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Abstract

Medicago falcata is one of the leguminous forage crops, which grows well in arid and semi-
arid region. To fully investigate the mechanism of drought resistance response in M. falcata,
we challenged the M. falcata plants with 30% PEG-6000, and performed physiological and
transcriptome analyses. It was found that, the activities of antioxidant enzymes (eg. SOD,
POD, and CAT) and soluble sugar content were all increased in the PEG-treated group, as
compared to the control group. Transcriptome results showed that a total of 706 genes were
differentially expressed in the PEG-treated plants in comparison with the control. Gene
enrichment analyses on differentially expressed genes revealed that a number of genes in
various pathway were significantly enriched, including the phenylpropanoid biosynthesis
(ko00940) and glycolysis/gluconeogenesis (ko00010), indicating the involvement of these
key pathways in drought response. Furthermore, the expression levels of seven differen-
tially expressed genes were verified to be involved in drought response in M. falcata by
gPCR. Taken together, these results will provide valuable information related to drought
response in M. falcata and lay a foundation for molecular studies and genetic breeding of
legume crops in future research.

Introduction

Water shortage is one of the most serious abiotic factors affecting plant growth and produc-
tion, and global climate change threatens sustainable agriculture and may increase the fre-
quency and severity of drought, which in turn prompt to develop drought-tolerant varieties of
many crops [1-4]. Plants are very vulnerable to drought stress, and water shortage is fatal to
plants and leads to huge economic losses. During the long-term evolution, plants have
acquired a series of response protection mechanisms to endure drought stress [5], including
morphological, physiological, biochemical and molecular responses. At cellular level, drought
signals promote production of stress-protectant metabolites (eg. proline and soluble sugar),
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trigger the antioxidant system to maintain redox homeostasis, and deploy peroxidase enzymes
to prevent acute cellular damage and membrane integrity.

Plants also regulate genes in response to drought stress through the antioxidant system,
which could remove the reactive oxygen species (ROS) to relief drought stress [6,7]. In the
antioxidant enzyme system, superoxide radicals could be dismutated into H,0, and O by
SOD (Superoxide Dismutase), while H,0, was disintegrated by POD (Peroxidase) and CAT
(Catalase) [8]. At molecular level, plants under drought stress maintain a certain level of physi-
ological activity through the regulation of thousands of genes and a series of metabolic path-
ways, in order to reduce or repair damage caused by drought stress [9,10]. Ultimately,
physiological and developmental responses to drought are achieved by reprogramming of
gene expression and metabolism.

Besides the antioxidant system, many phenylpropanoids and flavonoids were also empha-
sized to be involved in defense responses to drought stress [8,11]. The phenylpropanoid bio-
synthetic pathway is activated under drought stress, leading to the accumulation of various
phenylpropanoid compounds, which have the potential to remove harmful ROS. Several genes
involved in the phenylpropanoid pathway were induced in wheat under drought stress, and
the increased tolerance of wheat to drought stress is related to the increase of phenylalanine
pathway [8,11,12]. Previous studies on the protemics of the drought stress response in two
maize varieties showed that numerous proteins were significantly up-regulated in the glycoly-
sis, which is presumed that expression of these proteins can produce more energy to tolerate
drought [13]. However, whether the phenylpropanoid and glycolysis/gluconeogenesis pathway
were also involved in drought stress in Medicago is still unclear.

M. falcata is a widely spread legume grass, which is closely related to alfalfa (Medicago
sativa)—the King of Forage. In comparison, wild M. falcata exhibits strong tolerance against
drought, cold, and soil infertility compared with alfalfa [14,15]. Therefore, M. falcata was
developed as a model legume forage in the studies of abiotic stress responsive mechanisms in
legumes [15]. Crossing of M. falcata with alfalfa generate Medicago variety with strong resis-
tance and high utilization value, which makes M. falcata an important gene bank for alfalfa
breeding with resistance traits, and therefore this strategy had been used by alfalfa breeders. In
particular, M. falcata possess high drought tolerance, thus the regulatory mechanisms underly-
ing drought stress in M. falcata will be useful for the breeding of drought-resistant alfalfa.

In M. falcata, the variety Wisfal (Medicago sativa ssp. falcata var. Wisfal) may contribute to
the enhanced drought tolerance with higher accumulation of flavonoid antioxidants compared
with another variety Chilean (M. sativa ssp. sativa var. Chilean) [14]. Ectopic over-expression
of MfMIPS]1 in tobacco increased the activity of MIPS and levels of myo-inositol, galactinol
and raffinose, resulting in enhanced resistance to drought [16]. Over-expression of MfELIP
(Early Light-Induced Protein) gene in tobacco increased tolerance to drought [17]. A lipid-
anchored MfNAC bound the glyoxalase I (MtGlyl) promoter to maintain the glutathione pool
in a reduced state under drought stress [18]. ERNI and MfCAS30/MtCAS31 were identified to
be related to drought response genes in two drought-related subtractive libraries for M. falcata
and M. truncatula in parallel [19,20]. Furthermore, several transcription factors had been
reported to play important roles in response to abiotic stresses including drought [21].
Although these genes from M. falcata were found to be drought related, the regulation network
mechanism on drought-resistance genes are still unclear.

During recent years, RNA-Seq has been explored to dissect the molecular mechanisms of
drought tolerance in many plant species [22], including soybean [23], red clover [24], Agro-
pyron mongolicum Keng [25] and M. truncatula [26]. However, studies on drought resistance
by using transcriptome technique are rare in M. falcata [27,28]. M. falcata lacks genomics
resource, partly because it is an autotetraploid, perennial outcrossing species. Thus, study on
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drought resistance of M. falcata by RNA-seq is the most critical endeavors to develop neces-
sary tools and integrate molecular breeding approaches in alfalfa. In this study, we explored
transcriptome sequencing technique to enrich the transcriptome in M. falcata and identified
genes related to drought resistance. We also screened a number of differentially expressed
genes related drought resistance and plant recovery. The physiological responses and tran-
scriptome data of drought resistance can provide information for the breeding of drought
resistance in both M. falcata and alfalfa.

Materials and methods
Plant materials and drought treatment

M. falcata seeds were collected in Xinjiang, and stored at the Grassland Resource and Ecology
Key Laboratory of Xinjiang Agricultural University. After physical scarification, seeds were
placed on petri dishes and incubated at 4°C for 24h before germinated at 25°C (16h light/8h
dark). After germination, seedlings were grown in 3:1:1 topsoil/vermiculite/perlite (v/v/v) mix-
ture at 25°C/18°C (16h/8h day/night). After growth for 1 month, 30% PEG-6000 was added to
simulate drought stress, and water was used as control. After one hour PEG treatment, the
seedlings (about 60 plants) were harvested as treatment group, and seedlings with water were
harvested as control group. The remaining seedlings (about 30) were then subjected to a rehy-
dration treatment for one hour as recovery group. Each group contained a triplicate with more
than 3 seedlings for each replicate, 9 samples in total. The whole seedlings (about 2.0g) were
immediately rinsed in water, dried with filter paper, and timely placed in liquid nitrogen, and
stored at -80°C for RNA extraction and transcriptome analysis (CK1, CK2, CK3 for the control
group; T1, T2, T3 for the PEG-treatment group; R1, R2, R3 for the recovery group). Simulta-
neously, the roots and leaves were further separated, frozen in liquid nitrogen, and stored at
-80°C for physiological index measurement, three biological replicates were set for each con-
trol group, PEG treatment group and recovery group.

Measurement of physiological indicators

Half grams of the leaves and root samples were used to quantify relative conductivity as
described by Ding and Wang [29], and soluble sugar content by anthrone colorimetry [30].
The activity of antioxidant enzymes including superoxide dismutase (SOD), peroxidase
(POD), and catalase (CAT) were assayed using the nitrogen blue tetrazolium (NBT) method
[31], the guaiacol method [32], and the UV absorption method [33], respectively. Data were
analyzed using one-way ANOVA with software SPSS 20.0.

RNA extraction, cDNA library construction, and Illumina sequencing

Total RNA was extracted from each sample using RNeasy Plant Mini Kit (Qiagen, Hilden,
Germany) following the manufacturer’s protocol. RNA quality was monitored by detection on
1% agarose gels and on an Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA). mRNA
were enriched with the Ribo-Zero™ Magnetic Kit (Epicentre, Madison, WI, USA) and the
resulting RNA was then used for cDNA library construction with an Ultra RNA Library Prep
Kit for Illumina (NEB, Boston, MA, USA) according to the manufacturer’s instructions.
cDNA libraries were then sequenced by Denovo Biotechnology Co. (Tianjin, China) using an
Mlumina HiSeq 2000 sequencer to generate paired-end 150bp (PE150) reads. All sequencing
reads were deposited at the Short Read Archive (SRA) of the National Center for Biotechnol-
ogy Information (NCBI) under the accession number PRINA625784.
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Sequence analysis, assembly, and annotation

Raw data (reads) in fastq format were firstly processed using an in-house Perl scripts. In this
step, clean reads were obtained by removing reads containing adapter sequences, poly-N
sequences, or low-quality reads. Then the Q20, Q30, and GC content and sequence duplication
were determined, and de novo assembly of the transcriptome was carried out using Trinity,
with min_kmer_cov value of 2 and all the other parameters were default [34]. Assembly quality
was assessed by the length distribution of unigenes. The read counts of unigenes were calcu-
lated by the software RSEM v1.2.15 [35], and the gene expression level was calculated using
expected number of Fragments Per Kilobase of transcript sequence per Millions base pairs
sequenced (FPKM). Plant transcription factor genes were predicted by using iTAK 1.2 soft-
ware. The basic principle is to use the well-defined transcription factor family genes in the
database to identify TF in M. falcata through hmmscan.

Using RSEM v1.2.15 software, unigenes were mapped with the reference generated by Trin-
ity software, functions of unigenes were annotated by BLAST queries of the NCBI non-redun-
dant protein (Nr) database, the NCBI non-redundant nucleotide sequences (Nt) database, the
protein families (Pfam) database, the Swiss-Prot protein database, the Kyoto Encyclopedia of
Genes and Genomes (KEGG) Ortholog database, the Gene Ontology (GO) database, and the
Clusters of Orthologous Groups of proteins (KOG) database. All queries were performed
using a cut-off E-value of 1x107°.

Gene expression and enrichment analysis

Analysis on differential expression genes of the treatment and control groups was performed
using the DEseq R package (1.10.1), and applied with read count values to analyze gene expres-
sion levels with a threshold of [log,Fold change|>1 and padj<0.05. The DEGs were visualized
with Venn diagrams and Volcano plots. Clustering was performed using the pheatmap R pack-
age. GO enrichment analysis of DEGs was carried out using Goseq [36] with corrected P<0.05
as threshold. KEGG enrichment analysis of DEGs was performed using KOBAS version 2.0,
BH correction for FDR. KEGG pathways with g value<0.05 were considered to be significantly
enriched DEGs, and the top 20 pathway entries were presented with enrichment scatter plot.

qPCR analyses

Quantitative real-time PCR (qPCR) analysis was performed to validate the RNA-Seq results.
The primers (S1 Table) were designed for the selected 10 genes using Primer Premier 5.0 Tool,
and actin gene was used as internal control [37]. Reverse transcription was performed with
total RNA using M-MLV Reverse Transcriptase (Promega, Madison, WI, USA). gPCR analysis
was conducted using a CFX-96 Real-Time System (Bio-Rad, Hercules, CA, USA), and SYBR
Premix Ex Taq (TaKaRa, Kyoto, Japan). qPCRs were performed using the following condi-
tions: denaturation at 95°C for 15 min, followed by 40 cycles of amplification (95°C for 10s,
58°C for 20s, and 72°C for 20 s). Each sample was performed with a technical triplicates, and

gene expression was evaluated using the 2—**“ method.

Results
Physiological changes of M. falcata under drought treatment

We used PEG solution to mimic drought stress, and one-month-old M. falcata seedlings were
treated with PEG solution, with seedlings treated with water as control. Various physiology
index from both leaves and roots samples were analyzed from treatment and control seedlings.
It was revealed that, under drought stress, conductivity and soluble sugar content were
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Fig 1. Effect of drought on physiological indexes of Medicago falcata. Different lower-case letters represent significant differences between different treatments

(P<0.05).

https://doi.org/10.1371/journal.pone.0266542.g001

increased significantly (P<0.05), whether in leaves or in roots (Fig 1A and 1B). Meanwhile, the
enzyme activity of SOD, POD, and CAT were all increased at various level in comparison with
the untreated control in both leaves and roots (Fig 1C-1E). After re-watering, seedlings of
drought treatment were recovered with comparable level for the majority of physiological
indexes (Fig 1), except slight difference for POD and SOD activity in leaves (Fig 1D and 1E).
Taken together, these results indicated that drought treatment significantly affected the physi-
ology characteristics of M. falcata.

Illumina sequencing and de novo assembly

To further investigate the effect of drought on global transcriptome of M. falcata, total RNAs
were extracted from water control plants, treatment plants and recovery plants (with biological
triplicates) and subjected to RNA sequencing. In total, we obtained 559,728,990 raw sequenc-
ing reads, and 545,584,982 clean reads were obtained after adaptors and low-quality sequences
were removed; the value of Q20 is about 97%, Q30 is about 93%, GC content is more than
40.96% (S2 Table). These high-quality reads were then used to assemble transcriptomic data
using Trinity. Assembly of clean reads resulted in 475,378 unigenes (S3 Table), ranging from
201-67,238 bp in size, with an N50 length of 1,026 bp and an N90 length of 263 bp (54 Table).
After comparing different transcripts that represent a single unigene, the longest transcript for
each unigene was extracted. After eliminating redundant transcripts, a total of 255,014 uni-
genes were obtained (S3 Table). Among them, transcripts with length longer than 500 bp
accounted for about 37.27%, and unigenes longer than 500 bp accounted for about 33.43% (S3
Table). FPKM is an index that were commonly used to evaluate gene expression levels. We
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performed statistics on the FPKM values of all samples (S5 Table), and found that FPKM val-
ues of less than 3.57 accounted for a large proportion, but the distribution was unstable in each
sample. On the contrary, FPKM values of greater than 3.57 showed a stable distribution in all 9
samples. It is possible that the FPKM value was higher, indicating that the gene expression
level was relatively higher, and the expression level is relatively stable in the samples (S5 Table).

Unigenes annotation

Venn diagrams of the number of the non-redundant unigenes in GO, NR, KO, KOG and
Swiss-Prot databases were constructed to further annotate transcriptome data (Fig 2, S6 Table).
It showed that 147,232 (57.73% of the total) and 113,727 (44.59%) unigenes had significant
matches in the Nr database and the Swiss-Prot database, and 204,172 (80.06%) had significant
matches in the Nt database. We also found that 113,727 (44.59%) non-redundant unigenes
showed similarity to known genes in the Swiss-Prot database. In total, 220,137 unigenes
(86.32%) were successfully annotated in at least one of the NR, Swiss-Prot, KO, GO, and COG
databases (Fig 2 and S6 Table). In order to explore the relationship between M. falcata and
other legumes at transcriptome level, we assembled and compared the M. falcata transcriptome
with M. truncatula, Cicer aritinum, Glycine max, G. soja, Phaseolus vulgaris and other legumes
in the genome sequence database. A BLASTx comparison of the M. falcata transcriptome to
NCBI nonredundant (nr) peptide database showed that 75.2% gene sequences of M. falcata
(110,621) had significant (e<1e-5) top hits with those of M. truncatula (S1 Fig. and S7 Table).

Functional classification of transcriptome data

All transcriptome data were also subjected to three different gene functional classification
database, Gene Ontology (GO) database, KOG database and KEGG database. By using Gene

Go

dN

Fig 2. Venn diagram of unigene annotations from the Nr, Swiss-Prot, KOG (EuKaryotic Orthologous Groups),
GO (Gene Ontology), and KO (KEGG ortholog) databases.

https://doi.org/10.1371/journal.pone.0266542.g002
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Ontology (GO) annotations, total 109,410 non-redundant unigenes were classified into three
major functional ontological groups (Fig 3A and S6 Table): biological process, cellular compo-
nent and molecular function (Fig 3A). Within the category of biological process, the top three
subcategories with the most gene numbers were ‘cellular process’ (cellular response to stimu-
lus, cell wall organization or biogenesis), ‘metabolic process’ (hormone, organic substance
metabolic process) and ‘single-organism process’ (single-organism metabolic process, devel-
opmental process, cellular process) (Fig 3A). Within the cellular component category, genes
involved in ‘cell’, ‘cell part’, and ‘organelle’ were highly represented (Fig 3A and S8 Table).
Additionally, within the molecular function category, genes related with ‘binding’ and ‘cata-
lytic activity’ were most highly represented (Fig 3A and S8 Table).

Meanwhile, all unigenes were queried against the KOG database for functional prediction
and classification. In total 39,492 non-redundant unigenes were subdivided into 26 classifica-
tions (Fig 3B and S6 and S9 Tables). Of these, the ‘general function prediction’ cluster (includ-
ing genetic information processing, metabolism, signaling and cellular processes) was the
predominant group, followed by ‘post-translational modification’, ‘protein turnover’, ‘chaper-
ones’, ‘signal transduction mechanisms’, and ‘translation ribosomal structure’ (Fig 3B and S9
Table).

In addition, analysis on metabolic pathway of the unigenes was conducted using the KEGG
annotation system. According to the KEGG database, 50,761 unigenes were classed into 5
KEGG first-level classes (Fig 3C and S6 and S10 Tables), including Cellular Processes (A),
Environmental Information Processing (B), Genetic Information Processing (C), Metabolism
(D) and Organismal Systems (E). Among them, 19 KEGG second-level classes contained 129
distinct pathways, and the pathways with the largest number of unique transcripts were ‘carbo-
hydrate metabolism’ (4,288), followed by ‘translation’ (3,895), and folding, sorting and degra-
dation (3,607) (Fig 3C and S10 Table).

Analysis on gene expression

In order to discover new candidate genes that may be involved in drought stress in M. falcata,
we screened genes that were differentially expressed among control, treatment, and recovery
plants. Of 255,014 unigenes, 1,426 differentially expressed genes (DEGs) were identified
among control, treatment and recovery group (Fig 4A, and S4 Table). Among these DEGs,
those with higher expression levels in PEG-treated plants than in control plants were consid-
ered to be up-regulated (>2 fold), whereas those with lower expression levels in PEG-treat-
ment were considered to be down-regulated (<2 fold). DEGs with higher expression levels in
recovery plants than in PEG-treatment plants were also designated as up-regulated DEGs.

In details, 456 and 250 DEGs were up-regulated and down-regulated respectively in treat-
ment vs control, 20 and 35 genes DEGs were up-regulated and down-regulated respectively in
recovery vs treatment, and 112 and 615 genes DEGs were up-regulated and down-regulated
respectively in recovery vs control (Fig 4B). By clustering genes with the same or similar
expression patterns, the function of the unknown gene or the unknown function of the known
gene can be identified, therefore, the expression clustering pattern of all DEGs were deter-
mined under different experimental conditions (Fig 4C). Many DEGs showed similar expres-
sion pattern in both treatment vs control and recovery vs treatment combinations, including
genes encoding Apprl processing enzyme, 30S ribosomal protein S1, trithorax group protein
and ADP-ribosylation factor GTPase-activating protein, indicating that drought stress directly
induced the expression of these enzyme genes. Meanwhile, we also found that 10 POD genes
and one SOD gene were differentially expressed among control, PEG-treatment and recovery
group (S3 Fig.), in particular, four POD genes (Cluster91404, 48742, 17838, and 53806) were
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up-regulated by PEG-treatment, and they might be the key genes involved in drought resis-
tance in M. falcata.

Gene enrichment analysis of DEGs

Gene ontology classification and functional enrichment were performed for the DEGs of three
treatment combinations. GO classification and functional enrichment analysis was performed
for DEGs from all three treatment combinations. A total of 29 (in 2,090 DEGs), 0 (in 0 DEGs),
and 118 (in 6,219 DEGs) GO terms were enriched in DEGs from the treatment vs control,
recovery vs treatment, and recovery vs control comparisons, respectively (S8 Table). We iden-
tified eight cell-related terms in the cellular component category (GO:0044421, GO:0005622,
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GO0:0044464, GO:0005623, GO:0005576, GO:0005615, GO:0044424, and GO:0043229), as well
as two ribosome-related terms (GO:0005840 and GO:0030529), three respiratory chain-related
terms (GO:0070469, GO:0045277, and GO:0098803), two cytoplasm-related terms
(GO:0044444 and GO:0005737), two organelle-related terms (GO:0043226 and GO:0043228),
two growth-related terms (GO:0036454 and GO:0016942) and one macro-molecular complex
term (GO:0032991) in the recovery vs control comparison (S11 Table). There was no signifi-
cant GO functional enrichment terms in the treatment vs control and recovery vs treatment
comparisons. However, in the recovery vs control comparison, we identified enriched DEGs
in the cell membrane, suggesting that membrane-related genes preferentially responded to
drought tolerance.

Several enriched GO terms related to molecular function were identified, including six
binding-related terms (GO:0043169, GO:0046872, GO:0043167, GO:0020037, GO:0046906,
and GO:0019825), three enzyme activity-related terms (G0O:0016702, GO:0016165, and
GO:0003953) in the treatment vs control comparison (S11 Table). We also identified fifteen
enzyme activity-related terms, five binding-related terms, and ribosomal structural constituent
terms in DEGs from the recovery vs control comparison. With respect to biological processes,
enriched GO terms related to development, nodulation, and metabolism were identified in the
treatment vs control comparison. Enriched GO terms related to biogenesis, metabolic pro-
cesses, translation (GO:0006412), cell growth (GO:0016049), carbon utilization (GO:0015976),
and gene expression (GO:0010467) were also identified in the recovery vs control comparison
(S11 Table). No enriched GO terms were identified in the recovery vs treatment comparison.
Taken together, these results suggested that the DEGs in response to drought treatment were
more complex during the treatment stage, which included oxidoreductase activity, oxygen-,
ion-, and cation binding functions, and oxylipin, alanine, and pyruvate family amino acid
metabolism-related genes. Finally, at the recovery stage, DEGs were found to be enriched in
oxidase and enzyme inhibitor activity-related GO terms, suggesting that plants showed physio-
logical adaptations to drought.

To further understand the pathways that the DEGs were involved in, we performed KEGG
enrichment analysis with the three different treatments. In total, 20, 4, and 20 enriched path-
ways were found in the comparisons for treatment vs control (113 DEGs), recovery vs treat-
ment (6 DEGs), and recovery vs control (182 DEGs), respectively (Fig 5, S12 Table). Among
them, the glycolysis/gluconeogenesis (ko00010), phenylpropanoid biosynthesis (ko00940),
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alpha-linolenic acid metabolism (ko00592), fatty acid degradation (ko00071), linoleic acid
metabolism (ko00591), tyrosine metabolism (ko00350), ubiquinone and other terpenoid-qui-
none biosynthesis (ko00130), and flavonoid biosynthesis (ko00941) pathways were found to
be significantly enriched in the treatment vs control comparison (Fig 5A and S12 Table).

In the comparison between recovery and treatment, only 3 significantly enriched pathways
were identified, including the oxidative phosphorylation (ko00190), ribosome (ko03010) and
glycerophospholipid metabolism (ko00564) (Fig 5B and S12 Table). In comparison with the
recovery and control, we identified eight significantly enriched pathways, including ribosome
(ko03010), oxidative phosphorylation (ko00190), citrate/TCA cycle (ko00020), glycolysis/glu-
coneogenesis (ko00010), phagosome (ko04145), carbon fixation in photosynthetic organisms
(ko00710), cysteine and methionine metabolism (ko00270) and nitrogen metabolism
(ko00910) (Fig 5C and S12 Table). In summary, these results indicated that glycolysis, ribo-
some, sugar, phenylpropanoid biosynthesis, and linoleic acid metabolic functions are involved
in drought induced pathways in M. falcata.

Transcript factor genes that were induced under PEG treatment

Drought stress also induced the expression of many transcription factor genes in M. falcata
(S13 Table). Our results showed that the expression levels of many transcription factor genes,
including C2H2 (594), MYB (489), Orphans (423), bHLH (363), AP2-EREBP (358), bZIP (278),
C3H (268), WRKY (258), HB (253), PHD (218), FARI (217), NAC (205) and ABI3VPITEF (202)
families genes were induced at various level. Among them, fifty-four of them were significant
expressed in the treatment vs control, three in the recovery vs treatment, and thirty in the
recovery vs control (514 Table). In addition, expression levels of 54 TFs in treatment vs control
were represented by FPKM value (Fig 6 and S14 Table), including AP2, MYB, WRKY, NAC.
The AP2-related TF families was the largest families responded to drought stresses identified
in M. falcata, which accounted for about one-third of the total number, indicating that AP2
family is directly related to drought stress response.

Drought affects phenylpropanoid and glycolysis/gluconeogenesis pathway

When comparing the gene expression level between the treatment and control groups, we
found many genes in the glycolysis/gluconeogenesis pathway were affected. Among them,
genes encoding alcohol dehydrogenase class-P (ADH1), pyruvate kinase (PK, phosphogluco-
mutase), glyceraldehyde-3-phosphate dehydrogenase (gapN), pyruvate decarboxylase (PDC)
were up-regulated, and hexokinase (HK) and S-(hydroxymethyl) glutathione dehydrogenase/
alcohol dehydrogenase (frmA, ADH5, adhC) were down-regulated (Fig 7A and S15 Table),
which may result in abundant production of ATP and NADPH.

It was also found that several genes involved in phenylpropanoid pathway were distinctly
regulated when comparing treatment group with control group. The genes encoding peroxi-
dase (POD), coniferyl-aldehyde dehydrogenase (ALDH), trans-cinnamate 4-monooxygenase
(CYP73A), and beta-glucosidase (BGLU) were up-regulated, but cinnamyl-alcohol dehydroge-
nase (CAD) was down-regulated (Fig 7B and S15 Table).

Validation of differentially expressed genes by qPCR

To further validate the transcriptome data, we selected the top 20 genes (up-regulated and
down-regulated) with significant differences in each treatment for cluster analysis (S2 Fig). In
the treatment vs control comparison, genes encoding NCR peptides, EHBP1 proteins, E3 ubi-
quitin-proteins, and early nodulin proteins were significantly up-regulated, while genes encod-
ing Na*/H" antiporters, auxin-induced proline rich proteins, ferredoxin-NADP reductase,
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calmodulin binding protein and ethylene-responsive transcription factors were significantly
down-regulated (Fig 5A). In the recovery vs treatment comparison, genes encoding cell wall
proteins and NADPH oxidases were significantly up-regulated, while genes encoding ethyl-
ene-responsive transcription factors and resistance-like proteins were down-regulated. These
results indicated that many genes encoding proteins and transcription factors may function
together to coordinate drought stress response.

Furthermore, another 10 genes related to drought stress were also selected for verification
by qPCR (Fig 8 and S16 Table). Among them, 5 genes were co-expressed as shown in the venn
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diagram (Fig 4A). The other 5 genes were randomly selected from those that were significantly
regulated in the treatment and control combinations, which included genes encoding Myb/
SANT-like DNA-binding domain protein, tocopherol cyclase, zinc-binding alcohol dehydro-
genase family protein, auxin induced proline rich protein and ethylene-responsive transcrip-
tion factor ERF110. Among these ten genes that were analyzed by qPCR, seven of them were
verified to have the same expression pattern as from the transcriptome data. In particular, the
expression levels of genes encoding trithorax group protein, Apprl processing enzyme family
protein, and 30S ribosomal protein were decreased by PEG treatment but increased after
recovery (Fig 8). In addition, genes encoding MYB and zinc-binding proteins were up-regu-
lated by PEG treatment, whereas auxin-related and AP2 genes were down-regulated by PEG
treatment (Fig 8). These results verified the accuracy and reliability of the transcriptome
sequencing data, suggesting that these genes may function in drought response and they may
be explored for alfalfa breeding with drought-resistance.

Discussion

In the present study, we have provided detailed information on the physiological and tran-
scriptome data of M. falcata under drought stress. It can be inferred that M. falcata exhibit
stress tolerance mechanism under simulated drought stress. The increase in SOD, POD, and
CAT activities (Fig 1), and conductivity and soluble sugar content after stress treatment, indi-
cated that M. falcata possessed a better ROS scavenging ability to resist drought. It was shown
that the increase in activity of these enzymes could eliminate ROS and peroxides induced by
stress and in turn inhibit the peroxidation of the plasma membrane, and protect cells from
damage [38-40]. Our results suggest that M. falcata regulates the activity of defense enzymes
to reduce the accumulation of harmful substances.

In this study, we also performed transcriptome sequencing and identified 255,014 unigenes
in M. falcata (S2 Table). The N50 length of the unigenes was 1,026 bp, and the average length
was 654 bp. These results were comparable to those obtained in recently published transcrip-
tomic analyses of other plant species, such as Reaumuria soongorica (N50 = 1,109 bp, average
length = 677 bp) [41] and Litchi (N50 = 811 bp, average length = 601 bp) [42]. In addition,
more than 80% of the identified unigenes (220,137, 86.32% of the total) were successfully
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annotated using BLAST searches with the public Nr, Nt, Swiss-Prot, GO, COG, and KEGG
databases. This is a considerable proportion, given the absence of genomic information on M.
falcata (S7 Table). In the NR database, 75.2% of the gene function was annotated. The most
common KOG annotation was “general function prediction only”, and this result was consis-
tent with previous studies on alfalfa [43], indicating the great potential for gene function explo-
ration in this plant species. Among these seven databases, 86.32% of the sequences were
successfully annotated in at least one database. This means that 13.68% of the obtained gene
sequences were not annotated, suggesting that these sequences may be associated with unique
physiological processes or stress resistance mechanism in M. falcata (S7 Table). However,
incomplete annotation may also result from technical limitations such as low sequencing
depth or short read length as reported in other studies [44].

In this study, high-throughput sequencing data was used to characterize the transcriptome
of M. falcata, the genomic data of which is currently unavailable. Our study provided the first
fully characterized physiological, transcriptome and a comprehensive foundation for future
molecular studies on M. falcata. In many studies, digital gene expression sequences could be
mapped to the assembled transcriptome for further gene expression analysis. However, tran-
scriptome sequencing results should be verified by qPCR, as was performed in a recent study
for Oxytropis ochrocephala Bunge [45]. Many candidate genes involved in drought stress were
identified from the RNA-seq data, and we also verified differential expression of 7 specific
genes related to drought stress using qPCR. It has long been known that extensive changes in
gene expression, including both up-regulated (456 genes) and down-regulated (250 genes) key
genes (Fig 4B), occur when plants are exposed to drought stress as in other studies [46,47].
These results suggested that plants varied in their abilities to adapt to drought stress. In
extreme cases, gene expression in desert plants may differ extensively from those in inland
plants, and differences in gene expression patterns may confer enhanced ability for desert
plants in response to drought stress.

In addition, drought-related genes are highly expressed, possibly through increased binding
of specific transcription factors (ERF/AP2 and MYB) [48-51] (Fig 6) to improve drought toler-
ance, and this finding agrees with previously published works showing that the over-expres-
sion of AP2 transcription factor NtERF172 conferred drought resistance [51]. Moreover,
alcohol dehydrogenase involved in catalytic decomposition of ethanol, which is eventually oxi-
dized into CO, and H,O, providing an intermediate product for plant metabolism, eliminate
the toxic effects of aldehydes [52], and reduced the toxicity of aldehydes under drought stress
[53]. In our study, the gene encoding alcohol dehydrogenase was up-regulated, therefore, it
could be the key gene in response to drought stress in M. falcata.

Moreover, GO and KEGG enrichment analyses on DEGs revealed that a number of differ-
ential expressed genes were most strongly enriched in biological processes, including citrate
cycle (TCA cycle), fatty acid metabolism, carbon fixation in photo synthetic organisms and
ribosome, enzymes distributed with a large proportion (S9 Table and Fig 5), indicating a vari-
ety of metabolites were synthesized via active metabolic processes in leaves of M. falcata. It has
been demonstrated that powerful capability of RNA-Seq technique in identification of novel
genes from non-model organisms, and these annotations also provided a valuable resource to
study specific processes, and pathways involved in various plant growth and development as in
other plant species [54].

Significantly enriched pathways identified by KEGG enrichment analysis include the phe-
nylpropanoid biosynthesis, glycolysis/gluconeogenesis and flavonoid biosynthesis (S9 Table).
These important pathways were also found to be significantly regulated under drought resis-
tance in rice [55,56]. Our results also showed that drought stress affected plant respiration,
enzyme activity, and metabolic-related processes. It was also revealed that phenylpropanoid
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biosynthesis was enriched during drought treatment in our study, which was consistent with
another research [57,58]. Actually, phenylpropanoids with the greatest potential to reduce
ROS were almost exclusively synthesized in response to a plethora of drought stresses [59]. In
other studies, plants have resisted external pressures caused by drought stress by increasing
antioxidant enzyme (SOD, POD, CAT) activity [60], POD is an essential antioxidant enzyme
for plants and it acts synergistically with SOD, CAT, glutathione peroxidase, etc. in a variety of
crops to remove harmful free radicals under adverse conditions. Interestingly, six enzymes
annotated as peroxidase (POD) of the phenylpropanoid biosynthesis pathway (P<0.05) were
up-regulated in treatment when compared to control (Fig 7B). In particular, the increased tol-
erance to drought stress is related to the enhanced phenylpropanoid pathway, which thereby
could increase activity of antioxidant enzymes and reduced membrane damage [8]. Our results
demonstrated that M. falcata also possesses a ROS scavenging system that responds to drought
stress. The changes of POD reported here were consistent with an increased concentration of
antioxidant enzymes, enabling plants to respond to stress and further to adapt to changes in
external environment, and this is consistent with increased level of POD (Fig 1D).

The glycolysis/gluconeogenesis pathway mainly affected ATP supply to respond to abiotic
stress [61]. In our study, pyruvate kinase was significantly up-regulated in the treatment and
control groups, which is one of the main rate-limiting enzymes in glycolysis (Fig 7A). During
glycolysis, pyruvate kinase can convert ADP into ATP, it is presumed that increase in expres-
sion level of PK gene may have produced more energy via the glycolysis pathway to tolerate
drought [13]. It was reported that accumulation of pyruvate in glycolysis pathway has great
impacts, and pyruvate decarboxylase (PDC) controls the anaerobic fermentation of pyruvate.
In our study, expression level of PDC gene was significantly up-regulated under drought,
therefore, increase of PDC in M. falcata under drought stress not only ensure continuity of the
glycolysis process, but also consumes NADH produced during glycolysis process, to avoid
cells be damaged by acidification. In summary, efficient up-regulation of genes of entire anaer-
obic metabolic machinery is essential to provide tolerance against drought [13].

In recent years, increasing research in molecular mechanism were focused on plant
responses to drought stress, including studies on gene expression and signaling pathways. It
becomes a critical breeding objective to search for drought resistance related genes from M.
falcata and apply them in the improvement of alfalfa productivity in many drought-prone
environment; it is of great theoretical and practical significance to dissect drought tolerance
mechanism in M. falcata. In alfalfa, various regulatory mechanisms were developed to deal
with drought, and to avoid or minimize cellular damage caused by drought stress, including
higher proline, soluble sugar, malondialdehyde, SOD, POD, CAT content accumulation
[38,62]. Furthermore, sequencing strategy was also used to identify drought-responsive micro-
RNAs in alfalfa root and leaf tissue [63]. By analyzing the response of M. falcata to drought
stress during different stress time, we have detected two significantly enriched pathways,
together with 5 genes that are associated with drought resistance. It was evident that phenyl-
propanoids and glycolysis may play a role in countering drought-induced oxidative damage.
This function may be of great value when key components of the highly coordinated network
of antioxidant defense are impaired. In addition, the candidate genes can be used as a basis in
molecular breeding to improve drought resistance and yields of alfalfa.

Conclusion

In conclusion, we reported the physiological and transcriptome changes in M. falcata under
drought treatment and recovery. First of all, our results revealed the relationship between
physiological and transcriptome changes under drought stress in M. falcata. Besides, gene
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enrichment analyses on differentially expressed genes revealed that phenylpropanoid biosyn-
thesis (ko00940) and glycolysis/gluconeogenesis (ko00010) were the two key pathways
involved in drought response in M. falcata. Finally, the expression levels of seven DEGs were
verified to be involved in drought response in M. falcata by qPCR analysis. Taken together,
these results will provide valuable information related to drought stress response in M. falcata
and lay a foundation for molecular studies and genetic breeding of legume crops in future
research.

Supporting information

S1 Fig. Statistics analysis of nonredundant (nr) peptide database. A BLASTx comparison of
the M. falcata transcriptome to NCBI nonredundant (nr) peptide database showing percentage
of hits with other plant species.

(TIF)

S2 Fig. Twenty most highly expressed DEGs in each combination aligned with FPKM
value. (A) treatment vs control. (B) recovery vs treatment. (C) recovery vs control. Red indi-
cates low levels of expression and green indicates high levels of expression.

(TIF)

S3 Fig. Relative expression level of 10 POD genes and one SOD genes. POD and SOD genes
that were differentially expressed in the control, PEG-treatment and recovery groups as shown

in heatmap. Color from blue to red indicate the expression level from low to high.
(JPG)

S§1 Table. Sequences of primers used for qPCR.
(XLSX)

$2 Table. Data output quality.
(XLSX)

§3 Table. Number of transcripts/unigenes of different length.
(XLSX)

S4 Table. Analysis of transcripts/unigenes length.
(XLSX)

S5 Table. Analysis of FPKM.
(XLSX)

S6 Table. Analysis of percentage of gene annotation.
(XLSX)

$7 Table. Number and proportion of genes in M. falcata for NR comparison with other
plant species.
(XLSX)

S8 Table. GO classification of unigenes from M. falcata.
(XLSX)

S9 Table. KOG classification of unigenes from M. falcata.
(XLSX)

$10 Table. KEGG classification of unigenes from M. falcata.
(XLSX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0266542  April 7, 2022 17/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266542.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266542.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266542.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266542.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266542.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266542.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266542.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266542.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266542.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266542.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266542.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266542.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266542.s013
https://doi.org/10.1371/journal.pone.0266542

PLOS ONE

Analyses of drought responses in Medicago falcata

S11 Table. Significant GO enrichment terms for identified DEGs.
(XLSX)

$12 Table. Significant KEGG enrichment analysis of DEGs.
(XLSX)

$13 Table. Number of transcription factor genes in M. falcata.
(XLSX)

$14 Table. Details information of transcription factor genes that were differentially
expressed.
(XLSX)

S15 Table. The DEGs related to phenylpropanoid and glycolysis/gluconeogenesis pathway.
(XLSX)

$16 Table. Information of DEGs verified by qPCR.
(XLSX)

Author Contributions

Conceptualization: Lili Gu, Yanhui Zhang, Bo Zhang.
Data curation: Qian Li, Yuxiang Wang.
Investigation: Qian Li.

Resources: Bo Zhang.

Software: Jiaxing Song, Chenjian Li.

Supervision: Bo Zhang.

Writing - original draft: Qian Li, Lili Gu.

Writing - review & editing: Yongzhen Pang.

References

1. Ding YF, Tao YL, Zhu C. Emerging roles of microRNAs in the mediation of drought stress response in
plants. Journal of Experimental Botany. 2013; 64(11): 3077-3086. https://doi.org/10.1093/jxb/ert164
PMID: 23814278

2. Castroluna A, Ruiz OM, Quiroga AM, Pedranzani HE. Effects of salinity and drought stress on germina-
tion, biomass and growth in three varieties of Medicago sativa L. Avances En Investigacion Agrope-
cuaria. 2014; 18(1): 39-50. https://www.researchgate.net/publication/262564581.

3. LiuM, Wang TZ, Zhang WH. Sodium extrusion associated with enhanced expression of SOS1 under-
lies different salt tolerance between Medicago falcata and Medicago truncatula seedlings. Environmen-
tal and Experimental Botany. 2015; 110: 46-55. https://doi.org/10.1016/j.envexpbot.2014.09.005

4. RayIM, Han YH, Lei E, Meenach CD, Santantonio N, Sledge MK, et al. Identification of quantitative trait
loci for alfalfa forage biomass productivity during drought stress. Crop Science. 2015; 55: 2012-2033.
https://doi.org/10.2135/cropsci2014.12.084

5. Lawlor DW. Genetic engineering to improve plant performance under drought: physiological evaluation
of achievements, limitations, and possibilities. Journal of Experimental Botany. 2013; 64(1): 83—108.
https://doi.org/10.1093/jxb/ers326 PMID: 23162116

6. Ahammed GJ, Li CX, Li X, Liu A, Chen S, Zhou J. Overexpression of tomato RING E3 ubiquitin ligase
gene SIRING1 confers cadmium tolerance by attenuating cadmium accumulation and oxidative stress.
Physiologia Plantarum. 2020 Dec 08. https://doi.org/10.1111/ppl.13294 PMID: 33616963

7. Ahammed GJ, Li X, Liu A, Chen S. Brassinosteroids in plant tolerance to abiotic stress. Journal of Plant
Growth Regulation. 2020; 39(3): 1451-1464. https://doi.org/10.1007/s00344-020-10098-0

PLOS ONE | https://doi.org/10.1371/journal.pone.0266542  April 7, 2022 18/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266542.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266542.s015
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266542.s016
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266542.s017
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266542.s018
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266542.s019
https://doi.org/10.1093/jxb/ert164
http://www.ncbi.nlm.nih.gov/pubmed/23814278
https://www.researchgate.net/publication/262564581
https://doi.org/10.1016/j.envexpbot.2014.09.005
https://doi.org/10.2135/cropsci2014.12.084
https://doi.org/10.1093/jxb/ers326
http://www.ncbi.nlm.nih.gov/pubmed/23162116
https://doi.org/10.1111/ppl.13294
http://www.ncbi.nlm.nih.gov/pubmed/33616963
https://doi.org/10.1007/s00344-020-10098-0
https://doi.org/10.1371/journal.pone.0266542

PLOS ONE

Analyses of drought responses in Medicago falcata

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Li XR, Zhang X, Liu GP, Tang Y, Zhou CJ, Zhang LX; et al. The spike plays important roles in the drought
tolerance as compared to the flag leaf through the phenylpropanoid pathway in wheat. Plant Physiology
and Biochemistry. 2020; 152: 100—111. https://doi.org/10.1016/j.plaphy.2020.05.002 PMID: 32408177

Xiong LM, Schumaker KS, Zhu JK. Cell signaling during cold, drought, and salt stress. Plant Cell. 2002;
14(Suppl): S165-1883. https://doi.org/10.1105/tpc.000596 PMID: 12045276

Tardieu F, Simonneau T, Muller B. The physiological basis of drought tolerance in crop plants: a sce-
nario-dependent probabilistic approach. Annual Review of Plant Biology. 2018; 69: 733-759. https:/
doi.org/10.1146/annurev-arplant-042817-040218 PMID: 29553801

Ma DY, Sun DX, Wang CY, Qin HX, Ding HN, Li YG, et al. Silicon application alleviates drought stress
in wheat through transcriptional regulation of multiple antioxidant defense pathways. Journal of Plant
Growth Regulation. 2016; 35: 1-10. https://doi.org/10.1007/s00344-015-9500-2

Ma DY, Sun DX, Wang CY, Li YG, Gu TC. Expression of flavonoid biosynthesis genes and accumula-
tion of flavonoid in wheat leaves in response to drought stress. Plant Physiology and Biochemistry.
2014; 80: 60-66. https://doi.org/10.1016/j.plaphy.2014.03.024 PMID: 24727789

Zeng WJ, Peng YL, Zhao XQ, Wu BY, Chen FQ, Ren B, et al. Comparative proteomics analysis of the
seedling root response of drought-sensitive and drought-tolerant maize varieties to drought stress.
International Journal of Molecular Sciences. 2019; 20(11): 2793-2815. https://doi.org/10.3390/
ijms20112793 PMID: 31181633

Kang Y, Han YH, Torres-Jerez I, Wang MY, Tang YH, Monteros M, et al. System responses to long-
term drought and re-watering of two contrasting alfalfa varieties. Plant Journal. 2011; 68(5): 871-889.
https://doi.org/10.1111/j.1365-313X.2011.04738.x PMID: 21838776

Zhang LL, Zhao MG, Tian QY, Zhang WH. Comparative studies on tolerance of Medicago truncatula
and Medicago falcatato freezing. Planta. 2011; 234: 445-457. https://doi.org/10.1007/s00425-011-
1416-x PMID: 21523386

Tan JL, Wang CY, Xiang B, Han RH, Guo ZF. Hydrogen peroxide and nitric oxide mediated cold- and
dehydration-induced myo-inositol phosphate synthase that confers multiple resistances to abiotic
stresses. Plant Cell and Environment. 2012; 36(2): 288—299. https://doi.org/10.1111/.1365-3040.
2012.02573.x PMID: 22774933

Zhuo CL, Cai JL, Guo ZF. Overexpression of early light-induced protein (ELIP) gene from Medicago
sativa ssp. falcata increases tolerance to abiotic stresses. Agronomy Journal. 2013; 105(5): 1433—
1440. https://doi.org/10.2134/agronj2013.0155

Duan M, Zhang RX, Zhu FG, Zhang ZQ, Gou LM, Wen JQ, et al. A lipid-anchored NAC transcription fac-
tor is translocated into the nucleus and activates glyoxalase | expression during drought stress. Plant
Cell. 2017; 29: 1748-1772. https://www.plantcell.org/cgi/doi/10.1105/tpc.17.00044. PMID: 28684428

Wang TZ, Chen L, Zhao MG, Tian QY, Zhang WH. Identification of drought-responsive microRNAs in
Medicago truncatula by genome-wide high-throughput sequencing. BMC Genomics. 2011; 12: 367—
377. https://doi.org/10.1186/1471-2164-12-367 PMID: 21762498

Wang TZ, Zhao MG, Zhang WH. Construction and analyses of two suppression subtractive hybridiza-
tion libraries of Medicago falcata and Medicago truncatula under drought stress. Acta Prataculturae
Sinica. 2012; 21(6): 175—-181.

Xie ZL, Nolan T, Jiang H, Tang BY, Zhang MC, Li ZH, et al. The AP2/ERF transcription factor TINY
modulates brassinosteroid-regulated plant growth and drought responses in Arabidopsis. Plant Cell.
2019; 31: 1788—1806. https://www.plantcell.org/cgi/doi/10.1105/tpc.18.00918. PMID: 31126980

Kumar M, Chauhan AS, Kumar M, Yusuf MA, Sanyal |, Chauhan PS. Transcriptome sequencing of
chickpea (Cicer arietinum L.) genotypes for identification of drought-responsive genes under drought
stress condition. Plant Molecular Biology Reporter. 2019; 37: 186—-203. https://doi.org/10.1007/
$11105-019-01147-4

Oliveira VR, Do NLC, Jorge MCM, Gongalo AGP, Marcelo FC. Identification of SNPs in RNA-seq data of
two cultivars of Glycine max (soybean) differing in drought resistance. Genetics and Molecular Biology.
2012; 35, 1 (suppl): 331-334. https://doi.org/10.1590/S1415-47572012000200014 PMID: 22802718

Yates SA, Swain MT, Hegarty MJ, Chernukin |, Lowe M, Allison GG, et al. De novo assembly of red clo-
ver transcriptome based on RNA-Seq data provides insight into drought response, gene discovery and
marker identification. BMC Genomics. 2014; 15(1): 453—467. http://www.biomedcentral.com/1471-
2164/15/453. https://doi.org/10.1186/1471-2164-15-453 PMID: 24912738

Ma YH, Yu XX, Zhuo Y, Sun FC, Li XD, Li XL. RNA-seq of Agropyron mongolicum Keng in response to
drought stress. Grassland Science. 2018; 64(1): 3—15. https://doi.org/10.1111/grs.12176

Zhang JY, Cruz DCMH, Torres-Jerez I, Kang Y, Allen SN, Huhman DV, et al. Global reprogramming of
transcription and metabolism in Medicago truncatula during progressive drought and after rewatering.
Plant Cell and Environment. 2014; 37: 2553-2576. https://doi.org/10.1111/pce.12328 PMID:
24661137

PLOS ONE | https://doi.org/10.1371/journal.pone.0266542  April 7, 2022 19/21


https://doi.org/10.1016/j.plaphy.2020.05.002
http://www.ncbi.nlm.nih.gov/pubmed/32408177
https://doi.org/10.1105/tpc.000596
http://www.ncbi.nlm.nih.gov/pubmed/12045276
https://doi.org/10.1146/annurev-arplant-042817-040218
https://doi.org/10.1146/annurev-arplant-042817-040218
http://www.ncbi.nlm.nih.gov/pubmed/29553801
https://doi.org/10.1007/s00344-015-9500-2
https://doi.org/10.1016/j.plaphy.2014.03.024
http://www.ncbi.nlm.nih.gov/pubmed/24727789
https://doi.org/10.3390/ijms20112793
https://doi.org/10.3390/ijms20112793
http://www.ncbi.nlm.nih.gov/pubmed/31181633
https://doi.org/10.1111/j.1365-313X.2011.04738.x
http://www.ncbi.nlm.nih.gov/pubmed/21838776
https://doi.org/10.1007/s00425-011-1416-x
https://doi.org/10.1007/s00425-011-1416-x
http://www.ncbi.nlm.nih.gov/pubmed/21523386
https://doi.org/10.1111/j.1365-3040.2012.02573.x
https://doi.org/10.1111/j.1365-3040.2012.02573.x
http://www.ncbi.nlm.nih.gov/pubmed/22774933
https://doi.org/10.2134/agronj2013.0155
https://www.plantcell.org/cgi/doi/10.1105/tpc.17.00044
http://www.ncbi.nlm.nih.gov/pubmed/28684428
https://doi.org/10.1186/1471-2164-12-367
http://www.ncbi.nlm.nih.gov/pubmed/21762498
https://www.plantcell.org/cgi/doi/10.1105/tpc.18.00918
http://www.ncbi.nlm.nih.gov/pubmed/31126980
https://doi.org/10.1007/s11105-019-01147-4
https://doi.org/10.1007/s11105-019-01147-4
https://doi.org/10.1590/S1415-47572012000200014
http://www.ncbi.nlm.nih.gov/pubmed/22802718
http://www.biomedcentral.com/1471-2164/15/453
http://www.biomedcentral.com/1471-2164/15/453
https://doi.org/10.1186/1471-2164-15-453
http://www.ncbi.nlm.nih.gov/pubmed/24912738
https://doi.org/10.1111/grs.12176
https://doi.org/10.1111/pce.12328
http://www.ncbi.nlm.nih.gov/pubmed/24661137
https://doi.org/10.1371/journal.pone.0266542

PLOS ONE

Analyses of drought responses in Medicago falcata

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42,

43.

44,

45.

Yu LX, Zheng P, Bhamidimarri S, Liu XP, Main D. The impact of genotyping-by-sequencing pipelines
on SNP discovery and identification of markers associated with verticillium wilt resistance in autotetra-
ploid alfalfa (Medicago satival.). Frontiers in Plant Science. 2017; 8: 89—102. https://doi.org/10.3389/
fpls.2017.00089 PMID: 28223988

Miao ZY, Xu W, Li DF, Hu XN, Liu JX, Zhang RX, et al. De novo transcriptome analysis of Medicago fal-
catareveals novel insights about the mechanisms underlying abiotic stress-responsive pathway. BMC
Genomics. 2015; 16: 818-835. https://doi.org/10.1186/s12864-015-2019-x PMID: 26481731

Ding L, Wang XC. The role of abscisic acid in stomatal responses to drought stress. Agricultural
Research in the Arid Areas. 1993; 11(2): 50-56. http://en.cnki.com.cn/Article_en/CJFDTOTAL-
GHDQ199302009.htm.

Li H. The principle and technology of plant physiological and biochemical experiment. 3rd ed. Beijing:
Higher Education Press; 2014.

Qian P, Sun R, Ali B, Gill RA, Xu L, Zhou WJ. Effects of hydrogen sulfide on growth, antioxidative capac-
ity, and ultrastructural changes in oilseed rape seedlings under aluminum toxicity. Journal of Plant
Growth Regulation. 2013; 33: 526-538. https://doi.org/10.1007/s00344-013-9402-0

Kochba J, Lavee S, Roy SP. Difference in peroxidase activity and isoenzymes in embryogenic and non-
embryogenic ‘Shamouti’ orange ovular callus lines. Plant and Cell Physiology. 1977; 18(2): 463—467.
https://doi.org/10.1093/oxfordjournals.pcp.a075455

Singh BK, Sharma SR, Singh B. Antioxidant enzymes in cabbage: variability and inheritance of super-
oxide dismutase, peroxidase and catalase. Scientia Horticulturae. 2010; 124(1): 9—13. https://doi.org/
10.1016/j.scienta.2009.12.011

Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, Amit |, et al. Full-length transcriptome
assembly from RNA-seq data without a reference genome. Nature Biotechnology. 2011; 29: 644—-652.
https://doi.org/10.1038/nbt. 1883 PMID: 21572440

Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq data with or without a refer-
ence genome. BMC Bioinformatics. 2011; 12(1): 323-328. http://www.biomedcentral.com/1471-2105/
12/328.

Young MD, Wakefield MJ, Smyth GK, Oshlack A. Gene ontology analysis for RNA-seq: accounting for
selection bias. Genome Biology. 2010; 11: R14. http://genomebiology.com/2010/11/2/R14. https://doi.
org/10.1186/gb-2010-11-2-r14 PMID: 20132535

Vandesompele J, Preter KD, Pattyn F, Poppe B, Roy NV, Paepe AD, et al. Accurate normalization of
real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes. Genome
Biology. 2002; 3(7): research0034.1-0034.11. http://genomebiology.com/2002/3/7/research/0034.1.
https://doi.org/10.1186/gb-2002-3-7-research0034 PMID: 12184808

Quan WL, Liu X, Wang HQ, Chan ZL. Comparative physiological and transcriptional analyses of two
contrasting drought tolerant alfalfa varieties. Frontiers in Plant Science. 2016; 6: 1256. https://doi.org/
10.3389/fpls.2015.01256 PMID: 26793226

Miller GAD, Suzuki N, Ciftci-Yilmaz S, Mittler R. Reactive oxygen species homeostasis and signalling
during drought and salinity stresses. Plant Cell and Environment. 2010; 33: 453—-467. https://doi.org/
10.1111/j.1365-3040.2009.02041.x PMID: 19712065

Koh J, Chen G, Yoo MJ, Zhu N, Dufresne D, Erickson JE, et al. Comparative proteomic analysis of
Brassica napus in response to drought Stress. Journal of Proteome Research. 2015; 14(8): 3068—
3081. https://doi.org/10.1021/pr501323d PMID: 26086353

ShiY, Yan X, Zhao PS, Yin HX, Zhao X, Xiao HL, et al. Transcriptomic analysis of a tertiary relict plant,
extreme xerophyte Reaumuria soongorica to identify genes related to drought adaptation. PLoS One.
2013; 8(5): €63993. https://doi.org/10.1371/journal.pone.0063993 PMID: 23717523

Li CQ, Wang Y, Huang XM, Li J, Wang HC, Li JG. De novo assembly and characterization of fruit tran-
scriptome in Litchi chinensis Sonn and analysis of differentially regulated genes in fruit in response to
shading. BMC Genomics. 2013; 14(1): 552-567. http://www.biomedcentral.com/1471-2164/14/552.
https://doi.org/10.1186/1471-2164-14-552 PMID: 23941440

Qi X, Min XY, Zhang ZS, Sun QZ, Liu WX. Identification and expression analysis of transcription factors
in alfalfa under low temperature stress. Pratacultural Science. 2017; 34(09): 1824—1829.

Novaes E, Drost DR, Farmerie WG, P GJ Jr, Grattapaglia D, Sederoff RR, et al. High-throughput gene
and SNP discovery in Eucalyptus grandis, an uncharacterized genome. BMC Genomics. 2008; 9: 312—
325. http://www.biomedcentral.com/1471-2164/9/312. https://doi.org/10.1186/1471-2164-9-312 PMID:
18590545

Zhuang HH, Fu YP, He W, Wang L, Wei YH. Selection of appropriate reference genes for quantitative
real-time PCR in Oxytropis ochrocephala Bunge using transcriptome datasets under abiotic stress
treatments. Frontiers in Plant Science. 2015; 6: 475—-485. https://doi.org/10.3389/fpls.2015.00475
PMID: 26175743

PLOS ONE | https://doi.org/10.1371/journal.pone.0266542  April 7, 2022 20/21


https://doi.org/10.3389/fpls.2017.00089
https://doi.org/10.3389/fpls.2017.00089
http://www.ncbi.nlm.nih.gov/pubmed/28223988
https://doi.org/10.1186/s12864-015-2019-x
http://www.ncbi.nlm.nih.gov/pubmed/26481731
http://en.cnki.com.cn/Article_en/CJFDTOTAL-GHDQ199302009.htm
http://en.cnki.com.cn/Article_en/CJFDTOTAL-GHDQ199302009.htm
https://doi.org/10.1007/s00344-013-9402-0
https://doi.org/10.1093/oxfordjournals.pcp.a075455
https://doi.org/10.1016/j.scienta.2009.12.011
https://doi.org/10.1016/j.scienta.2009.12.011
https://doi.org/10.1038/nbt.1883
http://www.ncbi.nlm.nih.gov/pubmed/21572440
http://www.biomedcentral.com/1471-2105/12/323
http://www.biomedcentral.com/1471-2105/12/323
http://genomebiology.com/2010/11/2/R14
https://doi.org/10.1186/gb-2010-11-2-r14
https://doi.org/10.1186/gb-2010-11-2-r14
http://www.ncbi.nlm.nih.gov/pubmed/20132535
http://genomebiology.com/2002/3/7/research/0034.1
https://doi.org/10.1186/gb-2002-3-7-research0034
http://www.ncbi.nlm.nih.gov/pubmed/12184808
https://doi.org/10.3389/fpls.2015.01256
https://doi.org/10.3389/fpls.2015.01256
http://www.ncbi.nlm.nih.gov/pubmed/26793226
https://doi.org/10.1111/j.1365-3040.2009.02041.x
https://doi.org/10.1111/j.1365-3040.2009.02041.x
http://www.ncbi.nlm.nih.gov/pubmed/19712065
https://doi.org/10.1021/pr501323d
http://www.ncbi.nlm.nih.gov/pubmed/26086353
https://doi.org/10.1371/journal.pone.0063993
http://www.ncbi.nlm.nih.gov/pubmed/23717523
http://www.biomedcentral.com/1471-2164/14/552
https://doi.org/10.1186/1471-2164-14-552
http://www.ncbi.nlm.nih.gov/pubmed/23941440
http://www.biomedcentral.com/1471-2164/9/312
https://doi.org/10.1186/1471-2164-9-312
http://www.ncbi.nlm.nih.gov/pubmed/18590545
https://doi.org/10.3389/fpls.2015.00475
http://www.ncbi.nlm.nih.gov/pubmed/26175743
https://doi.org/10.1371/journal.pone.0266542

PLOS ONE

Analyses of drought responses in Medicago falcata

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Shanker AK, Maheswari M, Yadav SK, Desai S, Bhanu D, Attal NB, et al. Drought stress responses in
crops. Functional and Integrative Genomics. 2014; 14: 11-22. https://doi.org/10.1007/s10142-013-
0356-x PMID: 24408129

Kaur G, Asthir B. Molecular responses to drought stress in plants. Biologia Plantarum. 2016; 61: 1-10.
https://doi.org/10.1007/s10535-016-0700-9

Wang XH, Han HY, Yan J, Chen F, Wei W. A new AP2/ERF transcription factor from the oil plant Jatro-
pha curcas confers salt and drought tolerance to transgenic tobacco. Applied Biochemistry and Biotech-
nology. 2015; 176(2): 582-597. https://doi.org/10.1007/s12010-015-1597-z PMID: 25935218

Zhang PY, Qiu X, Fu JX, Wang GR, Li W, Wang TC. Systematic analysis of differentially expressed
ZmMYB genes related to drought stress in maize. Physiology and Molecular Biology of Plants. 2021;
27:1295-1309. https://doi.org/10.1007/s12298-021-01013-2 PMID: 34177148

Wen XJ, Geng F, Cheng YJ, Wang JQ. Ectopic expression of CsMYB30from Citrus sinensis enhances
salt and drought tolerance by regulating wax synthesis in Arabidopsis thaliana. Plant Physiology and
Biochemistry. 2021; 166: 777—788. https://doi.org/10.1016/j.plaphy.2021.06.045 PMID: 34217134

Zhao Q, Hu RS, Liu D, Liu X, Wang J, Xiang XH, et al. The AP2 transcription factor NtERF 172 confers
drought resistance by modifying NtCAT. Plant Biotechnology Journal. 2020; 18(12): 2444—2455.
https://doi.org/10.1111/pbi.13419 PMID: 32445603

Zeng WJ, Peng YL, Zhao XQ, Wu BY, Chen FQ, Ren B, et al. Comparative proteomics analysis of the
seedling root response of drought-sensitive and drought-tolerant maize varieties to drought stress.
International Journal of Molecular Sciences. 2019; 20: 2793-2815. https://doi.org/10.3390/
ijims20112793 PMID: 31181633

Sunkar R, Bartels D, Kirch HH. Overexpression of a stress-inducible aldehyde dehydrogenase gene
from Arabidopsis thaliana in transgenic plants improves stress tolerance. Plant Journal. 2003; 35: 452—
464. https://doi.org/10.1046/j.1365-313x.2003.01819.x PMID: 12904208

Wang H, Tong W, Feng L, Jiao Q, Long L, Fang RJ, et al. De novo transcriptome analysis of mulberry
(Morus L.) under drought stress using RNA-seq technology. Russian Journal of Bioorganic Chemistry.
2014; 40(4): 458-467. PMID: 25898756.

Lenka SK, Katiyar A, Chinnusamy V, Bansal KC. Comparative analysis of drought-responsive transcrip-
tome in Indica rice genotypes with contrasting drought tolerance. Plant Biotechnology Journal. 2015; 9
(3): 315-327. https://doi.org/10.1111/j.1467-7652.2010.00560.x PMID: 20809928

Ithal N and Reddy AR. Rice flavonoid pathway genes, OsDfrand OsAns, are induced by dehydration,
high salt and ABA, and contain stress responsive promoter elements that interact with the transcription
activator, OsC1-MYB. Plant Science. 2004; 166(6): 1505—1513. https://doi.org/10.1016/j.plantsci.
2004.02.002

Gao F, Wang JY, Wei SJ, Li ZL, Wang N, Li HY, et al. Transcriptomic analysis of drought stress
responses in Ammopiptanthus mongolicus leaves using the RNA-seq technique. PLoS One. 2015; 10
(4): e0124382. https://doi.org/10.1371/journal.pone.0124382 PMID: 25923822

Patel M, Fatnani D, Parida AK. Silicon-induced mitigation of drought stress in peanut genotypes (Ara-
chis hypogaea L.) through ion homeostasis, modulations of antioxidative defense system, and meta-
bolic regulations. Plant Physiology and Biochemistry. 2021; 166: 290-313. https://doi.org/10.1016/j.
plaphy.2021.06.003 PMID: 34146784

Sharma A, Shahzad B, Rehman A, Bhardwaj R, Landi M, Zheng BS. Response of phenylpropanoid
pathway and the role of polyphenols in plants under abiotic stress. Molecules. 2019; 24(13): 2452.
https://doi.org/10.3390/molecules24132452 PMID: 31277395.

Duan ZQ, Ba L, Zhao ZG, Zhang GP, Cheng FM, Jiang LX, et al. Drought-stimulated activity of plasma
membrane NADPH oxidase and its catalytic properties in rice. Journal of Integrative Plant Biology.
2009; 51: 1104-1115. CNKI:SUN:ZWXB.0.2009-12-006. https://doi.org/10.1111/j.1744-7909.2009.
00879.x PMID: 20021558

Waititu JK, Zhang XG, Chen TC, Zhang CY, Zhao Y, Wang H. Transcriptome analysis of tolerant and
susceptible maize genotypes reveals novel insights about the molecular mechanisms underlying
drought responses in leaves. International Journal of Molecular Science. 2021; 22: 6980. https://doi.
0rg/10.3390/ijms22136980 PMID: 34209553

Zhu XQ, Zhang XY, Shi SL, Nan LL, He CY. Comparison on the root drought resistance of four alfalfa
cultivars under drought stress. Journal of Gansu Agricultural University. 2012; 47: 103—107. https://doi.
org/10.13432/j.cnki.jgsau.2012.01.017

Aung B, Gao R, Gruber MY, Yuan Z, Sumarah M, Hannoufa A. MsmiR 156 affects global gene expres-
sion and promotes root regenerative capacity and nitrogen fixation activity in alfalfa. Transgenic
Research. 2017; 26: 541-557. https://doi.org/10.1007/s11248-017-0024-3 PMID: 28547343

PLOS ONE | https://doi.org/10.1371/journal.pone.0266542  April 7, 2022 21/21


https://doi.org/10.1007/s10142-013-0356-x
https://doi.org/10.1007/s10142-013-0356-x
http://www.ncbi.nlm.nih.gov/pubmed/24408129
https://doi.org/10.1007/s10535-016-0700-9
https://doi.org/10.1007/s12010-015-1597-z
http://www.ncbi.nlm.nih.gov/pubmed/25935218
https://doi.org/10.1007/s12298-021-01013-2
http://www.ncbi.nlm.nih.gov/pubmed/34177148
https://doi.org/10.1016/j.plaphy.2021.06.045
http://www.ncbi.nlm.nih.gov/pubmed/34217134
https://doi.org/10.1111/pbi.13419
http://www.ncbi.nlm.nih.gov/pubmed/32445603
https://doi.org/10.3390/ijms20112793
https://doi.org/10.3390/ijms20112793
http://www.ncbi.nlm.nih.gov/pubmed/31181633
https://doi.org/10.1046/j.1365-313x.2003.01819.x
http://www.ncbi.nlm.nih.gov/pubmed/12904208
http://www.ncbi.nlm.nih.gov/pubmed/25898756
https://doi.org/10.1111/j.1467-7652.2010.00560.x
http://www.ncbi.nlm.nih.gov/pubmed/20809928
https://doi.org/10.1016/j.plantsci.2004.02.002
https://doi.org/10.1016/j.plantsci.2004.02.002
https://doi.org/10.1371/journal.pone.0124382
http://www.ncbi.nlm.nih.gov/pubmed/25923822
https://doi.org/10.1016/j.plaphy.2021.06.003
https://doi.org/10.1016/j.plaphy.2021.06.003
http://www.ncbi.nlm.nih.gov/pubmed/34146784
https://doi.org/10.3390/molecules24132452
http://www.ncbi.nlm.nih.gov/pubmed/31277395
https://doi.org/10.1111/j.1744-7909.2009.00879.x
https://doi.org/10.1111/j.1744-7909.2009.00879.x
http://www.ncbi.nlm.nih.gov/pubmed/20021558
https://doi.org/10.3390/ijms22136980
https://doi.org/10.3390/ijms22136980
http://www.ncbi.nlm.nih.gov/pubmed/34209553
https://doi.org/10.13432/j.cnki.jgsau.2012.01.017
https://doi.org/10.13432/j.cnki.jgsau.2012.01.017
https://doi.org/10.1007/s11248-017-0024-3
http://www.ncbi.nlm.nih.gov/pubmed/28547343
https://doi.org/10.1371/journal.pone.0266542

