul. 39, 324-337. doi: 10.1007/s00344-019-09984-z

Min, X,, Lin, X., Ndayambaza, B., Wang, Y., and Liu, W. (2020b). Coordinated
mechanisms of leaves and roots in response to drought stress underlying full-length
transcriptome profiling in Vicia sativa L. BMC Plant Biol. 20:165. doi: 10.1186/
$12870-020-02358-8

Min, X,, Liu, Z., Wang, Y., and Liu, W. (2020c). Comparative transcriptomic
analysis provides insights into the coordinated mechanisms of leaves and roots
response to cold stress in common vetch. Ind. Crop Prod. 158:112949. doi: 10.1016/j.
indcrop.2020.112949

Mittler, R. (2006). Abiotic stress, the field environment and stress combination.
Trends Plant Sci. 11, 15-19. doi: 10.1016/j.tplants.2005.11.002

Mota, A. P. Z., Brasileiro, A. C. M., Vidigal, B., Oliveira, T. N., da Cunha Quintana
Martins, A., Saraiva, M. A. D. P, et al. (2021). Defining the combined stress response
in wild Arachis. Sci. Rep. 11:11097. doi: 10.1038/s41598-021-90607-7

Nguyen, V.N. T, Lee, S. B, Suh, M. C,, An, G, and Jung, K.-H. (2018). OsABCG9
is an important ABC transporter of Cuticular wax deposition in Rice. Front. Plant
Sci. 9: 960. doi: 10.3389/fpls.2018.00960

Pandey, P, Irulappan, V., Baga Vathiannan, M. V., and Senthil-Kumar, M. (2017).
Impact of combined abiotic and biotic stresses on plant growth and avenues for crop
improvement by exploiting Physio-morphological traits. Front. Plant Sci. 8: 537. doi:
10.3389/fpls.2017.00537

Park, S., Lee, C. M., Doherty, C. J., Gilmour, S. J., Kim, Y., and Thomashow, M. E.
(2015). Regulation of the Arabidopsis CBF regulon by a complex low-temperature
regulatory network. Plant J. 82, 193-207. doi: 10.1111/tp;j.12796

Plochinger, M., Schwenkert, S., von Sydow, L., Schréder, W. P, and Meurer, J.
(2016). Functional update of the auxiliary proteins PsbW, PsbY, HCF136, PsbN,
TerC and ALB3 in maintenance and assembly of PSII. Front. Plant Sci. 7: 423. doi:
10.3389/fpls.2016.00423

Shekhawat, U. K., Srinivas, L., and Ganapathi, T. R. (2011). MusaDHN-1, a novel
multiple stress-inducible SK(3)-type dehydrin gene, contributes affirmatively to
drought-and salt-stress tolerance in banana. Planta 234, 915-932. doi: 10.1007/
s00425-011-1455-3

Singh, P. K., Srivastava, D., Tiwari, P, Tiwari, M., Verma, G., and Chakrabarty, D.
(2019). “Chapter 6- drought tolerance in plants: molecular mechanism and regulation
of signaling molecules” in Plant signaling molecules. eds. M. I. R. Khan, P. S. Reddy, A.
Ferrante and N. A. Khan (UK: Woodhead Publishing), 105-123.

Su, L, Dai, Z,, Li, S., and Xin, H. (2015). A novel system for evaluating drought-
cold tolerance of grapevines using chlorophyll fluorescence. BMC Plant Biol. 15:82.
doi: 10.1186/512870-015-0459-8

Suzuki, N., Rivero, R. M., Shulaev, V., Blumwald, E., and Mittler, R. (2014). Abiotic
and biotic stress combinations. New Phytol. 203, 32-43. doi: 10.1111/nph.12797

Frontiers in Plant Science

86

10.3389/fpls.2022.976094

Tran, L. S., Nakashima, K., Sakuma, Y., Simpson, S. D., Fujita, Y., Maruyama, K.,
et al. (2004). Isolation and functional analysis of Arabidopsis stress-inducible NAC
transcription factors that bind to a drought-responsive cis-element in the early
responsive to dehydration stress 1 promoter. Plant Cell 16, 2481-2498. doi: 10.1105/
tpc.104.022699

Verma, G., Dhar, Y. V,, Srivastava, D., Kidwai, M., Chauhan, P. S., Bag, S. K., et al.
(2017). Genome-wide analysis of rice dehydrin gene family: its evolutionary
conservedness and expression pattern in response to PEG induced dehydration
stress. PLoS One 12:¢0176399. doi: 10.1371/journal.pone.0176399

Wang, Y., Fan, K., Wang, J., Ding, Z.-T., Wang, H., Bi, C.-H., et al. (2017).
Proteomic analysis of Camellia sinensis (L.) reveals a synergistic network in the
response to drought stress and recovery. J. Plant Physiol. 219, 91-99. doi: 10.1016/j.
jplph.2017.10.001

Wang, Y., Jiang, C.-J., Li, Y.-Y., Wei, C.-L., and Deng, W.-W. (2012). CsICEI and
CsCBF1: two transcription factors involved in cold responses in Camellia sinensis.
Plant Cell Rep. 31, 27-34. doi: 10.1007/s00299-011-1136-5

Wagqas, M., Shahid, L., Shoukat, K., Aslam, U., Azeem, F, and Atif, R. M. (2020).
“Chapter 1 - role of DNA-binding with one finger (Dof) transcription factors for
abiotic stress tolerance in plants” in Transcription factors for abiotic stress tolerance
in plants. ed. S. H. Wani (UK: Academic Press), 1-14.

Werner, T., Holst, K., Pors, Y., Guivarc'h, A., Mustroph, A., Chriqui, D., et al.
(2008). Cytokinin deficiency causes distinct changes of sink and source
parameters in tobacco shoots and roots. . Exp. Bot. 59, 2659-2672. doi: 10.1093/
jxb/ern134

Xie, C., Mao, X., Huang, J., Ding, Y., Wu, ], Dong, S., et al. (2008). KOBAS 2.0: a
web server for annotation and identification of enriched pathways and diseases.
Nucleic Acids Res. 39 (Web Server issue), W316-W322. doi: 10.1093/nar/gkr483

Yeats, T. H., and Rose, J. K. (2013). The formation and function of plant cuticles.
Plant Physiol. 163, 5-20. doi: 10.1104/pp.113.222737

Zandalinas, S. 1., Mittler, R., Balfagén, D., Arbona, V., and Gomez-Cadenas, A.
(2018). Plant adaptations to the combination of drought and high temperatures.
Physiol. Plant. 162, 2-12. doi: 10.1111/ppl.12540

Zhang, H., and Sonnewald, U. (2017). Differences and commonalities of plant
responses to single and combined stresses. Plant J. 90, 839-855. doi: 10.1111/
tpj.13557

Zhang, H., Zhu, J., Gong, Z., and Zhu, J.-K. (2022). Abiotic stress responses in
plants. Nat. Rev. Genet. 23, 104-119. doi: 10.1038/s41576-021-00413-0

Zhou, R., Yu, X, Zhao, T., Ottosen, C.-O., Rosengyvist, E., and Wu, Z. (2019).
Physiological analysis and transcriptome sequencing reveal the effects of combined
cold and drought on tomato leaf. BMC Plant Biol. 19:377. doi: 10.1186/
$12870-019-1982-9

Zhu, J.-K. (2016). Abiotic stress signaling and responses in plants. Cells 167,
313-324. doi: 10.1038/s41576-021-00413-0

frontiersin.org


https://doi.org/10.3389/fpls.2022.976094
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://doi.org/10.1007/s00344-019-09984-z
https://doi.org/10.1186/s12870-020-02358-8
https://doi.org/10.1186/s12870-020-02358-8
https://doi.org/10.1016/j.indcrop.2020.112949
https://doi.org/10.1016/j.indcrop.2020.112949
https://doi.org/10.1016/j.tplants.2005.11.002
https://doi.org/10.1038/s41598-021-90607-7
https://doi.org/10.3389/fpls.2018.00960
https://doi.org/10.3389/fpls.2017.00537
https://doi.org/10.1111/tpj.12796
https://doi.org/10.3389/fpls.2016.00423
https://doi.org/10.1007/s00425-011-1455-3
https://doi.org/10.1007/s00425-011-1455-3
https://doi.org/10.1186/s12870-015-0459-8
https://doi.org/10.1111/nph.12797
https://doi.org/10.1105/tpc.104.022699
https://doi.org/10.1105/tpc.104.022699
https://doi.org/10.1371/journal.pone.0176399
https://doi.org/10.1016/j.jplph.2017.10.001
https://doi.org/10.1016/j.jplph.2017.10.001
https://doi.org/10.1007/s00299-011-1136-5
https://doi.org/10.1093/jxb/ern134
https://doi.org/10.1093/jxb/ern134
https://doi.org/10.1093/nar/gkr483
https://doi.org/10.1104/pp.113.222737
https://doi.org/10.1111/ppl.12540
https://doi.org/10.1111/tpj.13557
https://doi.org/10.1111/tpj.13557
https://doi.org/10.1038/s41576-021-00413-0
https://doi.org/10.1186/s12870-019-1982-9
https://doi.org/10.1186/s12870-019-1982-9
https://doi.org/10.1038/s41576-021-00413-0

& frontiers  Frontiers in

’ @ Check for updates ‘

OPEN ACCESS

EDITED BY

Linkai Huang,

Sichuan Agricultural University,
China

REVIEWED BY

Min Sun,

Sichuan Agricultural University,
China

Mingshu Cao,

AgResearch Ltd.,

New Zealand

*CORRESPONDENCE
Yong Ding
dingyong@caas.cn

These authors have contributed equally to
this work and share first authorship

SPECIALTY SECTION

This article was submitted to
Plant Breeding,

a section of the journal
Frontiers in Plant Science

RECEIVED 15 July 2022
ACCEPTED 26 August 2022
PUBLISHED 04 October 2022

CITATION

Wan D, Wan Y, Zhang T, Wang R and

Ding Y (2022) Multi-omics analysis reveals
the molecular changes accompanying
heavy-grazing-induced dwarfing of Stipa
grandis.

Front. Plant Sci. 13:995074.

doi: 10.3389/fpls.2022.995074

COPYRIGHT

© 2022 Wan, Wan, Zhang, Wang and Ding.
This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Plant Science

TYpPe Original Research
PUBLISHED 04 October 2022
pol 10.3389/fpls.2022.995074

Multi-omics analysis reveals the
molecular changes
accompanying heavy-grazing-
induced dwarfing of Stipa
grandis

Dongli Wan'', Yongqing Wan?, Tongrui Zhang?,
Ruigang Wang? and Yong Ding*

Hnstitute of Grassland Research, Chinese Academy of Agricultural Sciences, Hohhot, China,
2College of Life Sciences, Inner Mongolia Agricultural University, Hohhot, China

Heavy grazing significantly reduces Stipa grandis growth. To enhance our
understanding of plant responses to heavy grazing, we conducted transcriptomic,
proteomic, and metabolic analyses of the leaves of non-grazed plants (NG) and
heavy-grazing-induced dwarf plants (HG) of S. grandiis. A total of 101 metabolites,
167 proteins, and 1,268 genes differed in abundance between the HG and NG
groups. Analysis of Kyoto Encyclopedia of Genes and Genomes pathways among
differentially accumulated metabolites (DAMs) revealed that the most enriched
pathways were flavone and flavonol biosynthesis, tryptophan metabolism, and
phenylpropanoid biosynthesis. An integrative analysis of differentially expressed
genes (DEGs) and proteins, and DAMs in these three pathways was performed.
Heavy-grazing-induced dwarfism decreased the accumulation of DAMs enriched
in phenylpropanoid biosynthesis, among which four DAMs were associated
with lignin biosynthesis. In contrast, all DAMs enriched in flavone and flavonol
biosynthesis and tryptophan metabolism showed increased accumulation in HG
compared with NG plants. Among the DAMs enriched in tryptophan metabolism,
three were involved in tryptophan-dependent IAA biosynthesis. Some of the
DEGs and proteins enriched in these pathways showed different expression
trends. The results indicated that these pathways play important roles in the
regulation of growth and grazing-associated stress adaptions of S. grandis. This
study enriches the knowledge of the mechanism of heavy-grazing-induced
growth inhibition of S. grandis and provides valuable information for restoration
of the productivity in degraded grassland.

KEYWORDS

Stipa grandis, heavy grazing, transcriptomic, proteomic, metabolic

Introduction

Stipa grandis (Poaceae, 2n=44) is a wind-pollinated C; perennial bunchgrass that
flowers in mid- to late-July and the seeds ripen in late August or early September (Zhao
etal,, 2008; Wu et al,, 2010b). The mature plants form dense tussocks that are approximately
30 cm high with long and thin leaves (Zhao et al., 2008). S. grandis is among the dominant
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plant species in typical steppe of the Inner Mongolian Plateau (Wu
etal, 2010Db). S. grandis-dominated grassland, the most common
and representative community in the Eurasian steppe (Gao et al,,
2018b), has been degraded to varying degrees (Xiao et al., 1995;
Wu et al.,, 2010a), which greatly affects grassland productivity.

Overgrazing and climate change (such as aridification) are the
main factors responsible for degradation of grassland of the Inner
Mongolian Plateau (Gao et al., 2018a). Livestock grazing is a major
anthropogenic disturbance of grasslands on a global scale (Zhao
etal., 2009). To respond to grazing, plants alter their morphological
and functional traits (Zhao et al, 2009). For instance, the
individual plant height and biomass (of leaves, stems, and the
whole plant) of Leymus chinensis are significantly restricted under
overgrazing (Li et al,, 2015). The size of individual S. grandis plants
is minimized to cope with frequent grazing or overgrazing (Wan
et al, 2015; Li et al,, 2018). The leaf photosynthetic activity, as
indicated by net photosynthetic rate, stomatal conductance,
intercellular carbon dioxide concentration, and transpiration rate,
is markedly decreased following overgrazing (Ren et al., 2017). In
recent years, several studies have been conducted to explore the
molecular mechanism of plant dwarfism resulting from
overgrazing at the transcription and protein levels (Wan et al.,
2015; Ren et al., 2018a,b). However, little information is available
on the protein and metabolic mechanisms responsible for the
response of S. grandis to overgrazing.

Proteins are macromolecular compounds that function as the
biochemical units in all cellular processes (Mann et al., 2013).
Proteomics is the large-scale study of proteins and is crucial for
understanding biological processes at the molecular level (Pandey
and Mann, 2000; Zhang et al., 2014). Proteomics is widely used to
study the processes of plant development and stress responses
(Chen et al.,, 2015; Liu et al., 2015; Jiang et al., 2019; Zhan et al.,
2019; Lietal., 2020; Lv et al,, 2021), and provides essential tools to
study global protein expression and dissect the unique functions
underlying the many plant-specific biological processes (Job
etal, 2011).

Plant metabolites, which are essential for humans as a
nutritional source, play vital roles in the interaction of plants and
the surrounding environment (Chen et al., 2020). It has been
estimated that 200,000 to 1,000,000 metabolites exist in the plant
kingdom (Saito and Matsuda, 2010). Metabolomics, which is the
analysis of almost all metabolites in a biological sample using
qualitative and quantitative methods, acts as a bridge to link the
genome and phenome (Shi et al., 2020). Metabolomic approaches
have been used to study metabolism in plant developmental
processes and responses to environmental stimuli, such as low
temperature (Yang et al., 2019b), salt (Li and Song, 2019), high
light (Zhang et al., 2019), fruit development and ripening (Xu
et al., 2020), and color variation (Yang et al., 2019a; Li et al.,
2021b). Combined analysis of omics data has become a powerful
tool to explain diverse developmental processes, environmental
responses, and regulatory mechanisms (Chen et al., 2021; Guo
et al.,, 2021; Xu et al.,, 2021; Li et al., 2021a; Qin et al., 2022). For
instance, comparative transcriptomic and metabolomic analysis
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revealed an abscisic acid-dependent acclimation mechanism to
drought and cold stress in maize (Guo et al., 2021). Combined
transcriptomic, proteomic, and metabolomic analyses revealed
that core metabolic processes were influenced in seeds of
transgenic maize engineered for enhanced carotenoid synthesis
(Decourcelle et al., 2015). Multi-omics analysis has highlighted
distinct roles of central carbon metabolism to assist high
productivity of specialized metabolites in glandular trichomes of
tomato (Balcke et al., 2017), uncovered sequential roles associated
with abscisic acid during seed maturation (Chauffour et al., 2019),
and provided new insights into the decline in fruit quality of apple
grown under high nitrogen fertilization (Wang et al., 2021b).

In this study, we performed transcriptomic, tandem mass tag
(TMT) label-based proteomic, and widely targeted metabolic
profiling in leaves of S. grandis grown under non-grazing and
heavy-grazing treatments. The important metabolic pathways
involved in the grazing response were evaluated by combined
analysis of the omics data. The aim of this study was to elucidate
the mechanism by which heavy grazing depresses S. grandis
growth from different molecular aspects. The results will improve
our understanding of the impact of grazing on metabolite and
protein accumulation in S. grandis, and provide valuable
information for restoration of productivity in degraded grassland.

Materials and methods
Study area and sampling

Sampling was conducted at the Inner Mongolia Typical
Grassland Ecological Protection and Restoration Research Station
of the Chinese Academy of Agricultural Sciences, located in
Xilinhot, Inner Mongolia, China (116°32'E, 44°15'N), on August 2,
2018. The study region has a temperate semiarid continental
climate, with a mean annual temperature of 0.7°C, and lowest and
highest temperatures of —41.1°C in January and 38.5°C in August,
respectively (Liu et al., 2019). The mean annual precipitation is
300-360 mm with maximum precipitation in the period from June
to August (Zhang et al., 2020). The dominant plant species in the
study area comprised S. grandis and L. chinensis.

Grazing had been prohibited from the study area from 2007 to
2013, and the grazing experiments were conducted since 2014. The
non-grazed (NG) plot was continually protected from grazing from
2014 to 2018. The heavy-grazing (HG) plot was grazed from 2014 to
2017 by 12 sheep. Grazing started in the middle of June and ended
in the middle of September each year. The NG and HG plots were
1.33 Ha in area. The grazing pressure of HG is 1.4 standard sheep
unit per hectare per year (SSUha™"y™"), which is apparently higher
than that of locally allowed standards (0.84 SSUha™"y™). Each
grazing treatment was established with three replicate plots. In 2018,
prior to grazing, half of each HG plot was fenced to exclude grazing
disturbance, and the individuals of S. grandis in this area retained a
dwarf phenotype compared with the plants in the NG area
(Supplementary Figure S1); the HG samples for subsequent analysis

frontiersin.org


https://doi.org/10.3389/fpls.2022.995074
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Wan et al.

were collected from plants growing in the exclusion area. The leaves
from three bunches of S. grandis, sampled at a vigorous growth stage
from one plot for each treatment, were respectively pooled as one
biological replicate, immediately frozen in liquid nitrogen, and
stored at —80°C for subsequent total RNA, protein, and metabolite
extraction. Three biological replicates were taken from one sampling
plot for each treatment.

Transcriptome analysis

Total RNA of each sample was isolated from leaves of three
bunches of S. grandis using TRIzol Reagent. The RNA integrity
was examined using agarose gel electrophoresis and an Agilent
2,100 Bioanalyzer. The RNA concentration and purity were
determined with a NanoDrop spectrophotometer based on the
OD,50/OD,59 and OD,40/OD,5 ratios, respectively.

For ¢cDNA library construction, mRNAs were enriched from
the total RNAs using Oligo (dT) magnetic beads, after
fragmentation into short segments using fragmentation buffer,
used as templates to synthesize the first-strand cDNA with
random hexamer primers and reverse transcriptase. Following
second-strand cDNA synthesis, the fragments were end-repaired,
a single adenine nucleotide was added to the 3" end, and then
ligated with sequencing adapters. Subsequently, the cDNA
fragments were selected and PCR amplification was performed to
obtain the final cDNA library. In total, six libraries were sequenced
using an Illumina NovaSeq 6,000 platform.

Following processing for quality control, transcriptome
assembly was performed with Trinity (Grabherr et al., 2011). Gene
functions were annotated using the Kyoto Encyclopedia of Genes
and Genomes (KEGG),' Gene Ontology (GO),* National Center
for Biotechnology Information (NCBI) non-redundant (NR),?
Swiss-Prot,* UniProtKB/TrEMBL,” and Clusters of Orthologous
Groups of proteins (COG/KOG)® databases. The transcript levels
of unigenes were calculated using the fragments per kilobase per
million fragments (FPKM) method. Differential expression
analysis between the HG and NG treatments was performed using
DESeq2 (Love et al., 2014; Varet et al., 2016). The significantly
differentially expressed genes (DEGs) were determined with the
thresholds of [log, (HG/NG)| > 1 and FDR <0.05. Analyses of GO
term and KEGG pathway enrichment of the DEGs were conducted
with the R version 3.5.1 software using R package “clusterProfiler”
(Yuetal, 2012) using the threshold of a corrected value of p <0.05
to determine significant enrichment.

ga N NN
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Proteome analysis

Protein extraction and TMT labeling

Protein extraction from leaves of each sample for
proteomic analysis was performed following a previously
described method (Wang et al., 2021a). The protein
concentration was calculated using the Bradford assay with
bovine serum albumin as the standard (Bradford, 1976).
Protein quality was examined using SDS-PAGE. The
proteins extracted from each sample were digested with
Trypsin Gold (Promega, Madison, WI, United States) at 37°C
for 16 h. The peptide was desalted using a C18 cartridge and
dried by vacuum centrifugation. The TMT labeling of peptides
was performed using TMTsixplex reagents (TMTsixplex™
Isobaric Label Reagent Set, Thermo Fisher, Waltham, MA,
Unites States) in accordance with the manufacturer’s
instructions.

HPLC fractionation and LC—-MS/MS analysis

Fractionation of the TMT-labeled peptide mix was
performed on a Rigol L3000 HPLC using a C18 column
(4.6 mmx250mm, 5pm), with a column temperature of
50°C. Mobile phases A and B were water solutions containing 2%
and 98% acetonitrile (pH 10.0), respectively. The TMT-labeled
peptide mix was dissolved in 1 ml A and the supernatant was
used as the injection sample. The peptides were separated into
15 fractions based on the following elution gradient: 3% B, 5 min;
3-8% B, 0.1 min; 8-18% B, 11.9 min; 18-32% B, 11 min; 32-45%
B, 7min; 45-80% B, 3 min; 80% B, 5min; 80%-5% B, 0.1 min;
and 5% B, 6.9 min. Following drying under vacuum, the samples
were reconstituted in 0.1% (v/v) formic acid (FA) in water and
used for LC-MS/MS analyses.

For proteomic analyses, the EASY-nLC™ 1200 UHPLC
system (Thermo Fisher) was employed to analyze the samples. A
Q Exactive™ HF-X Orbitrap mass spectrometer (Thermo Fisher)
was used to obtain the peptides in the data-dependent acquisition
(DDA) mode. Briefly, 2 ug peptides were dissolved in 0.1% FA
and injected into a C18 Nano-Trap column (2cm x 100 pm,
5pm). The peptides were separated with a ReproSil-Pur 120
C18-AQ analytical column (15cmx150pum, 1.9pm), with a
linear gradient from 5% to 100% eluent B (0.1% FA in 80%
acetonitrile) in eluent A (0.1% FA in H,0) for 90 min with a flow
rate of 600 nl/min.

For DDA, the MS conditions were set as follows: spray voltage
2.3kV, capillary temperature 320°C, range of full MS scans
350-1,500m/z, resolution 60,000 (200m/z), automatic gain
control (AGC) target value 3 x 10, and maximum ion injection
time 20 ms. Based on the full MS scan, the 40 most abundant
precursor ions were selected for higher-energy collisional
dissociation fragment analysis. Resolution was set to 15,000, with
AGC target value 1x10° maximum ion injection time 45ms,
normalized collision energy of peptide fragmentation 32%,
intensity  threshold 8.3x10%
parameter 60s.

and dynamic exclusion
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Protein identification and bioinformatics
analysis

For protein identification, Proteome Discoverer (version 2.2)
was used to search the raw data derived from MS analysis against
the S. grandis transcriptome database (NCBI Sequence Read
Archive database: PRINA867365). The reporter quantification
type was set as TMTsixplex. Trypsin was specified as an enzyme
with a maximum of two missed cleavage sites. Mass tolerance for
precursor and fragment was 10 ppm and 0.02 Da, respectively.
Dynamic modifications were set as oxidation of methionine and
TMTsixplex labeling lysine. The fixed modification was set as
carbamidomethyl on cysteine. The parameters used for N-terminal
modifications were acetylation of peptide N-terminus and
TMTsixplex labeling N-terminus. Peptides were quantified
according to the peak areas of corresponding mass reporters. The
sequence of the peptides was determined by the mass-to-charge
ratio of the peptide fragment ion peak. To reduce the frequency of
false positives, the searched data were subsequently filtered
through Proteome Discoverer. A peptide-spectrum match of 95%
confidence was identified as credible, and the proteins containing
at least one unique peptide were identified as credible. The false
discovery rate (FDR) value was set at <5%.

Protein annotation was conducted using the GO, KEGG, and
COG databases. For TMT quantification of proteins, the fold
change (FC) between HG and NG samples was determined from
the mean ratios of the TMT reporter ion intensities in the MS/MS
spectra (m/z 126, 127-130C, 131) from all raw data sets. The
significance of the differences was calculated using the
corresponding value of p of each protein in two compared samples
determined using Student’s ¢-test. The thresholds of FC>1.2 or
FC<0.83 and value of p <0.05 were applied to detect differentially
expressed proteins (DEPs). The functional subgroups and
metabolic pathway enrichment for the DEPs were determined
using the GO and KEGG databases.

Metabolite extraction and profiling

Metabolite extraction and profiling of the HG and NG samples
was conducted by Wuhan Metware Biotechnology Co., Ltd.
(Wuhan, China). Metabolite extraction, metabolite data
acquisition, and assessment followed standard protocols as
described in full previously (Chen et al,, 2013; Li et al., 2021a).
Briefly, the freeze-dried leaves were ground to powder using a
mixer mill (MM 400, Retsch) with a zirconia bead (30 Hz, 1.5min).
One hundred milligram powder was extracted with 1.0ml 70%
aqueous methanol overnight at 4°C. After centrifugation (10,000,
10min), the supernatant was filtrated using a micropore filter
membrane (0.22 pm pore size) for LC-MS analysis. A LC-ESI-MS/
MS system (UPLC, Shim-pack UFLC SHIMADZU CBM30A
system, Kyoto, Japan; MS, Applied Biosystems 6,500 QTRAP,
Framingham, MA, USA) was used for the UPLC-MS analysis. The
chromatographic conditions were as follows: column, Waters
ACQUITY UPLC HSS T3 C18 (1.8 pm, 2.1 mm X 100 mm); solvent
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system, water (0.04% acetic acid), acetonitrile (0.04% acetic acid);
elution gradient, water: acetonitrile was 95:5 (V/V) at Omin, 5:95
(V/V) at 11.0 and 12.0min, 95:5 (V/V) at 12.1 and 15.0 min; flow
rate 0.4mlmin~'; column temperature 40°C, sample injection
volume 2 pl. The mass spectrometry conditions: ESI temperature
500°C; ion spray voltage 5,500V, curtain gas 25 psi; collision-
activated dissociation was set to high. Instrument tuning was
performed with 10 pmol/l polypropylene glycol solutions in triple
quadrupole mode, and mass calibration was performed with
100 pmol/l polypropylene glycol solutions in linear ion trap mode.
Metabolite identification was performed using the MWDB
database.” Quantitative metabolite analysis was conducted using
the multiple reaction monitoring mode (Fraga et al., 2010).
Pearsons correlation analysis was used to analyze the
correlation among samples within a group to assess biological
repeatability. Hierarchical cluster analysis was conducted with R
software® to determine the metabolite accumulation patterns
among different samples. Unsupervised principal component
analysis (PCA) was employed to analyze the variability between the
HG and NG groups as well as the three replications in each group.
The metabolite FC was calculated as the ratio of the mean
metabolite abundance of HG plants relative to NG plants. The
differentially accumulated metabolites (DAMs) were determined
by a combination of the FC values and variable influence on
projection (VIP) values. Partial least squares—discriminant
analysis (PLS-DA), which is a supervised multivariate method,
was used to maximize the metabolome differences between a pair
of samples. The VIP value was used to check the relative
importance of each metabolite in the PLS-DA model. Metabolites
with VIP>1 and FC>2 or FC <0.5 were identified as significantly
differentially accumulated. The KEGG database was accessed for
metabolite classification and pathway enrichment analysis.

Weighted correlation network analysis
Co-expression networks of DAMs and genes were constructed

with R version 3.5.1 software using the weighted gene

co-expression network analysis (WGCNA) package (version1.69),

the parameter were set as follow: powerEstimatel8,
mergeCutHeight 0.25, and minModuleSize 50.

Results
Transcriptome profile of Stipa grandis
To investigate the molecular basis of the impact of heavy

grazing on S. grandis, transcriptome profiling was performed and
the transcript abundances were compared between the HG and
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NG samples (Supplementary Table S1). In total, 1,268 DEGs were
detected, of which 860 were up-regulated and 408 were down-
regulated (Figure 1A; Supplementary Table S52). Seventy-two GO
the DEGs
(Supplementary Figure 52). The most enriched KEGG pathways

terms were significantly enriched among
among these DEGs were the ribosome, plant-pathogen
interaction, limonene and pinene degradation, lysine biosynthesis,
ascorbate and aldarate metabolism, stilbenoid, diarylheptanoid,
and gingerol biosynthesis; and histidine metabolism pathways
(Figure 1B). The ribosome and plant-pathogen interaction

pathways were significantly enriched (p <0.05; Figure 1B).

TMT label-based proteome profile of
Stipa grandis

The proteomic differences between the HG and NG groups
were analyzed using TMT-based LC-MS/MS. Detailed
the
Supplementary Figure S3. In total, 7,456 proteins were detected,

information on quality control is presented in
of which 7,392 were annotated with functional terms from at least
one of the GO, KEGG, and COG databases (Figure 2A;
Supplementary Table S3). The coefficient of variation for most
proteins was less than 20% (Figure 2B), which demonstrated high
repeatability among the three biological replicates in each HG and
NG group.

The abundance of 167 proteins differed significantly between
the HG and NG groups with the thresholds FC>1.2 or FC <0.83,
and value of p <0.05. The expression of 135 DEPs was upregulated,
whereas that of 32 DEPs was downregulated, in HG compared
with NG (Figure 2C). Functional enrichment analysis showed that
the DEPs were significantly enriched with 28 GO terms (p <0.05,
Figure 2D; Supplementary Table S4). The five most enriched terms
in the molecular function category were catalase activity,
peroxidase activity, heme binding, oxidoreductase activity, and

D-aminoacyl-tRNA deacylase activity. The five most enriched

10.3389/fpls.2022.995074

terms associated with the biological process category were
oxidation-reduction process, response to oxidative stress,
metabolic process, response to stress, and regulation of translation.
Only one enriched term, extracellular region, was associated with
the cellular component category. The KEGG pathway analysis
showed that the DEPs were enriched with 36 pathways (Figure 2E;
Supplementary Table 54). It was noteworthy that glyoxylate and
dicarboxylate metabolism, tryptophan metabolism, MAPK
signaling pathway-plant, peroxisome, other types of O-glycan
biosynthesis, and ribosome pathway were significantly enriched
(p<0.05).

Widely targeted metabolic profile
analysis of Stipa grandis

To investigate the impact of heavy grazing on metabolic
changes in S. grandis, the metabolome was detected in leaves from
HG and NG samples of S. grandis by LC-MS/MS analysis. In total,
717 metabolites were identified (Supplementary Table S5). The
metabolites were assigned to 32 types (Figure 3A). The five most
abundant metabolite types were organic acids (10.32%), flavones
(9.76%), amino acid derivatives (8.79%), nucleotides and
derivatives (7.81%), and flavone C-glycosides (5.72%). The PCA
revealed a clear separation between HG and NG plants
(Figure 3B). Similarly, the heatmap cluster analysis clearly divided
the six samples into two groups (Figure 3C). In addition, the
Pearson’s correlation analysis showed that the intragroup samples
were significantly correlated (Supplementary Figure S4).

A total of 101 metabolites differed significantly between the
HG and NG groups (Figure 4A). The metabolites were classified
into 21 categories, and comprised 78 upregulated and 23
downregulated metabolites (Table 1). The top 20 DAMs were
mainly associated with flavones, flavone C-glycosides, quinate and
its derivatives, catechin derivatives, carbohydrates, benzoic acid
derivatives, organic acids, indole derivatives, hydroxycinnamoyl
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(B) KEGG pathway enrichment analysis of DEGs.
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derivatives, amino acid derivatives, alcohols and polyols, and
phenolamides (Supplementary Figure S5).

Based on KEGG pathway classification, the DAMs were
involved in 64 pathways (Supplementary Table S6). The ten most
enriched metabolic pathways were (in decreasing order) flavone
and flavonol biosynthesis, tryptophan (Trp) metabolism,
phenylpropanoid biosynthesis, stilbenoid, diarylheptanoid, and
gingerol biosynthesis, styrene degradation, linoleic acid metabolism,
renal cell carcinoma, serotonin receptor agonists/antagonists,
galactose metabolism, and African trypanosomiasis (Figure 4B).
Notably, the flavone and flavonol biosynthesis pathway was
significantly enriched (p < 0.05) in the comparison of HG and NG.

KEGG pathways shared among DEGs,
DEPs, and DAMs

The KEGG pathway enrichment analysis of the DEGs and
DAM:s showed that 26 KEGG pathways were shared among the
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significantly changed metabolites and transcripts (Figure 5A).
Relatively high enrichment was observed among the stilbenoid,
diarylheptanoid and gingerol biosynthesis, phenylpropanoid
biosynthesis, tryptophan metabolism, pyruvate metabolism,
degradation of aromatic compounds, indole alkaloid biosynthesis,
pentose phosphate, and flavonoid biosynthesis pathways.
Combined analysis of KEGG pathway enrichment among DEGs
and DEPs revealed that the top shared pathways were glyoxylate
and dicarboxylate metabolism, ribosome, biosynthesis of
secondary metabolites, RNA degradation, and endocytosis
(Figure 5B).

Joint analysis of phenylpropanoid
biosynthesis, and flavone and flavonol
biosynthesis

Given that flavone and flavonol biosynthesis as well as
phenylpropanoid biosynthesis were among the three most highly
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enriched pathways in the metabolic profile analysis, an integrated
analysis of DAMs, DEGs, and DEPs was performed (Figure 6). In
the phenylpropanoid biosynthesis pathway, all of the five DAMs,
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comprising two peroxidases (POD), one beta-glucosidase (BGL),
and one cinnamyl-alcohol dehydrogenase (CAD), showed
enhanced expression in HG compared with NG leaves. Six genes

TABLE 1 Classification of significantly differentially accumulated
metabolites between NG and HG plants of S. grandis.

10.3389/fpls.2022.995074

were differentially expressed in HG compared with the NG group,
among which two trans-cinnamate 4-monooxygenase-encoding
genes (CYP73A) and two POD-encoding genes were down-
regulated, and one CAD-encoding gene and one cinnamyl-
alcohol dehydrogenase-encoding gene (REFI) were up-regulated.
In the flavone and flavonol biosynthesis pathway, five metabolites,
namely luteolin 7-O-glucoside, ayanin, isovitexin, kaempferide,

Class Total Up- Down-
regulation regulation and rhoifolin, showed differential accumulation patterns between
Amino acid derivatives s ; 1 the HG and NG groups, with higher accumulation observed in
Benzoic acid derivatives 3 ) 1 HG than in NG samples. However, no enrichment of significant
Alcohols and polyols ; ; 0 DEGs or DEPs was observed. In addition, two DAMs
Catechin derivatives ) 1 1 (neohesperidin and catechin) that were mapped to the flavonoid
Phenolamides ; ; 0 biosynthesis pathway showed altered accumulation in HG
Nucleotide and its derivates ) 0 ) samples. WGCNA was performed to identify potential genes
Anthocyanins . . 0 co-expression with these DAMs. The CAD and REFIwere
Flavone » » 0 distributed to module of yellow, and negatively correlated with
Flavonol 6 p 0 DAMs of phenylpropanoid biosynthesis; while CYP73As and
Flavone C-glycosides 17 17 0 PODs were distributed to module grey60, and positively
Flavanone ) ) 0 correlated with DAMs of phenylpropanoid biosynthesis
Quinate and its derivatives 4 0 4 (Supplementary Figure 56).
Others 2 0 2
Hydroxycinnamoyl derivatives 4 0 4 . . .
Teyptamine derivatives . . o Joint analysis of Trp metabolism
Carbohydrates 3 1 2
Indole derivatives . . 0 To evaluate the impact of heavy grazing on Trp metabolism,
Organic acids 5 . 4 an integrated analysis of DAMs, DEPs, and DEGs associated
Lipids_Glycerophospholipids 5 ; ) with auxin biosynthesis was conducted (Figure 7). All five
Lipids_ Glycerolipids 1 . 0 enriched metabolites involved in Trp metabolism were more
Lipids_Fatty acids 5 5 0 highly accumulated in HG compared with NG samples, among
which tryptamine (TAM), N-hydroxytryptamine, and
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indole-3-acetonitrile (IAN) are involved in Trp-dependent mechanism for heavy-grazing-induced plant dwarfism by
indole-3-acetic acid (IAA) biosynthesis. Three DEPs were conducting an integrated analysis of the transcriptome, proteome,
associated with IAA biosynthesis, of which two aldehyde and metabolome. Based on the metabolic profile analysis, 101
dehydrogenase (ALDH) family 2 proteins were up-regulated, metabolites were significantly differentially accumulated (VIP >1)
and one amidase (AMI), which is involved in the conversion of between the HG and NG groups. These DAMs were assigned to
indole-3-acetamide (IAM) into active IAA, was down-regulated 64 KEGG pathways among which the three most enriched
in HG compared with NG samples. Three DEGs associated with pathways were flavone and flavonol biosynthesis, tryptophan

ALDH genes were up-regulated in HG compared with NG metabolism, and phenylpropanoid biosynthesis.

samples. WGCNA analysis showed that one and two ALDHs

distributed to yellow and green modules, respectively, and

positively correlated with the DAMs of Trp metabolism Phenylpropanoid biosynthesis, and

(Supplementary Figure S7). flavone and flavonol biosynthesis
response to heavy grazing

Discussion The phenylpropanoid pathway is among the most extensively
investigated specialized metabolic pathways (Dong and Lin,

Grazing is the most widespread and important land use in 2021). It gives rise to a vast variety of aromatic metabolites (Zhang
Inner Mongolia. The plant morphology, grassland productivity, and Liu, 2015). The lignin and flavonoid pathways are two major
and vegetation dynamics are affected by different grazing branches among the diverse branches of phenylpropanoid
intensities (Liu et al., 2019). In this study, we investigated the metabolism derived from the general phenylpropanoid pathway
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(Dong and Lin, 2021). In which, phenylalanine is catalyzed by
phenylalanine ammonia lyase to form trans-cinnamic acid, which
is hydroxylated by cinnamic acid 4-hydroxylase (C4H) to generate
p-coumaric acid. In turn, p-coumaric acid is converted into
p-coumaroyl-CoA catalyzed by 4-coumarate-CoA ligase (4CL;
Dong and Lin, 2021).

Lignin, primarily a component of secondarily thickened cell
walls, is essential for mechanical support during plant growth,
facilitates the transportation of water and nutrients, and plays
roles in plant resistance to pathogen attack (Boerjan et al., 2003).
Lignin is derived mainly from three monolignols, namely
p-coumaryl (M1y), coniferyl (M1g), and sinapyl (M1s) alcohols,
which are used to produce the three basic units of lignin,
p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S), respectively
(Boerjan et al., 2003; Dong and Lin, 2021). Alteration of
monolignol metabolism strongly impacts on plant growth
(Meents et al., 2018). However, the mechanism of dwarfism
caused by suppression of monolignol biosynthesis is not
completely elucidated, but several factors may contribute, such as
water transport disruption, lack of cell proliferation or expansion
resulting from failed synthesis of a phenylpropanoid-derived
compound, or accumulation of a toxic pathway intermediate
(Bonawitz and Chapple, 2010). In the present study, four of the
five DAMs enriched in phenylpropanoid biosynthesis that were
decreased in abundance in HG were involved in lignin
biosynthesis, namely chlorogenic acid, coniferylaldehyde, and the
monolignols coniferyl alcohol and p-coumaryl alcohol.
Inconsistent with this finding, three enzymes were more highly
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accumulated in HG compared with NG. One of these enzymes
was CAD, which functions in the final step of monolignol
biosynthesis and is responsible for catalyzing the cinnamaldehydes
to the corresponding alcohols, namely p-coumaryl alcohol,
caffeyl alcohol, coniferyl alcohol, 5H coniferyl alcohol, and
sinapyl alcohol (Boerjan et al., 2003; Dong and Lin, 2021). The
other two enzymes were PODs, which are involved in the
dehydrogenative polymerization of monolignols to form lignin
(Fraser and Chapple, 2011). One CAD-encoding gene was
up-regulated and two POD-encoding genes were downregulated.
The inconsistent expression patterns of POD proteins and POD
genes may result from the lower correlation between transcript
and protein level due to post-transcriptional and post-translational
regulations (Kumar et al., 2016; Xu et al., 2021). Alternatively,
because these belong to a different member of POD family that
may play different roles in lignin biosynthesis. C4H is a unique
member of CYP73A, termed as CYP73A5 in Arabidopsis thaliana
(Mizutani et al., 1997; Fraser and Chapple, 2011). Mutant of C4H
displayed a dwarf phenotype in A. thaliana (Schilmiller et al.,
2009). In the present study, down-regulated expression of two
C4H members, i.e the CYP73A genes, in HG compared with NG,
may be positively related to the heavy-grazing-induced dwarfism
of S. grandis. Taken together, these results indicated that
monolignol biosynthesis was inactivated in the heavy-grazing-
induced dwarfism of S. grandis, and decreased production of
monolignols may be associated with the plant morphological
phenotype and reduction of lignin-mediated defense responses.
But the regulatory mechanism of reduced monolignol
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biosynthesis associated with the dwarfism of S. grandis remains
unclear. Additionally, the activated expression of proteins or
genes in HG may be associated with restored promotion of
growth following the exclusion of grazing after the spring
regreening stage. Further research on the molecular regulation of
monolignol biosynthesis activity to adapt to heavy grazing
is necessary.

Flavonoids, a major class of phenolic compounds, possess a
basic C6-C3-C6 skeleton and are divided into numerous
subgroups, such as flavanones, flavanols, flavones, and flavonols
(Nakayama et al., 2019; Nabavi et al., 2020). Flavonoids perform a
wide range of roles in plant development and environmental
adaptation (Peer and Murphy, 2007; Thompson et al., 2010; Hichri
et al,, 2011). In particular, flavonoid biosynthesis is induced by
oxidative stress (Nabavi et al., 2020), and flavonoids act as
antioxidants to decrease oxidative damage triggered by reactive
oxygen species under exposure to stresses (Nakabayashi and Saito,
2015; Dong and Lin, 2021). In the present study, all five DAMs
involved in flavone and flavonol biosynthesis were more highly
accumulated in the HG group than in NG samples. Except for
ayanin, which has antimicrobial activity (French et al., 1991), the
other four metabolites, namely luteolin 7-O-glucoside, isovitexin,
kaempferide, and rhoifolin, exhibit antioxidant capabilities
(Picerno et al., 2003; Eldahshan and Azab, 2012; Bian et al., 2013;
Lama-Muifoz et al., 2019). This finding indicated that heavy-
grazing-induced dwarfism may enhance tolerance to
environmental stresses and might be mediated by flavonoid
compounds through decreased oxidative damage. However, little
is known about the underlying regulatory mechanism. Grazing
caused multi-stress, involved in trampling/wounding, defoliation,
saliva deposition, and manure deposition (Chen et al., 2009). Over
or heavy grazing resulted in grassland degradation, including but
not limited to reduced vegetation coverage and species diversity,
declined plant growth, decreased soil coverage and water
conservation, as well as changed soil microbial structure (Han
etal,, 2008; Yang et al., 2016). Whether these factors contribute to
the changed accumulation pattern of flavonoids in dwarf plants,
and which is the driving factor, is worth further confirmation by
conducting the single or cross-stress experiments in S. grandis.

Trp metabolism response to heavy
grazing

The most abundant and intensively studied endogenous
auxin is TAA, which is essential for plant growth and
development (Yue et al., 2014; Kasahara, 2016). In the Trp
metabolism pathway, Trp is a precursor of auxin and various
secondary metabolites (Maeda and Dudareva, 2012). The IAA is
mainly synthesized by Trp-dependent and Trp-independent
pathways (Mano and Nemoto, 2012). In the Trp-dependent
pathway, IAA can be derived from the following pathways: Trp,
IAM and TAA in the IAM pathway; Trp, indole-3-pyruvic acid
(IPA), indole-3-acetaldehyde (IAAld) and IAA in the IPA
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pathway; Trp, indole-3-acetaldoxime (IAOx), IAN or IAAld, and
IAA in the IAOx pathway; and Trp, TAM, N-hydroxytryptamine,
IAOx, IAAld, and TAA in the TAM pathway (Woodward and
Bartel, 2005; Mano and Nemoto, 2012). In the present study,
TAM, N-hydroxytryptamine, and IAN showed elevated
accumulation in heavy-grazing-induced dwarfed plants
compared with NG plants, but the TAA content showed no
obvious difference between the two groups. In addition, the
expression level of AMII, which converts IAM to IAA, was
decreased in dwarfed plants. Fine-tuning of cellular auxin
contents is important for plant survival (Casanova-Saez and
Voss, 2019). We hypothesized that auxin contents are fine-tuned
in heavily grazed plants and may play important roles in the
regulation of plant development and responses to environmental
stresses. In further studies, it will be important to explore the
cross-talk of IAA with other phytohormones in the regulation of
heavy grazing response.
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Transcriptome and functional
analyses reveal ERF053 from
Medicago falcata as key
regulator in drought resistances

Qian Li**", Wenbo Jiang?, Zhihu Jiang®, Wenxuan Du?
Jiaxing Song®, Zhiquan Qiang?®, Bo Zhang*, Yongzhen Pang®*
and Yuxiang Wang™

'Key Laboratory of Grassland Resources and Ecology of Western Arid Region, Ministry of Education,
Key Laboratory of Grassland Resources and Ecology of Xinjiang, College of Grassland Science,
Xinjiang Agricultural University, Urumagi, China, ?Institute of Animal Science, Chinese Academy of
Agricultural Sciences, Beijing, China, 3College of Grassland Agriculture, Northwest AGF

University, Shanxi, China

Medicago falcata L. is an important lequme forage grass with strong drought
resistant, which could be utilized as an important gene pool in molecular breed
of forage grass. In this study, M. falcata seedlings were treated with 400 mM
mannitol to simulate drought stress, and the morphological and physiological
changes were investigated, as well as the transcriptome changes of M. falcata
seedlings at different treatment time points (O h, 2 h, 6 h, 12 h, 24 h, 36 h and
48 h). Transcriptome analyses revealed four modules were closely related with
drought response in M. falcata by WGCNA analysis, and four ERF transcription
factor genes related with drought stress were identified (MfERF053, MfERF9,
MfERFO034 and MfRAP2.1). Among them, MfERFO53 was highly expressed in
roots, and MfERFO53 protein showed transcriptional activation activity by
transient expression in tobacco leaves. Overexpression of MfERFO53 in
Arabidopsis improved root growth, number of lateral roots and fresh weight
under drought, salt stress and exogenous ABA treatments. Transgenic
Arabidopsis over-expressing MfERFO53 gene grew significantly better than
the wild type under both drought stress and salt stress when grown in soil.
Taken together, our strategy with transcriptome combined WGCNA analyses
identified key transcription factor genes from M. falcata, and the selected
MfERFO53 gene was verified to be able to enhance drought and salt resistance
when over-expressed in Arabidopsis.
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Introduction

Drought is one of the most serious abiotic factors that can
cause significant damage to both agriculture, human and
livestock populations (Gupta et al., 2020). Forage grass are
subjected to damage caused by drought stress due to the lack
of rainfall and insufficient water supply over a long period of
time, which eventually leads to a significant decrease in yield
(Ray et al,, 2015). Therefore, in order to largely prevent
environmental damage, plants themselves have evolved specific
regulatory protection mechanisms (Pinhero et al., 1997). During
drought stress, dramatic changes occur from biochemical and
physiological to gene expression and metabolic processes (Rao
etal, 2020; Waititu et al,, 2021). Drought stress system promotes
the production of metabolites such as proline, initiates the
antioxidant defense system internal to scavenge increased
reactive oxygen species (ROS), prevents cell damage by
scavenging free radicals, reduces the degree of membrane lipid
peroxidation, and maintains membrane integrity (Wang et al,
2009; Anjum et al., 2011; Wei et al., 2019). Many drought related
genes had been identified and used as candidate genes in genetic
engineering, such as EDT1 (Yu et al,, 2016), MfNACsa (Duan
et al.,, 2017), CYT75BI1 (Rao et al., 2020), MYB30 (Wen et al.,
2021), CBF4 (Haake et al., 2002) and ERF172 (Zhao et al., 2020).
Among them, many of them are transcription factors, and they
play key roles in regulating the expression of downstream
targeted genes and metabolic pathway.

AP2/ERF superfamily transcription factors are one of the
largest plant-specific transcriptional regulator groups in plants,
with a conserved AP2/ERF DNA-binding structural domain of
57-66 amino acids in size (Okamuro et al., 1997). Ethylene
responsive factors (ERFs) belong to AP2/ERF superfamily,
which participate in plant response to hormone and abiotic
stress (Qiang et al., 2010; Gibbs et al,, 2015; Jung et al.,, 2017).
In rice, overexpression of JERF3 and OsERF115/AP2/EREBP110
can increase the soluble sugar and proline content of transgenic
plants, up-regulated the expression of P5CS gene under drought
stress, and improve the tolerance of crops to drought and osmotic
stress (Thoenes et al., 2004; Zhang and Huang, 2010). In addition,
overexpression of tomato ethylene response factor ERF (TSRF1)
in rice can improve permeability and drought resistance through
binding GCC box, and up-regulated the expression of MYB,
MYG, proline synthesis and photosynthesis-related genes (Quan
et al., 2010), activated the expression of the abscisic acid (ABA)
synthesis gene SDR, thereby enhanced the sensitivity of transgenic
rice to ABA. However, overexpression of OsDERFI down-
regulates ethylene synthesis and negatively affects drought
tolerance (Zhai et al., 2012). OsERF71 positively regulates ABA
signaling to alter root structure and impart drought tolerance
(Dong-Keun et al,, 2016; Li et al., 2018). NtERF172 acts as a
positive factor in drought stress tolerance, transgenic tobacco
showed higher oxidase activity, and lower H,O, accumulation,
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in part by regulating the dynamic balance of CAT-mediated H,O,,
thereby exhibited greater drought tolerance (Zhao et al.,, 2020).

M. falcata is widely distributed in northern China, and most
of them are wild resources with good drought resistance and
good palatability, providing rich nutrients for cattle, sheep and
other livestock (Yue and Zhou, 2004). By cross-pollination, M.
falcata can be crossed with alfalfa to produce Medicago varia
with stronger resistance and higher utilization value, therefore
M. falcata is an important gene source for Medicago breeding
(Wang et al., 2008; Kang et al., 2011). In M. falcata, some genes
have been reported to be associated with abiotic stress response,
including MfNACsa (Duan et al, 2017), MfNAC3 (Qu et al,
2016), MfUSPI (Gou et al., 2020), and galactinol synthase gene 1
(MfGolS1) (Zhuo et al,, 2013). At present, the functional study
on ERF genes in response to drought are not clear in M. falcata.

In this study, we explored the physiological and molecular
responses to drought stress in M. falcata seedlings, and the
correlation analysis of the clustered modules with physiological
indicators analyzed by WGCNA. Combined with these analysis,
an ERF gene was found to be strongly correlated with drought-
related module, suggesting a potential role in drought stress.
Furthermore, we reported the functional characterization of
MSERF053 in conferring multiple resistances to abiotic stresses
by over-expression in Arabidopsis.

Materials and methods
Plant materials and sample collection

Seeds of M. falcata were provided by the Key Laboratory of
Grassland Resources and Ecology of Western Arid Region,
Ministry of Education, College of Grass Industry, Xinjiang
Agricultural University. The seedlings were grown at the
Institute of Animal Science, Chinese Academy of Agricultural
Sciences, Beijing. To ensure the consistency of seed germination,
seeds with uniform size and fullness were selected and gently
scratched with knife. The seeds were then sterilized with 75%
ethanol for 10 min, 5% sodium hypochlorite for 10 min,
followed by wash with sterile water for 4-5 times. The seeds
were then sow on 1/2 MS medium, and placed at 4 °C for 3 days,
and then in an light incubator at 22 °C for germination (16 h
light/8 h darkness). Seedlings were transferred into flasks
containing different concentrations of mannitol for drought
treatment. The concentrations of mannitol were 200 mM, 300
mM, 400 mM, 500 mM, 600 mM, and the treatment without
mannitol was set as the control group (CK) in this study.

In this experiment, the treatment with 400 mM mannitol
were selected for physiological index determination, and seven
different treatment time points were selected with 15-day-old
seedlings, these samples were collected at 0 h (CK),2h, 6 h, 12 h,
24 h, 36 h and 48 h. For each treatment time point, three
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biological replicates were performed with 15 plants with whole
seedlings for each replicate, samples were quickly collected and
frozen in liquid nitrogen, and stored in a -80°C refrigerator.

Measurement of physiological index

The content of MDA, Proline, SOD, CAT and POD in 15-
day-old seedlings as for transcriptome sequencing were
measured according to the instruction manual as provided at
the website (https://www.solarbio.com/), and they were
measured by using spectrophotometry methods. Statistical
analysis was performed by one-way analysis of variance
(ANOVA) and Duncan multiple tests using SPSS 22.0.

RNA extraction and library construction
for transcriptome analysis

The Eastep Super Total RNA Extraction Kit was used for
RNA extraction (Promega Biotech, Shanghai, China). RNA
quality was assessed on an Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA) and checked using RNase
free agarose gel electrophoresis. Twenty-one ¢cDNA libraries
were constructed, then the cDNA fragments were purified
with QiaQuick PCR extraction kit (Qiagen, Venlo, The
Netherlands), end repaired, poly(A) added, and ligated to
Ilumina sequencing adapters to sequence. The ligation
products were size selected by agarose gel electrophoresis, PCR
amplified, and sequenced using Illumina HiSeq2500 by Gene
Denovo Biotechnology Co. (Guangzhou, China).

Raw data processing, sequence assembly
and functional annotation

Raw read containing adapters or low quality bases will affect
the following assembly and analysis, which were uploaded in
NCBI SRA (http://www.ncbi.nlm.nih.gov/sra): SRR19146603-
SRR19146623. Thus, to get high quality clean reads, reads
were further filtered by fastp (Chen et al,, 2018) (version
0.18.0). An index of the reference genome was built (Chen
et al, 2020), and paired-end clean reads were mapped to the
reference genome using HISAT2. 2.4 (Kim et al, 2015) with
“-rna-strandness RF” and other parameters set as a default.

Identification of differentially expressed
genes and PCA analysis

Analyses on differentially expressed genes were performed by

DESeq2 software (Love et al., 2014) between two different groups,
and by edgeR (Smyth, 2010) between two samples. The criteria of
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differentially expressed genes/transcripts (DEGs) screening was set
as FDR<0.05 and [log,FC|>1. Principal component analysis (PCA)
was performed with R package models (http://www.r-project.org/).

WGCNA analysis

WGCNA (Weighted gene co-expression network analysis) is
an analytical method to analyze the gene expression patterns of
multiple samples (Zhang and Horvath, 2005), which allows
clustering genes with similar expression patterns, and
analyzing the association between modules and specific traits
or phenotypes. Therefore, in this study, physiological indicator
traits were analyzed in association with gene modules, using the
R language package (Langfelder and Horvath, 2008). For
annotation of the biological functions of the DEGs, GO and
KEGG pathway enrichment analyses were performed with
agriGO 2.0 (https://systemsbiology.cau.edu.cn/agriGOv2/) and
KOBAS 3.0 (https://kobas.cbi.pku.edu.cn/), respectively.

Quantitative real-time PCR

Four MfERF genes were selected for validation using qRT-
PCR. Actin gene was amplified as internal standard gene, and
AlleleID 6 Tool was used to design the gene-specific primers
(Table S1), relative expression level was normalized by
2744 method

(Livak and Schmittgen, 2001), qRT-PCR analysis program was

comparing with control and calculated using

as follows: one cycle at 95°C for 15 min, followed by 40 cycles at
95°C for 10 s, 60°C for 20 s and 72°C for 30 s.

Gene cloning and analyses on sequences
and phylogenetic relationship

The full-length coding DNA sequence (CDS) of MsERF053
was isolated from the roots of Medicago falcata, and cloned into
PENTR vector for sequencing. The protein sequence of the
homologous gene was selected by blast and multiple sequence
comparisons. DNAMAN software was used to perform multiple
sequence alignment. The phylogenetic tree was developed using
protein sequences from Medicago truncatula, Medicago sativa,
Medicago ruthenica, Mucuna pruriens, Arabidopsis thaliana,
Glycine sopa, Vigna angularis and Vigna radiata with MEGA
7.0 (http://www.megasoftware.net) and visualize by using
Evolview with bootstrap value of 1000 replications.

Transactivation assay

The open reading frame of MfERF053 was also cloned with
gene-specific primers by seamless cloning with KOD
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polymerase. The transactivation construct was generated by
inserting the full-length sequence of MfERF053 into the Kpn I
and Xba I sites of vector pCAMBIA1300BD. The BDGAL4
plasmid was used as control, and BDGAL4-MfERF053
recombinant plasmid were transformed into A. tumefaciens
strain GV3101 and infiltrated into leaves of N. benthamiana as
previously reported (Yang et al.,, 2021). After 48 h, the leave
samples were taken separately, the proteins were extracted and
the activity was determined.

Phenotypic analysis of transgenic
Arabidopsis over-expression MfERF053

MFERF053 gene was cloned into the plant overexpression
vector pB2GW7 and transformed into the Agrobacterium
tumefaciens strain GV3101 for transformation in Arabidopsis
by using floral dipping method. Three over-expression lines
(OE19, OE20 and OE33) of T3 generation and wild type
Columbia-0 (Col) plants were used for subsequent phenotype
analyses. Seedlings were grown in soil at 24°C (16 h light/8 h
darkness), 70%-80% relative humidity, and 400 }Lmol-m’z-s’2
light intensity.

We transferred four-day-old transgenetic and wild type
Arabidopsis plants that were germinated on plates containing
1/2 MS medium to plates containing 1/2 MS medium supplied
with different concentrations of mannitol (300 mM and 400
mM), NaCl (100 mM, 125 mM, 150 mM and 200 mM) and ABA
(50 1M, 100 uM, 150 uM and 200 uM). Root length, lateral root
number and fresh weight were measured after 10-day treatment.
Each measurement contained 10 seedlings with triplicates.
Seedlings grown in soil under normal conditions for 30 days
were used for stress treatment. For drought stress, seedlings were
grown without water for 15 days, then rewatered for 5 days. For
salt stress, transgenic and wild type Arabidopsis plants were
treated with 300 mM NaCl for 7 and 12 days, and the seedlings
were photographed, respectively.

Results

Analysis of phenotypic and
physiological indicators of M. falcata
under drought stress

Initially, four-week-old M. falcata seedlings were subjected
to mannitol treatment with concentration of 200 mM, 300 mM,
400 mM, 500 mM, and 600 mM. Mannitol treatment inhibited
the growth of M. falcata, and the root length gradually decreased
and the number of lateral roots significantly decreased with the
increase of mannitol concentration (Figure SI1A). These
seedlings were more severely stressed and showed purplish-red
root color and wilted leaves at mannitol concentration of 500
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mM and 600 mM (Figure SIA), thus a relatively lower
concentration of 400 mM mannitol was selected for
subsequent experiments.

Seedlings were subjected to mannitol treatment (400 mM) at
different time points (0 h,2h, 6 h, 12 h, 24 h, 36 h and 48 h). The
seedlings grew normally at 2 h, and the leaves appear slightly
wilted at 6 h, and started to lose water at 24 h, and finally the
leaves wrinkled and severely wilted at 48 h (Figure S1B). It was
clear that leaf wilting became more severe with stress time, and
M. falcata responded to mannitol stress in a relatively short
period of time.

To study the effect of drought stress on physiology changes in
M. falcata, seedlings stressed with 400 mM mannitol at different
time points were subjected to determine physiological indicators,
including content of MDA, proline, and activity of SOD, POD and
CAT (Figure 1). MDA content gradually increased from 2 h to
about 55 pumol/g, and then gradually increased from 6 h to 48 h
and reached the highest content at 48 h, indicating that the cells
were most severely damaged by the treatment (Figure 1A).
Drought stress significantly affected proline content in M.
falcata plants at later stage (Figure 1B), with 10-fold increase
(p<0.01) to 200 pg/g at 24 h, reaching maximum level at 48 h
compared to untreated samples (Figure 1C). SOD activity of M.
falcata plants increased with treatment time, began to increase
significantly (p<0.05) after 2 h, and reached maximum level of
approximately 280 U/g at 48 h, an increase of 186% compared to
the control (Figure 1C). In terms of POD activity, the greatest
increase was observed after 2 h treatment, with a slight increase at
6 h followed by a decrease at 12 h, with no significant differences
from 24 h to 48 h (Figure 1D). CAT activity increased from 2 h to
36 h with its maximum value of 4200 U/g'/min™ at 12 h
(Figure 1E). In conclusion, these physiological indicators of M.
falcata responded to mannitol stress at different treatment time
points with different degree.

De novo transcriptome assembly and
functional annotation of unigenes

The 21 ¢cDNA libraries yielded 8,624,521,500 bp raw reads
(Table S2), the clean data is 8,537,671,848 bp, the Q30 before
and after filtration was relatively high (around 94%), and the GC
content was around 44% (Table S2), indicating good sequencing
quality. In order to assemble the sequencing data, the reference
genome of alfalfa ecotype Xinjiang Daye was selected as the
reference genome for comparison, and the sequencing results
were assembled and annotated as shown in Table S3. For all
samples, the unmapped reads were only about 6.92-10.78%, the
unique mapped reads were 39.86-42.11%, and the total mapped
reads accounted for 89.22-93.68%, thus these data clearly
indicated that the genome sequences of M. falcata have a very
high matching rate with that of M. sativa, which can be used for
subsequent analysis.
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Identification and analysis of expression
pattern of DEGs

Principal component analysis (PCA) showed that samples
from CK were clustered into a separate category and they were
separated away from the samples under stress treatments (Figure
S2). Samples from 2 h and 6 h treatments were closer than with
other treatments, samples from 12 h treatments were clustered
into a separate category, and samples from 24 h, 36 h and 48 h
with long duration stress treatments were clustered into one
category (Figure S2). These data together indicated that samples
from different treatments tend to cluster differently.

The FPKM values for different samples were analyzed to
investigate the changes in gene expression and to identify critical
genes involved in drought stress in M. falcata. The volcano plot
can be used to visualize the differentially expressed genes
between treatment groups and control group. A total of 16,304
DEGs were obtained from transcriptome of M. falcata at 7
treatment time points. Among them, total 3,426, 3,632, 4,543,
3,944, 2,898, and 3,408 genes were down-regulated at 2 h, 6 h, 12
h, 24 h, 36 h and 48 h when compared with the control group at
0 h, respectively (Figure 2A). Meanwhile, 1,232, 2,165, 3,723,
4,156, 2,932, and 3,916 genes were down-regulated at 2 h, 6 h, 12
h, 24 h, 36 h and 48 h when compared with the control group at
0 h, respectively (Figure 2A).

Among these DEGs, 88 of them were found to be
transcription factor genes belonging to 16 TF families
(Figure 2B), including 14 bHLH genes, 11 ERF genes, 11 bZIP
genes, and 10 NAC genes. Heat maps for the expression profiles
of these 88 transcription factor genes under drought treatment
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showed that 73 of them were up-regulated compared with the
control group (0 h) (Figure 2C, top), whereas 15 of them were
down-regulated (Figure 2C, bottom). Among them, 10 out of 11
ERF genes were up-regulated (Figure 2C), indicating they may
play leading roles in drought resistance in M. falcata.

WGCNA of common DEGs in
drought stress

In order to further investigate potential key genes involved in
drought response in M. falcata, the weighted gene co-expression
network was constructed using WGCNA, resulting in eight
modules (Figure S3). In order to explore the correlation of
these clustered modules with the above-mentioned
physiological indicators, correlation analysis was performed
between the module eigenvalues with activity of POD, CAT,
SOD, content of Pro and MDA. Heat map was used to display
the top correlation coefficient (Figure 3). The correlation
coefficient between the black module and three indicators
(MDA, SOD and Pro) were relatively high with values of 0.83,
0.88 and 0.92 (significance of 4e-06, 2e-07 and 3e-09),
respectively (Figure 3). Grey60 module was significantly
correlated with SOD activity and Pro content with correlations
coefficient of 0.72 and 0.88, respectively (Figure 3). Both the
lightcyan and darkgreen modules showed highly significant
positive correlations with CAT activity, with correlation
coefficients of 0.75 and 0.64 (significance of le-04 and 0.002),
respectively (Figure 3). These data clearly indicated that four
modules, namely black module, Grey60 module, lightcyan

frontiersin.org


https://doi.org/10.3389/fpls.2022.995754
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Li et al. 10.3389/fpls.2022.995754

(OK-vs-T-120 vlcan it

= ]

ogtoeo)
]
H

H
 earorony

H

2te) - o2ty

/N =

] N .

2 nf\\&‘ ~:: v
‘ ,

§
i
$

FIGURE 2
Analysis of differentially expressed genes at each time point under mannitol treatment. (A), Volcano of difference among treatments. The
horizontal coordinate indicates the log,(FC) of the difference between two groups, and the vertical coordinate indicates the negative log; value
of the FDR of the difference between the two groups. Red (up-regulated expression of group_2 relative to group_1) and blue (down-regulated
expression) points indicate difference in gene expression (judged by FDR < 0.05, and more than two-fold difference), and black points indicate
no difference. (B), Statistic analysis of the number of different types of transcription factors. (C), Heat map clustering of transcription factor
expression. Red represents high expression and blue represents low expression. MfERF genes were highlighted in red.
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module and darkgreen module, were likely contain genes
involved in drought responsive in M. falcata.

Screening of candidate gene
among DEGs

The four modules (black, Grey60, lightcyan and darkgreen)
were up-regulated modules, but they differed in expression
patterns, which was consistent with the expected expression
pattern of concern. The darkgreen module was up-regulated in
early stage (2 h and 6 h) but down-regulated in the late stage (12
h, 36 h and 48 h, Figure 4A). The lightcyan module was up-
regulated in the early and middle stage (2 h, 6 h, 12 h) and down-
regulated in the late stage (36 h and 48 h, Figure 4B). The black
and grey60 modules showed a higher expression in the late stage
(36 h and 48 h) than the earlier time points (Figure 4C, D).
Furthermore, venn diagram with these four modules and ERF
genes showed that 6 ERF genes were expressed in two out of four
modules (Figure 4E). Among these 6 genes, both MS.gene31493
and MS.gene043401 from the darkgreen modules were two
different transcripts for the same gene MfERF053, and
MS.gene38367 and MS.gene38697 were for MfRAP2-1 gene

darkgreen module

eigengene express.

-0.3-02-0.100 0.1 02 03
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eigengene express.

-02-0.10.0 0.1 02 03

FIGURE 4
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(Table S4), therefore, the expression of these four genes,
namely MfERF053, MfERF9, MfRAP2-1 and MfERF034 were
further verified by qRT-PCR. It was revealed that the expression
of these four genes were up-regulated to different levels under
drought treatment at different time points (Figure 4F), which is
consistent the transcriptome sequencing data as verified by
correlation analyses (Figure S4). Among these four genes,
MfERF053 showed the highest expression level, which was
thus selected for further investigation.

Cloning, multiple sequence alignment
and evolutionary tree analysis

The full-length open reading frame of MfERF053 was cloned
and the sequence was submitted to the National Center for
Biotechnology Information (NCBI) under GenBank accession
number of OM970125. Multiple sequence alignment of
MfERF053 with ERF053 from other plant species showed that
MYfERF053 shared 95%, 56%, 54% similarity with its homology
genes from M. truncatula, Vigna angularis and Glycine soja at
amino acid level (Figure 5A). All proteins from M. truncatula, G.
soja, V. angularis, Arabidopsis thaliana, Vigna radiata var.

grey 60

J lightcyan

m

MS.gene043401 MS.gene3s697
(MFERF053) (MIRAP2.1)

Relative expression level
'

Relative expression level

o 8 &8 8 8

H
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Differential candidate gene analysis. (A—D), Heat map of gene expression pattern of each module. The above figure showed the expression level
map of genes in modules in different samples; The following figure shows the characteristic values of modules in different samples. (A—D)
represent darkgreen, lightcyan, black and gray60 module, respectively. (E), The number of transcription factors differentially expressed in the five
candidate combinations were screened by Venn map. Black, lightcyan, darkgreen and grey60 represent the three candidate modules screened
by WGCNA, and ERF represents the number of ERF genes common shared by all treatments and controls. (F), The expression level of four
MfERF genes under mannitol treatment at different time point as detected by gRT-PCR
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Sequence analysis of plant ERF genes. (A), Multiple sequence alignment. The alignment were constructed by MEGA-X and visualized by Jalview.
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top. (B), Phylogenetic analysis ERFO53 genes from different plant species.

radiata, M. sativa, Medicago ruthenica shared the characteristics
features of DREB proteins, with conserved YRG, WLG, and
RAYD motifs (Figure 5A).

Phylogenetic analyses revealed that MfERF053 was clustered
with ERF053 from M. truncatula and G. soja, which was
separated from those of A. thaliana, M. sativa, M. ruthenica
with relatively low sequence similarity (51%, 49% and 48%,
respectively, Figure 5B).

Expression profile and transcriptional
activity of MfERF053

We analyzed relative expression level of MfERF053 gene by
qRT-PCR in roots, stems, leaves, flowers, branches and
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inflorescences of seedlings of M. falacata under normal growth
condition. It was found that MfERF053 was most highly
expressed in roots, followed by in leaves and stems
(Figure 6A). This finding suggests that MfERF053 may be
involved in mediating drought stress signaling through roots.

To investigate whether MfERF053 possesses transactivation
activity, we generated a transactivation construct (35S:
GAL4DB- MfERF053) and expressed it in tobacco epidermal
cells by Agrobacterium-medicated transformation, using
GAIL4DB as a negative control (Figure 6B). It was revealed
that MfERF053 could activate the GAL4-responsive expression
of the LUC reporter protein, and the relative luciferase activity
for MfERF053 were about 9 times higher than the control
(GALDB), indicating that MfERF053 acts as a transcription
activator (Figure 6C).
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Over-expression of MfERF053 in
Arabidopsis enhanced resistance under
plate culture condition

qRT-PCRs were performed to measure the expression levels
of MfERF053 in leaves of the transgenic Arabidopsis of the T3
generation. Among twenty-five lines that were detected, three
independent transgenic lines with relatively high expression level
were selected for further analyses (lines OE19, OE 20, and OE
33). No significant difference were observed between the
transgenic line and the wild type control under normal plate
culture condition (Figure S5). Both the transgenic lines and the
wild-type Arabidopsis seedlings were grown on plates supplied
with mannitol of different concentrations (300 mM and 400
mM), NaCl (100 mM, 125 mM, 150 mM, and 200 mM) and
ABA (50 uM, 100 uM, 150 uM and 200 uM) (Figure 7, Figure
S6, Figure S7, Figure S8).

When treated with 300 mM mannitol and 400 mM mannitol
for 10 days, the root length of the overexpression lines did not
show any difference from the control (Figure 7A, Figure S6), but
the number of lateral roots and fresh weight increased
significantly compared with the control (p < 0.05). Moreover,
the increase in both lateral root number and fresh weight under
400 mM mannitol treatment were greater than those with 300
mM mannitol treatment (Figures 7B-D, Figure S6).

After 10 days of treatment with 100 mM NaCl,
overexpression lines grew significantly better than the wild
type, showing longer root length and increased number of
lateral roots (Figure S7). After 10 days of treatment with 125
mM NaCl stress, the chlorophyll content of the leaves in the
wild-type plants decreased with yellow leaves, while the
overexpression lines showed green leaves and increased in root
length, number of lateral roots and fresh weight (Figures 7E-H).
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After 10 days of treatment with 150 mM NaCl stress, the wild-
type plants turned white, but the overexpression lines remained
green, with significantly more green leaves and fibrous root than
the wild-type (Figure S7). After 10 days of treatment with 200
mM NaCl stress, both the wild-type and overexpression lines
turned white, and their growth were severely inhibited, but leave
color of the overexpression lines changed to light purple and
some leaves turned white (Figure S7).

In addition, the wild-type and overexpression Arabidopsis
were grown on plates supplied with different concentrations of
ABA treatment for 10 d (Fig 71, Fig S7). It was found that the
leaves of the overexpression lines showed darker green and the
number of lateral root increased after ABA stress with low
concentration (50 and 100 pM) for 10 d (Figure 71, Figure S8).
However, high ABA concentration inhibited the growth of
Arabidopsis roots, but the transgenic lines grew better than the
wild-type (Figure S8). The root length, lateral root number and
fresh weight of the overexpression lines were significantly
increased compared with the wild type under ABA treatment
(p < 0.01), indicating that overexpression of MfERF053 gene
could improve the sensitivity to ABA on root growth in
Arabidopsis under certain concentration (Figures 7J-L,
Figure S8).

Over-expression of MfERF053 in
Arabidopsis enhanced resistance
grown in soil

Three transgenic Arabidopsis strains (OE19, OE20 and
OE33) showed no significant difference with the wild type
control when plants grew in soil under natural watering
condition (Figure 8A). But after 12 days of drought stress,
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wild-type Arabidopsis was more severely stressed than the When drought stress was continued for 15 d, the wild-type
transgenic lines (Figure 8B). The wild type plants turned Arabidopsis plants withered and could not grow, while the
significantly purple, whereas some of the older leaves of the transgenic Arabidopsis continued to grow and flowered, and
transgenic lines were still green or green-yellow (Figure 8B). the leaves remained green (Figure 8C). After rehydration for 5
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days, the wild-type Arabidopsis plants did not recovered and
dried completely, while the overexpression Arabidopsis plants
grew well and the leaves became green and the inflorescences
could develop into pods normally, indicating that the transgenic
Arabidopsis plants over-expressing MfERF053 have conferred
drought resistance (Figure 8D).

Both the transgenic and the wild type Arabidopsis were
treated with 300 mM NaCl in the soil (Figure 8E). After 7 d of
treatment, the leaves of the wild-type plants turned purple with
significantly reduced chlorophyll, while the transgenic
Arabidopsis remained green with few leaves turning purple
(Figure 8F). After continuous stress for 12 days (Figure 8G),
the wild-type Arabidopsis withered and died, while the
transgenic Arabidopsis remained green with some old leaves
turning purple, and they could still flower normally and grow
(Figure 8H), indicating that the transgenic Arabidopsis conferred
salt resistance when compared with the wild-type.

Discussion

Among various environmental stress, drought is one of most
serious stresses affecting the growth and development of plant.
Drought stress triggers a series of responses from morphology to
physiology, and to gene level. With the increase of drought
stress, the antioxidant system of plants is destroyed, and the free
radicals produced are greater than those cleared, resulting in
excessive accumulation of ROS and membrane damage (Puyang
et al, 2015; Nahar et al,, 2017). In this study, the detailed
information of physiological and transcriptome data of M.
falcata under drought stress was provided. Under drought
stress, the activities of SOD, POD and CAT increased
(Figure 1), and the contents of proline and MDA increased,
indicating that M. falcata has better ROS scavenging ability
toward drought. It can be proven that the increase of these
enzyme activities can eliminate stress-induced ROS and
peroxides, inhibit plasma membrane peroxidation, and protect
cells from damage (Zhang et al., 2004; Anjum et al., 2011; Koh
et al,, 2015; Quan et al,, 2015; Xiong et al., 2022). The results of
physiological indexes showed that M. falcata is capable of
reducing the accumulation of harmful substances by regulating
the activity of defense enzymes.

M. falcata is one of the candidate models to study abiotic
stress response mechanism in legumes (Miao et al., 2015). The
transcriptome analysis of drought provides a new biochemical
and molecular mechanism for abiotic stress adaptation. Taking
the genome of M. sativa cv Xinjiang Daye” as the reference
genome, the tetraploid M. falcata transcriptome was sequenced,
assembled and annotated, resulting in a total of 172,892 genes,
with a comparison rate of more than 75% with the reference
genome. The annotation of most genes is more similar to the
annotation information of M. truncatula, indicating that the M.
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falcata transcriptome has good homologous sequence coverage,
and it will also provide evidence for the expression of predicted
genes in the genome of M. truncatula (Miao et al, 2015).
Compared with the other transcriptome data for alfalfa with
similar treatment (Luo et al, 2019), this study seems more
complete. The number of genes obtained in each library in
this study is higher than that produced in transcriptome of
alfalfa under abiotic stress, which may be due to different
samples used for sequencing. The sample for alfalfa is the
roots, while the sample of this study is the whole seedlings.
Therefore, the genes obtained for the transcriptome of alfalfa
may be the genes specifically expressed in the roots, while in this
study the obtained genes may be widely expressed in
various parts.

In plants, some studies have screened stress resistance
related genes through transcriptome sequencing (Gao et al,
2021; Li et al, 2022). In this study, we used M. sativa cv
Xinjiang Daye as the reference genome, screened candidate
genes through RNA-seq technology, and used expression
patterns analysis and WGCNA analysis to mine hub ERF
4).
The biological functions of these genes need to be further
explored and verified, but at least QRT-PCR for these four
candidate genes were consistent with the transcriptome data,

genes in response to dehydration of M. falcata (Figures 3,

which proves the reliability of WGCNA co-expression network
analysis method. In conclusion, this strategy of screening
functional genes related to drought stress is of great
significance to the study of stress resistance in M. falcata as in
other studies (Qin et al., 2020).

A drought responsive MfERF053 gene in M. falcata was
screened in this study by transcriptome sequencing (Figure 4).
Previous studies have reported that ERF transcription factors act
as both activators and repressors of transcriptional functions
(Yant et al., 2010). MfERF053 was shown to have transcriptional
activation activity based on transcriptional activity assays
(Figure 6B), which is similar as that of the SIERF3 gene (Pan
et al, 2010). The activation activity of MfERF053 is consistent
with its lack of an EAR (ERF-associated amphiphilic repression)
inhibitory element, therefore, it is reasonable that MfERF053 is
involved in different biological processes mainly in the form
of activator.

Compared with the wild type, overexpression lines with
higher expression level of MfERF053 showed significant
changes in root length and lateral roots as well as fresh weight
(Figures 7, 8), indicating that overexpression of MfERF053 had a
significant effect on root growth in Arabidopsis. It has been
shown that overexpression of the apple MdERFII and
MAERFI106 genes (Han et al., 2020) can significantly improve
the growth characteristics of plants to withstand abiotic stresses.
Initial studies found that higher expression of AtERF53 showed
no significant difference in dehydration tolerance from wild
type, it is speculated that the AtERF53 protein requires or may

frontiersin.org


https://doi.org/10.3389/fpls.2022.995754
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Li et al.

require post-translational modifications controlled by another
mechanism (Hsieh et al., 2013). In addition, other studies
showed that the E3 ligase RGLG1 E3 can promote the
degradation of PP2CA through an ABA dependent pathway,
and the RING E3 ligase RGLG2 interacts with AtERF53 to
negatively regulate drought stress response in Arabidopsis
(Cheng et al, 2012; Belda-Palazon et al, 2019). GmERFI13
can enhance the drought resistance through activating the
expression of PRI0-1 by binding to the GCC-box in soybean
plants (Fang et al., 2022). Overexpression of the GmERF75 gene
in soybean hairy roots showed stronger growth than wild type
under 100 ;,Lmol/L’1 ABA and 120 mM NaCl treatment,
indicating that overexpression of GmERF75 improved soybean
tolerance to salinity and exogenous ABA (Zhao et al,, 2019). All
these results suggested that ERF genes have a conserved role in
response to abiotic stresses in different plant species. In this
study, overexpression of MfERF053 improved the resistance of
Arabidopsis to osmotic stress through the ABA transduction
pathway. Nevertheless, the regulation mechanism of MfERF053
on drought and salt resistance in both M. falcata and in
transgenic Arabidopsis requires further investigation in the
near future.
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SUPPLEMENTARY FIGURE 1

Phenotypic changes of M. falcata under mannitol treatment. (A),
Morphological response of M. falcata to different concentrations of
mannitol. (B), Effect of 400 mM mannitol drought stress at different
times on leaf morphology of M. falcata.

SUPPLEMENTARY FIGURE 2
Principle component analysis of M. falcata at different times of 400
mM mannitol.

SUPPLEMENTARY FIGURE 3
Gene clustering map by WGCNA analysis. Left, Sample Hierarchical
Clustering Tree. Right, Module level clustering diagram.

SUPPLEMENTARY FIGURE 4
Correlation analysis between gRNA-seq and RT-PCR data for the four
candidate MfERF genes.

SUPPLEMENTARY FIGURE 5

Phenotype of MfERFO53 overexpression plants under normal plate
growth condition. Col, the wide type control; Three over-expression
lines: OE19, OE20 and OE33.

SUPPLEMENTARY FIGURE 6

Evaluation of overexpression plants MfERFO53 were treated with 300 mM
mannitol. (A), Overexpression of Arabidopsis 10-day phenotype under 300mM
mannitol treatments. (B), Root length of different plant lines. (C), Lateral root
number of different plant lines. (D), Fresh weight of different plant lines.

SUPPLEMENTARY FIGURE 7

Evaluation of overexpression plants MfERFO53 were treated with different
salt concentrations. (A, E, 1), Overexpression of Arabidopsis 10-day
phenotype under 100 mM, 150 mM and 200 mM mannitol treatments,
respectively. (B, F, J), Root length of different plant lines. (C, G, K), Lateral
root number of different plant lines. (D, H, L), Fresh weight of different
plant lines.
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SUPPLEMENTARY FIGURE 8

Evaluation of overexpression plants MfERFO53 were treated with different
ABA concentrations. (A, E, 1), Overexpression of Arabidopsis thaliana 10-day
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Drought is one of the most common abiotic stressors in plants. Melatonin (MT) is a
high-efficiency and low-toxicity growth regulator that plays an important role in
plant responses to drought stress. As a wild relative of wheat, Agropyron
mongolicum has become an important species for the improvement of
degraded grasslands and the replanting of sandy grasslands. However, the
physiological and molecular mechanisms by which exogenous MT regulates
drought stress in A. mongolicum remain unclear. To assess the effectiveness of
MT intervention (100 mg-L™), polyethylene glycol 6000 was used to simulate
drought stress, and its ameliorating effects on drought stress in A. mongolicum
seedlings were investigated through physiology, transcriptomics, and
metabolomics. Physiological analysis indicated that MT treatment increased the
relative water content and chlorophyll content and decreased the relative
conductivity of A. mongolicum seedlings. Additionally, MT decreased
malondialdehyde (MDA) and reactive oxygen species (ROS) accumulation by
enhancing antioxidant enzyme activities. The transcriptome and metabolite
profiling analysis of A. mongolicum seedlings treated with and without MT under
drought stress identified the presence of 13,466 differentially expressed genes
(DEGs) and 271 differentially expressed metabolites (DEMs). The integrated analysis
of transcriptomics and metabolomics showed that DEGs and DEMs participated in
diverse biological processes, such as flavonoid biosynthesis and carbohydrate
metabolism. Moreover, MT may be involved in regulating the correlation of DEGs
and DEMs in flavonoid biosynthesis and carbohydrate metabolism during drought
stress. In summary, this study revealed the physiological and molecular regulatory
mechanisms of exogenous MT in alleviating drought stress in A. mongolicum
seedlings, and it provides a reference for the development and utilization of MT
and the genetic improvement of drought tolerance in plants from arid habitats.

KEYWORDS

Agropyron mongolicum, melatonin, drought stress, flavonoid biosynthesis,
carbohydrate metabolism
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Introduction

Agropyron mongolicum is a diploid perennial herb of
Poaceae. It has significant value for studying the origin,
evolution, and genetic diversity of species, and it is an
important grass in forage production and ecological
construction (Che and Li, 2007). The ecological range of
A. mongolicum is very broad, and it is mainly distributed in
the desert steppe of central-western China. As a high-quality
forage grass in grassland areas, the hay yield of A. mongolicum
occupies an important position among the grasses of a typical
steppe (Liu et al., 2013). In addition, as a wild relative species of
wheat, A. mongolicum is not only an important resistance gene
pool for wheat breeding but is also an important species for
degraded grassland improvement and sandy grassland reseeding
(Zhao et al., 2018).

With increasing global temperature, drought stress is
becoming one of the major threats to the growth and
development of plants (Rollins et al., 2013). Drought stress
causes intricate physiological and biochemical reactions in
plant cells by disturbing water balance and reducing plant
water-use efficiency. Plants respond to drought stress mainly
by increasing the content of antioxidants, low molecular weight
osmolytes, and plant growth substances (Farooq et al., 2012).
However, excessive drought in a short period or prolonged
exposure to drought conditions can cause irreversible cell
damage, eventually leading to cell death. Therefore, it is
necessary to explore some alternative exogenous drought-
resistant chemicals to enhance the intrinsic drought-resistant
actions, thereby mitigating the adverse effects of drought on
plant production.

Melatonin (MT), an indoleamine compound, was first
discovered in animals (Lerner et al., 1958). In the 1990s, MT
was detected in higher plants and then extensively used in the
plant field (Hattori et al., 1995; Manchester et al., 2000;
Ramakrishna et al., 2012). MT has multiple functions in the
process of plant growth and development, including promoting
photosynthesis (Zhao et al., 2015), participating in lateral root
formation (Bajwa et al., 2014), delaying leaf senescence (Liang
et al., 2015), regulating flower development and fruit ripening,
and regulating the circadian rhythm (Sun et al., 2015), even if its
content is extremely low. Additionally, MT is well-known for its
unique antioxidant properties, and it acts as an important
defender for plants against oxidative stress (Wang et al., 2018;
Debnath et al, 2019). Many studies have demonstrated that
exogenous MT can improve plant tolerance to abiotic stresses,
such as ultraviolet radiation, low temperature, high temperature,
drought, salinity, and alkali ions (Zhu et al., 2019; Cen et al.,
2020; Guo et al,, 2020; Yao et al,, 2021). Recently, considerable
research has been performed to decipher the functions of
exogenous and endogenous melatonin in the drought stress
mitigation of plants. These studies indicated that the
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pretreatment of melatonin through foliar spray, seedling
treatment, and root dipping regulates physiological processes
such as osmoregulation, germination, antioxidant mechanisms,
photosynthesis, ion homeostasis, antisenescence primary and
secondary metabolism, and hormonal cross-talks in plants
under water deficit conditions (Cui et al., 2017; Li et al,,
2018a). In addition, studies on the molecular mechanism of
MT in alleviating drought stress in plants showed that MT
enhances drought tolerance in plants mainly by regulating the
MAPK pathway, photosynthetic system, flavonoid biosynthesis,
ascorbate-glutathione cycle, hormone metabolism, and
carbohydrate metabolism (Liang et al, 2018; Campos et al,
2019; Ibrahim et al., 2020; Moustafa et al., 2020; Hu et al., 2022).
For example, exogenous MT application can alleviate the
damage caused by drought stress on maize (Ren et al., 2021),
cotton (Hu et al., 2022), loquat (Wang et al., 2021), and soybean
(Cao et al,, 2021) by regulating starch and sucrose metabolism.
Furthermore, MT can enhance drought tolerance in citrus (Jafari
and Shahsavar, 2021), grape (Deluc et al,, 2009), and soybean
(Cao et al., 2020) by promoting flavonoid biosynthesis. However,
the regulatory mechanism of MT in A. mongolicum under
drought stress has not yet been reported.

In this study, we analyzed the effects of 100 mg-L™" MT on
A. mongolicum under drought stress through physiology,
transcriptomics, and metabolomics to provide a reference for
the utilization of MT and the genetic improvement of drought
tolerance in plants from arid habitats.

Materials and methods
Plant material and experimental design

Agropyron mongolicum “Yanchi’ is a new forage variety bred
by Ningxia University after several years of selection and
domestication. Seeds of A. mongolicum were disinfected with
10% sodium hypochlorite (v/v) for 10 min. Subsequently, the
seeds were rinsed thoroughly with distilled water. The seeds were
then placed in petri dishes (9 cm in diameter) with two layers of
filter paper, and 50 seeds were placed in each petri dish after
adding 5 mL of distilled water. Afterwards, the petri dishes were
placed in an artificial climate incubator under the following
conditions: temperature of 25°C/20°C (day/night), humidity of
55-65%, photoperiod of 14 h light/10 h dark, and light intensity
of 1000 umol m™ s™'. Water was replenished every day to
maintain moisture, and the filter paper was changed every 3
days. After 12 days, the seedlings with the same morphology
were transferred to Hoagland nutrient solution for hydroponics,
and the nutrient solution was replaced every 5 days. When the
seedlings were hydroponically cultivated for 28 days, the leaves
were sprayed with distilled water or MT solution under
pretreatment for 7 days; each pot was sprayed with 50 mL of
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100 mg-L ™" MT or distilled water every day. After pre-spraying
for 7 days, drought stress was simulated with 12% polyethylene
glycol 6000 (PEG) solution. The concentrations of 100 mg-L ™"
MT and 12% PEG were chosen based on a preliminary study.
Thus, four treatments were included in this study: (i) control
(CK), Hoagland nutrient solution plus foliar pre-spray for 7 days
with distilled water; (ii) melatonin (M), Hoagland nutrient
solution plus foliar pre-spray for 7 days with 100 mg-L™" MT;
(iii) drought stress (D), Hoagland nutrient solution containing
12% PEG plus foliar pre-spray for 7 days with distilled water; (iv)
drought stress with melatonin (MD), Hoagland nutrient
solution containing 12% PEG plus foliar pre-spray for 7 days
with 100 mgL™' MT. Each treatment has three biological
replicates for a total of 75 seedlings, which are uniformly
distributed in the pots (20 x 14 x 13 cm). Water was
replenished every 2 days, and the PEG concentration remained
constant. A. mongolicum seedling leaves were collected on the
1st, 3rd, 5th, and 7th days after treatment for the physiological
experiment. The leaves were sampled on the 7th day of
treatment and immediately stored at —80°C for transcriptomic
and metabolomic analysis.

Measurement of physiological indicators

Plant height was measured with a ruler. The number of
wilted leaves in each treatment was counted to calculate the leaf
wilt rate. The relative water content was estimated following
Ahmad et al. (2019). The relative conductivity was estimated
according to the methods of a previous study (Wu et al., 2017).
Chlorophyll content was determined via spectrophotometry
(Arnon, 1949). The malondialdehyde (MDA) content was
determined using the thiobarbituric acid method (Puckette
et al, 2007). Superoxide anion radical (O,”) content was
determined by the p-aminobenzenesulfonic acid method, and
hydrogen peroxide (H,O,) content was spectrophotometrically
determined as described by Okuda et al. (1991). Superoxide
dismutase (SOD) was determined using the nitroblue
tetrazolium method (Niu et al., 2017), and peroxidase (POD)
activity was measured using the methoxyphenol method (Wang
etal., 2013). The proline (Pro) content was determined using the
acid-ninhydrin method (Bates et al., 1973). Three biological
replicates were performed for each of the above indicators.

RNA extraction and sequencing

The RNA samples were extracted from the leaves of
A. mongolicum plants under different treatments. Each
treatment was represented by three biological replicates of the
leaf samples. Total RNA was extracted from leaf tissues using an
RNAprep Pure Plant kit (Tiangen, Beijing, China). RNA quality
was detected by a NanoPhotometer spectrophotometer
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(IMPLEN, CA, USA), Qubit 2.0 Fluorometer (Life
Technologies, Carlsbad, CA, USA), and an Agilent Bioanalyzer
2100 system (Agilent Technologies, Santa Clara, CA, USA). The
cDNA (~200 bp) was screened using AMPure XP beads. After
amplification and purification, cDNA libraries were obtained
and sequenced using the Illumina HiSeqTM 2000 system
(lumina, San Diego, CA, USA).

The raw data were filtered using fastp v 0.19.3, and all
subsequent analyses were based on clean reads. Transcriptome
assembly was performed using Trinity (v2.11.0). Gene
expression levels were estimated using RSEM, and the
fragments per kilobase of transcripts per million (FPKM)
value of each gene was calculated based on the gene length.
Differential expression analysis between the two groups was
performed using DESeq2 v1.22.1. A |log,Fold Change| > 1 and
FDR < 0.05 were used as the threshold for significant differential
expression. Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analyses were
performed based on a hypergeometric test.

Metabolites analysis by LC-MS/MS

The freeze-dried samples were ground into a powder and
extracted with 70% aqueous methanol. After centrifugation at
10,000xg for 10 min, all supernatants were combined and
filtered through a 0.22-mm pore size membrane and then
processed for UPLC-ESI-MS/MS analysis (UPLC, SHIMADZU
Nexera X2, https://www.shimadzu.com.cn/; MS, Applied
Biosystems 4500 Q TRAP, https://www.thermofisher.cn/cn/zh/
home/brands/applied-biosystems.html). Three biological
replicates were set for each treatment in metabolites analysis.
The effluent was alternatively connected to an ESI-triple
quadrupole linear ion trap (Q TRAP)-MS. Linear ion trap
(LIT) and triple quadrupole (QQQ) scans were acquired on a
triple quadrupole-linear ion trap mass spectrometer equipped
with an ESI Turbo Ion-Spray interface operating in positive ion
mode and controlled by Analyst 1.6.3 software (AB Sciex).
A scheduled multiple reaction monitoring method was used to
quantify the metabolites.

Significantly regulated metabolites between groups were
determined by VIP > 1 and log,|FoldChange| > 1. The
identified metabolites were annotated using the KEGG
Compound database (http://www.kegg.jp/kegg/compound/).
Annotated metabolites were then mapped to the KEGG
Pathway database (http://www.kegg.jp/kegg/pathway. html).
Pathways with significantly regulated metabolites were then
input into metabolite set enrichment analysis (MSEA); their
significance was determined by p-values from a
hypergeometric test. Principal component analysis (PCA;
base package), correlation analysis using R (base package;
Hmisc), and plot heatmaps (ComplexHeatmap) were
performed using R software.
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Quantitative real-time RCR analyses

For qRT-PCR, RNA was extracted using a Trizol Total
RNA Extraction Kit (Sangon Biotech, Shanghai, China) and
reverse transcribed using an Evo M-MLV RT Mix Kit with
gDNA Clean (Accurate Biotechnology, Hunan, China). The
primers are listed in Supplementary Table 1. qRT-PCR was
conducted using a BioEasy Master Mix (SYBR Green) Kit
(Bioer, Hangzhou, China) and a C1000 TouchChihermal
Cycler system (Bio-Rad). All tested transcripts were
normalized to the reference gene TLF, and relative transcript
AACt ethod (Tian

et al,, 2016). Three biological and technical replications

levels were calculated according to the 2

were performed.

Statistical analysis

The data were analyzed with Excel 2019 (Microsoft Inc.,
Redmond, USA) and SPSS 22 (SPSS Inc., Chicago, USA) using
an analysis of variance (ANOVA), followed by Duncan’s
significant difference test at P < 0.01 or P < 0.05. The graphs
were constructed using Origin 2020 (Electronic Arts Inc., San
Francisco, CA, USA).

Results

Physiological analysis of MT-treated
A. mongolicum seedlings under
drought stress

To determine whether MT improved the drought tolerance
of A. mongolicum, PEG and MT treatments were performed on
the seedlings, and phenotypic and physiological traits were
analyzed. The preliminary experiments for PEG concentration
screening (0, 3, 6, 9, 12, and 15% PEG) showed that under 12%
PEG, the changes of each index were larger, and the leaf wilt rate
was close to 50%, indicating that the use of 12% PEG solution to
simulate drought stress had a significant but not serious

FIGURE 1

10.3389/fpls.2022.1051165

inhibitory effect on A. mongolicum seedlings. Therefore, this
concentration was selected as the concentration of drought
treatment in subsequent experiments (Supplementary
Figures 1 and 2A-I). The preliminary experiments for MT
concentration screening (0, 1, 10, 50, 100, 150, and 200 mg~L71
MT) showed that 100 mg- L' MT treated A. mongolicum had a
significantly higher plant height, dry aboveground weight,
relative water content, and chlorophyll content compared with
plants under drought stress; thus, this concentration was selected
for the MT treatment in subsequent experiments
(Supplementary Figures 3 and 4A-I).

Based on the optimal PEG and MT concentrations
screened, we analyzed the effects of exogenous MT addition
on the physiology of A. mongolicum seedlings under different
drought stress times. MT treatment significantly alleviated the
withering of seedling leaves under drought stress. After 7 days
of drought stress, although the leaves of seedlings wilted in
both the MD and D treatments, the degree of wilting in the MD
treatment was lower than that in the D treatment. After 9 days
of drought stress, the leaves under D treatment withered and
died (Figure 1). On the 1st day of drought stress, all
physiological indexes showed no significant difference
between treatments. Compared with the control, drought
stress significantly decreased the relative water content and
chlorophyll content of leaves of A. mongolicum seedlings on
the 7th day of drought stress. However, MT application
dramatically mitigated this effect (Figures 2A, C). MT
treatment significantly decreased the relative conductivity
and MDA content under drought stress but had no obvious
effect on the control plants (Figures 2B, D). In addition,
drought treatment resulted in a significant increase in H,0,
and O, contents, while MT addition significantly decreased
their content (Figures 2E, F). Drought treatment enhanced
SOD and CAT activities, and there was no significant difference
in them after MT addition (Figures 2G, H). The results showed
that the A. mongolicum seedlings at 7 days directly reflected a
turning point in the degree of drought stress. Therefore, we
selected the A. mongolicum leaves of CK, M, D and MD
treatments at 7 days (serious drought) to perform

transcriptomic and metabolomic analysis.

Death

Effects of 100 mg-L™ MT on the phenotype of A. mongolicum seedlings under different durations of drought stress
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FIGURE 2

Effects of 100 mg-L™* MT on the physiology of A. mongolicum seedlings under different durations of drought stress. (A) Relative water content,
(B) relative conductivity, (C) chlorophyll content, (D) MDA content, (E) H>O, content, (F) O,~ content, (G) SOD activity, (H) POD activity. Mean
values followed by different letters were significantly different by Duncan'’s test (P < 0.01).
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Transcriptome analysis of MT-treated
A. mongolicum seedlings under
drought stress

To explore the molecular mechanism of MT regulating the
drought resistance of A. mongolicum seedlings, transcriptome
analysis was performed on A. mongolicum seedlings treated
with and without MT under drought stress. After removing
the low-quality reads, a total of 86.19 Gb clean data were
obtained. The percentage of GC was 49.01-57.44%, and the
Q30 bases of each sample were above 92.63%, indicating that
the data quality and purity of transcriptome sequencing were
high. A total of 149,051 genes were functionally annotated in
at least one database (Supplementary Table 2). Moreover,
10,293 (5140 upregulated and 5153 downregulated) and
13,466 (6670 upregulated and 6796 downregulated)
differentially expressed genes (DEGs) were identified in the
comparison groups of “CK vs. D” and “D vs. MD,” respectively
(Supplementary Table 3). These results indicate that MT
induced changes in the transcripts of A. mongolicum
seedlings under drought stress.

DEG analysis of MT-treated
A. mongolicum seedlings under
drought stress

To further clarify the response to MT, the biological
functions, GO and KEGG enrichment analyses of DEGs were
performed in MT-treated A. mongolicum seedlings under
drought stress (Supplementary Table 4). The GO terms of
DEGs in “CK vs. D” and “D vs. MD” were significantly

» o«

enriched in “fructosyltransferase activity,” “sucrose 1F-
fructosyltransferase activity,” “beta-fructofuranosidase activity,”
“sucrose alpha-glucosidase activity,” and “alpha-glucosidase
activity” in molecular function classes (Figure 3A). In addition,
the GO terms of DEGs in “CK vs. D” were mainly enriched in
“cell killing,” “killing of cells of other organism,” and “disruption
of cells of other organism” in biological process classes and were
enriched in “photosystem I” and “senescence-associated
vacuole” in cellular composition classes. The GO terms of
DEGs in “D vs. MD” were mainly enriched in “negative
regulation of translation” and “negative regulation of cellular
amide metabolic process” in biological process classes and were
enriched in “cortical endoplasmic reticulum” and “endoplasmic
reticulum tubular network” in cellular composition classes
(Figures 3A, B).

KEGG enrichment analysis showed that several pathways
related to plant stress resistance or metabolism were enriched in
“CK vs. D” and “D vs. MD,” including galactose metabolism,
starch and sucrose metabolism, phenylpropanoid biosynthesis,
flavonoid biosynthesis, protein processing in endoplasmic
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reticulum, and alanine, aspartate, and glutamate metabolism
(Figures 3C, D).

Metabolome analysis of MT-treated
A. mongolicum seedlings under
drought stress

To elucidate the specific effects on metabolites, we carried
out broadly targeted metabolome assays. PCA showed that the
three biological replicates for each treatment were clustered
together and clearly divided into four groups, indicating
significant metabolic differences between treatments. In
addition, the metabolism of these four different treatments was
significantly separated in the first component (PC1), except for
CK and M treatments, indicating that the effect of MT on the
metabolism of A. mongolicum under drought stress was obvious
(Figure 4A). All identified metabolites are presented in
Supplementary Table 5. The number of metabolites in “CK vs.
M,” “CKvs. D,” “CK vs. MD,” and “D vs. MD” was 162, 391, 314,
and 271, respectively (Figure 4B and Supplementary Table 6).
These differentially expressed metabolites (DEMs) were mainly
classified into flavonoids (261), phenolic acids (160), lipids
(142), alkaloids (110), amino acids and derivatives (88),
organic acids (67), nucleotides and derivatives (56), lignans
and coumarins (40), terpenoids (21), and others (103)
(Figure 4C). Interestingly, among the 19 DEMs involved in
“CKvs. M,” “CK vs. D,” “CK vs. MD,” and “D vs. MD,” flavones
and flavonols were highly accumulated in “D vs. MD” but not in
“CK vs. MD” and “CK vs. D.” However, the DEMs of flavanones,
flavonoid carbonoside, free fatty acids, gycerol ester, and
phenolic acids were all significantly upregulated in “CK vs. D,”
but downregulated in “D vs. MD” (Figure 4D and
Supplementary Table 7). MT induced changes in antioxidants
in A. mongolicum seedlings under drought stress.

Integrated analysis of genes and
metabolites related to flavonoid
biosynthesis in MT-treated

A. mongolicum under drought stress

Based on the integrated analysis of the transcriptome and
metabolome, we focused on flavonoid biosynthesis, galactose
metabolism, and starch and sucrose metabolism pathways
(Supplementary Table 8).

To explore the impacts of MT on secondary metabolism in
A. mongolicum under drought stress, the interaction of DEGs
and DEMs related to flavonoid biosynthesis was analyzed
(Figure 5 and Supplementary Table 9). We found that three
DEGs encoding chalcone synthase (CHS), three DEGs encoding
phlorizin synthase (PHS), and nine DEGs encoding shikimate
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FIGURE 3

DEGs enriched on different GO terms and KEGG pathways. (A) GO terms of DEGs in “CK vs. D." (B) GO terms of DEGs in "D vs. MD." (C) KEGG
pathway analysis of DEGs in “CK vs. D." (D) KEGG pathway analysis of DEGs in "D vs. MD.".

O-hydroxycinnamoyl transferase (HCT) were differentially
expressed in “CK vs. D,” and the expression patterns of these
DEGs in “D vs. MD” were opposite to that in “CK vs. D.” One
gene encoding cinnamate-4-hydroxylase (C4H) was significantly
upregulated in both “CK vs. D” and “D vs. MD,” and the DEG
encoding chalcone isomerase (CHI) was significantly
downregulated. Furthermore, two DEGs encoding naringenin
7-O-methyltransferase (NOMT) were significantly upregulated
in “D vs. MD,” but they were not detected in “CK vs. D.”
Moreover, in the flavonoid biosynthesis pathway, sakuranetin
and coumaroyl quinic acid accumulated in both “CK vs. D” and
“D vs. MD,” but phlorizin accumulated only in “D vs. MD.”
As shown in Figures 6A-H, three metabolites, namely
coumaroy shikimic acid, caffeoyl shikimic acid, and vitexin, in
flavonoid biosynthesis were more abundant under D treatment
compared to CK, and they were less abundant in MD treatment
than in D treatment. The content of hesperetin-7-O-glucoside
and luteolin in CK was significantly higher than those in M, D,
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and MD treatments. The content of coumaroyl quinic acid and
sakuranetin was significantly higher in the D and MD treatments
than in CK. Moreover, the phlorizin chalcone content in the CK
and D treatments was significantly higher than that in the D and
MD treatments. The DEGs and DEMs related to flavonoid
biosynthesis in MT-treated A. mongolicum were considered to
conjointly respond to drought stress.

Integrated analysis of genes and
metabolites related to carbohydrate
metabolism in MT-treated

A. mongolicum under drought stress

Analyzing the interaction of DEGs and DEMs related to
galactose metabolism enables us to better understand the
complex mechanism of MT in the galactose metabolism of
A. mongolicum under drought stress (Figure 7A and
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Effects of exogenous MT on DEMs in the flavonoid biosynthetic pathway in A. mongolicum leaves under drought stress. (A) Coumaroyl
shikimate acid, (B) caffeoyl shikimic acid, (C) coumaroyl quinic acid, (D) phlorizin chalcone, (E) hesperetin-7-O-glucoside, (F) vitexin, (G)
sakuranetin, (H) luteolin. Error bars represent standard errors of triplicate experiments. Mean values with different letters are significantly

different at P < 0.05.

Supplementary Table 10). A DEG encoding raffinose synthase
(RAFS) was upregulated in “CK vs. D,” while three DEGs
encoding RAFS were downregulated. Four DEGs encoding
beta-fructofuranosidase (FRS) were upregulated in “CK vs. D,”
while two DEGs encoding FRS were downregulated. The
expression patterns of 10 DEGs encoding RAFS and FRS were
opposite in “CK vs. D” and “D vs. MD.” The DEGs encoding
stachyose synthetase (STS) were significantly upregulated in “CK
vs. D” but were downregulated in “D vs. MD.” A gene encoding
alpha-galactosidase (GAS) was significantly downregulated in
“CK vs. D” but was significantly upregulated in “D vs. MD.” In
addition, in the galactose metabolism pathway, the DEMs of
galactinol, raffinose, stachyose, D-galactose, melibiose,
D-glucose, and sucrose were significantly upregulated in “CK
vs. D” but were downregulated in “D vs. MD.” The DEGs and
DEMs related to galactose metabolism in A. mongolicum
conjointly responded to drought stress after exogenous
MT addition.
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Starch and sucrose metabolism plays an important role in
plant growth and development. Analysis of the interaction of
DEGs and DEMs related to this pathway can further clarify the
regulatory mechanism of MT to alleviate drought stress in
A. mongolicum (Figure 7B and Supplementary Table 11). The
three DEGs encoding sucrose synthase (SUS) were
significantly upregulated, and one DEG was significantly
downregulated in “CK vs. D.” The expression pattern of
these DEGs in “D vs. MD” was opposite that in “CK vs. D.”
The four DEGs encoding trehalose 6-phosphate synthase/
phosphatase (TPS/P) and one DEG encoding trehalose 6-
phosphate phosphatase (TPP) were significantly
downregulated in “CK vs. D” but were upregulated in “D vs.
MD.” One DEG encoding alpha, alpha-trehalase (TRE) was
significantly upregulated in “CK vs. D” but was downregulated
in “D vs. MD.” Among starch and sucrose metabolic
pathways, the DEMs of sucrose, trehalose 6-phosphate,
trehalose, and D-glucose were significantly upregulated in
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“CK vs. D” but were significantly downregulated in “D vs.
MD.” The DEGs and DEMs related to the starch and sucrose
metabolism of A. mongolicum conjointly responded to
drought stress after exogenous MT addition.

As shown in Figures 8A-I, based on the content of DEMs
related to carbohydrate metabolism, nine metabolites
(galactinol, raffinose, stachyose, D-galactose, melibiose, D-
glucose, sucrose, trehalose 6-phosphate, and D-trehalose) were
more abundant in the D treatment compared to the CK
treatment, and they were less abundant in the MD treatment
when compared to the D treatment.

Correlation analysis of DEGs and DEMs
in flavonoid metabolism and
carbohydrate metabolism in
MT-treated A. mongolicum

seedlings under drought stress

To examine the relationship between DEGs and DEMs in

MT-treated A. mongolicum seedlings under drought stress, a
correlation analysis of DEGs and DEMs involved in flavonoid

Frontiers in Plant Science

124

and carbohydrate metabolism was conducted (|Pearson
correlation coefficient| > 0.8, P value < 0.05) (Figure 9 and
Supplementary Tables 12, 13). In flavonoid metabolism, caffeoyl
shikimic acid and coumaroyl shikimate were strongly positively
correlated with genes encoding flavanone 7-O-glucoside 27-
O-beta-L-rhamnosyltransferase (FRHT), HCT, PHS, and CHS.
Meanwhile, sakuranetin and phlorizin were strongly positively
correlated with the C4H and NOMT genes. In carbohydrate
metabolism, lactobiose, stachyose, galactinol, D-trehalose,
dulcitol, raffinose, D-galactose, inositol, D-glucose, trehalose
6-phosphate, D-sucrose, D-mannose, and melibiose were
strongly positively correlated with genes encoding FRS, SUS,
and TRE.

gRT-PCR validation

To confirm the accuracy and reproducibility of the RNA-seq
data, nine DEGs were selected from flavonoid biosynthesis,
galactose metabolism, and starch and sucrose metabolism for
qRT-PCR. RNA-seq (FPKM) and qRT-PCR analyses were in
concordance (Supplementary Figure 5), showing the same
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general expression trends. These results verified the
reproducibility and reliability of the RNA-seq data.

Discussion

Physiological mechanism by which MT
alleviates drought stress in
A. mongolicum seedlings

As one of the leading abiotic stressors, drought detrimentally
affects plant morphology and physiology, thereby inhibiting the
growth and development of plants (Liu et al., 2015). Our results
show that drought stress delayed the growth and development of
A. mongolicum seedlings by reducing the relative water content
and chlorophyll content, accumulating ROS and MDA, which
causes membrane lipid peroxidation, and ultimately disrupting
the structure and function of the cell membrane. MT is known as
a broad-spectrum antioxidant that scavenges ROS and increases
antioxidant enzyme activity under drought stress (Reiter et al.,
2016). Herein, we found that MT application increased the
relative water content and chlorophyll content, decreased the
accumulation of ROS and MDA, and further increased the
activities of antioxidant enzymes in A. mongolicum seedlings
exposed to drought stress (Figures 2A-F). These results suggest
that drought stress is alleviated by MT and those of its
metabolites that are free endogenous radical scavengers.
Similarly, Antoniou et al. (2017) and Cui et al. (2017) reported
that exogenous MT addition significantly facilitated the growth
and development of alfalfa and wheat and alleviated the
accumulation of intracellular ROS and MDA induced by
drought stress by enhancing its ability to scavenge free
radicals. Therefore, the exogenous addition of an appropriate
concentration of MT can alleviate the growth inhibition of A.
mongolicum seedlings under drought stress by affecting
physiological effects.

MT improved flavonoid biosynthesis
in A. mongolicum seedlings under
drought stress

Flavonoid biosynthesis is one of the most widely studied
metabolic pathways (Mierziak et al., 2014). Many studies have
shown that flavonoid metabolism is involved in plant
response to drought stress (Yuan et al,, 2012). Flavonoids
are important secondary metabolites that can eliminate ROS
accumulation through synergistic action with other stress
response factors, such as MT and ABA, and ultimately
improve the adaptability of plants to arid environments
(Naghizadeh et al., 2019; Hossain et al., 2020; Yang et al,,
2021b; Zou et al., 2021).
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In the flavonoid biosynthesis pathway, the C4H gene
controls the synthesis of p-coumaric acid from trans-cinnamic
acid, which ultimately produces pigments (flavonoids) and plant
defense compounds (furanocoumarins, isoflavonoids, and
norlignans) (Suzuki et al., 2002; Suzuki et al., 2004). Drought
stress caused an increase in the expression of the C4H gene in the
leaves of A. mongolicum seedlings, and exogenous MT addition
further enhanced the expression of the C4H gene under drought
stress (Figure 5). Previous studies have also shown that C4Hs
can enhance plant resistance to drought stress by increasing
phenolic synthesis (Wang et al., 2017). Together, CHS and CHI
constitute rate-limiting enzymes for flavonoid biosynthesis
(Braune et al, 2016). Coumaroyl-CoA is catalyzed by CHS to
form chalcone (Tan et al, 2015). Naringenin chalcone is an
intermediate in flavonol biosynthesis and is converted to
naringenin by CHI (Muir et al, 2001). In many plants, some
external stimuli, such as adversity stress, induce the rapid
response and expression of CHS and CHI (Muir et al., 2001).
In this study, one CHI was significantly downregulated in both
“CK vs. D” and “D vs. MD.” Two CHS genes were significantly
downregulated in “CK vs. D” but were upregulated in “D vs.
MD,” which indicated that MT induced the upregulation of two
CHS genes and indirectly increased the flavonoid content, such
as phloridzin and luteolin, and improved the antioxidant
capacity of A. mongolicum (Figure 5). Previous studies have
shown the complementary effects of phloridzin in
dihydrochalcone compounds, which act as functional
antioxidants to reduce oxidative stress in plants (Venisse et al,
2001). Natural flavonoids, such as luteolin, have the effect of
scavenging free radicals (Wang et al., 2013) and can enhance the
enzymatic activity of SOD, CAT, and other antioxidant enzymes
(Lim et al.,, 2007; Choi et al., 2008). Song et al. (2022) showed
that MT treatment greatly enhanced the stress tolerance of
pigeon pea by promoting luteolin biosynthesis.

NOMT is a key enzyme in phytoalexin biosynthesis that
catalyzes the methylation of naringenin to sakuratin
(Tamogami et al., 1997). Rakwal et al. (2000) showed that
NOMT was not found in the healthy tissues of rice or in the
control treatment in our study. However, MT treatment
significantly upregulated the expression of two NOMT genes
under drought stress, thus enhancing the drought resistance of
A. mongolicum seedlings by regulating the downstream
metabolite sakuratin. In addition, HCT, a key enzyme in
flavonoid biosynthesis, is required for coumaroyl-CoA to
generate caffeoyl-CoA (Sun et al., 2018). HCT overexpression
in pears leads to flavonoid accumulation that enhances their
tolerance to drought stress (Yang et al., 2021a). In our study,
six genes regulating HCT were significantly upregulated in “CK
vs. D” but were significantly downregulated in “D vs. MD.”
This was similar to the content of two intermediate metabolites
of coumaroyl shikimate acid and caffeoyl shikimic acid in the
process of p-coumaroyl-CoA producing caffeoyl-CoA.
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However, the content of some compounds, such as coumaroyl
shikimate acid and caffeoyl shikimic acid, decreased after
exogenous MT addition under drought stress, which may be
due to the reduced accumulation of some flavonoids induced
by MT, resulting in more energy conversion to cope with
drought stress (Zou et al., 2021).

MT enhanced carbohydrate metabolism
in A. mongolicum seedlings under
drought stress

Carbohydrate metabolism is one of the most important
metabolic processes in plants. It plays an important role in the
complex regulatory networks of hormones, reactive oxygen
species (ROS) production and scavenging, energy storage, and
signal transduction throughout the plant life cycle (Bolouri et al.,
2010). As a plant bioregulator, exogenous MT can change the
content of metabolites in the process of carbohydrate
metabolism by regulating related genes and activating the
activities of related enzymes, thereby enhancing the tolerance
of plants to drought stress (Arnao et al., 2021).

In carbohydrate metabolism, RAFS is a key enzyme that
catalyzes the galactinol production of raffinose. Studies have
shown that raffinose content in plants increases significantly
when subjected to adversity stress (Egert et al., 2013). In this
study, a gene encoding RAFS was upregulated under drought
stress, increasing the raffinose content (Figure 7). Stachyose is
mainly used as an antioxidant to scavenge ROS accumulated
under stress conditions. In the present study, a gene encoding
STS was significantly upregulated under drought stress,
resulting in a massive accumulation of stachyose in the
leaves of A. mongolicum. In addition, four genes encoding
FRS were significantly upregulated under drought stress,
causing an increase in melibiose content. Khan et al. (2021)
showed that the expression level of FRS increased after
drought stress in citrus trees. However, after exogenous MT
addition under drought stress, RAFS STS and four FRSs were
downregulated, resulting in a decrease in the content of
downstream metabolites raffinose, stachyose, and melibiose.
In addition, GAS, as an exoglycosidase that catalyzes the
hydrolysis of o-galactosidic bonds, is mainly involved in the
hydrolysis of melibiose, raffinose, and stachyose. Enhanced
GAS activity reduces melibiose, raffinose, and stachyose (Hu
et al,, 2016). The results of this study showed that after
exogenous MT addition under drought stress, a gene
encoding GAS was significantly upregulated, decreasing the
content of upstream metabolites, such as melibiose, raffinose,
and stachyose. Trehalose, as a non-reducing disaccharide, is
synthesized by TPS and TPP (Holmstrom et al., 1996). The
accumulation of trehalose in plant cells can improve drought
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tolerance (Romero et al., 1997). In this study, trehalose was
significantly accumulated under drought stress, and then, it
was decomposed into glucose under the action of TRE.
However, under drought stress, the trehalose content
decreased after exogenous MT addition, and the
downregulated expression of a gene encoding TRE resulted
in a decrease in the content of its downstream metabolite
glucose, which may indicate that MT addition alleviated
drought stress by reducing trehalose degradation.

SUS is a key enzyme that regulates sucrose synthesis (Liu
et al., 2016). Drought stress typically induces increases in plant
SUS activity, which in turn increases sucrose accumulation and
promotes the activity of pathways related to carbohydrate
metabolism, ultimately alleviating the damage caused by
drought (Yang et al., 2001). This study showed that the
expression levels of the three SUS genes and sucrose content
increased under drought stress. However, after exogenous MT
addition, the expression levels of the three SUS genes decreased,
causing a decrease in sucrose content, which indicates that MT
application might accelerate the decomposition of sucrose,
resulting in a reduction in sucrose content (Li et al., 2018b).
Wang et al. (2021) also showed that two SUS genes were
downregulated after exogenous MT addition under drought
stress. Therefore, we speculate that the decrease in
carbohydrate content after exogenous MT addition under
drought stress may be due to MT enhancing carbohydrate
conversion and transport capacity under drought stress, and
exogenous MT addition leads to a decrease in energy production
by reducing carbohydrate metabolism, thus slowing plant
growth and development to adapt to the stimulation of an

arid environment.

Conclusion

This study provides new insights into the mitigating effects
of MT against drought stress in A. mongolicum. Based on the
analysis of the physiology, transcriptome, and metabolome of
A. mongolicum seedlings under drought stress by exogenous MT
addition, the regulatory mechanism of MT in A. mongolicum
seedlings under drought stress was revealed. Physiological
analysis showed that MT alleviated drought stress by
increasing chlorophyll content and enhancing antioxidant
defense activity to reduce cell membrane damage and ROS
accumulation. The integrated transcriptomic and metabolomic
analysis showed that MT responds to drought stress mainly by
regulating DEGs and DEMs in flavonoid biosynthesis and
carbohydrate metabolism pathways. Our findings provide a
basis for a further comprehensive and systematic analysis of
the molecular mechanism by which MT alleviates drought stress
in A. mongolicum.
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Increasing water-soluble carbohydrate (WSC) content in white clover is important
for improving nutritional quality and reducing environmental impacts from pastoral
agriculture. Elucidation of genes responsible for foliar WSC variation would
enhance genetic improvement by enabling molecular breeding approaches. The
aim of the present study was to identify single nucleotide polymorphisms (SNPs)
associated with variation in foliar WSC in white clover. A set of 935 white clover
individuals, randomly sampled from five breeding pools selectively bred for
divergent (low or high) WSC content, were assessed with 14,743 genotyping-by-
sequencing SNPs, using three outlier detection methods: PCAdapt, BayeScan and
KGD-Fst. These analyses identified 33 SNPs as discriminating between high and
low WSC populations and putatively under selection. One SNP was located in the
intron of ERD6-like 4, a gene coding for a sugar transporter located on the vacuole
membrane. A genome-wide association study using a subset of 605 white clover
individuals and 5,757 SNPs, identified a further 12 SNPs, one of which was
associated with a starch biosynthesis gene, glucose-1-phosphate
adenylyltransferase, glgC. Our results provide insight into genomic regions
underlying WSC accumulation in white clover, identify candidate genomic
regions for further functional validation studies, and reveal valuable information
for marker-assisted or genomic selection in white clover.

KEYWORDS

genome-wide association study, genotyping-by-sequencing, outlier detection, white
clover, water-soluble carbohydrate
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1 Introduction

White clover (Trifolium repens L.) is sown in temperate
pastures globally, as it provides high quality forage for ruminants
and is a source of bioavailable nitrogen, fixed through symbiosis
with soil Rhizobium bacteria (Ulyatt, 1997). It is a recent (15 -
28,000 years ago) allotetraploid that resulted from the
hybridization of two diploid Trifolium species, T. occidentale
and T. pallescens (Ellison et al., 2006; Griffiths et al., 2019).
Retention of the combined genomes as T. occidentale and T.
pallescens-derived subgenomes likely underpins the broad
adaptation and phenotypic plasticity of this agronomically
successful species (Griffiths et al., 2019). White clover foliage
has a high concentration of crude protein but a relatively low
concentration of water-soluble carbohydrate (WSC) (Cosgrove
etal., 2009). Foliar WSC is important because it provides readily
available energy to the rumen microbiome, which improves the
efficiency of protein utilisation by the animal (Woodfield et al,
2001). Higher levels of WSC available for consumption by
ruminant microbes enables a shift in the partitioning of
digested nitrogen, with less excreted as urea and more utilised
for animal growth and production (Easton et al., 2009). Breeding
for increased foliar WSC in pasture species, including white
clover, can therefore have beneficial effects for the environment
as less nitrogen is lost via urine and dung to nitrous oxide
emission and nitrate leaching (Luo et al., 2015; Selbie et al,
2015). In addition to improved nutritional quality and positive
environmental outcomes, WSC has been found to be important
in conferring cold tolerance and drought resistance in plants due
to its role in osmotic adjustment (Kerepesi and Galiba, 2000;
Dalmannsdottir et al., 2001; Livingston et al., 2009).

Several aspects of WSC composition and variation in white
clover plants have been studied, including seasonal and diurnal
foliar WSC variation (Michell, 1973; Ruckle et al., 2018; Kagan
et al,, 2020). While research has addressed the genetic control of
WSC accumulation in stolons (Inostroza et al., 2018), little is
known about the genetic mechanisms underlying foliar WSC
accumulation in white clover. Improved understanding of the
genes that influence foliar WSC accumulation would support the
development and application of molecular breeding tools, such
as marker-assisted and genomic selection, that could be used by
breeders to accelerate genetic improvement of this trait.

Two complementary approaches may be used to detect
genomic loci linked to trait phenotype variation, as a means to
identify candidate genes. Outlier analysis can be used to identify
single nucleotide polymorphisms (SNPs) that differentiate

Abbreviations: DF, Discriminant Function; DM, Dry Matter; EMMs,
estimated marginal means; HMW, High Molecular Weight; K, number of
genetic clusters; KGD, Kinship using Genotyping-by-sequencing with Depth
adjustment; Kpc, number of principal components; LMW, Low Molecular
Weight; PC, Principal Components; PCA, Principal Component Analysis;
SSS, Soluble Sugars and Starch; WSC, Water-Soluble Carbohydrate.
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populations with divergent phenotypes. This approach most
commonly involves Fgr-based tests (Antao et al., 2008;
Whitlock and Lotterhos, 2015) or principal component
analyses (PCA) (Luu et al,, 2017) to identify differentiating loci
that are distinct from those under neutral selection. Genome-
wide association studies (GWAS) offer a second approach,
utilising SNP markers across the entire genome with the goal
of associating specific variants with phenotypic variation, as
measured in a population or a panel of diverse individuals. This
method can be used in both model and non-model organisms
and has successfully identified genes underlying traits in forage
species (Arojju et al., 2016; Sakiroglu and Brummer, 2017; Biazzi
et al, 2017). Both outlier approaches and GWAS require a
preliminary assessment of population structure to avoid false
positive associations (Sul et al., 2018).

Selective breeding to create experimental white clover
populations with divergent levels of foliar WSC was previously
undertaken in two New Zealand breeding programmes, with five
discrete breeding pools. Three were described by Widdup et al.
(2010) and conducted over four cycles of divergent recurrent
selection, and the remaining two pools were part of another
programme (Mr. John Ford, pers. comm.) in which selection
took place over six cycles. Both programmes included pools in
different leaf size classes (large leaf and small leaf). The
divergently-selected populations in these pools represent a
valuable genetic resource for investigating the genetic basis of
WSC accumulation, including the relationship between leaf size
and WSC levels (Woodfield et al., 2001).

Genotyping-by-sequencing (GBS), enables highly efficient
and cost-effective simultaneous SNP discovery and genotyping
(Elshire et al., 2011; Poland et al., 2012b) and has been
implemented in numerous forage species (Biazzi et al., 2017;
Sakiroglu and Brummer, 2017; Faville et al., 2018; Guo et al.,
2018), including white clover (Wright et al., 2017; Griffiths et al.,
2019). In our study, we applied GBS in the five white clover pools
to support investigation of genomic regions and loci under
selection for WSC accumulation. Analyses were based on
genome-wide GBS-derived SNP data from individuals within
the breeding pools, targeting three generational time points
within each pool. The overall aim was to identify SNPs
associated with foliar WSC accumulation, that may
subsequently be developed and used to support gene discovery
and molecular breeding approaches in white clover populations
to aid breeding for increased WSC accumulation in white clover.

There were three principal objectives: (1) to confirm that
foliar WSC phenotypes were significantly and directionally
different amongst the populations used in the study, ensuring
that subsequent genetic studies were performed on truly
divergent phenotypes; (2) to establish whether selective
breeding had altered WSC independently of changing leaf
area in those populations; and (3) apply outlier detection and
GWAS approaches to identify SNPs associated with foliar
WSC accumulation.
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2 Materials and methods

2.1 Plant material

The plant material used in this study was bred and supplied by
Grasslands Innovation Ltd. Selective breeding for foliar levels of
water-soluble carbohydrate (WSC) in white clover was completed
previously in two breeding programmes, one consisting of four
cycles of recurrent selection in three breeding pools (Widdup
et al, 2010) and the other over six cycles in two pools (Mr John
Ford, pers. comm.) (Figure 1). In all breeding pools, divergent
selection was undertaken at each cycle to create populations with
either low or high levels of foliar WSC, so that at each generation
there is both a low and a high WSC population. In the programme
described by Widdup et al. (2010) there were 24 populations
generated (3 breeding pools x 4 cycles x low/high WSC) and in
the Ford programme there were also 24 populations (2 breeding
pools x 6 cycles x low/high WSC). Adding the five parental
generations, a total of 53 populations were available for evaluation.
Of these, 25 were chosen for phenotyping and genotypic analyses

10.3389/fpls.2022.1095359

(Figure 1). These were the parental, middle and end generation
populations within each pool. The middle generation was cycle 2
or cycle 3 and the end generation cycle 4 or 6, for the Widdup and
Ford pools, respectively. Seed from all populations was acquired
from the Margot Forde Germplasm Centre (Palmerston North,
New Zealand).

Nomenclature for population names is: W = Widdup, F =
Ford; NZ = New Zealand, US = United States of America; LL =
large leaf, SL = small leaf; Low = low water-soluble carbohydrate
(WSC), High = high WSC; P = parental generation, Mid =
middle generation and End = end generation. The 25
populations were: WNZLL-Low-End, WNZLL-Low-Mid,
WNZLL-Parent, WNZLL-High-Mid, WNZLL-High-End,
WNZSL-Low-End, WNZSL-Low-Mid, WNZSL-Parent,
WNZSL-High-Mid, WNZSL-High-End, WUSLL-Low-End,
WUSLL-Low-Mid, WUSLL-Parent, WUSLL-High-Mid,
WUSLL-High-End, FNZLL-Low-End, FNZLL-Low-Mid,
FNZLL-Parent, FNZLL-High-Mid, FNZLL-High-End, FNZSL-
Low-End, FNZSL-Low-Mid, FNZSL-Parent, FNZSL-High-Mid,
and FNZSL-High-End.

Widdup’s four generations of artificial selection in three pools

MMM

O e e e ) B
Er e e e o

B Fords'’s six generations of artificial selection in two pools

B &=

B e ) e

Schematic representation of white clover populations from the (A) Widdup et al. (2010) and (B) Ford breeding programmes. G, generation; W,
Widdup; F, Ford; NZ, New Zealand/Aotearoa; US, United States of America; LL, large leaf; SL, small leaf; P, Parent generation; HWSC and High,
high water-soluble carbohydrate (WSC); LWSC and Low, low WSC; Mid, Middle generation; and End, End generation. t denotes populations

FIGURE 1

used in phenotyping and genotyping studies.
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2.2 Population establishment and
experimental design

Approximately 100 seeds from each of the 25 populations
were germinated, planted into propagation trays and grown
under standard greenhouse conditions for two months. A total
of 900 plants from the 25 populations (180 plants per breeding
pool) were then randomly selected and transplanted into 2L pots
for phenotyping. In each breeding pool, 60 plants per parent
population (Parent) were randomly selected, along with 30
plants each from the middle generation low and high WSC
populations (Low-Mid, High-Mid) and 30 plants each from the
end generation low and high WSC populations (Low-End, High-
End). Potted plants were kept in the greenhouse to establish for
two weeks before being placed outside at Palmerston North,
New Zealand (40.38°S, 175.61°E), in autumn, late May 2017, in a
randomised Latin square design with three replicate blocks. The
block was set up on a 9 x 9 m concrete pad and plants were set at
30 cm centre-to-centre spacing.

2.3 Plant phenotyping

2.3.1 Water-soluble carbohydrate phenotyping
using near infra-red reflectance spectroscopy

Leaves from the 900 plants were sampled over three
consecutive days in November 2017. One replicate block was
harvested per day, between 8:00 and 10:00 am to minimise
diurnal variation in WSC levels and to be consistent with the
methodology originally used for breeding these divergent WSC
selections (Widdup et al., 2010). Thirty fully expanded, healthy
leaf laminae were removed per plant to constitute a single plant
sample, snap frozen in liquid nitrogen, and stored at -20°C
before being freeze-dried and milled. Samples from two of the
three replicate blocks (n = 600) were analysed by near infra-red
spectroscopy (NIRS) at the Massey University Nutrition
Laboratory, (Palmerston North, New Zealand) for nutritive
quality attributes including WSC concentration (g kg dry
matter). Two NIRS calibrations were used initially to
determine WSC: (a) total soluble sugars and starch (SSS)
(Corson et al, 1999), the calibration originally used in the
Widdup et al. (2010) and Ford breeding programmes; (b)
WSC-NIRS; the sum of high molecular weight (HMW)- and
low molecular weight (LMW)-WSC fractions estimated using a
calibration developed from perennial ryegrass (Cosgrove
et al., 2009).

2.3.2 Leaf area phenotyping

Leaf area was assessed for each of the five pools. A total of
450 of the 900 plants were sampled from every second column,
across all three blocks (150 plants per block). Four leaves per
plant (first leaves from the stolon tip with fully opened laminae)
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were collected, glued to 1 mm graph paper and scanned.
Scanned images were converted to binary in Image]
(Schindelin et al.,, 2012), a global calibration curve was set to
convert from pixel distance to actual distance (cm), and leaf area
(cm?) was estimated. The mean of four leaves was used as a
proxy for average plant leaf area.

2.3.3 Phenotype statistical analyses and
correlation investigation

Estimated Marginal Means for the WSC phenotype, using
SSS, and leaf area were calculated for each population using a
linear mixed model in the R package “emmeans” v 1.4.2 (Lenth
et al., 2020) that accounted for treatment and spatial variation
(Equation 1).

y~ TrtC + (1 |Block) + (1 |Block: Column)
+ (1| Block: Row)

Where: y is the phenotypic trait, and TrtC is the interaction
between Pool, Generation (i.e., Parent, Mid and End) and Trt
(i.e., None (Parent; no selection), high WSC and low WSC).

Leaf area data were transformed by square root such that
residuals conformed to constant variance and normality
(Supplementary Figure 1). SSS required no transformation as
residual assumptions were met. Leaf area data were back-
transformed to derive population-fitted values on the original
cm? scale. The Parent population was used as the baseline for
comparisons between populations within each pool. Significant
differences in these comparisons were investigated using
“emmeans” at oo = 0.05. The Low-End population was then
used as the baseline for the SSS dataset so differences between the
Low-End and High-End populations for each pool could
be determined.

Three hundred plants common to the sets used for
evaluation of WSC and leaf area were used for phenotypic
correlation analysis (Pearson correlation). This dataset was
then split further into five datasets corresponding to the five
pools (WNZLL, WNZSL, WUSLL, FNZLL and FNZSL) within
which correlations between the two variables were investigated.
Prior to correlation analysis, leaf area and SSS data were
evaluated for normality using the Shapiro-Wilk Normality
Test implemented in R (Royston, 1995; R Core Team, 2019).
Data that did not follow a normal distribution were transformed
using Box-Cox Transformation analysis (Venables and Ripley,
2002). Models were created for each pool using R statistical
software, and adjusted coefficient of determination (r*) values of
the lines of best fit were used to initially compare the predictive
abilities of leaf area for SSS. Regression analysis amongst
populations was then conducted using linear mixed models
constructed for each pool. Models were constructed with SSS
as the dependent variable and the interaction between leaf area
and population was used as the independent variable. The
Parent population for each pool was used as the baseline for
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comparison. Adjusted 1> was reported for both types of linear
models (SSS ~ leaf area and SSS ~ 0 + Population * leaf area) to
avoid false inflation of r* values. Residuals were checked for
normality and assumptions were met; thus, no data
transformation was required. The R scripts used to produce
estimated phenotype means and perform correlation and
regression analyses can be found at https://github.com/
SofiePearson/White_Clover_ WSC_Outlier_Detection. GWAS.

2.4 Plant genotyping

2.4.1 Genotyping-by-sequencing library
preparation and sequencing

Genomic DNA was extracted from 1,536 white clover
individuals (approximately 60 individuals from each of the 25
populations) using the freeze-dried tissue protocol described in
Anderson et al. (2018). A subset of 1,175 individuals, comprising
47 from each of the 25 populations, were chosen for genotyping-
by-sequencing (GBS). Each GBS library consisted of 94 samples,
plus one negative control (water) and one positive control DNA
from an inbred white clover, “S9” (Griffiths et al., 2019). Thirteen
GBS libraries were created in total, and any spare wells filled with
duplicated DNA chosen at random from all populations,
including duplication of samples within a library and
duplication of samples among libraries. GBS libraries were
constructed following Poland et al. (2012b) using restriction
enzymes PstI and Mspl, with some modifications (see
Supplementary Methods). Each library was then sequenced in
parallel on two lanes of a flow cell on an Illumina HiSeq 2500
(Mumina, San Diego, CA, USA) at Invermay Agricultural Centre
(AgResearch, Mosgiel, New Zealand).

2.4.2 SNP calling, filtering and genotyping-by-
sequencing library quality control

Raw data FASTQ files containing sequence reads were
processed for SNP identification using Trait Analysis by
aSSociation, Evolution and Linkage (TASSEL) v 5.0 (Glaubitz
et al, 2014), using default parameters except minor allele
frequency was set to 0.01. An AgResearch white clover
genome assembly (version 5) was used as the reference
genome (Griffiths et al., 2019). Raw sequence data from 1,222
samples, 13 positive controls and 13 negative samples were
analysed together. Sequence reads were first trimmed to 64 bp
and identical reads were grouped into sequence tags. The
sequence tags were then aligned to the reference genome using
Burrows-Wheeler Alignment (BWA) tool (Li and Durbin, 2009).

After SNP calling, all filtering was performed using VCFtools
v 0.1.16 (Danecek et al., 2011). To provide a SNP marker dataset
for downstream analyses, the marker set was restricted to high
quality SNPs: biallelic SNPs with read depth range of 5 - 150,
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missing genotype data < 20% per SNP, and minor allele
frequency > 0.03. Samples with a large proportion of missing
data were removed from the dataset and negative control
samples were removed after checking that they did not contain

unduly high levels of sequence data.

2.5 Analysis of population genetic
structure and variation

Genetic structure in the dataset was explored by
Discriminant Analysis of Principal Components (DAPC)
(Jombart et al., 2010), implemented in “adegenet” v 2.1.1
(Jombart, 2008) for R software v 3.6.1 (R Core Team, 2019).
The analysis used 14,743 SNPs from 1,113 individuals in 24
populations (WNZSL-Parent population excluded due to high
sample missing data). K-means clustering was used to detect the
number of clusters amongst the samples, without prior
assumptions of assignment based on pool or population. K-
means was run sequentially from 1 to 40 genetic clusters (K),
with 800 principal components retained, accounting for
approximately 90% of the total genetic variation. The optimal
clustering solution corresponded with the lowest Bayesian
Information Criterion (BIC). Individual assignment from the a
priori grouping to the K-means determined clusters was
visualised and compared using the R package “ade4” v 1.7-15
(Chessel et al., 2004).

DAPC analysis was implemented using the cross-validation
“xvalDapc()” function, and was run with 100 replicates from 1 -
50 principal components (PCs) with individuals grouped based
on the K-means determined number of clusters. This cross-
validation method determined 6 PCs should be used, hence the
final “dacp()” was run with “n.pca = 6” and 6 discriminant
functions (DFs) retained. A scatter plot of individuals grouped
by K-means on DFs was created using “adegenet”
(Jombart, 2008).

Genetic variation within and among populations was
assessed by Analysis of Molecular Variance (AMOVA)
implemented with “poppr” v 2.9.1 (Kamvar et al, 2014) in R.
This was conducted for all 24 populations, as well as among
genetic clusters identified using the most supported DAPC K-
value (K = 11) with 9,999 permutations (Excoffier et al., 1992;
Kamvar et al., 2014). A matrix of pairwise genetic differentiation
between all population pairs from two possible population
structures (the a priori of K = 24 and the DAPC-determined
grouping of K = 11) was also computed using the R package
“hierfstat” v 0.04-22 (Goudet and Jombart, 2015) using the
fixation index Fgp (Weir and Cockerham, 1984). The R scripts
used to perform population genetic structure analyses can be
found at https://github.com/SofiePearson/White_Clover_WSC_
Outlier_Detection_ GWAS.
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2.6 Detection of loci under selection

Three approaches were used to analyse the 14,743 SNP
dataset for loci under divergent selection: PCAdapt (Luu et al.,
2017), BayeScan (Foll and Gaggiotti, 2008) and an Fgy outlier
detection approach in the package Kinship using Genotyping-
by-sequencing with Depth adjustment (KGD, available from
https://github.com/AgResearch/KGD.git) (Dodds et al., 2015).
Missing data for SNPs were not imputed.

2.6.1 PCAdapt

Individuals from the DAPC analysis were split into five
datasets using VCFtools (Danecek et al., 2011) to enable
identification of outlier loci differentiating high and low WSC
populations within pools. These datasets consisted of five VCF
files with individuals split into their respective pools but with the
Parent populations removed, resulting in a total of 935
individuals retained for outlier detection analyses. All VCF
files were converted into PLINK format (BED, BIM and FAM
files) using PLINK v 1.9 (Purcell et al., 2007). The R package
“pcadapt” v 4.0.3 was used to detect loci driving variation on the
principal components (Luu et al., 2017). The Kpc value (number
of principal components) with the best fit to the data was
determined using the scree test (Cattell, 1966) and
interpretation of score plots with Kpc values higher than those
determined by the scree test method. To determine the number
of principal components (Kpc) separating high and low WSC
populations, each of the five pools was analysed in PCAdapt
separately. Scree plots were produced (Supplementary Figure 2)
and visually assessed for optimal Kpc value (Cattell, 1966), with
components retained from the steep portion of the curve, prior
to inflection into a flat line. Outlier SNPs based on Mahalanobis
distance (Luu et al., 2017) at the optimal Kpc value were
identified, after correcting for false positives using the
Bonferroni correction in each pool. SNPs were visualised on
Manbhattan plots using “ggman” v 0.1.4 (Turner, 2018), with
outliers shown as exceeding Bonferroni false discovery
thresholds, of o = 0.01 and o = 0.05.

2.6.2 BayeScan

The five VCF files were converted into BayeScan format in R
using “vefR” v 1.8.0, “adegenet” v 2.1.1, and “hierfstat” v 0.04-22
(Jombart, 2008; Goudet and Jombart, 2015; Knaus and
Griinwald, 2017). Population structure analysis identified little
genetic differentiation between generations within the low WSC
and high WSC divergent selections, respectively. Therefore, for
this analysis within each pool the two high WSC populations
were merged and two low WSC populations were merged,
resulting in five population pairs to be tested. The analysis was
conducted separately for each pool so that SNPs under divergent
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selection could be traced back to each pool. BayeScan was run
with default parameters (20 pilot runs with 5,000 iterations,
followed by a burn-in of 50,000 iterations, and prior odds for the
neutral model was 10). The g-value for each locus was calculated
and a false discovery rate of o = 0.05 was used to determine
significant outlier loci that had positive alpha values.

2.6.3 KGD-Fst

The filtered VCF file was converted to a Reference
Alternative file using the KGD vc¢f2ra_ro_ao.py python script,
and a separate file containing individual and population
information was constructed. The “Fst.GBS.pairwise()”
function was used to calculate approximate mean Fgr for each
SNP between each population pair, accounting for GBS read
depth (Dodds et al.,, 2015). The five population pairs were tested
and SNPs with Fgr values greater than 0.3 and present in more
than two pools at that threshold were called as outlier SNPs.
Manhattan plots were created as described above. Outlier SNPs
from all three analyses (PCAdapt, BayeScan and KGD-Fgr) were
visualised in a Venn diagram using the R package
“VennDiagram” v 1.6.20 (Chen and Boutros, 2011). The
scripts used to perform the outlier detection analyses can be
found at https://github.com/SofiePearson/White_Clover_ WSC_
Outlier_Detection_ GWAS.

2.7 Genome-wide association

A mixed-linear model implemented in the R package
“rrBLUP” (Endelman, 2011) was used for an association
analysis on a subset of individuals (n = 605) possessing both
genotypic and phenotypic information (Supplementary
Figure 3). Markers for this analysis were filtered to retain
those with < 50% missing data before the “A.mat()” function
was used to impute missing values using the EM algorithm
designed for GBS markers (Poland et al., 2012a). This resulted in
5,757 SNPs used in the analysis. Population structure and family
relatedness was accounted for with “n.PC = 2” and a kinship
matrix calculated by rrBLUP from the genotypic data. To
account for multiple testing, a Bonferroni correction was
applied and markers passing the threshold at an o of 0.05
were considered statistically significant (Bonferroni, 1936).
Manhattan and Quantile-Quantile (Q-Q) plots were created
for each phenotypic trait: leaf area, soluble sugars and starch
(SSS), water-soluble carbohydrate (WSC) and other nutritional
attributes including ash, crude protein, neutral detergent fibre,
acid detergent fibre and lipid content. The R script used to
perform GWAS can be found at https://github.com/
SofiePearson/White_Clover_ WSC_Outlier_Detection. GWAS.
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2.8 Changes in genotypes due to
selection over time

As a complement to the methods described above, changes
in genotype frequencies from generation to generation were
evaluated. Each outlier SNP detected by =2 outlier analyses, in
each population, was assessed in this way. Genotype proportions
for each SNP were extracted using VCFtools v 0.1.16 —extract-
FORMAT-info GT and patterns were investigated (Danecek
et al,, 2011).

2.9 Identification of candidate genes

The physical positions of outlier SNPs identified by >2
outlier analyses were used to locate potential candidate genes.
For outlier SNPs located to introns or exons, the host gene was
recorded as the best candidate. SNPs identified in coding regions
of a gene were investigated further to determine if they were
likely to affect protein function or structure. Geneious Prime v
2019.1.1 (http://www.geneious.com/) was used to determine the
position of the SNP in the protein and whether there was a
synonymous or non-synonymous change. For outlier SNPs that
occurred outside of genes, a maximum distance of 10 Kbp either
side of each SNP were recorded. When considering potential
candidate genes, the upstream and downstream regulatory
elements of the gene, including the promoter region, were also
considered. If intergenic outlier SNPs were located less than 1
Kbp away from the start codon of a gene, they were also
classified as putatively in linkage disequilibrium with the gene
due to the proximity to a promoter. White clover genome
annotations (Griffiths et al, 2019), BLAST (Johnson et al,
2008), UniProt (The Uniprot Consortium, 2018) and STRING
v 11.0 (Szklarczyk et al,, 2019) were used to identify genes and
their functions.

3 Results
3.1 Phenotypic variation

3.1.1 Water-soluble carbohydrate phenotyping
Water-soluble carbohydrate (WSC) content was measured
using two NIRS calibrations (soluble sugars and starch, SSS; and
WSC-NIRS), which were found to be highly correlated within
the sample set (r* = 0.92, p < 0.0001), and therefore subsequent
analyses focused principally on SSS alone. Population fitted
values for SSS are presented in Figure 2. Comparison of
population fitted values within each pool showed an overall
trend for SSS to increase by selection cycle for high WSC
selections and, conversely, decrease by selection cycle for low
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FIGURE 2

Population fitted values (adjustment for treatment, block, row
and column effects) and standard error, for soluble sugars and
starch (SSS) as a measure of water-soluble carbohydrate (WSC).
Populations are grouped by pool as indicated by colour and
symbol combinations. The x-axis indicates a timeline by
generation, where: Low, low WSC; High, high WSC; End, End
generation; Mid, Middle generation; Parent, Parent generation
Population means for SSS are based on n = 20 — 40

WSC selections (Table 1). When averaged across all pools, there
were significant differences (p < 0.01) for all comparisons, with
the low WSC populations lower for SSS than the Parent, and the
high WSC populations higher for SSS content than the Parent
(Table 1). Within individual pools, high and low WSC
populations did not always differ significantly from the Parent
population, but in all pools there were significant (p < 0.05)
differences between the Low-End and High-End populations
(mean difference of 78.3 g kg”' DM) (Table 1). These results
confirm that breeding for divergent WSC in the five pools was
successful, with a mean 76.9% difference in SSS between the
Low-End and High-End populations (Supplementary Table 1).

3.1.2 Leaf area phenotyping

Population fitted values for mean leaf area (cm?) are
presented in Supplementary Table 2. When compared
against Parent population values, there was a trend for leaf
area to increase or decrease with WSC selection, but there
were only four instances where that change was statistically
significant (p < 0.05) (Table 1). The FENZLL (-5.4 cm?, p < 0.01)
and WUSLL (-4.4 cm?, p = 0.02) pools showed a significant
decrease in leaf area from the Parent to Low-End population.
In the WNZSL pool there was a significant increase in leaf area
in both the High-Mid and High-End populations relative to
the Parent population (+5.9 cm® p < 0.01 and +5.5 cm?,
P < 0.01, respectively).
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TABLE 1 Estimated phenotype means for each divergently-selected population compared to the parental mean after adjusting for treatment,
block, row and column effects.

SSS (g k Leaf area (cm?)
Comparison Difference Difference SE
WNZLL-Low-End - WNZLL-Parent -42.2 7.77 <0.01** -0.83 0.16 1
WNZLL-Low-Mid - WNZLL-Parent -10.9 7.78 0.97 0.6 0.16 1
WNZLL-High-Mid - WNZLL-Parent 36.4 7.77 <0.01%* 2.74 0.16 0.37
WNZLL-High-End - WNZLL-Parent 57.5 7.77 <0.01** 2.92 0.16 0.27
WNZSL-Low-End - WNZSL-Parent -0.098 7.79 1 0.56 0.16 1
WNZSL-Low-Mid - WNZSL-Parent 0.44 7.78 1 1.81 0.16 0.85
WNZSL-High-Mid - WNZSL-Parent 487 7.76 <0.01%* 5.89 0.16 <0.01**
WNZSL-High-End - WNZSL-Parent 69.6 7.78 <0.01%* 5.48 0.16 <0.01**
WUSLL-Low-End - WUSLL-Parent -45.1 7.8 <0.01** -4.41 0.17 0.02*
WUSLL-Low-Mid - WUSLL-Parent -34.2 7.77 <0.01** -1.65 0.16 0.99
WUSLL-High-Mid - WUSLL-Parent 13.4 7.76 0.82 1.14 0.16 1
WUSLL-High-End - WUSLL-Parent 23.6 7.76 0.054 -0.87 0.16 1
FNZLL-Low-End - FNZLL-Parent -13.4 7.77 0.82 -5.37 0.16 <0.01**
FNZLL-Low-Mid - FNZLL-Parent -22.8 7.79 0.07 -3.49 0.16 0.15
FNZLL-High-Mid - FNZLL-Parent 25.2 7.78 0.029* 0.72 0.16 1
FNZLL-High-End - FNZLL-Parent 41.4 7.79 <0.01** 1.19 0.16 1
FNZSL-Low-End - FNZSL-Parent -27.1 7.76 0.012* -1.5 0.16 0.94
FNZSL-Low-Mid - FNZSL-Parent -18.7 7.77 0.29 0 0.16 1
FNZSL-High-Mid - FNZSL-Parent 57.8 7.78 <0.01%* -0.75 0.16 1
FNZSL-High-End - FNZSL-Parent 71.6 7.77 <0.01%* -1.77 0.16 0.8
Low-End - Parent -25.6 3.47 <0.01** -2.18 0.07 <0.01**
Low-Mid - Parent -17.2 3.49 <0.01** -0.43 0.07 1
High-Mid - Parent 36.7 3.46 <0.01** 1.95 0.07 0.01**
High-End - Parent 52.7 3.48 <0.01** 1.35 0.07 0.24
WNZLL-High-End - WNZLL-Low-End 99.6 8.99 <0.01**
WNZSL-High-End - WNZSL-Low-End 69.7 8.98 <0.01**
WUSLL-High-End - WUSLL-Low-End 68.7 8.98 <0.01**
FNZLL-High-End - FNZLL-Low-End 54.8 8.98 <0.01**
FNZSL-High-End - FNZSL-Low-End 98.7 8.98 <0.01**
Low, low water-soluble carbohydrate (WSC), High, high WSC; Parent, Parent generation; Mid, Middle generation; End, End generation; W, Widdup; F, Ford; NZ, New Zealand/
Aotearoa; US, United States of America; LL, large leaf; SL, small leaf and SE, standard error.
Significance codes: ** < 0.01, * = 0.01 - 0.05, no symbol > 0.05 at o = 0.05.
Soluble sugars and starch (SSS; grams per kilogram dry matter, g kg”' DM) and leaf area (cm?) population fitted values compared to the Parent population are presented in the
“Difference” column. For SSS, the High-End population fitted values are compared to the Low-End population fitted values for each pool and are also presented in the “Difference”
column. Standard error and p-values are shown for each comparison. p-values are adjusted for multiple comparisons calculated using the R package “emmeans”.
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3.1.3 Correlation and regression analysis
between water-soluble carbohydrate and
leaf area

Correlation analysis was used to measure the strength of
relationship between SSS and leaf area for each pool and for the
combined pool dataset (Supplementary Figure 4). Weak to
moderate positive linear relationships between SSS and leaf
area were observed in all pools (Supplementary Figure 4),
significant at p < 0.05 except for FNZSL (p = 0.73). Pearson’s
coefficients of determination for WNZLL (r* = 0.13), WNZSL
(0.33), WUSLL (0.26), FNZLL (0.09), FNZSL (-0.015) and the
combined dataset (0.14), indicated between 1.5 — 33% of the
observed SSS phenotypic variation was accounted for by leaf area
in each of the pools. These low r* values demonstrate that the
basic linear model (SSS the dependent variable and leaf area the
independent variable) provided a poor to average fit to the data.

The data were then split into populations for each pool and
regression analysis was used to test if leaf area was significantly
predictive of SSS for each pool at the population level. Linear
models were constructed with SSS as the dependent variable and
the interaction between leaf area and population was used as the
independent variable. Including populations in the linear model
increased the adjusted r* values up to 94 — 97% (Supplementary
Table 3). This indicated that splitting the data into populations
for each pool and analysing separately provided a better fit to the
data than combining all population data points within each pool.
The majority of slope coefficients for each pool (Supplementary
Figure 5 and Supplementary Table 3) were gradual and not
significant (p > 0.05), with the exception of WUSLL-Parent
(slope = 0.37, p = 0.004), FNZLL-Low-End (slope = 0.44, p =
0.037) and FNZLL-High-End (slope = 0.21, p = 0.04). Because all
populations, except WUSLL-Parent, had non-significant p-
values (p > 0.05) for both the intercept and slope, we were
unable to reject the null hypothesis, allowing the conclusion that
there was no relationship between SSS and leaf area for all but
one population (WUSLL-Parent).

3.2 Genotyping

3.2.1 DNA isolation, genotyping-by-sequencing
library evaluation and single nucleotide
polymorphism filtering

High molecular weight (> 15 Kbp) genomic DNA and free
from RNA contamination, was isolated successfully from 1,536
plants. For GBS library construction, 47 individuals per
population with DNA concentration > 10 ng uL™' were
selected (n = 1,175 total). Bioanalyzer evaluation of the 13
pooled GBS libraries, prior to sequencing, showed that small
adapter dimers present in the pre-size selection libraries (88 bp)
were removed successfully post-size selection and that library
fragment sizes were limited to the targeted 193 - 313 bp range.
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A total of 191,484 SNPs were called initially across all
samples. After filtering for depth, multiallelic loci, missing and
minor allele frequency, a total of 14,743 SNPs were retained for
1,113 samples. A total of 109 samples were removed across all
populations, most of which were population WNZSL-Parent,
due to a high proportion of missing data (> 80%). A further 15
samples from amongst other populations were removed due to
high missing data (> 80%). Positive control samples, a single
genotype repeated in all 13 GBS libraries, were at first retained to
check for consistency across GBS libraries using a principal
component analysis (PCA). Duplicated GBS data from 47
individuals were also removed as they were derived from
duplicated technical replicates included for quality control and
were not required for subsequent analyses.

3.2.2 Single nucleotide polymorphism
distribution and density

The number of SNPs found on each pseudomolecule and the
SNP density across the white clover reference genome was
investigated using the 14,743 SNPs from 1,113 samples identified
above. Pseudomolecules were assigned to their relevant
subgenomes, where pseudomolecules 1 to 8 belong to the T.
occidentale-derived (Trr,) subgenome, and pseudomolecules 9 to
16 belong to the T. pallescens-derived (Trr,) subgenome (Griffiths
etal, 2019). The number of SNPs per pseudomolecule was strongly
correlated to pseudomolecule length (> = 0.96, Supplementary
Figure 6), with higher numbers of SNPs on the longer
pseudomolecules, demonstrating that the SNPs are evenly
distributed across the genome. A mean of 16.1 (+ 1.6 standard
deviation) SNPs per Mbp was found across all pseudomolecules.
The lowest SNP density was found on pseudomolecules 14, 10 and
6 with 12.5, 13.9 and 14.5 SNPs per Mbp, respectively. The highest
densities were on pseudomolecules 5, 3 and 4 with 19.1, 18.0 and
17.7 SNPs per Mbp, respectively.

3.3 Population structure

3.3.1 Discriminant analysis of
principal components

Discriminant analysis of principal components (DAPC) was
conducted to determine the number of clusters described by the
data and to validate the pre-defined genetic clusters (i.e.,
populations within pools). The lowest Bayesian information
criterion (BIC) value from the “find.clusters()” function
corresponded to K = 11 (Supplementary Figure 7) which was
therefore selected as the number of clusters described by the
data. The assignment of individuals to the 11 clusters was
compared with the a priori population grouping (Figure 3). In
the following, the names of the 11 DAPC clusters are italicised
and the 24 a priori population names are non-italicised.
Individuals in both high WSC populations within a pool
tended to group together in a single cluster, e.g, WNZLL-

frontiersin.org


https://doi.org/10.3389/fpls.2022.1095359
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Pearson et al.

—WNZLLH
—WNZSL-H
—WnzsLL
F—WUSLLH
——WUSLL-L
—FNZLLH

——FNZSLH
—FNZSLL

—WNZLLL

—FNZLLL

———WNZLL-Parent
[———WNZLL-High-End

——WNZLL-Low-End

[———WNZLL High-Mid
[——WNZLL-Low-Mid
[———WNZSL-High-End
[———WNZSLLow-End
{———WNZSL-High-Mid
[———WNZSLLow-Mid
[———WUSLL-Parent

[———WUSLL-High-End
[———WUSLL-Low-End
{———WUSLLHigh-Mid

[
. [———WUSLL-Low-Mid
[——FNZLL-Parent
- f——FNZLL-High-End
. [—FNzLL-Low-End
. {———FNZLL-High-Mid
. [——FNZLL-Low-Mid
. [———FNZSL-Parent
. ———FNZSL-High-End
- ———FNZSL-Low-End
. {———FNZSL-High-Mid
[

[——FNzSL-Low-Mid

e B E E N

FIGURE 3

Group assignment based on K-means clustering prior to
discriminant analysis of principal components for 24 populations.
Original populations are positioned horizontally, and K-means
determined clusters are positioned vertically. Size of black boxes
represent the number of individuals assigned to the K-means
determined cluster from the original population, with the scale
presented in the bottom left-hand corner. High, high water-
soluble carbohydrate (WSC); Low, low WSC; Parent, Parent
generation; E, End generation; and M, Middle generation.

High-Mid and WNZLL-High-End comprised the WNZLL-H
cluster, as did individuals from low WSC a priori populations
e.g, WNZLL-Low-Mid and WNZLL-Low-End comprised the
WNZLL-L cluster. Individuals from all the Parent populations
grouped in a single cluster (PARENT), except for nine
individuals from the WUSLL-Parent population that grouped
with WUSLL-H. One to two samples from the FNZLL-Low-End,
WUSLL-High-Mid and WUSLL-Low-End also grouped with the
PARENT cluster.

The “xvalDapc()” function determined the optimal number
0.0033).
However, both the root mean square error and mean successful

of PCs to retain was 43 (root mean square error =

assignment plateaued at 6 PCs (root mean square error = 0.0107
and mean successful assignment = 0.9928) with very little change
thereafter (Supplementary Figure 8), therefore DAPC was run
with 6 PCs retained. A scatter plot showing the 11 clusters
inferred by K-means and the two axes representing the first two
discriminant functions (DFs) of the DAPC analysis (Figure 4).
The first DF showed a general separation of high WSC and low
WSC populations with High clusters centred to the right of the
plot, Low clusters centred to the left, and the PARENT plants
clustering in the middle of the plot. The WNZLL-H and FNZSL-
L clusters were clearly isolated from the bulk of the clusters.
With respect to their counterpart populations (WNZLL-L and
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FNZSL-H), separation occurred on both the first and second DF.
For WNZSL and WUSLL, Low and High population clusters
showed very little separation on the first two DF and in fact clear
separation was not observed on any DF (data not presented).
The FNZLL-L and FNZLL-H clusters only showed clear
separation on the fifth DF.

3.3.2 Pairwise Fgst

Pairwise fixation index (Fgt) was calculated both for the a
priori population grouping (K = 24) and for the grouping
identified above (K = 11). For biallelic marker systems Wright
(1978) suggests that Fgp values from 0 - 0.05 indicate little
differentiation, 0.05 — 0.15 moderate differentiation, 0.15 - 0.25
great differentiation, and values above 0.25 indicate high
differentiation (Balloux and Lugon-Moulin, 2002; Hartl and
Clark, 2007). For the a priori population grouping (K = 24),
the WUSLL-Parent population showed moderate genetic
differentiation from the NZ Parent populations (0.06 - 0.08),
while Fgr values were low among the three NZ Parent
populations (0.03 - 0.04). Pairwise comparisons of the high
WSC populations (Mid and End) within each pool and of the
low WSC populations (Mid and End) within each pool showed
low to moderate differentiation, with Fgy values ranging from
0.03 - 0.09. Divergent low and high WSC pairs within a pool

DA eigenvalues

WNZSL-H
@ [}

WUSLL-H

FNZLL-H [
PARENT

FNZSL-H

FIGURE 4

Discriminant analysis of principal components (DAPC) scatter
plot of 1,113 individuals using 14,743 SNPs based on 11 assigned
genetic clusters. Six principal components (Supplementary
Figure 8) and six discriminant functions (DFs) were retained for
analyses to describe the relationship between the genetic
clusters. The scatter plot shows the first two DF from the DAPC
analysis (X and Y axis explaining 24.6% and 19.3% of genetic
variance, respectively) with the scree plot of eigenvalues of the
linear discriminant analysis (LDA) shown in the inset. Populations
are labelled and colour coded at K = 11 as determined from the
K-means clustering algorithm. Each dot represents a single
individual and the centre of each cluster, as determined by a
minimum spanning tree based on the squared distances
between populations, is indicated by a cross.
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(e.g, WNZLL-Low-Mid compared with WNZLL-High-Mid)
showed greater differentiation as indicated by an Fgr range of
0.12 - 0.22 (Supplementary Table 4). Pairwise Fgr values based
on the 11 K-means determined clusters showed moderate
genetic differentiation between High and Low clusters within
each pool, ranging between 0.13 - 0.19. Very low genetic
differentiation was observed between the PARENT cluster and
all the other clusters (0.07 - 0.10) (Supplementary Table 5).

3.3.3 Analysis of molecular variance

A total of 342 loci with missing values less than 5% were used
for the analysis of molecular variance (AMOVA). The AMOVA
for K = 24 revealed that most genetic variation was partitioned
within populations (80.7%), and the remainder partitioned
among populations (19.3%). A hierarchical AMOVA for the
11 genetic clusters determined by K-means revealed that 15.4%
of the variance was distributed among clusters, and only 5.4%
was distributed among populations within clusters.
Approximately similar variance was found within populations
or clusters (K = 24: 80.7%, p < 0.001; K = 11: 79.2%, p < 0.001),
indicating that genetic variation is mainly distributed within
populations (Supplementary Table 6). Each of the DAPC,
pairwise Fsr and AMOVA results indicate that, genetically, the
two high WSC populations (High-Mid and High-End) for each
pool can be grouped together and the two low WSC populations
(Low-Mid and Low-End) for each pool can be grouped together.
Population groupings for subsequent outlier locus detection
were based on this K = 10 grouping (Parent populations
were excluded).

3.4 Outlier loci detection

PCAdapt was used to identify SNPs corresponding to PCs
that differentiate low and high WSC populations, within each
pool. Cattell’s scree test (Supplementary Figure 2) and
interpretation of score plots (Supplementary Figure 9),
determined that the Kpc value, the number of PCs to
investigate, in all four pools was Kpc = 1. The first PC
captures the distinction between high and low WSC
populations in all pools (Figure 5). Therefore, to identify SNPs
related to WSC, we focused on the SNPs associated with PC1
only. The number of SNPs used for outlier detection in PCAdapt
ranged from 10,976 to 11,479 per pool, with a mean of 11,133.
The genome-wide significance thresholds were determined for
each pool at Bonferroni false discovery thresholds of o = 0.01
and oo = 0.05, using their respective total number of SNPs
(Supplementary Table 7). The average p-value threshold used
for outlier detection at o = 0.05 was 4.49e-06, which is 5.34 on
the log scale. Any SNPs associated with PC1 with -log;o(p-
values) larger than 5.34 were retained from each pool and
identified as putative outliers. To reduce the risk of detecting
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SNPs associated with population structure, SNPs identified as
outliers were subjected to another criterion: they had to be
present as outliers in two or more pools. Of 643 total outlier
SNPs detected using PCAdapt, 36 were found in common
amongst two or more pools based on PCl. A total of 329
outliers were detected using BayeScan at oo = 0.05, with 27
common to two or more pools (Supplementary Table 8). All
outliers identified by BayeScan exhibited positive alpha values,
indicating that only SNPs putatively under directional selection
were detected. The KGD-Fgr method detected the largest
number of outliers of the three methods, with 1,188 in total
and 229 in common amongst two or more pools (Supplementary
Table 8). The strongest candidates for selection were 33 SNPs
found using two or more of the outlier detection methods
(Supplementary Figure 10). The two Fgp based methods
(BayeScan and KGD-Fgr) had the most SNPs in common (1 =
22) whereas PCAdapt and BayeScan only had two SNPs in
common and PCAdapt and KGD-Fst had 13 SNPs in common.

Of the 33 candidate SNPs, five were found in exons, 15 were
in introns and the remainder were either intergenic or in
promoter regions. One of the exon-located SNPs exhibited a
synonymous mutation, while the other four had non-
synonymous mutations leading to a change in amino acid
(Supplementary Table 9). Seven of the SNP-associated genes
had unknown functions, while the remaining 23 had putative
functions (Supplementary Table 9). One SNP, 16_32428574, was
identified by BayeScan and KGD-Fgr in the WNZLL and FNZSL
pools and found in the intron of ERD6-like 4, a gene coding for a
sugar transporter located on the vacuole membrane.

To assess the potential that SNP genotypes changed due to
random genetic drift, generational changes in genotype and
allele frequencies of the 33 candidates were investigated. The
vast majority of the 33 SNPs identified as outliers demonstrated
a complete sweep where fixation of the reference allele occurred
in the high WSC populations and the alternate allele became
fixed in the low WSC populations, within the first two to three
generations (Supplementary Table 10). This was observed for all
33 SNPs in two or more pools. There were instances where
fixation was not achieved but genotype frequencies showed an
apparent directional shift across generations. For example, in
both the WUSLL and FNZLL pools at SNP 2_6673787
(Supplementary Table 10) allele frequencies were fixed for the
reference allele in the low WSC populations but there was a
transition from Low-End and Low-Mid to the Parent
populations and then to the High-Mid and the High-End
populations whereby the alternate allele increased in frequency
over successive generations.

3.5 Genome-wide association study

A genome-wide association study (GWAS) was carried out
using 24 white clover populations that had both genotype and WSC
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Score plots from PCAdapt analysis using the first two principal components (PC) for all five pools. Each dot represents an individual and the
colour corresponds to individuals from the same population. Each pool has four populations as the Parent populations were excluded from the
analysis. A total of 188 individuals were used from the WNZLL pool (A), 186 from WNZSL (B), 195 from WUSLL (C), 182 from FNZLL (D) and 184
from FNZSL (E), for a combined total of 935. Population information is displayed in the key in the bottom right corner.

phenotype data. No SNPs were found to be significantly associated
with SSS after correction for multiple testing (Figure 6 and
Supplementary Figure 11). However, ten SNPs on
pseudomolecules 1, 3, 4, 6, 8, 9 and 11 were ranked highly for the
SSS trait, and close to the false discovery threshold with -log;o(p-
values) > 3. By the same criterion two additional SNPs on
pseudomolecules 1 and 5 were ranked highly for the WSC-NIRS
trait but not SSS (Table 2). On the white clover reference genome,
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one of the SNP markers on pseudomolecule 1 located to the coding
region of a VPS35B (Vacuolar protein sorting-associated protein
35B) gene, the second located to the intron of a CBP (chlorophyll a-
b binding protein) gene, and the third located to the coding region
of a La-related protein 7-like gene. The two markers on
pseudomolecule 3 located to the intron of a transcription
regulating protein (PKS-NRPS hybrid synthetase CHGG_01239-
like), and the marker on pseudomolecule 4 was located 305bp
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Manhattan plots from the genome-wide association study (GWAS) of water-soluble carbohydrate, WSC-NIRS (A) and soluble sugars and starch,
SSS (B) using 5,757 SNP markers and 605 individuals. -logio(p-values) are plotted against physical map position of SNPs with subgenomes of
corresponding chromosomes (i.e., pseudomolecules) similarly coloured (Trr, 1 — 8 and Trry, 9 — 16). Significant loci lie above the false discovery
rate thresholds as denoted by the red (o = 0.01) and blue (-logip(p-value) > 3) solid lines. Twelve SNPs with -log;q(p-values) > 3 identified for
the WSC-NIRS and SSS traits are highlighted. Quantile-Quantile plots for each trait are presented in Supplementary Figure 11.

upstream of the start codon of a gene with unknown function. The
SNP on pseudomolecule 5 was located 855 bp before a glgC
(glucose-1-phosphate adenylyltransferase) gene, the SNP on
pseudomolecule 6 was intergenic, the SNP on pseudomolecule 8
located to the intron of COGS (conserved oligomeric Golgi complex
subunit 8), the SNPs on pseudomolecule 9 were located in the
coding region of UPL6 (E3 ubiquitin-protein ligase) gene and on the
intron of a mixed-amyrin synthase gene. The SNP on
pseudomolecule 11 located to the coding region of a clustered
mitochondria protein gene. Two SNPs located in coding regions
conferred non-synonymous mutations, as both altered the first base
of a codon and subsequently the encoded amino acid. The SNP
located in VPS35B caused an isoleucine to valine change, while the
SNP in UPL6 caused a glutamine to glutamic acid change. The SNP
in the coding region for the clustered mitochondrial protein gene
and the SNP for the La-related protein 7-like gene both conferred
synonymous mutations. The SNP on pseudomolecule 5 was located
near a gene (glgC) that may be considered a prime candidate for a
role in WSC accumulation, based on its inferred function.
Significant SNPs for other phenotypic traits are found in
Supplementary Table 11 and visualised in Supplementary Figure 12.

4 Discussion

This study substantially increases our knowledge of genomic
regions and candidate genes underpinning WSC accumulation in
white clover leaves, by utilising GBS and phenotypic data from a
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population resource in which divergent recurrent selection for
foliar WSC was undertaken over multiple generations.

4.1 The association between selection
for WSC and change in leaf size

Phenotypic analysis of foliar WSC in five breeding pools
confirmed breeding progress, showing that populations with
divergent WSC phenotypes had been generated in each of the
breeding pools. For the purpose of characterising the genetic
control of foliar WSC per se, it is crucial to account for any effects
of leaf size. Woodfield et al. (2001) reported that large-leaved
white clover types tended to have higher levels of WSC than
medium- and small-leaved cultivars, highlighting a potential
positive correlation between the two traits and suggesting that
gains in foliar WSC could be achieved by breeding for increased
leaf size. However, an inverse relationship exists between leaf
size and stolon density, a trait that influences vegetative
persistence (Charlton and Stewart, 1999) meaning that
breeding for larger leaves to increase WSC content could
negatively impact sward persistence (Jahufer et al., 1999;
Woodfield and Clark, 2009). In the current study, only weak
correlations between WSC and leaf size were observed, in some
pools, and once population was accounted for in the linear
models there was little relationship between the two variables.
The association between leaf area and WSC has not been
researched extensively in legumes, and the outcomes are not
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TABLE 2 Genome position and gene annotation for SNPs with large -log;o(p-values) identified from a genome-wide association study (GWAS).

SNP . . . . .
" Genomic Gene model identifier and Potential function of gene
Pseudomolecule  position . :
(bp) region Gene annotation (Ann) and codon change
hr1.jg10.t1Ann: Chlorophyll a-b Photosynthesis, light h ting i
1 (Trro - 1) 102,715 293 3.14 Intron curIg i LHOTOpIyT 8 otosynthesis, Hight hatvesting In
binding protein (Trifolium pratense) photosystem I.
Protein st d it
chrl.jg302.t1Ann: VPS35B Vacuolar 'ro en S orage an' vacuole
) . . . biogenesis. Retarding the senescence
1 (Trpe - 1) 2,338,028 351 4.52 Exon protein sorting-associated protein 35B
- . of leaves. ATC to GTC changes
(Arabidopsis thaliana) . . .
isoleucine to valine.
chrl.jg1888.t1Ann: La-related protein 7- = RNA processing GTG to GTC no
1 (Trpo - 1) 13,746,102 3.99 2.70 Exon i ’ -
like, partial (Trifolium pratense) change
51874121 chr3.jg7956.t1 Ann: PKS-NRPS hybrid Positive regulation of transcription
3 (Trp, - 3) 51’874’123 2.39 3.97 Intron synthetase CHGG_01239-like (Cicer from RNA polymerase II promoter
T arietinum) in response to iron ion starvation.
305 bp from start codon of
chr4.jg4214.t1 Ann: Protein with
4 (Trpo — 4) 30,841,647 2.38 3.44 Promoter N R i
unknown function/hypothetical protein
MTR_6g072130 (Medicago truncatula)
855 bp upstream from start codon of
hr5.jg7106.t1Ann: glgC Gl -1- Starch biosynthesis and gl
5 (Trpo - 5) 47,903,593 3.83 2.85 Promoter s 00 8IgL olucose tarch blosynthesis and glycan
phosphate adenylyltransferase small biosynthesis.
subunit 1, chloroplastic (Vicia faba)
6 (Trr, — 6) 16,865,077 3.01 3.94 Intergenic
hr8.jg3785.t1Ann: COG8 d
c .r & . ﬁ conser've Intra-Golgi vesicle-mediated
8 (Tryo - 8) 27,636,527 2.79 3.01 Intron oligomeric Golgi complex subunit 8 K
. transport and protein transport.
(Medicago truncatula)
Protein post-translational
9 (T D 23.070.656 299 319 E chr9.jg3440.t1Ann: UPL6 E3 ubiquitin- modifications.Response to water
Tp — ,070, . . xon o . .
R protein ligase UPL6 (A. thaliana) deficit and cold stress. CAA to GAA
changes glutamine to glutamic acid.
. . . Pentacyclic triterpenoid biosynthetic
hr9.jg4697.t1Ann: Mixed-
9 (Ter -1) 31,736,793 2.65 3.18 Intron chrJg i Ann R 1xed-amyrin process, alpha- and beta-amyrin
synthase (Pisum sativum) .
synthase activity.
chr11.jg1201.t1Ann: Clustered Translational initiation ACT to
11 (Trpp - 3) 7,689,073 3.29 3.36 Exon . . . X L
mitochondria protein (Cicer arietinum) ACC no change
A total of 605 individuals were used for the GWAS with a mean of 25 individuals per population (1 = 24). A total of 122 individuals were used from the WNZLL pool, 83 from WNZSL,
136 from WUSLL, 127 from FNZLL and 137 from FNZSL.
bp, base pairs; WSC-NIRS, water-soluble carbohydrate by NIRS; SSS, Soluble sugars and starch by NIRS; Trr,, white clover Trifolium occidentale-derived subgenome; Trry, white clover
T. pallescens-derived subgenome.

consistent. For example, in lentil, a weak negative relationship
between WSC and leaf area was identified (Tahir et al., 2019),
whereas either positive (Malinowski et al., 1998; Woodfield et al.,
2001) or no association (Ruckle et al., 2018) has been identified
in white clover. Similarly, Ruckle et al. (2017) reported little to
no correlation between biomass and starch concentration in red
clover. The current study suggests that white clover plants with
small leaves can accumulate WSC to levels comparable with
large-leaved plants, as demonstrated in Figure 2, and that
increased WSC content can be achieved without changing leaf
size classes. We conclude that, although there was variation in
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leaf size in some of the breeding pools, changes in leaf WSC did

not result from indirect selection for leaf size.

4.2 Population genetic structure

Assessment of population structure, which reflects

relatedness among samples, is required in outlier detection
and GWAS analyses as it can be a confounding factor -
population structure can result in strong signals being assigned
to SNPs that are not associated with the trait of interest (Sul
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et al, 2018), producing false positive associations. To investigate
population structure and partitioning of genetic variation for the
outlier detection methodologies, three analyses were used.

K-means clustering determined that the SNP dataset from
the 24 populations described 11 genetic clusters in which the two
high WSC populations (High-Mid and High-End) within each
pool coalesced to a single cluster, as did the two low WSC
populations (Low-Mid and Low-End). By contrast, the Parent
populations for all pools formed a single cluster. AMOVA on
this reduced genetic cluster set showed greater variation among
clusters (15.4%) than among populations within clusters (5.4%),
indicating the populations within clusters were very similar. This
is supported by Fgr values (Fsp 0.03 - 0.09) representing low
genetic differentiation (Wright, 1978) between populations
within clusters and higher values (Fgr 0.12 - 0.22) between
Low WSC and High WSC clusters, indicating selection was
successful in driving genetic separation between the high and
low WSC populations. Selection within the first 2 - 3 generations
(Parent to Mid), therefore, produced the greatest genetic change,
with less change occurring in the next 2 — 3 generations (Mid to
End). This pattern is reflected in both WSC phenotypes
(Figure 2) and genotype frequencies of outlier SNPs. A mean
difference of 36 g SSS kg'! DM occurred between Parent and
High-Mid populations, compared with 16 g SSS kg'' DM
between High-Mid and High-End populations and, similarly a
-17.24 g SSS kg'' DM differential occurred between Parent and
Low-Mid populations compared with -8.34 g SSS kg DM
between Low-Mid and Low-End populations (Table 1). From
a heterozygous state in the Parent population most outlier SNPs
exhibited rapid fixation for one allele in the Mid populations,
and no further changes were observed between the Mid and End
populations (Supplementary Table 10). Thus, selection for high
WSC white clover individuals can be achieved in a short time
frame of 2 - 3 generations and for the purposes of identifying
SNPs under selection for divergent foliar WSC, the population
grouping that showed the most genetic differentiation (K = 11)
should be used. One SNP associated with movement of sugars
showed this pattern (Supplementary Table 10) and is discussed
in greater detail below.

DAPC placed all Parent populations into a single cluster,
suggesting a lack of population structure at the parental source
material level. However, pairwise Fgr analysis showed material
from the Widdup US large leaf (WUSLL) pool was slightly more
genetically distinct from the New Zealand (NZ) cultivars (Fgr
0.06 — 0.08), than the NZ Parent populations were among
themselves (Fgr 0.03 — 0.04) (Supplementary Table 4). It has
been demonstrated that white clover has extremely large effective
population sizes worldwide and exhibits negligible population
structure on continental and global scales (George et al., 2006;
Olsen et al., 2007; Kooyers and Olsen, 2012; Kooyers and Olsen,
2013), with pairwise Fgp values < 0.03 in previous studies
(Wright et al., 2017; Inostroza et al., 2018). It is, therefore, not
surprising that while Fgr values were slightly higher between
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different countries of origin, these values were still very low.
Furthermore, cultivars used in the WUSLL-Parent population
included a mixture of US (e.g., ‘Tillman’ and ‘SRVR’; (Widdup
et al, 2015)) and NZ material (e.g., ‘Grasslands Huia’ and
‘Ranger’; (Williams, 1983; Caradus et al., 1995; Widdup et al,,
2010)). As the pedigrees of the Parent populations had cultivars
in common (Supplementary Table 12), it may be expected that
the Parent populations should not show a great level of genetic
differentiation. All three methods suggest minimal population
structure was observed in the 24 white clover populations.
However, divergent selection has created a structure that
differentiates high and low WSC populations and within the
divergent lines there was low genetic variation.

Analysis of molecular variance (AMOVA) revealed that the
genetic variation within each of the 24 white clover populations
accounted for a mean 81% of the total variation, whereas 19% of
the variation occurred among populations (Supplementary
Table 6). These results align with previous AMOVA studies
where 19 - 24% of genetic variation partitioned among white
clover populations (Gustine and Huff, 1999; Khanlou et al., 2011;
Collins et al., 2012). The high levels of intra-population diversity,
as observed in the current study, may be attributed not only to
white clover’s obligate outcrossing (Annicchiarico and Piano,
1995), which leads to genetically diverse populations with less
genetic differentiation among populations (Hamrick and Godt,
1996; Nybom, 2004), but also other factors including a very
recent human-associated range expansion (Zeven, 1991).

4.3 Outlier detection methodologies

After assessing population structure, three genome scan
methods identified SNPs associated significantly with WSC
levels that may also be linked to genes influencing this trait in
white clover. The number of outlier SNPs differentiating high
and low WSC populations varied among the methods, with few
significant SNPs in common (Supplementary Figure 10).
Unsurprisingly, the strongest overlap occurred between the
two Fgr-derived methods: BayeScan and KGD-Fgr. However,
BayeScan Fgr values were higher than those estimated by KGD-
Fsr, for all pairwise comparisons. For example, in the WNZLL
pool, the minimum Fgr value determined for a SNP locus by
BayeScan was 0.21 with a maximum of 0.69 and mean of 0.23. In
the equivalent KGD-Fgr analysis the minimum Fgr value was
0.0, maximum of 0.99, and the mean was 0.04. Both sets of Fgp
values fitted % distributions (data not presented), but the mean
BayeScan Fgr values were higher. BayeScan is relatively robust
against confounding demographic processes, but strong
selection, hierarchical structure, population bottlenecks and
recent migration can impact this method and artificially inflate
Fst (Hermisson, 2009; Narum and Hess, 2011; Lotterhos and
Whitlock, 2014; Lotterhos and Whitlock, 2015). Inflation of Fgp
values due to population structure and a similar evolutionary
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history has been documented (Excoffier et al., 2009; Eckert et al.,
2010b). Given the contrasting outcomes from BayeScan and
KGD-Fgr, it is likely that the inflated minimum Fgr values were
due to analysing populations that are closely related. It is also not
unusual for minimum Fgr values to sit around 0.2 when strong
selection is occurring (Narum and Hess, 2011). For example,
Reinert et al. (2019) presented Fgr values from a BayeScan
analysis in barley that never dropped below 0.1. One of the
benefits to BayeScan is that it runs two models for each locus: a
neutral and a selection model. The posterior probability for both
models is calculated, and the posterior odds are used as evidence
for one model or the other. Log;o(posterior odds) < 2 indicates
decisive evidence for selection and corresponds to large positive
alpha values. Therefore, not only do the SNPs need to have high
Fgr values, but also large alpha values to be indicative of adaptive
selection. Although the inflated Fgr values technically indicate all
the SNPs are under selection, as Fgr values greater than 0.25
indicate high genetic differentiation (Wright, 1978), the type of
selection they are under can be determined from the alpha value.
BayeScan calculates g-values for each locus, which is a test
statistic directly related to the false discovery rate (FDR) and
should be used to make decisions (Foll and Gaggiotti, 2008).
Therefore, the Fgr values calculated by BayeScan in this study
may be disregarded and focus should instead be placed on the
alpha values of SNPs above the FDR threshold as indicated by
the g-value, the approach implemented in the current study.

Most SNPs identified as outliers indicated a complete sweep,
that is, fixation of one allele occurred in the high WSC
populations and the alternate allele was fixed in the low WSC
populations. This was often achieved within few generations as
the Mid populations often showed fixation or near fixation for
one allele. Because these SNPs exhibit clear changes in allele
frequencies, multiple detection methods were able to detect these
as outliers. BayeScan, however, appeared unable to detect
outliers due to subtle changes in allele frequency such as
occurs for an incomplete sweep. This was demonstrated in
multiple pools, with SNPs 2_6673787, 4_9733285 and
123437942, as examples. These SNPs each showed gradual
increases in reference allele homozygotes in the low WSC
populations and alternate allele homozygotes in the high WSC
populations, moving directionally from Mid to End populations.
KGD-Fgr and PCAdapt detected these SNPs as outliers but
BayeScan did not. In support of this observation, Narum & Hess
(2011) showed that, under simulated strong selection, BayeScan
could correctly identify all markers under selection. However,
under weak selection, only two of five markers were correctly
identified. In the current study, we aimed to maximise detection
of SNPs under strong selection (e.g., complete sweep), hence we
compared populations that exhibited the largest differences in
allele frequencies. However, to detect both types of selection
(strong and weak), multiple detection methodologies need to
be utilised.
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4.4 An outlier SNP associated with a
candidate gene for WSC accumulation

Of the 33 SNPs common to more than one analysis method,
one SNP was identified as located within a gene of biological
significance, indicating a potential functional association. A
white clover homologue of early responsive to dehydration
(ERD) monosaccharide vacuole transporter, ERD6-like 4
(At1g19450), was physically associated with SNP
16_32428574, detected in both the WNZLL and FNZSL pools.
ERD6-like transporters are involved in energy-independent
sugar efflux from the vacuole (Wei et al., 2014) and are
induced by dehydration and cold treatment (Kiyosue et al,
1998). Endler et al. (2006) identified ERDG6-like 4 as being
highly homologous to the sugar beet (Beta vulgaris) hexose
transporter U43629 (Chiou and Bush, 1996). This sugar
transporter has been hypothesised to catalyse facilitated
diffusion of glucose across the vacuole membrane (Chiou and
Bush, 1996). In plants it is uncommon for monosaccharide
transporters to function as facilitators (Biittner, 2007; Taiz and
Zeiger, 2010). However, in the last decade Sugars Will Eventually
be Exported Transporters (SWEET) proteins were discovered
(Chen et al, 2010), which function as energy-independent
uniporters of sucrose and glucose at the plasma membrane
(Chen et al,, 2010; Chen et al., 2012), and of fructose across
the tonoplast membrane (Chardon et al., 2013). This evidence
suggests a role for ERD6-like 4 in WSC accumulation. It is
possible that ERD6 homologs are involved in movement of
sugars out of the vacuole during circumstances where
carbohydrate reallocation is important (Biittner, 2007).
Although there is compelling evidence to suggest that ERD6-
like 4 plays a role in WSC accumulation, possibly in the form of
osmotic adjustment, further experiments need to be done to test
an hypothesis that ERD6-like 4 protein expression leads to
differences in WSC content in white clover leaves.

4.5 Putative candidate genes identified
from GWAS

GWAS failed to identify SNPs significantly associated with
variation in leaf WSC levels, after accounting for population
structure. The false discovery rate applied was controlled by
Bonferroni’s multiple testing correction method, which has been
suggested to be too stringent (Wang et al., 2005; Hirschhorn and
Daly, 2005) and may exclude real associations (Yang et al,
2010). Other studies have used a conservative p-value (p < 0.001)
approach to reduce Type I error, whereby SNPs that are the
highest ranking and have -log;o(p-value) > 3.0 are reported
(Kang et al.,, 2015; Sakiroglu and Brummer, 2017; Biazzi et al,,
2017). Applying this approach in the current study, ten SNPs in
the SSS plot exceeded the log;(p-values) 3.0 threshold and two
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SNPs in the WSC plot exceeded the log;(p-values) 3.0
threshold. Seven candidate genes in close proximity to these
highly ranked SNPs were investigated further for their potential
association with genes.

SNP 5_47903593 is associated with glgC, encoding the small
subunit of ADP-glucose pyrophosphorylase, which is involved
in starch biosynthesis and in turn may affect glucose and sucrose
concentrations (Burgess et al., 1997). Zhang et al. (2015) also
found the large subunit of glgC (Glucose-1-phosphate
adenylyltransferase) to be associated with drought resistance in
Medicago sativa. This suggests that glgC may also play a role in
osmotic adjustment or osmoprotection, affecting the capacity of
cells to accumulate solutes and lowering water potential during
periods of osmotic stress. Low molecular weight sugars are often
involved in osmotic adjustment which adds to the confidence of
associating variation in glgC with WSC accumulation in
white clover.

Two SNPs (3_51874121 and 3_51874123) occur in genes
associated with regulation of transcription, while SNP
11_7689073 is associated with translation initiation. Another
SNP (9_23070656) was associated with the UPL6 gene, which is
involved in protein post-translational modification, mediating
the addition of ubiquitin groups to target proteins for
subsequent proteasomal degradation. Increased protein
degradation due to environmental stress has been observed in
plants as a way to mobilise nitrogen or eliminate damaged
proteins (Eckert et al, 2010a). This may affect the ratio of
protein to sugar concentrations in the cells as other studies
have found evidence of induced protein turnover (enhancement
of ubiquitin ligase) in response to water deficit and cold stress
(Kiyosue et al., 1996; Abernethy and McManus, 1999; Schulze
et al., 2003; Kim and Kim, 2013; Patel et al., 2015). A sixth SNP
(1_2338028) occurred in the exon of VPS35B, which plays a role
in vesicular protein sorting (Yamazaki et al, 2008) and is
involved in plant growth and leaf senescence. Similarly, SNP
8_27636527 was associated with COG8 which is involved in
protein transport. Finally, SNP 1_102715 is associated with the
chlorophyll a-b binding protein 7 gene, which functions as a
light receptor that captures and delivers excitation energy to
photosystem I. Expression of these genes will need to be
investigated further to identify their role in WSC accumulation
in white clover.

Inostroza et al. (2018) investigated WSC in white clover and
identified four candidate genes associated with stolon WSC
degradation rate, including a prolyl 4-hydroxylase alpha-like
protein, a putative RING-finger E3 ubiquitin ligase, plant
invertase/pectin methylesterase inhibitor and peptide/nitrate
transporter. None of these genes were in common with the
candidates identified in the current study, but there are
important differences between the two investigations. Firstly,
Inostroza et al. (2018) examined the stolon, typically a carbon
sink, whereas leaves, as investigated in the current study, are
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carbon sources and the control of WSC in both tissues are likely
to be under different mechanisms (Ballicora et al., 2004).
Secondly, Inostroza et al. (2018) examined degradation of
WSC whereas in the current study WSC accumulation was the
focus. Finally, Inostroza et al. (2018) completed GWAS using a
dataset of a greater SNP density (16.6 SNPs per Mbp) than the
current study (6 SNPs per Mbp), therefore all genes important
for WSC accumulation may not have been detected. The genetic
control of foliar WSC accumulation requires further elucidation
and should be investigated further.

5 Conclusions

The genetic control of foliar WSC accumulation in white
clover was examined for the first time, by examining genetic
changes in five breeding pools subject to divergent selection.
Breeding for divergent foliar WSC was successful in all pools,
with significant differences in WSC between low and high WSC
populations achieved at the conclusion of the recurrent selection
programmes, and these differences were not attributable to
changes in leaf area. Outlier analyses identified GBS SNP
markers that differentiate low and high WSC populations and,
from these and from GWAS, two strong candidate genes were
identified: ERD6-like 4 and glgC. SNPs associated with a range of
other candidates were also identified, which are involved in
numerous aspects of plant development, membrane transport,
post-translational processing, cell division and pathogen
response. The clear phenotypic separation of the high and low
WSC populations provides a robust platform for further
investigation of foliar WSC accumulation in white clover,
using transcriptomics and proteomics.
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Comparative transcriptomic
analysis of the gene
expression and underlying
molecular mechanism of
submergence stress response
In orchardgrass roots
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Introduction: Submergence stress creates a hypoxic environment. Roots are
the first plant organ to face these low-oxygen conditions, which causes damage
and affects the plant growth and yield. Orchardgrass (Dactylis glomerata L.) is
one of the most important cold-season forage grasses globally. However, their
submergence stress-induced gene expression and the underlying molecular
mechanisms of orchardgrass roots are still unknown.

Methods: Using the submergence-tolerant ‘Dianbei’ and submergence-
sensitive ‘Anba’, the transcriptomic analysis of orchardgrass roots at different
time points of submergence stress (0 h, 8 h, and 24 h) was performed.

Results: We obtained 118.82Gb clean data by RNA-Seq. As compared with the
control, a total of 6663 and 9857 differentially expressed genes (DEGs) were
detected in Dianbei, while 7894 and 11215 DEGs were detected in Anba at 8 h and
24 h post-submergence-stress, respectively. Gene Ontology (GO) enrichment
analysis obtained 986 terms, while Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis obtained 123 pathways. Among them, the DEGs in
plant hormones, mitogen-activated protein kinase (MAPK) and Ca®* signal
transduction were significantly differentially expressed in Dianbei, but not in Anba.

Discussion: This study was the first to molecularly elucidate the submergence stress
tolerance in the roots of two orchardgrass cultivars. These findings not only enhanced
our understanding of the orchardgrass submergence tolerance, but also provided a
theoretical basis 36 for the cultivation of submergence-tolerant forage varieties.

KEYWORDS

Dactylis glomerata L., transcriptome, submergence stress, differentially expressed
genes, molecular mechanisms
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Introduction

Water is essential for plants, but excessive water, waterlogging
or flooding can cause stress by preventing the exchange of gases
between the soil and the atmosphere, which negatively impacts
plant growth and development (Striker and Colmer, 2016; Wang
etal,, 2017). Although oxygen accounts for ~20% in the air, it has
extremely low solubility in water. The diffusion rate of oxygen in
flooded soil is 10* times slower than in air. Furthermore,
respiration of soil microorganisms and plant roots rapidly
depletes the oxygen level (Kaur et al, 2021). Root is the first
organ facing the decline of oxygen tension. Since they can’t
produce oxygen through photosynthesis, it will soon face
hypoxia under submergence stress, ultimately causing more
damage to the roots (Panozzo et al., 2019). Plants with
submergence-tolerant depend heavily on multiple morphological
and physiological changes that are regulated by different genes.
RNA-seq has been widely used in plant field in recent years,
especially in the research of plant resistance (Li et al, 2018).
Transcriptome analysis revealed that ethylene and ABA synthesis
in Phalaris arundinacea were inhibited by waterlogging stress
(Wang et al,, 2021). In deep-water rice (Oryza sativa) cultivar, the
elevated ethylene levels promoted the expression of SKI1/SK2, and
reduced abscisic acid (ABA) biosynthesis, which further increased
gibberellin (GA) content and induced cell elongation (Zhou et al.,
2020). In maize (Zea mays), invertase and hexokinase expression
were up-regulated under waterlogged stress in roots, providing
more energy for self-stabilization (Arora et al, 2017). The
insufficient energy resulting from the stress-induced oxygen
shortage triggers reactive oxygen species (ROS) formation
(Yeung et al.,, 2018; Anee et al.,, 2019). The hypoxic
environment inhibits ATP production, restricts mitochondrial
respiration, and alters the ratios of ATP to ADP and ATP to
AMP (Sairam et al., 2008). Submergence causes plants to grow
under hypoxic conditions, which limits the gas exchange
capability of plants and impairs the metabolic balance and
nutrient transport of plant roots, resulting in an ‘energy crisis’
(Herzog et al., 2016; Zhou et al,, 2020). In a word, submergence
can cause plant morphological damage, increasing the
susceptibility of plant to diseases and insect pests, and even
cause plant death (Phukan et al., 2016). RNA-seq can be used
to study the molecular mechanism of plant response to
submergence stress.

Grasslands are distributed worldwide except for Antarctica.
The grassland covers an area of 52,544,000 km?, which is 40.5%
of the world’s land area. It is the second largest land type for
human habitation after agricultural land (Karunarathna et al,
2021). Orchardgrass is a cold-season, and perennial forage grass
native to Eurasia and North Africa. As one of the four major
forages in the world, it can be used as pasture or hay grass and
has gained good ecological and economic benefits in China
(Hirata et al., 2011). As an important forage grass for cultivating
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livestock worldwide, orchardgrass has the advantages of fast
growth, high yield, good palatability, rich nutrition and strong
stress resistance (Feng et al., 2018). Orchardgrass is mainly
distributed in Sichuan, Chongqing, Yunnan, Guizhou, and
other regions in China. Because of rich germplasm resources,
orchardgrass has been widely planted and applied. It is an
important species for land management and restoration in
Southwest China (Peng et al., 2008). Therefore, in the world of
increasing forage resources demand, submergence-tolerant is a
key for orchardgrass breeding programs.

In recent years, with the rapid development of the next-
generation sequencing (NGS) technology and the assembly of
orchardgrass genome, a better platform for evaluating molecular
and genetic information of orchardgrass is available (McCombie
et al,, 2019; Huang et al., 2020). WRKY, GRAs, and C2H2-type
zinc finger gene family have previously been studied in
orchardgrass (Xu et al, 2020; Ren et al, 2021; Shuai et al,
2022). Studies on biotic and abiotic stress reports of orchardgrass
and other cold-season forage grasses had mainly focused on
drought, high temperature, and rust (Huang et al., 2015; Ji et al,,
2018; Yan et al, 2013, 2016; Hu et al., 2014; Sun et al., 2020).
Although there are some studies on submergence stress in
orchardgrass (Klaas et al., 2019; Qiao et al., 2020; Zeng et al.,
2020), but it’s underlying submergence stress mechanisms in
roots have not been reported. In the current study, the aim of
this study was to understand the gene expression and underlying
molecular mechanism of different submergence stress times
response in two orchardgrass cultivars roots by RNA-seq.
These findings can provide a basis for further study of the
submergence tolerance mechanism of orchardgrass.

Materials and methods
Plant materials and growth conditions

In this experiment, the submergence-tolerant ‘Dianbei’ (DB)
and submergence-sensitive ‘Anba’ (AB) were selected as test
materials. The seeds of orchardgrass were obtained from the
College of Animal Science and Technology of Southwest
University, China. The seeds of orchardgrass were germinated
in culture dish. Orchardgrass with the same growth trend were
transplanted to the flowerpot (diameter 15.0 cm, height 13.5 cm)
containing vermiculite, vegetative soil, and perlite (1:3:1, v/v/v).
The orchardgrass cultivars were grown in an incubator with
humidity of 70-85%, temperature of 22/15°C (day/night),
photoperiod 14 h/10 h (day/night), and 5000 lux light
intensity (Xu et al,, 2017). Subsequently, the plants were
irrigated with 1/2 Hoagland nutrient solution twice a week.

At the 3-4 leaf stage, the submergence treatment was started.
Well-grown orchardgrass were selected for testing. Orchardgrass
were placed in a water tank (length 80 cm, width 57 cm, height 50
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cm), and water was added until the orchardgrass were completely
submerged. Root phenotype and root length were used as growth
characteristics data. The root length was measured and
photographed at 0 h, 8 h, 24 h, 48 h and 72 h after submergence
stress, and each treatment was repeated three times. Samples were
taken at 0 h, 8 h, and 24 h under submergence stress, frozen in liquid
nitrogen immediately, and stored at —80°C for further analysis. Each
treatment was repeated for three times, with a total of 18 samples.

RNA extraction and sequencing

Total RNA was extracted from roots at each time point
(three biological replicates per treatment) using Trizol reagent
(Invitrogen) according to the manufacture’s protocol. Total
amounts and integrity of RNA were assessed using the RNA
Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent
Technologies, CA, USA). Samples with a RIN > 6.5 were used in
RNA-seq library preparation. Total RNA was used as the input
material for the mRNA sample preparations. The mRNA was
purified from the total RNA by using poly-T oligo-attached
magnetic beads. Fragmentation was carried out using divalent
cations under elevated temperature in First Strand Synthesis
Reaction Buffer(5X). First strand cDNA was synthesized using
random hexamer primer and M-MuLV Reverse Transcriptase,
then use RNaseH to degrade the RNA.Second strand cDNA
synthesis was subsequently performed using DNA Polymerase I
and dANTP. Remaining overhangs were converted into blunt
ends via exonuclease/polymerase activities. After adenylation of
3’ ends of DNA fragments, Adaptor with hairpin loop structure
were ligated to prepare for hybridization. In order to select
cDNA fragments of preferentially 370~420 bp in length, the
library fragments were purified with AMPure XP system
(Beckman Coulter, Beverly, USA). Then PCR amplification,
the PCR product was purified by AMPure XP beads, and the
library was finally obtained. After the construction of the library,
the library was initially quantified by Qubit2.0. After the insert
size met the expectation, QRT-PCR was used to accurately
quantify the effective concentration of the library (the effective
concentration of the library was higher than that of 2nM) to
ensure the quality of the library.

After the library was qualified, the different libraries were
pooling according to the effective concentration and the target
amount of data of the machine, then being sequenced by the
Tlumina NovaSeq 6000 (Illumina, San Diego, CA, USA). The
end reading of 150 bp pairing was generated. Library
construction and transcriptome sequencing were conducted by
the Novogene Bioinformatics Institute (Beijing, China). All
reads have been deposited in the sequence read archive (SRA)
under the accession numbers PRINA897027 and PRJNA896863.
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RNA-Seq data analysis

The raw data size was at least 6 Gb for each sample. The end
reading of 150 bp pairing was generated. Clean reads were
obtained by removing reads containing adapter, reads
containing N base, and low quality reads from raw reads.
Reference genome and gene model annotation files were
downloaded from the genome website (https://
orchardgrassgenome.sicau.edu.cn/) (Huang et al., 2020).
Building of the reference genome index and alignment of the
paired-end clean reads were done using Hisat2 (v2.0.5) (Kim
et al,, 2019). The mapped reads of each sample were assembled
by StringTie (v1.3.3b) (Pertea et al, 2015). The featureCounts
v1.5.0-p3 (Liao et al., 2014) was used to count the reads numbers
mapped to each gene. Then the fragments per kilobase of exon
per million mapped fragments (FPKM) of each gene was
calculated based on the gene length and the reads count
mapped to it. Differential expression analysis of two groups
was performed using the DESeq2 R package (1.20.0) (Love et al.,
2014). Padj < 0.05 and |log,(fold-change)| = 1 were set as the
threshold for significantly differential expression. ClusterProfiler
(3.8.1) (Yu et al., 2012) was used for GO and KEGG enrichment
analysis.The overall workflow for transcriptomic analysis is
illustrated in Supplementary Figure S1.

Validation of RNA-Seq data by gqRT-PCR

Eight DEGs were randomly selected for qRT-PCR. The qRT-
PCR reaction volume was 10 pl, containing 1 ul cDNA, 5 ul TB
Green Premix Ex Taq II (Tli RNaseH Plus) (2x), 0.4 pul ROX
Reference Dye II (50x), 0.8 ul of the forward and reverse
primers, and 7 ul ddH,O0. Actin was used as the endogenous
reference gene. PCR reaction system: 95°C 30s; 95°C 5s, 60°C
34s, 40 Cycles; 95°C 15s, 60°C 1min, 95°C 15s. Primers were
designed using Primer 5.0 (Supplementary Table S1). The

272AC0 method converts the instrument-

application of the
generated threshold cycle value output into the relative gene
expression level (Livak and Schmittgen, 2001). Three biological
replicates were generated and three measurements were

performed for each replicate.

Results

Different responses to submergence
stress between Dianbei and Anba

The morphologies of Dianbei and Anba under submergence
stress were compared at 0 h, 8 h, 24 h, 48 h, and 72 h (Figures 1 A-E).
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Root phenotype and length in Dianbei and Anba. (A-E) The phenotype of Dianbei and Aaba at 0 h (A), 8 h (B), 24 h (C), 48 h (D), and 72 h
(E). (F) Effects of submergence on the root lengths of Dianbei and Anba. Error bars indicate the standard error, n = 3. Different letters indicate
the significant differences. Statistical analysis using one-way analysis of variance (ANOVA) using Duncan’s multiple range test (P < 0.05).

At 0 h, the root of Anba was 1.10 cm longer than Dianbei. After 72
h submergence stress, it was 2.33 cm longer than Dianbei. The
roots of Dianbei and Anba gradually elongated with the
increasing of submergence time. Anba showed a significant
difference at 24 h, while Dianbei showed a significant difference
at 72 h. As compared with 0 h, the roots of Dianbei and Anba
increased post-submergence-stress by 39.96% and 53.07%,
respectively (Figure 1F). Anba responded more positively to
submergence stress. Thus, Dianbei is more resistant to
submergence than Anba.
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Data analysis of RNA-Seq

To explore the gene expression and underlying molecular
response mechanism of orchardgrass under short-term
submergence stress. Illumina Novaseq 6000 was used to
sequence the transcriptome of two orchardgrass cultivars roots
at three different time points under submergence stress (0 h, 8 h,
and 24 h), and 18 qualified RNA libraries were separately
constructed (three library repeats for each time-point). After
filtering out low-quality reads and reads containing N base,
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792,201,680 clean reads and 118.82 Gb clean bases were obtained.
For each sample, the Q30 values exceeded 93%, GC content was
between 52.40 to 56.10%, and the error rate was only 0.03
(Supplementary Table S2). The distribution of gene expression
levels for each sample was similar, and the overall gene expression
level was high (Figure 2A, Supplementary Figure 52). The pearson
correlation between samples was more than 0.8 (Figure 2B).
Therefore, RNA-seq data was confirmed to be reliable and
could be used in subsequent analyses.

HISAT2 software was used to map the clean reads to
2020).
Moreover, the clean reads average mapping rate was 68.18%,
the unique mapping rate was between 60.92% to 70.88%
(Figure 2C), and more than 78.8% of the clean reads were

orchardgrass reference genome (Huang et al,
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Mapping results of Dianbei and Anba. (A) The FPKM of Dianbei and Anba. The abscissa in the graph indicates different samples; the ordinate
indicates the logarithmic values of the sample expression FPKM. (B) Pearson correlation between Dianbei and Anba. (C-E) Mapping ratio (C),
percent of genome regions (D), and distribution of FPKM (E) in the roots of Dianbei and Anba under submergence stress.
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mapped to the exon region (Figure 2D). By comparing the
FPKM of each sample, it was found that at each time point
~39.67% of the genes (DB_0h 39.05%, DB_8h 39.91%, DB_24h
40.96%, AB_Oh 38.09%, AB_8h 39.21%, and AB_24h 40.8%)
were expressed (FPKM > 1), with over 3.10% of the genes were
highly expressed (FPKM > 60) (Figure 2E).

Differential expression analysis of Dianbei
and Anba under submergence stress

To explore the DEGs of Dianbei and Anba in response to
submergence stress, the DEGs of two orchardgrass cultivars were
screened with the thresholds of [log, (fold-change)| > 1 and padj
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< 0.05. As compared with the control, a total of 6663 DEGs
(3096 up-regulated and 3567 down-regulated) and 9857 DEGs
(4779 up-regulated and 5078 down-regulated) were detected in
Dianbei, while 7894 DEGs (3801 up-regulated and 4093 down-
regulated) and 11215 DEGs (5752 up-regulated and 5463 down-
regulated) were detected in Anba at 8 h and 24 h post-

10.3389/fpls.2022.1104755

submergence-stress (Figure 3A, Supplementary Figure S3,
Supplementary Table S3), respectively. Venn analysis was
performed to examine the differential expression of roots
tissue at different time points under submergence stress
(Figures 3B, C). With 0 h as a control, 5455 and 6202 DEGs
were found to be expressed in Dianbei and Anba at both 8 h and
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24 h, respectively. With the increasing submergence stress time,
the number of DEGs in the two orchardgrass cultivars
gradually increased.

Gene cluster analysis of the two orchardgrass cultivars under
submergence stress showed that Dianbei and Anba had similar
expression patterns at the same stress time points, thus
indicating that there were noticeable differences in the
expression patterns of DEGs at different stress time points
(Figure 3D). The differential expression of DEGs in Dianbei
was higher than that in Anba at 8 h and 24 h post-submergence-
stress, thus indicating that Dianbei, as a submergence-tolerant
cultivar, has more DEGs for responding to submergence stress.

GO and KEGG analysis of two
orchardgrass cultivars DEGs under
submergence stress

To explore the functional significance of DEGs at different
time points in Dianbei and Anba under submergence stress, we
subjected GO enrichment analysis and obtained 986 terms. The
DEGs were classified into three categories: biological processes
(BP), molecular functions (MF), and cellular components (CC).
The top 10 enriched terms of each category were selected for
plotting. DEGs were mainly enriched in terms of biosynthesis
and metabolism process, transcription factor activity, enzyme
activity and coenzyme binding, oxidative response, microtubule,
Golgi apparatus and vesicle (Figure 4, Supplementary Table 54).
It is speculated that submergence stress may stimulate the
expression of related genes in orchardgrass.

In addition, KEGG enrichment analysis was performed and
DEGs were mapped to 123 pathways (Figure 5, Supplementary
Table S5). The results showed that pathways like
phenylpropanoid biosynthesis, glycolysis/gluconeogenesis, and
nitrogen metabolism were significantly enriched in both Dianbei
and Anba. Enrichment of these pathways might indicate that
submergence stress promoted their activation. It is worth
mentioning that plant hormone signal transduction, MAPK
signaling pathway, and plant-pathogen interaction were
significantly enriched in Dianbei, but not in Anba. Therefore,
it could be speculated that these pathways and genes might be
related to the submergence tolerance in Dianbei and Anba.

Plant hormone signal transduction in
orchardgrass roots under
submergence stress

Plant hormones regulate plant growth and other biological
processes as along with stress adaptation (Verma et al.,, 2016). In
this study, the DEGs under submergence stress condition were
analyzed for their KEGG pathway enrichment (Figure 5). The
results showed that submergence stress activated various plant
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hormones (auxin, cytokinin, ethylene, abscisic acid (ABA),
jasmonic acid (JA), salicylic acid (SA), brassinosteroids (BR),
gibberellin (GA), etc.) signal pathways in orchardgrass roots
(Figure 6, Supplementary Table 56). In Dianbei, multiple genes
related to ARF and GH3 in auxin, CRE1 in cytokinin, GIDI in
GA, PP2C, SnRK2 and ABF in ABA, and NPR1 in SA, were
down-regulated at 8 h and 24 h post-submergence-stress,
triggering speculation that these genes were inhibited under
submergence stress. Multiple genes related to PYR/PYL in ABA,
ETR and EBF1/2 in ethylene, and BRI1 in BR, were up-regulated
at 8 h and 24 h post-submergence-stress, indicating that these
genes were activated under submergence stress. Additionally,
multiple genes related to AUX1 in auxin, DELLA in GA, SIMKK
in ethylene, and TCH4 in BR, were up-regulated at 24 h, and PR-
1 in SA,JARI and MYC2 in JA, were down-regulated at 24 h, but
had no significant change at 8 h post-submergence-stress. These
results indicate that these genes may need a certain time to
respond to submergence stress. Most DEGs were down-
regulated post submergence stress. Thus, we speculated that
submergence stress may inhibit plant hormones signal
transduction, the inhibitory effect increased with the increasing
submergence time. In addition, among the DEGs involved in
plant hormone signal transduction, only 10 DEGs (DG2C00767,
DG2C00772, DG2C01118, DG2C02515, DG2C06118,
DG4C03948, DG5C01306, DG5C01122, DG6C01437, and
DG7C03758) had higher differential expression in Anba than
in Dianbei, while the other DEGs showed the opposite, thus
indicating that the differential expression of these genes may be
one of the reasons for the different submergence tolerance
capabilities between Dianbei and Anba.

MAPK signal transduction in
orchardgrass roots under
submergence stress

MAPK signal transduction is one of the most well-studied
plant signaling mechanisms, and plant MAPK cascades play
pivotal roles in signaling plant defense against biotic and abiotic
stresses. (Zhang and Klessig, 2001). The MAPK cascade is
minimally composed of different combinations of at least three
protein kinases: MAPKKK (MAP3K/MEKK/MKKK), MAPKK
(MKK/MEK), and MAPK (MPK), which activate each other
sequentially via phosphorylation (Danquah et al., 2014)
(Figures 7A, B). In this study, DEGs related to MAPK signal
transduction, FLS2 was up-regulated and activated the
transmembrane transport of flg22, while most DEGs related to
MAPK cascade signal were down-regulated, thus indicating that
submergence stress may inhibit the amplification of the MAPK
cascade signal. Two DEGs, DG1C06357 and DG1C04245,
showed significant differential expression at 8 h, but had no
significant change at 24 h of post-submergence-stress, thus
indicating that these two DEGs may play an important role in
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these genes may need some time to respond to submergence
stress. In addition, eight DEGs (DG0C00183, DG0C00192,
DG0C00190, DG5C03912, DG2C05975, DG6C00846,
DG6C00463, and DG1C05223) were differentially expressed at
8 h and 24 h post-submergence-stress in Dianbei, while showing

the early submergence stress response. The differential
expression of other DEGs showed an increasing trend with the
increasing submergence time. Out of these DEGs, seven DEGs
(DG6C02930, DG2C04602, DG3C07121, DG6C02696,
DG4C06428, DG5C04434, and DG4C03116) had no
significant change at 8 h, but showed significant differential no significant expression in Anba, thus indicating that these

expression at 24 h post-submergence-stress, thus indicating that DEGs may be one of the reasons for the different submergence
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The KEGG pathway enrichment analysis. (A) DB 8 h vs DB 0 h (B) DB 24 h vs DB 0 h (C) AB 8 h vs AB 0 h (D) AB 24 h vs AB 0 h The ordinate
indicates metabolic pathway, while the abscissa indicates the gene ratio. The size of the dot indicates the number of DEGs in the pathway, while

the color indicates the different g-value.

tolerance abilities between Dianbei and Anba (Figures 7B, C,
Supplementary Table S6).

Additionally, studies have been shown that MAP kinases are
involved in ABA-mediated stomatal closure. The active SnRK2
kinase phosphorylates the NADPH oxidase RbohF, leading to
ROS accumulation. The ROS-mediated activation of MAPKs
positively regulates the ABA-mediated stomatal closure
(Danquah et al,, 2014). In this study, three types of DEGs were
found to participate in this pathway (Figures 6, 7C). Among
them, the genes related to PYR/PYL receptor proteins were up-
regulated, while the genes related to PP2C and SnRK2 kinase
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biosynthesis were down-regulated. Dianbei showed a greater
variation than Anba, and the differential expression of DEGs
increased with the increasing submergence time. It indicated that
submergence stress activated the PYR/PYL expression in the
upstream, and inhibited the expression of PP2C and SnRK2 in
the downstream of ABA pathway, thus inhibiting ABA-mediated
stomatal closure and increasing the respiration of orchardgrass
under submergence stress, and promoting more oxygen uptake.
Therefore, Dianbei can respond more quickly and positively to
submergence stress, which may be one of the reasons for the
different submergence tolerance between Dianbei and Anba.
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Ca®* signal transduction in orchardgrass

roots under submergence stress

During the KEGG pathway enrichment analysis under
submergence stress in orchardgrass, it was found that in plant-
pathogen interaction signal transduction, 39 DEGs also
participated in the Ca*'-mediated hypersensitive response (HR)
besides MAPK signal transduction pathway (Figure 8,

Frontiers in Plant Science

Supplementary Table S6). Similar to the plant hormone and
MAPK signal transduction pathways, the differential expression
of DEGs increased with the increase of submergence time except for
DG4C04884 and DG2C02769. The amplitude of variation in
Dianbei was greater than that in Anba, which again indicated
that Dianbei could respond more rapidly and positively than Anba
under submergence stress. Interestingly, the genes related to Ca**
transmembrane CNGCs receptor proteins and NOS (NO synthesis
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rate limiting enzymes) were up-regulated, which activated Ca** Discussion
transmembrane transport, NO synthesis, and induced HR

production in orchardgrass under submergence stress. Water is essential for all plants, but excessive water or

submergence results in stress and prevents gaseous exchange
between the soil and atmosphere. Excessive water can inhibit the

Validation of transcriptome sequencing growth and development and even lead to death. In this study, a
data by qRT- PCR model was constructed by transcriptome analysis to understand
the response of orchardgrass under submergence stress (Figure 10).

To verify the reliability of transcriptome results, we selected In one day of waterlogging, the partial pressure of O, fell
eight genes for qRT-PCR (Figure 9). The expression profiles of from 20.9 to 1 kPa, leading to anoxia (Phukan et al., 2016). To
these genes were consistent with the sequencing results, self-repair and maintain stability, tissues or organs specific
indicating that our analysis based on transcriptome data functions cells require the mitochondrial oxidative
is reliable. phosphorylation of ATP (Phukan et al, 2016). Therefore, in
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Validation of genes expression using gRT-PCR. (A) DG1C05385. (B) DG3C05831. (C) DG5C01300. (D) DG7C01296. (E) DG7C00992. (F)
DG7C02886. (G) DG3C06505. (H) DG6C03517. Error bars indicate the standard error, n = 3. Different letters indicate the significant differences.
Statistical analysis using one-way analysis of variance (ANOVA) using Duncan’s multiple range test (P < 0.05).

order to survive the energy crisis in waterlogged or submerged
conditions, ATP related processes, like DNA synthesis and cell
division, are inhibited (Gibbs and Greenway, 2003). In this
study, we found that DEGs of two orchardgrass cultivars were
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significantly expressed in biosynthesis and metabolism process,
transcription factor activity, enzyme activity and coenzyme
binding, oxidative response and cellular components
(microtubules, Golgi, and vesicles) terms under submergence
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FIGURE 10

A proposed model for orchardgrass under submergence stress.
The figure depicts the interplay and crosstalk of plant hormones,
pathogen interaction, and MAPK cascades in orchardgrass during
submergence stress.

stress (Figure 4). Therefore, the results indicated that the
synthesis and metabolism of intracellular molecules are
important in the submergence stress response of orchardgrass.

Waterlogging reduces the soil permeability, inhibits the plant
TCA cycle, promotes the fermentation of the glycolysis-generated
pyruvate acid to produce ethanol and NAD", thus altering the
energy metabolism and causing the accumulation of toxic
substances in roots (Judge and Dodd, 2020). Glycolysis and
galactose metabolism are important glucose metabolism
processes in plants, which provide energy for the plant growth
and development. Strengthening the glycolysis pathway can
alleviate the hypoxia-induced energy shortage under
waterlogging stress (Kolahi et al., 2021). In quinoa
(Chenopodium quinoa Willd.), the expression of saccharides
and alcohol-related genes in Dianli-1299 (waterlogging-resistant
cultivar) increased (Guo et al., 2022). Nitrogen application can
effectively improve the development of rapeseed roots and reduce
the waterlogging stress-induced damage (Men et al., 2020). In this
study, it was found that, phenylpropanoid biosynthesis,
glycolysis/gluconeogenesis, and nitrogen metabolism were
significantly enriched in two orchardgrass cultivars under
submergence stress (Figure 5), indicating that phenylpropanoid
biosynthesis, glycolysis/gluconeogenesis and nitrogen
metabolism participate in maintaining the balance of energy
metabolism in orchardgrass roots under submergence stress. In
addition, plant hormone signal transduction, MAPK signaling
pathway, and plant-pathogen interaction were significantly
enriched in Dianbei, but not in Anba (Figure 5). It is speculated
that these pathways might be related to the submergence
tolerance in Dianbei and Anba.
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Plant hormones mediate plants abiotic stress response (Shu
et al., 2018). The interaction of plant hormones is crucial in
waterlogging and submergence tolerance. Some plant
endogenous hormones, like abscisic acid, ethylene, auxin and
cytokinin, are very sensitive to waterlogging stress and can
effectively alleviate its adverse effects (Bashar, 2018; Qi et al,
2019; Hu et al, 2020). The level of ethylene increases in
waterlogged plants, which has been identified as a signal that
regulates the early response to submergence stress (Phukan et al.,
2016). ERF transcription factors are regulated by ethylene.
Exogenous ethylene significantly promotes ERF transcription
activity in Arabidopsis and soybean (Glycine max L.) (Hess et al.,
2011; Tamang et al., 2014). ETR1 activates EIN2/EIN3, which
induces the expression of ERF transcription factors, and
promotes ethylene production under waterlogging stress
(Pierik et al., 2006). Plants, such as rice, which slowly
produces ethylene in its roots, positively respond to ethylene.
Ethylene reduces the level of ABA level and enhances the
sensitivity of GA in tissue (van der Knaap and Kende, 1995).
In rice, SublA inhibited the accumulation of DELLA, a GA-
responsive protein, and prolonged the submergence tolerance
time by preserving ATP and CHO content (Pefna-Castro et al,
2011). The endogenous ABA concentration did not decrease
under flooding in soybean, but it was decreased in untreated
plants. The transcriptional expression system in soybean which
provided exogenous ABA was better, thus indicating that
exogenous ABA enhanced the waterlogging tolerance in
soybean (Komatsu et al., 2013). In this study, in Dianbei, the
genes related to ETR, SIMKK, EIN3, and EBF1/2 in Ethylene
were up-regulated, GID1 and DELLA in GA were down-
regulated, and PYR/PYL were up-regulated, which inhibited
the downstream expression of PP2C, SnRK2, and ABF in ABA
under submergence stress (Figure 6). This indicates that
submergence stress stimulates ethylene biosynthesis and
metabolism, and reduces ABA and GA in Dianbei. These
results were similar to the results in rice and soybean under
waterlogging stress (Penia-Castro et al.,, 2011; Komatsu et al,
2013). Most DEGs related to plant hormone signal transduction
were differentially expressed in Dianbei, and the differential
expression was down-regulated with the increasing
submergence treatment time (Figure 6). Therefore, we
speculate that the differential expression of these genes might
be one of the reasons for the different submergence tolerance in
Dianbei and Anba. In addition, the submergence stress may
inhibit plant hormone signal transduction, which increases with
the increasing submergence time.

Under waterlogging stress, an efficient carbohydrate
mobilization mechanism in plant roots enables cells to survive
prolonged hypoxia (Phukan et al., 2016). Cytosolic Ca®*
increased rapidly in maize and Arabidopsis, which ultimately
altered the expression of hypoxia-responsive genes in hypoxia
conditions (Subbaiah and Sachs, 2003; Bailey-Serres and Chang,
2005). Hypoxia leads to ROS production, in turn, ROS signal
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transduction promotes various defense responses (Steffens et al.,
2012). In Arabidopsis, ROS activates MAPK6 to improve the
survival under hypoxic conditions. (Chang et al., 2012).
However, excessive ROS causes oxidative damage. Therefore,
the ROS defense and signaling cascade are strictly regulated in
plants to maintain an appropriate balance between survival and
stress tolerance (Sachdev et al., 2021). Waterlogging could
induce MAPK cascades, promote the regulation of plant
hormones, and forme aerenchyma tissues, which modulates
the morphological adaptations in maize roots (Kaur et al,
2021). In Arabidopsis, MAPK led to phosphorylation of ACC
synthase and participated in aerenchyma formation (Liu and
Zhang, 2004). In this study, CNGCs, Ca®" transmembrane
transduction-mediating receptor proteins, were up-regulated
and activated Ca®" transmembrane transport in orchardgrass
under submergence stress. Most genes in MAPK signal
transduction were down-regulated, which inhibited the
amplification of MAPK cascade signaling (Figures 7, 8).
Moreover, with the increasing submergence time, the
amplitude of differential expression of genes gradually
increased, and Dianbei was greater than Anba. Therefore, we
speculate that the differential expression of these genes might be
one of the reasons for the different submergence tolerance
abilities in Dianbei and Anba.

Conclusion

In this study, we tested the morphology indexes of roots of
two orchardgrass cultivars at 0 h, 8 h, 24 h, 48 h and 72 h.
Simultaneously, we obtained 118.82 Gb clean data from RNA-
seq analysis of orchardgrass roots. At 8 h and 24 h post-
submergence-stress, Dianbei identified 6663 and 9857 DEGs,
while Anba identified 7894 and 11215 DEGs, respectively. With
0 h as a control, 5455 and 6202 DEGs were differentially
expressed at 8 h and 24 h in Dianbei and Anba, respectively.
These results indicate that Anba has more genes to respond to
submergence stress. Moreover, genes related to biosynthesis and
metabolism, cellular component, transcription factor activity,
enzyme activity and coenzyme binding, phenylpropanoid
biosynthesis, glycolysis/gluconeogenesis, and nitrogen
metabolism were involved in the submergence stress response
in orchardgrass. The expression of genes involved in plant
hormone, MAPK, and Ca*" signal transduction were
significantly in Dianbei, but not in Anba. The differential
expression of these genes and pathways may be the main
reasons behind the different submergence tolerance abilities in
Dianbei and Anba. Since the submergence tolerance of
orchardgrass is controlled by multiple genes, RNA-seq can be
used for comprehensively exploring submergence tolerance-
related genes and pathways. Therefore, the study can facilitate
further understanding of the molecular regulatory mechanism in
orchardgrass roots under submergence stress conditions.
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Agricultural Sciences, Jinan, China

Introduction: Onion (Allium cepa L., 2n=16) is an economically and nutritionally
important vegetable crop worldwide. Construction of a high-resolution genetic
map and map-based gene mining in onion have lagged behind other vegetable
crops such as tomato and pepper.

Methods: In this study, we constructed a high-resolution genetic map of onion
using 321 F2 individuals from a cross between two double haploid lines DH-1xDH-
17 and employing specific length amplified fragment (SLAF)-seq technology. The
genetic map containing 10,584 polymorphic SLAFs with 21,250 single nucleotide
polymorphism (SNP) markers and 8 linkage groups was developed for onion, which
spanned 928.32 cM, with an average distance of 0.09 cM between adjacent
markers.

Results: Using this map, we carried out QTL mapping of Ms locus related to the
male-fertile trait and reproduced previous mapping results, which proved that this
map was of good quality. Then, four QTLs (located on LG2, LG5, and LG8) were
detected for flower stalk height, explaining 26.60% of the phenotypic variance.
Among them, we proposed that 20 SLAF markers (in three QTLs) of flower stalk
height trait were effective favorable allelic variant markers associated with
heterosis.

Discussion: Overall, the genetic map was structured using SLAF-seq based on DH
lines, and it is the highest-quality and highest-resolution linkage map of onion to
date. It lays a foundation for the fine mapping and candidate gene identification of
flower stalk height, and provides new insights into the developmental genetic
mechanisms in onion breeding.
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Introduction

Onion (Allium cepa L.) is a diploid species (2n=16) that belongs to
the genus Allium, family Amaryllidaceae, and it is an economically
and nutritionally important vegetable crop worldwide (Khosa et al,
2016). Onion is widely distributed, grown throughout the North and
South, and is one of the main domestic vegetables, but also one of the
main export vegetable crops in China. According to the statistics of
the Food and Agriculture Organization (FAO, 2020), China has the
world’s largest onion production area and yield, accounting for
approximately 30% of the world’s total area and yield. Onion is a
biennial plant, and decreasing the long breeding cycle is desirable for
efficient onion breeding. Therefore, many studies focus on the
molecular markers of fertility identification related to actual
breeding (King et al., 1998; Park et al,, 2013).

Our team previously developed molecular markers that are co-
segregating with the male sterility gene and restorer gene, such as
cDNA marker WHR240 (Huo et al., 2012), SCAR markers DNF-566
and DNS-357 (Yang et al., 2013), and multiple PCR marker AcSKP1
(Huo et al, 2015). These markers have been verified in open-
pollinated (OP) populations with different genetic backgrounds,
and can be directly used to identify the genotype of nuclear male
sterility locus in onion. However, research on genetic linkage
mapping and markers in the onion requires a great deal of time,
due to its huge genome size (approximately 15 Gb), large number of
repetitive sequences, and high heterozygous genetic background
(Labani and Elkington, 1987; King et al., 1998; Jakse et al., 2005;
Finkers et al., 2021).

To date, progress on onion genomic and genetic maps has been
reported as follows (King et al., 1998; Martin et al., 2005; Duangjit
et al.,, 2013; Jo et al., 2017; Choi et al., 2020; Cho et al., 2021; Finkers
et al,, 2021). The first onion genetic map was constructed by King
et al. (1998) using dominant markers [randomly amplified
polymorphic DNA (RAPD) and amplified fragment length
polymorphism (AFLP) markers], which consisted of 116 markers,
distributed in 12 linkage groups with an average genetic distance of 9
cM. Subsequently, Martin et al. (2005) developed 100 new molecular
markers based on the rice expressed sequence tags library with high
similarity and integrated them into the onion genetic map reported
above using the chromatid replacement line of scallion, constructing a
genetic map of 14 linkage groups with a total length of 1,907 cM.
Duangjit et al. (2013) constructed a genetic map covering 936 single
nucleotide polymorphism (SNP) markers and 10 linkage groups by
library analysis on the Roche 454 platform of the leaves, bulbs, roots,
and flower buds from two inbred lines. Jo et al. (2017) developed 202
SNP markers using an F, population by genotyping by sequencing
(GBS) to construct a genetic map with a genetic distance of 1,383 cM
and an average marker distance of 8.08 cM. Choi et al. (2020)
performed GBS and high-resolution melting (HRM) analyses on F,
onion plants and constructed an onion genetic linkage map with 319
SNPs and 34 HRM markers, consisting of 8 linkage groups and
covering 881.4 cM with an average marker interval of 2.5 cM.
Through quantitative trait loci (QTL) analysis, a major QTL,
qAS7.1, for onion anthocyanin synthesis and two significant QTLs,
gqAC4.1 and gAC4.2, for anthocyanin content were identified.
Subsequently, Cho et al. (2021) developed 652 molecular markers
using the above same F, population for constructing genetic maps
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with increased resolution. Fujito et al. (2021) constructed a high-
density linkage map in Allium cepa using 1,435 unigene markers
obtained from the transcriptome information of a 96 F, plants (from a
cross between the A. cepa DH lines). The first de novo genome
sequence (14.9 Gb with an N50 of 464 Kb) of onion was assembled
based on Illumina short read sequencing by Finkers et al. (2021), and
covered approx. 91% of the expected genome size with 72.4% of the
genome identified as repetitive sequences and 20% of the putative
(retro) transposons. Of this, 2.4 Gb was ordered into eight linkage
groups, which was a valuable resource for research and breeding.
However, fine mapping of onion traits is difficult due to the low
densities of the genetic markers.

Advances in genotyping-by-sequencing have provided an
excellent opportunity to increase the resolution of QTL mapping by
increasing the numbers of markers in recent years (Varshney et al,
2009). Specific length amplified fragment (SLAF) sequencing (SLAF-
seq), a high-resolution strategy of large-scale de novo SNP discovery
and genotyping, was first described by Sun et al. (2013). SLAF-seq has
been proved to be an effective method for genetic map construction
and has wide applications in cucumber (Wei et al., 2014; Zhu et al,,
2016), cotton (Zhang et al., 2016; Ali et al., 2018), peanut (Hu et al,,
2018), pea (Zheng et al,, 2018), soybean (Zhang et al., 2020; Mendoza
et al, 2021), and eggplant (Wei et al., 2020). Compared with GBS,
SLAF-seq has the following advantages: I. SLAF library was prepared
by the double enzyme protocol and double barcode system, while GBS
by the single enzyme. The DNA fragments sheared by double enzyme
digestion were more uniformly distributed in the genome and the
flexible enzymes combinations made it easier to control the number
of markers; II. the marker density of SLAF was of 50-80/Mb, while of
GBS was 5-40/Mb (Elshire et al., 2011; Sun et al., 2013). Therefore,
SLAF-seq technology could provide a high-resolution strategy for
SNP discovery, which is more suitable for widespread use in large-
scale genotyping study. Considering the number of markers, the
quality of markers, number of samples (321 samples) and research
funding (the huge and complex genome of onion), SLAF-seq is the
optimal choice for large-scale molecular marker development and
high-resolution linkage map construction, especially in onion for
which no reference genome information is available.

In this study, we constructed an F, population from a cross
between two double haploid lines, DH-1 and DH-17. Using the F,
population containing 321 individuals and SLAF-seq technology, we
constructed a high-resolution genetic map in onion with 21,250 SNP
markers. To verify the quality of the map, we performed QTL
mapping of a male fertile trait. Then, we identified the QTLs
related to flower stalk height (FSH) trait and explored their QTL
effects to reveal the genetic mechanism of the FSH of onion, initially
explaining its heterosis mechanism.

Materials and methods

Plant materials and phenotypic evaluation
Two onion double haploid (DH) lines were used in this study as

parents. DH-1, whose male-sterility locus was S (msms) and whose

phenotype was sterile, was induced from the Japanese hybrid ATON
(Takii Seed, Figure 1A) via in vitro gynogenesis (Liu et al., 2012).
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FIGURE 1

Phenotypes of the parental inbred lines and the F;, F, individuals. (A) Paternal line DH-17 and maternal line DH-1; (B) Plant phenotypes of both parents
and F; individuals; (C) Phenotypes evaluation of flower stalk height for the F, individuals; (D) Genotypes of both parents and partial F; individuals by the
PCR markers DNF-566 and DNS-357; (E) Height of flower stalk for the original hybrids, DH lines and F;.

Through flow cytometry analysis of leaf tissue, we preliminarily
identified DH lines DH-1 and DH-17. To ensure that the DH lines
were naturally doubled and no other sources such as somatic cells, we
also performed PCR detection with Ms/ms co-segregated markers
DNEF-566 (F: 5"-TACAGATTTGTTTATCTTCTTCTTCTTCT-3"; R:
5"-TTCATTTGTTAGGATGTACTCTTACC-3") and DNS-357 (F:
5"-TCAGTATCAATAGAAGGAATCAC-3"; R: 5'-GTATACCATT
GGTACTTGATGCA-3", Yang et al., 2013). DH-17, which was for S
(MsMs) with a fertile phenotype, was derived from the Japanese
hybrid EARTH (Takii Seed, Figure 1A). F; hybrid came from a
crossed between DH-1 (female parent) and DH-17 (male parent)
were grown in greenhouses in early September of 2015; then a total of
321 F, individuals was derived from a self-crossing of F, were
randomly selected to construct the genetic map. The parents and
321 F, individuals were grown in greenhouses in early September of
2017 at the Shandong Academy of Agricultural Sciences, Jinan,
China. The genotype was identified for each individual by DNF-566
and DNS-357 markers (Yang et al, 2013), and individuals were
identified as male sterile or fertile through inspection of pollen at
mature anthers stage in June of 2019. The phenotypic data for FSH
was collected in June of 2019. The FSH is defined as the height from
the ground surface to the top of the stem, excluding the inflorescence.

DNA extraction

Young leaves from the 321 F, individuals and two parents were
collected, and then stored in a -80°C freezer. The total genomic DNA
was extracted from each sample according to the cetyltrimethyl
ammonium bromide (CTAB) method (Murray and Thompson,
1980). The concentration and quality of total DNA were evaluated
by electrophoresis on 1% agarose gels and an ND-1000
spectrophotometer (NanoDrop, Wilmington, DE, USA).
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SLAF library construction and sequencing

SLAF-seq with some improvements was applied to genotype onion
321 F, individuals and two parents in 2018 (Sun et al., 2013). In the
absence of reference genome, the dendrobium (https://www.ncbinlm.
nih.gov/assembly/GCA_001605985.2), a closely related species, was
finally selected as the reference genome for electronic enzymatic
digestion prediction according to the onion genome size and GC
content information. Haelll and EcoRV-HF (New England Biolabs,
NEB, USA) were selected as endonucleases to digest the genomic DNA.
A single nucleotide (A) overhang was added to the digested fragments
using Klenow Fragment (3'—5’, exo-) and dATP at 37°C. Then,
duplex tag-labeled sequencing adapters were ligated to the A-tailed
fragments using T4 DNA ligase. PCR reactions were run using diluted
restriction-ligation DNA, dNTPs, Q5® high-fidelity DNA polymerase,
and universal PCR primers (F: 5"-AATGATACGGCGACCACCGA-
3’, R: 5'-CAAGCAGAAGACGGCATACG-3"; PAGE-purified, Life
Technologies). PCR products were purified using Agencourt AMPure
XP beads (Beckman Coulter, High Wycombe, UK), and pooled samples
were separated by 2% agarose gel electrophoresis. The digested
fragments ranging from 414-444 base pairs (with indexes and
adaptors) in size were excised and purified using a QIAquick gel
extraction kit (Qiagen), and then, pair-end sequencing (100 bp) of
the gel-purified products was performed on an Illumina HiSeq 2500
system (Illumina, Inc., San Diego, CA, USA) according to the
manufacturer’s recommendations.

SLAF-seq data analysis and genotyping
SLAF-seq data were assessed by the software developed by Sun

et al. (2013), and SLAF marker identification and genotyping were
performed according to procedures described by Sun et al. (2013).
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Firstly, after filtering out low-quality reads (quality score < 20e), raw
reads were sorted to each progeny according to duplex barcode
sequences; then trimming the barcodes and the terminal 5-bp
positions from each high-quality reads, clean reads were clustered
by similarity above 90%. Sequences clustered together were defined as
one SLAF locus (Zhang et al., 2015). Secondly, single nucleotide
polymorphism (SNP) loci of each SLAF locus were detected between
parents. SLAFs with more than 5 SNPs were filtered out, and SNP loci
of each SLAF locus were detected between parents by using the GATK
software kit (McKenna et al., 2010). Alleles of each SLAF locus were
then defined according to parental reads with sequence depth
>319.07-fold, while for each progeny the reads with sequence depth
>29.12-fold were used to define alleles. For diploid species, one SLAF
locus can contain at most 4 genotypes, so SLAF loci with more than 4
alleles were defined as repetitive SLAFs and discarded. Only SLAFs
with 2 to 4 alleles were identified as polymorphic and considered
potential markers. All polymorphism SLAFs loci were genotyped with
consistency in the parental and progeny SNP loci. Because the
mapping populations were derived from two onion DH parents
with a genotype of aa or bb, only the polymorphic SLAFs were
analyzed on the basis of the F, population type (aa x bb).

Genotype scoring was performed by a Bayesian approach to ensure
the genotyping quality (Sun et al, 2013). A posteriori conditional
probability was calculated using the coverage of each allele and the
number of SNP, and genotyping quality score translated from the
probability was used to select qualified markers. Then, low-quality
markers were counted and the worse marker or individual were deleted.
High-quality SLAF markers for the genetic mapping were filtered by
the following criteria: (1) contained more than 5 SNPs; (2) markers
with more than 70% missing data, (i.e., complete degree of markers in
each progeny below 70% discarded); (3) markers with significant
separation distortion (p > 0.05) by using chi-square test; (4) parents’
sequence depth of less than 10x. The remaining high-quality SLAFs
were subsequently used for constructing the linkage map.

Linkage map construction

To ensure efficient construction of the high-resolution and high-
quality map, the SLAF markers were correctly ordered by the
HighMap strategy, and genotyping errors were corrected by the
SMOOTH algorithm (van Os et al., 2005; Liu et al., 2014). First, the
recombination rate and maximized logarithm of odds (MLOD) value
between two points were calculated. Then, the interval of the MLOD
value was determined by arranging the MLOD values of those
markers from the smallest to largest, and the highest MLOD values
among the markers were in the same linkage group (LG). Finally, all

TABLE 1 Summary of the SLAF-sequencing data.

10.3389/fpls.2023.1100691

SLAF markers (MLOD > 5) were divided into 8 onion linkage groups
(LGs; each linkage group was considered as a chromosome) to
construct the genetic map (Zhang et al., 2015). Taking LG as a unit,
the regression algorithm/minimum spanning tree (MST) algorithm
was selected to estimate the genetic distance between adjacent
markers, and the optimal linear order of markers in LGs was
obtained by regression sequencing analysis (Liu et al., 2014). Then,
the k-nearest neighbor algorithm was applied to impute missing
genotypes (Huang et al., 2011), and the Kosambi mapping function
was used for estimating map distances (cM) (Kosambi, 1943).

QTL mapping

The composite internal mapping (CIM) analysis within the R/QTL
software was applied for QTL mapping of plant male fertility (Broman
and Sen, 2009). The logarithm of odds (LOD) threshold was
determined using the 1000 permutations test (PT, P<0.05) to evaluate
the statistical significance of each QTL. To ensure that major and minor
effect QTLs could be identified, different LOD scores were adopted.
First, an LOD threshold corresponding to 0.99 confidence was
considered, followed by 0.95 and 0.90. Then, if no QTL interval was
detected, the PT result was not considered, and the threshold was
manually lowered to 3.0, 2.5, and 2.0 successively. QTLs were normally
named according to their linkage group locations and trait names.

Results
SLAF-seq data and SLAF marker analysis

SLAF sequencing of the 321 F, population, including the two
parents, generated a total of 857.58 GB clean data comprising 4.29 G
reads of approximately 100-bp paired-end sequencing (Table 1).
Among these reads, 95.70% achieved or exceeded a quality score of
30 (Q30, indicating a 0.1% chance of an error and 99.9% confidence),
and the guanine-cytosine (GC) content was 40.54%. There were
131,741,300 reads from male parent DH-17 and 119,231,892 reads
from female parent DH-1, and the average number of reads from the
F, population was 11,567,116. Specifically, the reads of rice (Oryza
sativa L. var. Japonica, genome size ~ 382 Mb), which were used as a
control to estimate the validity of library construction, were 6,852,482
with 95.46% Q30 bases and 45.60% GC (Table 1).

The number of SLAFs (based on the SLAF development process,
with the reads at the same location being defined as a SLAF tag) in the
male, female parent, and F, population were 533,049, 458,885, and
323,656, respectively. The average sequencing depths of the male, the

Sample ID Total Reads (Mb)
DH-17 131.74

DH-1 119.23
F>-progeny 11.57

Total 4,287.90
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Total Bases (Gb) Q30 (%) GC (%)
2635 95.56 4141
23.85 95.86 39.88
231 95.70 4053
857.58 95.70 40.54
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female parent, and F, were 90.84x, 100.19x, and 13.68x, respectively.
Among the 692,676 SLAFs developed, 155,067 were polymorphic
SLAFs with a rate of 22.39% (Supplementary Table S1). Of those
155,067 polymorphic SLAF tags, 93,539 were successfully encoded
and grouped into eight segregation patterns (abxcd, efxeg, abxcc,
ccxab, hkxhk, Imxll, nnxnp and aaxbb; Figure 2; Supplementary
Table S2). Due to the F, population obtained by selfing the F; of a
cross between two parents with the homozygous genotype of aa or bb,
only the F, plants with the aaxbb segregation pattern were valid
polymorphic SLAFs. There were 77,766 SLAFs accounting for 83.14%
of the total encoded markers that were categorized with a segregation
pattern of aaxbb in this study (Figure 2).

A high-resolution genetic linkage map

To produce a high-quality map, low-quality SLAFs with a
parental sequencing depth < 10x, SNP number > 5, segregation
distortion p < 0.05, and MOLD between neighboring markers < 5
were discarded. To construct a genetic map, 10,584 high-quality
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FIGURE 2
Genotype distribution of SLAF markers in onion. The Y-axis indicates

the number of SLAF markers, x-axis indicates the segregation patterns
of markers.

TABLE 2 Basic information for high-resolution genetic map of onion.
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SLAFs including 21,250 SNPs were retained (Table 2). For the map,
the total distance of the genetic map was 928.32 cM, and the average
interval between markers was 0.09 cM (Table 2). The average depths
of the SNPs for female, male parent, and F, population were 313.74x,
324.40x, and 29.12x, respectively.

Based on those analyses, we constructed a new high-resolution onion
genetic map containing 8 linkage groups (LGs, Figure 3A). The linear
arrangements and the genetic distances of markers in each LG were
analyzed using the HighMap software. The average integrity of the
mapped markers was 96.01%, which adequately ensured the accuracy
of the genotyping. The genetic distances in the map spanned 96.24 cM
(LG7) to 140.43 cM (LG3), with the number of SLAF markers in each LG
ranging from 198 (LG6) to 1,704 (LG2) and SNP marker numbers
ranging from 352 (LG6) to 3,448 (LG8, Table 2). The average number of
SLAF and SNP markers in all LGs were 1,323 and 2,656, respectively, and
markers spanned an average length of 116.04 cM. Satisfactory uniformity
in the distribution was obtained, with gaps < 5 ¢M constituting 99.94% of
the total LGs, and the average max gap was 2.91 cM (Table 2).

Male-fertile phenotypic characterization of
the genetic population

Performing PCR to detect the DH lines genotype with Ms/ms co-
segregated markers DNF-566 and DNS-357 (Yang et al,, 2013), the
results showed that the Ms locus of DH-1 was S (msms), which was a
sterile phenotype; the genotype of DH-17 was S (MsMs) with a fertile
phenotype (Figure 1D). According to plant genotype, the F,
population was divided into the following three groups
(Supplementary Excel S1): MsMs of 75 individuals, Msms of 166
individuals, and msms of 80 individuals, with a 1:2:1 segregation ratio.
By chi-square test, the separation ratio of fertile (241 individuals) and
sterile plants (81 individuals) was 3:1. These results suggest that the
onion Ms/ms trait is controlled by one dominant loci, which was
consistent with previous conclusions (Jones and Clarke, 1943).

QTL mapping reproducibility in
the F, population

Before conducting QTL mapping for onion agronomic traits on
the basis of the high-resolution genetic map, we performed QTL

SLAF Num. SNP Num. Total Dis. (cM) Average Dis. (cM) Gaps<=5 Max Gap (cM)
LGl 1,185 2,336 115.29 0.10 100% 3.60
LG2 1,704 3,396 13133 0.08 99.94% 6.27
LG3 1,689 3,369 140.43 0.08 100% 2.18
LG4 1,425 2,922 102.40 0.07 100% 292
LG5 1,209 2,368 100.99 0.08 100% 1.35
LG6 198 352 103.59 0.53 100% 2.59
LG7 1,500 3,059 96.24 0.06 100% 212
LG8 1,674 3,448 138.05 0.08 100% 227
173
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FIGURE 3

High-resolution genetic map of onion. (A) Genetic linkage map of onion. The black bars on each linkage group represent SLAF markers on the map;
(B) Locations of male-fertile trait on genetic map. The red circle indicates the site of male-fertile trait.

mapping of a male fertile trait to verify the quality of the map. Only
one QTL locus for male-fertile trait, designated MS8.1, was mapped
on LG8 (Figure 3B), which could explain 110.31% of the observed
phenotypic variation (PVE). The genetic distance interval of qtl-
MS8.1 ranged from 84.83 to 85.42 cM, and 11 SLAF markers were
uncovered within this locus. The additive and dominant effects for
qtl-MS8.1 were -0.49 and 0.49, respectively, and the LOD threshold
value of the QTL was 241.64. Based on the study of the DNF-566 and
RNS-357 markers by Yang et al. (2013), (Kim et al., 2014; Kim et al,,
2015) developed one co-dominant marker jnurfl3 [an insertion
deletion (indel) marker] in 2014 and proposed in 2015 that the
bulb onion DNA mismatch repair (AcPMSI) gene was the most
probable candidate for regulating fertility restoration. Huo et al.
(2015) identified the putative S-phase kinase-associated protein 1
(SKP1) protein in linkage disequilibrium with Ms locus. In
conclusion, it is likely that the male-fertility QTL locus located in
this study is the same as that mapped by King et al. (1998). The SLAF
marker distribution results in this study are presented in Figure 4.
Detailed sequence information and the positions of SNPs uncovered
within SLAFs are presented in Supplementary Table S3.

QTLs mapping of the FSH trait

The FSH phenotypic data for all onion materials (including two
original induced hybrids, two parents, and F, and F, populations)
are presented in Figures 1B, C. The FSH of double haploids DH-1
and DH-17 was lower than FSH of the original inducing hybrids
from which the parental DH lines were developed by more than
30%. The FSH of F, plants from cross with DH-1xDH-17 was
restored to FSH of the original inducing hybrids, and the height of
the F; plants were highly uniform and consistent (Figure 1E). The
height of the flower stalks in this study were measured using a ruler.
FSH ranged in a spectrum from short stalk to tall stalk in the
segregating populations and was thus assessed on a 1-5 height scale.

Frontiers in Plant Science

There were a tiny percentage of F, individuals within the range of
90.01-100 cm (3%, 11 individuals) and 130.01-140 cm (5%, 17
individuals), then 16% in the range of 100.01-110 cm (51
individuals), and the majority percentage within the range of
110.01-120 cm (39%, 125 individuals) and 120.01-130 cm (36%,
117 individuals). Analyses of the FSH data showed a normal
distribution in the F, population (Figure 1C; Supplementary Excel
S1). According to the genotype of the onion F, population from the
SLAF-seq data, 49 SLAF markers (located in 4 QTLs) were detected
and considered as favorable allelic variant (FAV) markers for flower
stalk height. The LGs, starting positions, ending positions, SLAF
markers, LODs, additive values, dominance values, and PVEs are
shown in Figures 4, 5, Table 3 and Supplementary Table S4.

To avoid false-positive sites caused by repetitive sequences or
splicing errors, and further narrow down the range of FAV markers,
in our opinion, those SLAF markers that were beneficial to the flower
stalk height of heterozygous progeny could be considered as effective
FAV markers and should be preferentially selected for analysis. Since
there was no significant difference in FSH between the parents used to
construct the population, we only calculated the proportion of
heterozygote progeny carrying FAV markers for the perspective of
heterosis effect. The results showed that the proportion of
heterozygous individuals carrying 20 markers were positively
correlated with the height of flower stalk in F, population were
selected from the all 49 SLAF markers (Supplementary Table S5).
After evaluating the proportion of F, heterozygous individuals that
carried the FAV marker by two measures, average proportion and
total proportion in F, population, we proposed that there were 20
SLAF markers (in 3 QTLs) that could be considered as effective FAV
markers of FSH (Figure 6A; Table 4). Those 3 QTLs related to the
FSH trait were distributed on linkage groups LG2 and LG8 (Figures 4,
5; Table 3). The genetic distance interval of the QTLs ranged from 0 to
0.59 cM. The PVE by the 3 QTLs ranged from 5.17-7.19%, and the
accumulated PVE was 19.90%. The LOD value of the 20 SLAF
markers ranged from 5.17-6.84 (Table 5). The number of SNP loci
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FIGURE 4
Graphic view of the distribution of markers associated with related traits on onion LGs 2, 5, 8.
within each SLAF varied from 1 to 5. Detailed sequence information  [Discussion

and alignment positions for all markers are presented in Table 3 and
Figure 4. Furthermore, we analyzed the number of effective FAVs
carried by 17 F, individuals ranging in height from 130 to 140 cm. As
shown in Figure 6B, 11 out of 17 individual plants contained more
than 50% of effective FAV markers, and one of the finest F,-98
individuals carried 20 effective FAV markers of FSH.

Construction of a high-resolution genetic
map based on onion double haploid lines

To analyze an onion that is a cross-pollinated plant, with a large,
repeated genome (Khosa et al., 2016; Finkers et al., 2021), DH lines
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FIGURE 5

QTL locations of flower stalk height trait using the genetic map. (A) QTL analysis of the flower stalk height trait on eight linkage groups; (B) Phenotypic
contribution rate for variation of the flower stalk height trait; (C) LOD scores for the QTLs of the flower stalk height trait on the 2%, 5" and 8" LG. The
red circle or box all indicate the QTL regions related to flower stalk height trait.

Frontiers in Plant Science

80

175 frontiersin.org


https://doi.org/10.3389/fpls.2023.1100691
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Li et al.

10.3389/fpls.2023.1100691

TABLE 3 Analysis of quantitative trait loci (QTL) for flower stalk height in onion.

LG ID Linkage Map Pos. (cM) Interval Size (cM)  LOD Max LOD SLAF Num.
qtl-FSH2.1 LG2 59.82-59.83 0 5.15 5.55 5 2.80 2.98 7.19
qtl-FSH2.2 LG2 64.11-64.27 0.15 5.15 5.55 10 2.86 248 6.65
qtl-FSH5.1 LGS 42.16-42.90 0.74 5.15 5.94 17 2,99 0.83 6.45
qtl-FSH8.1 LG8 66.01-66.60 0.59 5.15 6.48 17 3.00 1.60 6.28
Total - - - - 49 7.89 26.57

LOD, logarithm of odds; ADD, additive; DOM, dominance; PVE, phenotypic variance explained.

are the most ideal first choice for mapping segregated populations. A
sterile yellow doubled haploid line (DH-1) and a fertile yellow
doubled haploid line (DH-17) were used to produce an F, mapping
population (containing 321 individuals) of onions in this study. The
SLAF-seq strategy we applied was based on high-throughput
sequencing technologies and developed as a simplified genome
sequencing method (Sun et al, 2013). The advantages of using
SLAF-seq technology rather than other available methods (such as
RAD, GBS) is that SLAF adopted of a flexible double enzyme protocol
and duplex barcode system, which could ensure the filtered molecular
markers more uniformly distributed on the genome (Baird et al,
2008; Elshire et al., 2011; Sun et al,, 2013), and this method uses high
depth sequencing to define de novo genotypes without reference
genome sequence and reference SNP, which is suitable for
constructing onion genetic map.

In recent years, SLAF-seq has been widely applied in constructing
high-resolution genetic maps not only for crops with reference
genomes (Dai et al., 2018; Wang et al.,, 2018; Wei et al,, 2020; Tao
et al,, 2022), but also for plants without a reference genome, such as
orchardgrass (Zhao et al., 2016) and pea (Zheng et al., 2018). Detailed
information on Allium cepa DHCU066619 genome has not yet been
published, and its huge genome (14.9 Gb) consists of complex highly
repetitive regions with (retro) transposons (Finkers et al., 2021).
Therefore, we used the SLAF-seq technique to build a high-quality
genetic map of onion without reference genome in 2018. To date,
although several onion genetic maps have been constructed (Duangjit
et al.,, 2013; Jo et al,, 2017; Choi et al., 2020; Ryu et al., 2021), we used
10,584 polymorphic markers with the complete degree of 96.01% to
construct onion genetic linkage map of 8 linkage groups (LGs) with a
total length of 928.32 cM. The average marker distributed in the 8 LGs

was 1,323, but only 198 markers were developed from LG6. Referred
to the relevant literature on the onion genetic map and found that
markers developed for each LG were about 50-200 (Choi et al., 20205
Cho et al., 2021; Fujito et al, 2021), and took into account large
number of repetitive sequences existing in the onion genome (Finkers
et al,, 2021), we believed that the quality of this genetic map was not
affected, although the number of markers located in the LG6 was low.
As a whole, the linkage map carries the largest number of marker loci
among all onion linkage maps constructed to date. Combined with
the high depth of parental sequencing, low missing data rate
information, average interval between markers (0.09 cM), and max
gap value (Table 2; Figure 3A; Supplementary Table S6), the linkage
map constructed in our study has the highest quality and resolution
among onion linkage maps. Although total genetic map length was
very small comparatively to the genome size of onion, our high-
resolution genetic map should not only be useful for accurate and
reliable mapping for QTLs, but also has important reference
significance for onion DH-17 genome assembly. However, the
chromosomal identity of LGs has not been known yet in this study,
we would try to construct a physical chromosome assignment map
based transcriptome unigene marker (Fujito et al., 2021) or carry out
onion DH-17 genome assembly to resolve this issue in the
future work.

Implications for onion cytoplasmic
male-fertility marker

Because onion is a biennial plant with a long breeding cycle, it is
crucial to develop effective molecular markers for fertility
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TABLE 4 Twenty effective favorable allelic variant SLAFs associated with flower stalk height trait and heterosis in the F, population.

SNP ~ SNP Proportion of Proportion of Proportion of Proportion of Proportion of
SNP in in heterozygote heterozygote heterozygote heterozygote heterozygote
Site.  DH- DH-  progeny in (90- progeny in progeny in progeny in progeny in

17 1 100 cm] (100-110 cm] (110-120 cm] (120-130 cm] (130-140 cm]
LG2 | Marker150989 103 G A 0.27 0.33 0.42 047 047
LG2 | Marker285135 = 157 C T 0.27 033 0.38 0.44 0.35
LG2 | Marker226058 73 T A 0.27 0.25 0.39 0.53 0.53
LG8 | Markerl05154 31 C A 0.36 0.37 0.43 043 0.65
LGS | Marker99568 114 G A 0.27 0.39 0.46 047 0.53
LG8 | Marker68370 68 A G 0.27 0.39 0.42 047 0.65
LG8 | Marker99657 175 G T 0.27 0.35 0.46 0.46 0.59
LG8 | Marker194036 54 A G 0.18 0.29 043 041 047
LG8 | Marker110725 = 107 G A 0.27 0.33 0.41 0.44 0.65
LG8 | Marker36724 137 T C 0.27 0.39 0.47 0.56 0.59
LG8 | Marker60226 101 A G 0.27 0.39 0.45 0.44 047
LG8 | Marker50587 44 A G 0.27 0.37 0.42 052 0.65
LG8 | Marker138614 81 T C 0.18 0.37 043 0.49 0.65
LG8 | Marker76340 119 T C 0.18 0.35 0.46 043 0.53
LG8 | Marker70349 90 T C 0.27 0.39 043 0.54 0.65
LG8 | Marker131660 47 A G 0.27 0.39 0.42 0.48 0.59
LG8 | Marker76408 112 A T 0.27 041 0.44 0.51 0.65
LG8 | Marker34305 27 A G 0.27 041 047 0.52 0.65
LG8 | Marker55369 114 G A 0.36 041 0.49 0.54 0.65
LG8 | Marker150308 = 172 C A 0.18 0.35 0.38 0.48 0.53

identification that can be used during the practical breeding of onion.
Cytoplasmic male-sterility (CMS), a maternally inherited trait
characterized by the inability to produce viable pollen grains in
higher plants, has been widely applied for the production of F,
hybrid seeds in agronomic crops such as onion, broccoli, cabbage,
and radish (Havey, 2004; Bang et al, 2011). There are two main
sources of CMS systems in onion: CMS-S and CMS-T. For the CMS-S
system, male fertility is controlled by a single nuclear gene and a
cytoplasmic factor (Jones and Clarke, 1943), and there are three loci
involved in fertility restoration in the CMS-T system (Schweisguth,
1973). Therefore, the CMS-S was more widely used for onion hybrid
cultivars because of its stability in various environments (Havey,
1995; Havey, 2000). To date, there has been a great deal of research
performed on molecular markers for CMS-S fertility identification
that are relevant for onion breeding (Sato, 1998; Engelke et al., 2003;
Kim et al., 2009; Yang et al., 2013; Huo et al,, 2015).

In our study, the fertility and sterility of pollen of the F,
population segregated in a 3:1 ratio. The segregation ratio for the
MsMs: Msms: msms individuals that are marked by co-segregated
markers DNF-566 and DNS-357 (Yang et al., 2013) was 1:2:1, which
was consistent with a 3:1 Mendelian segregation ratio. Coincidentally,
only one QTL locus (with higher LOD and PVE values, Figure 3B)
related to male-fertile trait was detected on this genetic map, which
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may be the same gt/ that was mapped by King et al. (1998). To
summarize, we were able to reproduce the mapping of the onion
male-fertility QTL in our F, population, which indicated the higher
quality of our constructed genetic linkage map, and thus, it can be
used to efficiently locate novel QTLs for important traits of onion.

Implications for onion QTL preliminary
mapping of FSH

Suitable plant height is an important agronomic trait for elite
hybrid seeds, especially for gramineal crops where the top grain yield
organ (grain) is supported by a stem, such as sorghum, rice, and
wheat (Zhou et al.,, 2012; Li et al., 2015; Jiang et al., 2017), and plays a
vital role in the final yield formation. For onion, FSH directly affects
lodging resistance and is closely related to seed yield and quality. In
this study, double haploids DH-1 and DH-17 originated from
commercial F; hybrids, and their FSHs were lower than those of
the original inducing hybrids by more than 30% (Figure 1E). The FSH
of the F; hybrids crossed with DH-1xDH-17 was restored to that of
the original hybrids, and the heights of the hybrids were highly
uniform and consistent. This phenomenon belongs in the category of
heterosis. After taking into account the phenotypic analysis of FSH

frontiersin.org


https://doi.org/10.3389/fpls.2023.1100691
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Li et al.

10.3389/fpls.2023.1100691

TABLE 5 Detailed information of effective favorable allelic variant SLAF markers for the flower stalk height.

LG ID SLAF Pos. SLAF ID SNP Num. LOD ADD DOM PVE%
LG2 59.822 Marker150989 1 5.55 2.80 2.98 7.19
LG2 64.263 Marker285135 2 5.17 2.83 2.39 6.43
LG2 64.263 Marker226058 4 5.17 2.83 2.39 6.43
LG8 66.010 Marker105154 2 6.42 291 1.75 6.07
LG8 66.010 Marker99568 3 6.42 291 1.75 6.07
LG8 66.010 Marker68370 1 6.42 291 1.75 6.07
LG8 66.010 Marker99657 2 6.42 291 1.75 6.07
LG8 66.010 Marker194036 3 6.42 291 1.75 6.07
LG8 66.157 Marker110725 1 6.38 2.90 1.77 6.08
LG8 66.304 Marker36724 2 6.48 3.00 1.60 6.28
LG8 66.304 Marker60226 1 6.48 3.00 1.60 6.28
LG8 66.304 Marker50587 2 6.48 3.00 1.60 6.28
LG8 66.304 Marker138614 2 6.48 3.00 1.60 6.28
LG8 66.304 Marker76340 2 6.48 3.00 1.60 6.28
LG8 66.304 Marker70349 5 6.48 3.00 1.60 6.28
LG8 66.304 Marker131660 5 6.48 3.00 1.60 6.28
LG8 66.304 Marker76408 1 6.48 3.00 1.60 6.28
LG8 66.304 Marker34305 2 6.48 3.00 1.60 6.28
LG8 66.304 Marker55369 3 6.48 3.00 1.60 6.28
LG8 66.598 Marker150308 3 5.40 2.63 1.85 5.17

and four QTLs (located on LG2, LG5, LG8), only 26.60% of the
phenotypic variation of the F, population could be explained
(Table 3). Consistent with this result, Baldwin et al. (2014) revealed
genome regions on three chromosomes associated with bolting using
a low-density linkage map. We inferred that the height of the onion
flower stalk may be controlled by a heterosis effect between multiple
dwarfing genes. Analysis of effective FAVs of onion FSH indicated
that the genetic essence of heterosis may be the comprehensive effect
of various genes containing a dominance effect, additive effect,
epistatic effect, complementary and superdominance effect, and
interaction effect that varied with various traits or genes.

Based on the high-resolution genetic map constructed by DH
lines, we conducted QTL mapping for FSH. The implications are: (1)
to propose the hypothesis of heterosis of FSH in onion; (2) to develop
KASP markers for SNPs or genes relevant to FSH, which will lay a
foundation for the construction of a molecular marker-assisted
breeding system, and provide new insights into the developmental
genetic mechanisms of FSH.

Conclusion
In conclusion, our study provided a high- resolution genetic map

based on double haploid lines with SLAF-seq in onion. We conducted
QTL mapping of onion male fertile trait to verify that the genetic map
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had the higher-quality and could be efficient to locate novel QTLs for
important traits of onion. We also conducted QTL mapping for the
flower stalk height trait and 20 out of 49 SLAF markers (in 3/4 QTLs)
were considered as effective FAV markers, which were suitable to
develop KASP markers for SNPs or genes relevant to flower stalk
height in the future. These findings would lay a foundation for the
construction of molecular marker-assisted breeding system and
provide new insights into the developmental genetic mechanisms of
flower stalk height in onion.
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