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Abstract 

Background Mongolian grasslands, including the Gobi Desert, have been exposed to drought conditions with few 
rains. In such harsh environments, plants with highly resistant abilities against drought stress survive over long 
periods. We hypothesized that these plants could harbor novel and valuable genes for enhancing drought stress 
resistance.

Results In this study, we identified Chloris virgata, a Mongolian grassland plant with strong drought resistance. 
RNA-seq-based transcriptome analysis was performed to uncover genes associated with drought stress resistance 
in C. virgata. De novo transcriptome assembly revealed 25,469 protein-coding transcripts and 1,219 upregulated 
genes after 3- and 6-hr drought stress treatments. Analysis by homology search and Gene Ontology (GO) enrich-
ment indicated that abscisic acid (ABA)- and drought stress-related GO terms were enriched. Among the highly 
induced genes, ten candidate cDNAs were selected and overexpressed in Arabidopsis. When subjected to drought 
stress, three of these genes conferred strong drought resistance in the transgenic plants. We named these genes 
Mongolian Grassland plant Drought-stress resistance genes 1, 2, and 3 (MGD1, MGD2, and MGD3). Gene expression 
analyses in the transformants suggested that MGD1, MGD2, and MGD3 may activate drought stress-related signalling 
pathways.

Conclusion This study highlighted the drought resistance of C. virgata and identified three novel genes that enhance 
drought stress resistance.
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Background
Mongolia is located at more than 1500 m in elevation and 
features steppe grasslands, mountains, and deserts with-
out oceans. Summer in the Mongolian grassland is short, 
with little rain, and the winter is cold, with temperatures 
less than −20°C. In particular, in the Gobi Desert area of 
Mongolia, the climate is highly continental and dry, and 
the annual rainfall is only 50 mm [1]. In the Mongolian 
grassland, only plants with rapid growth abilities to adapt 
to the short summer and drought stress resistance char-
acteristics can survive under these severe conditions.

Climate change with global warming is a severe prob-
lem for human society. Abnormal climates reduce crop 
and vegetable production in agriculture and extend 
desert areas, accelerating climate instability in a vicious 
cycle. Drought stress affects plants at morphological, 
physiological, biochemical, and molecular levels. In 
Arabidopsis thaliana (hereafter Arabidopsis) and rice, 
drought stress has been shown to impair growth, pho-
tosynthesis, and reproductive processes, suggesting its 
broad impact across monocots and dicots [2–4].

Abscisic acid (ABA) is widely known for its critical role 
in plant drought defense mechanisms. Under drought 
conditions, the transcription of NINECIS-EPOXYCA-
ROTENOID DIOXYGENASE 3 (NCED3), a key gene that 
encodes the ABA biosynthesis enzyme, is significantly 
upregulated, leading to increased ABA accumulation 
[5]. This triggers the activation of ABA signalling path-
ways, which regulate processes such as stomatal closure 
and the expression of stress-responsive genes, including 
RESPONSIVE TO DESICCATION 29B (RD29B), thereby 
enhancing drought resistance [6, 7]. Besides these well-
characterized ABA-dependent pathways, the existence of 
ABA-independent pathways is known. Notably, the tran-
scription factor DEHYDRATION-RESPONSIVE ELE-
MENT-BINDING 2A (DREB2A) plays a pivotal role in 
enabling plants to withstand combined heat and drought 
stresses by activating a wide array of stress-responsive 
genes, thereby contributing to enhanced resistance under 
such adverse environmental conditions [8–10].

To unravel drought-stress mechanisms, transcrip-
tomics, such as microarray and RNA-seq analyses, has 
become a pivotal tool, offering comprehensive insights 
into gene expression under water-limited conditions. 
Early studies in the 1990s isolated nine Arabidopsis 
cDNAs responsive to desiccation, including the RD29 
family [11], which has since become a widely used 
drought stress marker [12]. Microarray analyses using 
Arabidopsis have provided valuable insights into highly 
drought-inducible genes [13] and tissue-specific drought-
inducible genes in leaves and roots [14]. Among them, 
a salt-tolerant zinc finger protein (STZ), a transcrip-
tion factor from the Cys2/His2-type (C2H2) family, is 

involved in the water-stress response, with transgenic 
plants overexpressing STZ showing improved drought 
resistance in Arabidopsis and cotton [15, 16]. Similarly, 
rice microarrays have identified drought-inducible genes, 
10 of which have been proposed as potentially serving 
as markers for drought stress responses [17]. One such 
gene, EID1-like F-box protein 3 (EDL3), has been shown 
to confer drought tolerance in Arabidopsis when overex-
pressed, with transgenic plants exhibiting improved resil-
ience to water limitation compared to wild-type plants 
[18]. RNA sequencing (RNA-seq), a technique developed 
through next-generation sequencing (NGS) technolo-
gies, has been widely employed not only for experimen-
tal plants but also for underutilized wild plant species. 
For example, RNA-seq analyses of highly salt-resistance 
wild species such as Sophora moorcroftiana [19] and 
Caragana korshinskii [20] have yielded insights into their 
adaptive mechanisms under drought conditions. How-
ever, studies on Mongolian grassland species remain 
limited.

Our previous research demonstrated that C. virgata 
Dornogovi accession, a Mongolian grassland species, 
exhibits the fastest germination rate and significant 
regrowth potential compared to agricultural crops [21]. 
Its rapid growth likely facilitates adaptation to the short 
summers of Mongolian grasslands. Using de novo RNA-
seq analysis, we identified 21,589 transcripts during the 
early growth stages of C. virgata. Given its growth in the 
arid Gobi Desert, we hypothesized that C. virgata also 
possesses strong drought resistance mechanisms. This 
study aimed to investigate the drought resistance of C. 
virgata and identify drought-inducible genes through 
RNA-seq analysis. The functional roles of candidate 
genes in drought stress resistance were further validated 
by transforming them into Arabidopsis.

Methods
Plant materials and growth conditions
C. virgata seeds were harvested from the native grassland 
of Dornogovi Province, Mongolia. The voucher speci-
mens were deposited in the Plant Herbarium Library of 
the Laboratory of Plant Biotechnology, National Univer-
sity of Mongolia (voucher number: 17.29.01) and iden-
tified by Dr. Shagdar Dariimaa. Rice (Oryza sativa L. 
cv. Nipponbare) seeds were obtained from the National 
Agriculture and Food Research Organization (NARO), 
Japan. Arabidopsis thaliana ecotype Columbia seeds 
were purchased approximately 20 years ago from Lehle 
Seeds (USA), a widely recognized supplier of Arabidopsis 
seeds. Rice and Arabidopsis seeds have been maintained 
and propagated in our laboratory since acquisition. 
Wheat (Triticum aestivum L. cv. Norin 61) and oat 
(Avena sativa L. cv. Tochiyutaka) seeds were purchased 
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from a seed supplier, Kuragi Co., Ltd. (Japan) and SNOW 
BRAND SEED Co., Ltd. (Japan), respectively. The seeds 
of C. virgata, rice, wheat, and oat were sterilized in 5% 
sodium chloride and 0.07% Tween-20 for 20 minutes and 
rinsed three times with sterile water for 10 minutes. For 
Arabidopsis, seeds were sterilized in 70% ethanol with 
0.5% Triton X-100 for 30 minutes, transferred to ethanol, 
and rinsed for 1 minute. Seeds were placed on filter paper 
to remove the residual ethanol. After sterilization, the 
seeds of C. virgata, rice, wheat, oat, and Arabidopsis were 
sown on ½ Murashige and Skoog (MS) basal (Duchefa 
Biochemie, Netherlands) plates containing 1.5% sucrose 
and 0.9% phytoagar (Duchefa Biochemie, Netherlands). 
After 2 days of incubation at 4°C in the dark, the seeds 
were incubated at 22°C with a 16-h light/8-h dark photo-
period for plant growth. The seedlings were moved to the 
soil and grown in the growth chamber at 22°C.

Physiological experiments
For the drought stress treatment of C. virgata, rice, 
wheat, and oat on soil, 7-day-old seedlings grown on ½ 
MS medium were transplanted into the soil and grown 
for 5 weeks with sufficient water. Then, plants on the 
soil were subjected to drought treatment by withhold-
ing water for 10 days and rewatering for 7 days. The data 
were taken after rewatering. For the mannitol treatment 
of C. virgata, rice, and oat, 7-day-old seedlings grown 
on ½ MS medium were transplanted to ½ MS medium 
supplemented with 0, 300, and 350 mM mannitol for 
3 weeks [22], and then the fresh weight, shoot length, 
and chlorophyll contents were measured. For the dehy-
dration treatment of C. virgata and Arabidopsis, 7- to 
10-day-old seedlings grown on ½ MS medium were 
transferred to empty parafilm (dehydration treatment) 
or ½ MS medium (control) for the indicated times [23]. 
For the drought stress treatment of Arabidopsis plants 
in soil, 4-week-old plants were grown in soil with suf-
ficient water, after which the plants were subjected to 
drought stress by water withholding for at least 2 weeks 
and then rewatered for 1‒2 days. All the pots were placed 
in a growth chamber in a random order, and the position 
of each pot was randomly changed every day to avoid 
positional effects. The survival rate, chlorophyll content, 
and fresh weight were calculated after rewatering. Each 
experiment was repeated at least 3 times.

Chlorophyll content measurement
To measure the total chlorophyll content, the above-
ground parts of the plants were homogenized in liquid 
nitrogen using a BEADS CRUSHER μT-01 (TAITEC, 
Japan), added to 10 mL of 80% v/v acetone, incubated on 
ice in the dark for 10 minutes, and centrifuged at 4°C for 
10 minutes at 13,000 rpm. The chlorophyll content of the 

centrifuged supernatants was determined at 646.6, 663.6, 
and 750 nm using a UV/VIS spectrophotometer (Ultro-
spec 2100 Pro, USA) [24].

RNA extraction and qRT‒PCR analysis
Total RNA was extracted from approximately 50 mg of 
plant tissue using an RNeasy Plant Mini Kit (Qiagen, 
Germany) according to the manufacturer’s protocol. 
First-stand cDNA was synthesized from 0.5 μg of iso-
lated RNA using a PrimeScript RT Reagent Kit (Takara, 
Japan), and the qRT‒PCR was conducted following the 
instructions provided for the Thermal Cycler Dice Real 
Time System III with TB Green Premix ExTaqII (Takara, 
Japan) [25]. The primer pairs used for qRT-PCR are listed 
in Supporting Information Table S1.

RNA sequencing, library construction, and transcriptome 
assembly analysis
For RNA sequencing, 7-day-old C. virgata plants grown 
on ½ MS medium were transferred to empty parafilm or 
½ MS medium for 3 hr and 6 hr for dehydration-treated 
and control samples, respectively. Shoots were collected 
for sampling, while roots were carefully removed. Total 
RNA was extracted from the plant samples using the 
abovementioned method. Three independent RNA sam-
ples were used as biological replicates. Approximately 
1.5–2 μg of RNA was used for mRNA-Seq library con-
struction with a NextFlex Rapid Directional RNA-seq 
Library Prep Kit (Perkin-Elmer, USA), and the libraries 
were sequenced by DNBSEQ-T7 (MGI, China). The raw 
read dataset was submitted to the DNA Data Bank of 
Japan Sequence Read Archive (DDJB SRA) under acces-
sion number PRJDB18577. The raw RNA-seq reads were 
trimmed using Trimmomatic (v0.39) with the following 
parameters: PE -threads 70 -phred33 SLIDINGWIN-
DOW:4:15 LEADING:20 TRAILING:20 MINLEN:50. 
The quality-checked reads were then assembled de novo 
using Trinity (v2.8.5) with the default parameter set-
tings. The assembled sequences were further processed 
to remove redundancy using the pcap module of PBSuite 
(v15.8.24) with the following parameters: autopcap -m 
1900 -y 80 -t 80. Further clustering was performed with 
CD-HIT-EST (v4.8.1) with the following parameters: -T 
50 -c 0.8 -d 50 -M 1500, selecting the longest sequence as 
the representative for each cluster. Transdecoder (v5.5.0) 
was employed to identify sequences with high cod-
ing potential. To evaluate the coding potential, BLASTp 
searches against the Swiss-Prot database (using BLAST 
v2.10.1+) and domain searches against the Pfam-A data-
base (using HMMER v3.3.1) were conducted. The non-
redundant set of transcripts with coding potential was 
used as a reference for estimating gene expression levels. 
Gene expression levels were quantified by mapping the 
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quality-checked reads to this reference set using Salmon 
(v1.9.0), and the read counts per transcript were then cal-
culated to determine expression levels using the salmon 
quant function. For differential expression analysis, 
upregulated genes were defined as those whose absolute 
fold change was >1.5, and the p values of all the statistical 
tests were converted to adjusted p values of <0.05 in the 
DEseq2 package (version 1.40.2). A Venn diagram was 
constructed with the Gplots package (version 3.1.3), and 
GO enrichment analysis was performed with the Clus-
terProfiler package (version 4.8.1, based on org.At.tair.db 
annotation), and the results were visualized in the R stu-
dio environment (version 2023.09.0+463) [26].

Generation of transgenic Arabidopsis plants
To generate transgenic overexpression plants, the full-
length coding regions of the target genes were amplified 
using the primer pairs described in Supporting Informa-
tion Table S1. The amplified fragments were introduced 
into the  pENTRTM/D-TOPO vector (Invitrogen, Carls-
bad, CA) and subsequently cloned in accordance with 
the Gateway strategy (Invitrogen) into the binary vector 
pGWB2 [27, 28] containing a CaMV35S promoter. To 
generate GFP transgenic plants, the amplified fragments 
were cloned and inserted into the  pENTRTM/D-TOPO 
vector and subsequently cloned in accordance with 
the Gateway strategy into the binary vector pGWB6 
containing a CaMV35S promoter [27, 28]. The plas-
mid fusion constructs were subsequently transformed 
into Arabidopsis plants via Agrobacterium tumefaciens 
strain GV3101:pMP90 using the floral dip method [29]. 
Transgenic lines were screened on ½ MS medium sup-
plemented with 25 mg/L hygromycin.  T3 homozygous 
plants were used for all the experiments.

Phylogenetic tree and multiple sequence alignment 
analysis
Based on the amino acid sequences of MGD1, MGD2, 
and MGD3, the homologous genes were searched via 
BLASTP, in which the NCBI reference protein (refseq_
protein) and MpTak1_v5.1 [30] from MarpolBase were 
used. On the basis of amino acid length and identity, the 
genes with e values =  1e−16 or lower were determined to 
be MGD1, MGD2, and MGD3 homologous genes among 
the candidate genes identified via BLASTP. The amino 
acid sequences of the MGD1, MGD2, and MGD3 homol-
ogous genes were aligned using MAFFT [31], in which 
the “auto” setting was used. From the alignment data pro-
duced by MAFFT, a phylogenetic tree was generated in 
IQ-TREE [32], and the treefile obtained from IQ-TREE 
was modified using iTOL [33]. The results of the multiple 
sequence alignment were visualized in ESPript 3.0 [34].

Detection of subcellular localization
For subcellular localization, the root cells of 4-day-old 
35Spro:GFP Arabidopsis plants were observed. The 
fluorescence signals of the GFP transgenic plants were 
detected using a Zeiss LSM 700 confocal laser-scanning 
microscope (Zeiss, Germany).

Structure prediction analysis
Structure prediction for the protein sequences was car-
ried out using AlphaFold3 [35], XtalPred [36], InterPro 
[37], deepTMHMM [38], TOPCONS [39], and SOSUI 
[40] servers. Predictions using AlphaFold3 were per-
formed using high-performance computing resources 
to handle the extensive computational demands of 
the model. The quality of the predicted structure was 
assigned by the predicted local distance difference test 
(plDDT) score [41], which indicates prediction con-
fidence in a model. Structures were further analysed 
and validated to ensure prediction reliability. Protein 
hydropathy analysis was conducted using the NovoPro 
server, a tool for assessing hydrophobicity and hydro-
philicity across protein sequences, using its default set-
tings [42]. The hydropathy profiles were measured and 
calculated by the Kyte-Doolittle scale [43]. The results 
were further analysed and interpreted to highlight key 
hydrophobic and hydrophilic regions.

Results
The Mongolian grassland plant Chloris virgata is highly 
resistant to drought stress
C. virgata has been reported to grow in the southern-
most area of the Gobi Desert of Mongolia. This habitat 
of C. virgata suggests that this plant is able to resist the 
stress conditions in the Gobi Desert. Given that several 
stress conditions prevent plant growth in desert areas, 
we focused on drought stress conditions in comparison 
with high light, high temperature, and high salinity soil.

To analyse the drought stress resistance of the C. 
virgata Dornogobi accession [21], we subjected C. vir-
gata to water-withholding treatment and compared 
with those of monocot crops, including rice, oat, and 
wheat (Fig.  1A). For the water-withholding treatment, 
5-week-old plants were grown on soil with sufficient 
water and then exposed to drought stress by water-
withholding for 10 days and rewatering for 7 days. C. 
virgata showed a significant drought stress-resistant 
phenotype with fresh and green leaves, whereas almost 
all the leaves of rice, oats, and wheat showed severe 
wilting shapes and brown leaf colours. After rewater-
ing, only C. virgata recovered to produce more green 
leaves. But the growth and greening of the leaves in 
rice, oat, and wheat were limited.
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As mannitol in plant growth medium is not absorbed 
by plants but takes over water from plants, manni-
tol is often used as an osmotic treatment that mimics 
drought stress conditions in plants [44]. To analyse 
the osmotic stress resistance of C. virgata, we applied 
high concentrations of mannitol to 7-day-old C. vir-
gata, rice, and oat growing on ½ MS normal plates 

were transferred and grown on plates with high man-
nitol concentrations for 3 weeks. Because mannitol 
treatment affected plant greening (Fig.  1B), the total 
chlorophyll content was measured. In 300 mM and 
350 mM mannitol media, the chlorophyll contents of 
rice and oat drastically decreased in comparison with 
those in the 0 mM control medium (Fig.  1C). Though 

Fig. 1 Chloris virgata was resistant to drought stress. A Analysis of drought stress resistance in Chloris virgata, rice, oat, and wheat. Five-week-old 
plants were subjected to water-withholding treatment for 10 days, after which the plants were rewatered for 7 days. Scale bars = 10 cm. B 
Analysis of osmotic stress resistance in Chloris virgata, rice, and oat. Seven-day-old seedlings were subjected to mannitol treatment for 3 weeks 
at the indicated concentrations. Scale bars = 5 cm. C Endogenous chlorophyll contents of plants treated with mannitol. Statistical analyses were 
performed using Student’s t test (ns = not significant, ***P < 0.001). n=18
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the growth of C. virgata was slightly inhibited by man-
nitol (Fig. S1), C. virgata maintained high endogenous 
chlorophyll contents in 300 mM and 350 mM manni-
tol media, which were similar to that of C. virgata on 0 
mM control medium (Fig. 1C).

Drought stress‑inducible gene expression in Chloris virgata
To explore the molecular function of C. virgata in 
drought stress resistance, the expression levels and 
expression periods of known drought-inducible genes 
in C. virgata were analysed (Fig.  2). Drought treatment 
was caused by the transfer of 7-day-old C. virgata from 
½ MS plate to parafilm for 1 to 24 hrs. The NCED3 gene 
encodes a 9-cis-epoxycarotenoid dioxygenase, a central 
enzyme in ABA biosynthesis [45, 46], and the overex-
pression of NCED3 improved drought stress resistance 
to increase endogenous ABA contents and expression 
of drought- and ABA-inducible genes in Arabidopsis, 
rice, and soybean [5, 7, 47]. ABA-responsive element-
binding protein 1 (AREB1) is a basic leucine zipper 
(bZIP) transcription factor that plays a central role in 
the ABA-dependent signalling pathway [48, 49], and the 
overexpression of AREB1 has been shown to improve 
drought resistance in Arabidopsis, rice, and soybean [50–
52]. In addition to the drought stress resistance activ-
ity, the early and precise inducibility of transcriptions 
of NCED3 mRNA and AREB1 mRNA were reported 
[5, 50]. Based on this knowledge, to determine the suit-
able stage for performing the de novo RNA-seq analysis 
of C. virgata under drought conditions, the NCED3 and 
AREB1/ABF2 genes were selected as drought-inducible 

marker genes [21]. The induction of CvNCED3 mRNA 
expression started at 1 hr after drought treatment, and 
the most induced expression level was approximately 
28-fold higher than that in non-drought-treated plants at 
6 hr (Fig. 2A). CvAREB1 expression was also induced at 
1 hr and the most induced expression level was approxi-
mately 74-fold higher in the drought-treated plants than 
in the control plants at 6 hr (Fig. 2B). The gene expression 
levels of both CvNCED3 and CvAREB1 were decreased 
at 12 hr after drought treatment. In previous reports for 
Arabidopsis, the strong induction of AtNCED3 [5] and 
AtAREB1 [50] expression continued until 24 hr after 
drought treatment. The period to reach the maximum 
induction level of CvNCED3 and CvAREB1 might be ear-
lier in C. virgata than in Arabidopsis.

De novo transcriptome assembly of drought‑treated 
Chloris virgata
To analyse the detailed molecular mechanism of drought 
stress resistance in C. virgata and search for key genes 
that caused the drought stress resistance of C. virgata, we 
performed de novo RNA-seq analysis. Total RNA samples 
extracted from 3 hr and 6 hr dehydrated and untreated 
samples of C. virgata were pooled and subjected to RNA 
sequencing and de novo transcriptome assembly. A total 
of 1,307,170,602 raw sequence reads were generated from 
the C. virgata cDNA, and 1,281,678,077 were filtered 
reads. The quality-checked reads were assembled de novo 
using Trinity [53], resulting in 256,330 contigs with an 
N50 value of 2,366 bp. These contigs were assembled into 
46,628 supercontigs with an N50 value of 2,723 bp by the 

Fig. 2 Stress-inducible genes were highly expressed after drought treatment for 3 hr and 6 hr. A, B Expression levels of the CvNCED3 (A) 
and CvAREB1 (B) genes in Chloris virgata under dehydration stress. Seven-day-old plants were subjected to dehydration treatment or not for 
the indicated times. The relative expression levels were presented as an n-fold change compared with the value of the control treatment at 1 
hr, which was set to 1. The error bars represent the means ± SDs from four replicated samples. The different letters above the bars indicate 
that the means are significantly different (One-way ANOVA with post-hoc Tukey HSD test (P < 0.05))
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PCAP tool [54] and clustered using the CD-HIT-EST tool 
[55], resulting in 31,149 transcript clusters with an N50 
value of 2,681 bp. The longest transcripts of the clusters 
were then subjected to open reading frames, resulting in 
the identification of 25,469 protein-coding transcripts, 
which were used in our downstream analysis as the ref-
erence transcript dataset. Among the reference tran-
scripts, 22,683 (89%) and 21,501 (84%) were homologous 
to protein-coding genes in O. sativa (rice) and Arabidop-
sis, respectively, suggesting high reliability and complete-
ness of the gene assembly in RNA-seq (Table  S2). The 
Principal Component Analysis (PCA) revealed a distinct 
distribution in gene expression profiles between control 
samples (3 hr and 6 hr) and drought-treated samples (3 
hr and 6 hr), indicating that drought treatment induces 
significant changes in gene expression compared to the 
control. Additionally, drought-treated samples from both 
time points (3 hr and 6 hr) exhibited a clear distribution, 
suggesting that the time-dependent response to drought 
stress strongly influences the gene expression profiles 
(Fig. S2).

Functional annotation of genes expressed 
at the drought‑treated stage in Chloris virgata
To analyse the possible gene character of upregulated 
genes identified in the drought-treated RNA-seq analysis 
of C. virgata, the reference transcripts derived from the 
transcriptome assembly of C. virgata were assessed using 
a homology search and Gene Ontology (GO) enrich-
ment. The homology search was conducted against the 
NCBI nonredundant database for the reference tran-
scripts using the BLASTx program, and the highest hits 
were linked to the reference transcripts. The data were 
further subjected to GO enrichment analysis, and upreg-
ulated genes were identified with an adjusted p-value 
(padj) <0.05 and an absolute value of fold change >1.5 as 
the threshold at 3 hr and/or 6 hr of drought treatment. 
Compared with those in the control treatment, 1,182 
and 1,198 genes were highly expressed at 3 hr and 6 hr, 
respectively. Among them, 1161 upregulated genes over-
lapped between 3 hr and 6 hr (Fig. 3A).

For a detailed analysis of the expressed genes, we 
divided these expressed genes into three clusters: genes 
whose expression was relatively high at the early stage 
after drought treatment for 3 hr rather than 6 hr (clus-
ter 1, 21 upregulated genes), genes whose expression 
was relatively high at 6 hr rather than 3 hr (cluster 2, 37 
upregulated genes), and genes whose expression was 
continuously expressed from 3 hr to 6 hr (cluster 3, 1161 
upregulated genes) (Fig.  3A). By GO enrichment analy-
sis of upregulated genes, a total of 139 and 2 GO terms 
were annotated in Cluster 3 and 1, respectively. How-
ever, in Cluster 2, no GO terms were annotated because 

Fig. 3 Gene Ontology (GO) analysis of drought stress in Chloris 
virgata. A Venn diagram showing the upregulated genes (P < 0.05, 
fold change > 1.5) in Chloris virgata after dehydration for 3 hr and 6 
hr. B Enrichment of GO annotations in biological process categories 
for genes upregulated after treatment with both 3 hr and 6 hr 
of dehydration. The y-axis indicates the pathway name, and the x-axis 
indicates the gene ratio. The p-adjusted value is represented 
by the colour of each dot, and the number of DEGs is represented 
by the size of each dot



Page 8 of 24Namuunaa et al. BMC Plant Biology           (2025) 25:44 

of the small number of genes identified. We identified 
and listed the top 25 GO terms with the highest enrich-
ment numbers in Cluster 3 (Fig. 3B). In the category of 
continuously drought-inducible genes for 3 hr and 6 hr 
grouped as Cluster 3, several enriched GO terms related 
to ABA pathways and direct drought stress response, 
such as ‘cellular response to ABA stimulus’, ‘abscisic acid-
activated signalling pathway’, ‘seed germination’, ‘stomatal 
movement’, and ‘response to desiccation’, were identified. 
Many studies have shown that ABA is produced under 
drought stress conditions and plays an important role 
in the drought stress resistance of plants [56]. Moreo-
ver, embryonic ABA plays a central role in the induction 
and maintenance of seed dormancy and represses seed 
germination [57]. Stomatal closure via ABA promotes 
plant defense against drought stress by reducing trans-
portational water loss in leaves. Therefore, ABA might 
be highly regulated at 3 hr and 6 hr of drought treatment 
during the desiccation resistance phase [58, 59].

To determine the drought effect occurred stage, we 
selected CvNCED3 and CvAREB1 as drought-inducible 
marker genes (Fig. 2). In the RNA-seq analysis, the log2 
fold change of the CvNCED3 (ChlorisST40659) gene was 
4.11 for 3 hr and 4.41 for 6 hr drought treatment, whereas 
the log2 fold change of the CvAREB1 (ChlorisST30712) 
was 2.20 for 3 hr and 2.41 for 6 hr drought treatment 
(Tables S3, S4). The result showed that the experimental 
procedure of the drought treatment for C. virgata and 
RNA-seq was successfully performed.

Moreover, we performed the GO analysis of down-
regulated genes (adjusted p-value < 0.05, fold change < 
−1.5) by dividing them into three clusters: genes whose 
expression was relatively low after drought treatment 
for 3 hr rather than 6 hr (cluster 1, 36 downregulated 
genes), genes whose expression was relatively low after 
drought treatment for 6 hr rather than 3 hr (cluster 2, 
81 downregulated genes), and genes whose expression 
was continuously expressed from 3 hr to 6 hr (cluster 3, 
558 downregulated genes) (Fig. S3). Due to the few gene 
identifications, only three GO terms were annotated 
in Cluster 1, including the ‘plant-type cell wall cellulose 
metabolic process,’ ‘cell wall beta-glucan metabolic pro-
cess,’ and ‘regulation of seed development.’ A total of 25 
and 17 GO terms are annotated in Cluster 2 and Cluster 
3, respectively. GO enrichment analysis of downregulated 
genes in Cluster 2 were heavily implicated in ribosomal-
related processes such as ‘ribosome biogenesis,’ ‘ribonu-
cleoprotein complex biogenesis,’ ‘ribosome assembly,’ 
‘ribonucleoprotein complex assembly,’ ‘ribonucleoprotein 
complex subunit organization,’ ‘ribosomal small subunit 
assembly,’ ‘ribosomal large subunit biogenesis,’ and ‘ribo-
somal large subunit assembly.’ Moreover, GO ontology 
analysis revealed that downregulated genes in Cluster 3 

were found in growth-related processes, such as various 
kinds of cellular and metabolic processes. These results 
suggested that basic biological processes such as protein 
synthesis and cell wall synthesis would be inhibited in C. 
virgata under drought-stress conditions.

For all 25,469 ORFs of C. virgata predicted by de novo 
RNA-seq analysis, we compared the expression level 
of each gene in dehydration-treated plants with that in 
nondehydration-treated plants, and the induction ratios 
of all genes were ranked on the list. The highest log2 fold 
change values were identified as approximately 22- to 
7-log2 fold change for the 60 genes identified after 3 hr 
of dehydration treatment and as approximately 30- to 
10-log2 fold change for the 60 genes identified after 6 
hr of dehydration treatment. The highest expression-
increased top 60 genes of C. virgata after dehydration 
treatment for 3 hr and 6 hr in comparison with water-
treated conditions are shown in Tables S3 and S4. The 
highest expression-suppressed top 60 genes are shown in 
Tables S5 and S6.

CvNCED3‑ and CvAREB1‑overexpressing plants showed 
a drought stress‑resistant phenotype
To confirm the technical possibility of the genetic manip-
ulation of Arabidopsis by C. virgata genes and to analyse 
the functions of C. virgata homologues of drought-induc-
ible and drought stress resistance genes in Arabidopsis, 
stress-inducible and stress resistance genes were trans-
formed into Arabidopsis. The CvNCED3 and CvAREB1 
cDNAs were fused under the cauliflower mosaic virus 
35S promoter (CaMV35Spro) and the constructed vec-
tors were subsequently transformed into wild-type 
Arabidopsis using the Agrobacterium system. The expres-
sion of transgenes was analysed by qRT‒PCR in trans-
genic Arabidopsis plants (Fig. S4A, B). As shown in 
Figure 2, CvNCED3 and CvAREB1 gene expression levels 
were highly induced at 3 hr and 6 hr after dehydration. 
The overexpression of Arabidopsis NCED3 (AtNCED3) 
and rice NCED3 (OsNCED3) resulted in drought stress 
resistance [5, 6]. Furthermore, modified AtAREB1- and 
intact OsAREB1-overexpressing plants also exhibited 
drought stress resistance [50, 60].

Transgenic and WT Arabidopsis plants grown under 
normal conditions with water in the soil for 4 weeks 
were exposed to drought stress by withholding water for 
2 weeks and rewatering for 2 days. The results revealed 
that, after drought treatment, the WT rosette leaves 
turned yellow and wilted, and some of them died. Com-
pared with the brown or yellow leaves of the WT plants, 
the CvNCED3- and CvAREB1-overexpressing plants 
presented relatively green and fresh rosette leaves. After 
rewatering, 67–75% of the CvNCED3-overexpressing 
plants and 100% of the CvAREB1-overexpressing plants 
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survived, whereas 0% of the WT plants survived (Fig. 4A, 
C). According to the results of the quantitative analysis, 
the ratio of plants with more than 210 mg of fresh weight 
was significantly higher in CvNCED3-overexpressing 
plants than in wild-type plants (Fig.  4B), whereas the 
ratio of plants showing more than 500 mg of fresh weight 
was higher in CvAREB1-overexpressing plants com-
pared to wild-type plants (Fig.  4D), indicating that the 
overexpression of CvNCED3 and CvAREB1 can increase 
drought stress resistance in Arabidopsis. These results 

suggested that our experimental procedure to analyse the 
drought-stress resistance for C. virgata cDNA overex-
pressed Arabidopsis would be useful.

MGD1‑overexpressing Arabidopsis plants showed greater 
drought stress resistance than did WT plants
To identify a novel gene that contributes to increasing 
the drought stress resistance of C. virgata, at first, we 
listed C. virgata cDNAs from the 60 highest induced 
genes in about 20,000 kinds of genes identified by de 

Fig. 4 CvNCED3 and CvAREB1 promoted drought stress resistance in Arabidopsis. A, B Survival rates (A) and fresh weights (B) of wild-type 
and CvNCED3-OX Arabidopsis plants under drought stress conditions. C, D Survival rates (C) and fresh weights (D) of wild-type and CvAREB1-OX 
Arabidopsis plants under drought stress conditions. Four-week-old plants were subjected to drought treatment for 14 days and then rewatered for 2 
days. Survival rates were calculated from the number of living plants after 2 days of rewatering (n=12). The fresh weights were measured after 2 days 
of rewatering (n=12)
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novo RNA-seq after 3 hr and 6 hr of drought treatment 
(Tables S3, S4). As the drought-inducible marker genes 
CvNCED3 and CvAREB1 were lower and out of the top 
60 genes, the listed 60 genes were considered more highly 
inducible than the well-known NCED3 and AREB1. As 
we would like to identify the signalling factors related 
to drought-stress regulation, proteins whose possible 
localizations were predicted to be in the nuclear, cytosol, 
endoplasmic reticulum, Golgi, and plasma membrane 
were selected at first. Second, we would also like to iden-
tify novel factors related to drought-stress regulation, 
proteins whose detailed functions to increase drought-
stress resistance had been reported elsewhere, e.g., 
RD29B, DHN, and others, being excluded from the list. 
Third, we would like to focus on protein signalling rather 
than the metabolic regulation of drought-stress resist-
ance; possible enzyme proteins were also excluded. Based 
on the three rules for selection, ten genes that we consid-
ered novel and signalling protein candidates in the top 60 
induced cDNAs of C. virgata are listed and highlighted in 
Tables S3 and S4.

These selected C. virgata cDNAs were fused under the 
CaMV35S promoter, and the constructed vectors were 
subsequently transformed into wild-type Arabidopsis. 
The  T3 generation of transgenic Arabidopsis with C. vir-
gata cDNA was exposed to drought stress by withholding 
water from the plants, and the drought stress resistance 
of each transformant was observed.

Among all the selected C. virgata cDNAs, we initially 
focused on ChlorisST30368 cDNA, because the cDNA 
finally showed the highest drought stress resistance. 
ChlorisST30368 cDNA expression was approximately 
7-fold greater after 3 hr of dehydration treatment and 
approximately 12-fold  greater after 6 hr of dehydration 
treatment than in the control plants (Fig.  5A). Chlo-
risST30368 encodes a novel gene that is conserved in 
homologous genes from various kinds of land plants, but 
an analysis of the detailed functions of these genes has 
not yet been reported (Fig. 5B).

To determine the drought stress resistance of Chlo-
risST30368, two independent overexpression lines 
(OX-1 and OX-2) were analysed in comparison with WT 
plants. qRT-PCR revealed that the transgene expression 
levels of ChlorisST30368 in both transgenic lines were 
significantly higher (Fig. S4C). When ChlorisST30368-
overexpressing Arabidopsis plants were grown on soil 
for 4 weeks with moderate water feeding, the leaf phe-
notypes of the transgenic lines and WT plants looked 
similar to each other (Fig. 5C). Compared with the WT 
plants, the overexpressing plants presented a signifi-
cantly more resistant phenotype with fewer wilted leaves 
after the water withholding treatment for 2 weeks. After 
rewatering for 2 days, almost all of the WT plant leaves 

were wilted, and plant growth was limited; in contrast, 
the plants overexpressing ChlorisST30368 were recov-
ered with green and fresh leaves. The survival rates of 
the transgenic OX-1 and OX-2 lines were 75% and 100%, 
respectively, whereas the WT plants presented a 0% sur-
vival rate. Moreover, ChlorisST30368-overexpressing 
plants showed higher fresh weights than WT plants did 
after rewatering (Fig. 5D). These results suggest that the 
ChlorisST30368 gene promotes drought stress resist-
ance in Arabidopsis. We named the ChlorisST30368 gene 
Mongolian Grassland plant Drought-stress resistance 
gene 1 (MGD1).

MGD1 encodes a functionally uncharacterized coiled‑coil 
protein
The MGD1 protein contains 283 amino acids. Sequence 
alignment analysis revealed that the MGD1 protein 
was highly similar to homologues from monocot spe-
cies, such as T. aestivum (XP_044345791.1, 64.78%), 
O. sativa (XP_015622376.1, 64.35%) and B. distachyon 
(XP_003567507.1, 63.53%). The similarities with proteins 
from dicot species, such as N. tabacum (XP_016510532.1, 
50.81%) and Arabidopsis (NP_001330291.1, 48.91%), were 
lower than those with proteins from monocot species. 
The homologous gene in Arabidopsis (NP_001330291.1, 
AT5G45310) encodes an uncharacterized coiled-coil pro-
tein. Some studies have mentioned the AT5G45310 pro-
tein; for example, MIR169 microRNA was cloned 0.5 kb 
downstream of AT5G45310 [61], and a genetic locus sim-
ilar to this gene was found in the A1 genome of Brassica 
juncea [62]. However, the detailed characterization of its 
molecular function and response to environmental stress 
has remained unclear.

Analysis of the evolutionary inheritance of structural 
motifs of proteins that are conserved across various spe-
cies is important for investigating protein function. The 
coiled-coil is a prevalent structural motif that is found 
in approximately 10% of eukaryotic proteins [63] and 
consists of a heptad amino acid repeat (abcdefg), where 
the first (a) and fourth (d) positions are hydrophobic 
residues such as leucine (L), isoleucine (I), methionine 
(M), alanine (A), and valine (V) [64]. This sequence pat-
tern facilitates the formation of an amphiphilic α-helix 
that engages via hydrophobic interfaces in a knob-to-
hole packaging arrangement [65], forming a coiled-
coil superhelix. Moreover, the coiled-coil regions of the 
MGD1 protein were predicted between approximately 
56 to 128 amino acids by the XtalPred [36] and InterPro 
[37] servers and are highly conserved between monocot 
and dicot species (Fig.  6A, represented as a green line). 
According to the AlphaFold3 server, the MGD1 protein 
comprises one long α-helix structure at the N-terminus 
and three short α-helix structures at the C-terminus 
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(Fig. S5B, Fig.  6A, represented as black lines). In addi-
tion, one possible transmembrane region was predicted 
in the N-terminus (Fig.  6A, represented as blue lines) 
by the deepTMHMM [38] and TOPCONS [39] servers. 
The predicted transmembrane region corresponded to 
and overlapped with the α-helix structure, whose region 
was predicted with high confidence (pIDDT score over 
70), and with the hydrophobic regions of MGD1 (Fig. 
S5A, B). Using the AlphaFold3 server, we also modelled 
the MGD1 dimer, the results of which suggested that the 

coiled-coil region functions as a dimer interface to form 
a coiled-coil superhelix between two MGD1 molecules 
(Fig. S5C). This predicted structural information sug-
gested that MGD1 might be an uncharacterized coiled-
coil protein with one possible transmembrane helix.

To determine the subcellular localization of the 
MGD1 protein, transgenic Arabidopsis expressing 
the MGD1 protein fused to GREEN FLOURESCENT 
PROTEIN (GFP) driven by the CaMV35S promoter 

Fig. 5 MGD1 promoted drought stress resistance in Arabidopsis. A Expression levels of the MGD1 gene under dehydration stress in Chloris virgata. 
Seven-day-old plants were subjected to dehydration treatment or not for the indicated times. The error bars represent the means ± SDs from four 
replicated samples. The different letters above the bars indicate that the means are significantly different (One-way ANOVA with post-hoc Tukey 
HSD test (P < 0.05)). B Phylogenetic tree of MGD1 and related proteins in other species (Pp, Physcomitrium patens; Sm, Selaginella moellendorffii; 
Bn, Brassica napus; At, Arabidopsis thaliana; Nt, Nicotiana tabacum; Pn, Populus nigra; Gm, Glycine max; Ob, Oryza brachyantha; Og, Oryza glaberrima; 
Os, Oryza sativa; Bd, Brachypodium distachyon; Ta, Triticum aestivum; Lr, Lolium rigidum; Cv, Chloris virgata; Si, Setaria italica; Pv, Panicum virgatum; Sb, 
Sorghum bicolor; Zm, Zea mays). The numbers at the branching sites indicate the posterior probability values for nodal support. C, D Survival rates 
(C) and fresh weights (D) of wild-type and MGD1-OX Arabidopsis plants under drought stress conditions. Four-week-old plants were subjected 
to drought treatment for 14 days and then rewatered for 2 days. Survival rates were calculated from the number of living plants after 2 days 
of rewatering (n=12). The fresh weights were measured after 2 days of rewatering (n=12)
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was generated, and the fluorescence signal of 35S:GFP-
MGD1 was observed. The GFP signal of 35S:GFP-
MGD1 was observed as reticular and punctate signals 

within the cytoplasm, particularly around the nucleus, 
suggesting its localization to the Golgi apparatus 
(Fig. 6B).

Fig. 6 Sequence conservation and subcellular localization of MGD1. A Amino acid sequence of MGD1 and its homologues in other plant species. 
Accession numbers: C. virgata (ChlorisST30368), O. sativa (XP_015622376.1), B. distachyon (XP_003567507.1), T. aestivum (XP_044345791.1), A. 
thaliana (NP_001330291.1) and N. tabacum (XP_016510532.1). The highly conserved amino acids are indicated by a red background. The predicted 
⍺-helix regions are represented as black lines. The predicted transmembrane regions are represented as blue lines. The predicted coiled-coil region 
is represented as a green line. B Subcellular localization of 35S:GFP-MGD1 in the root cells of 4-day-old Arabidopsis plants. Scale bars = 20 µm.
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MGD2‑overexpressing Arabidopsis plants showed greater 
drought stress resistance than did WT plants
Compared with the control, the ChlorisST6804 cDNA 
was more highly expressed after 3 hr of dehydration, with 
an approximately 10-fold change, and after 6 hr of dehy-
dration, with a 56-fold change (Fig.  7A). Phylogenetic 
analysis revealed that the ChlorisST6804 gene conserved 
in homologous genes from monocots and dicots, but the 
detailed functions of these homologous genes have not 
yet been reported (Fig. 7B).

After creating Arabidopsis plants overexpressing 
ChlorisST6804 cDNA (OX-1 and OX-2) (Fig. S4D), the 
drought stress resistance of those plants that were grown 
on the soil for 4 weeks and withholding water for 2 weeks 
was analysed. Although only 17% of the wild-type plants 
survived, 100% of the ChlorisST6804-overexpressing 
plants survived and continued to grow after rewatering 
(Fig. 7C). The fresh weight of the ChlorisST6804 cDNA-
overexpressing plants was greater than those of the 
wild-type plants after rewatering (Fig.  7D). We named 

Fig. 7 MGD2 promoted drought stress resistance in Arabidopsis. A Expression levels of the MGD2 gene in Chloris virgata under dehydration stress. 
Seven-day-old plants were subjected to dehydration treatment or not for the indicated times. The error bars represent the means ± SDs from four 
replicated samples. The different letters above the bars indicate that the means are significantly different (One-way ANOVA with post-hoc Tukey 
HSD test (P < 0.05)). B Phylogenetic tree of MGD2 and related proteins in other species (Vv, Vitis vinifera; Nt, Nicotiana tabacum; Pa, Populus alba; 
Bn, Brachypodium distachyon; At, Arabidopsis thaliana; Bd, Brachypodium distachyon; Lr, Lolium rigidum; Hv, Hordeum vulgare; Ta, Triticum aestivum; 
Ob, Oryza brachyantha; Os, Oryza sativa; Cv, Chloris virgata; Si, Setaria italica; Pv, Panicum virgatum; Zm, Zea mays; Sb, Sorghum bicolor). The numbers 
at the branching sites indicate the posterior probability values for nodal support. C, D Survival rates (C) and fresh weights (D) of wild-type 
and MGD2-OX Arabidopsis plants under drought stress conditions. Four-week-old plants were subjected to drought treatment for 14 days and then 
rewatered for 2 days. Survival rates were calculated from the number of living plants after 2 days of rewatering (n=12). The fresh weights were 
measured after 2 days of rewatering (n=12)
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the ChlorisST6804 gene Mongolian Grassland plant 
Drought-stress resistance gene 2 (MGD2).

MGD2 encodes a functionally uncharacterized protein
The MGD2 protein contains 177 amino acids. To ana-
lyse the amino acid sequence similarity of MGD2 
with other common plant species, sequence align-
ment analysis was performed (Fig.  8A). MGD2 showed 
high similarity to homologues from monocot spe-
cies, such as B. distachyon (XP_003577510.1, 76.92%), 
T. aestivum (XP_044420749.1, 76.24%) and O. sativa 
(XP_001410341.1, 74.05%). The similarity with proteins 
from dicot species, such as N. tabacum (XP_016443868.1, 
53.89%) and Arabidopsis (NP_196350.1, 49.75%), was 
lower than that with proteins from monocots, which is 
consistent with the results from the polygenetic tree that 
was constructed. These results indicate that the amino 
acid sequence of MGD2 shares a high identity with its 

monocot and dicot homologue proteins. A homolo-
gous gene in Arabidopsis (NP_196350.1, AT5G07330) 
has been described in several studies; for example, 
mutant lines of AT5G07330 presented increased sensi-
tivity to  NaHCO3 [66], and its expression was upregu-
lated in a zinc-finger protein (ZAT12)-overexpressing 
plant [67], and a putative heat-shock transcription fac-
tor A2 (HsfA2)-overexpressing plant [68]. However, the 
detailed characterizations of the molecular functions 
and the environmental stress responses remain poorly 
understood.

In the middle area of the MGD2 protein, extending 
approximately from amino acids 49–151, a highly iden-
tical conserved amino acid domain might exist. Never-
theless, the conserved domain has never been identified 
or reported in previous studies. First, we predicted the 
α-helix structure of the MGD2 protein on the Alpha-
Fold3 server [35], which resulted in the identification 

Fig. 8 Sequence conservation and subcellular localization of MGD2. A Amino acid sequence of MGD2 and its homologues in other plant species. 
Accession numbers: C. virgata (ChlorisST6804), O. sativa (NP_001410341.1), B. distachyon (XP_003577510.1), T. aestivum (XP_044420749.1), A. thaliana 
(NP_196350.1) and N. tabacum (XP_016443868.1). The highly conserved amino acids are indicated by a red background. The predicted ⍺-helix 
regions are represented as black lines. The predicted transmembrane region is represented as a blue line. B Subcellular localization of 35S:GFP-MGD2 
in the root cells of 4-day-old Arabidopsis plants. Scale bars = 20 µm
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of four possible α-helix structures (Fig. S6B, Fig.  8A, 
represented as black lines). In addition, several trans-
membrane prediction servers, such as deepTMHMM 
[38], TOPCONS [39], and SOSUI [40], suggest that 
MGD2 might have one predicted transmembrane 
region (Fig.  8A, represented as a blue line). The pre-
dicted transmembrane regions corresponded to and 
overlapped with the α-helix structure, whose region 
was only predicted with high confidence (pDDT score 

over 70), and with the hydrophobic regions of MGD2 
(Fig. S6A). Taken together, these predicted structural 
features suggest that MGD2 might be a membrane pro-
tein with one transmembrane helix.

To identify the subcellular localization of MGD2, trans-
genic Arabidopsis plants harbouring a GFP driven by the 
CaMV35S promoter were generated. The GFP signal of 
35S:GFP-MGD2 was observed in the cytosol (Fig. 8B).

Fig. 9 MGD3 promoted drought stress resistance in Arabidopsis. A Expression levels of the MGD3 gene in Chloris virgata under dehydration stress. 
Seven-day-old plants were subjected to dehydration treatment or not for the indicated times. The error bars represent the means ± SDs from four 
replicated samples. The different letters above the bars indicate that the means are significantly different (One-way ANOVA with post-hoc Tukey 
HSD test (P < 0.05)). B Phylogenetic tree of MGD3 and related proteins in other species (Pp, Physcomitrium patens; Sm, Selaginella moellendorffii; Cr, 
Capsella rubella; At, Arabidopsis thaliana; Nt, Nicotiana tabacum; Pa, Populus alba; Gm, Glycine max; Sb, Sorghum bicolor; Zm, Zea mays; Pv, Panicum 
virgatum; Si, Setaria italica; Cv, Chloris virgata; Ob, Oryza brachyantha; Os, Oryza sativa; Og, Oryza glaberrima; Ta, Triticum aestivum; Lr, Lolium rigidum; 
Bd, Brachypodium distachyon). The numbers at the branching sites indicate the posterior probability values for nodal support. C, D Survival rates 
(C) and fresh weights (D) of wild-type and MGD3-OX Arabidopsis plants under drought stress conditions. Four-week-old plants were subjected 
to drought treatment for 14 days and then rewatered for 2 days. Survival rates were calculated from the number of living plants after 2 days 
of rewatering (n=12). The fresh weights were measured after 2 days of rewatering (n=12)
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MGD3‑overexpressing Arabidopsis plants showed greater 
drought stress resistance than did WT plants
The expression of ChlorisST36889 cDNA was induced 
at an approximately 17-fold higher level by dehydration 
treatment for 3 hr and an approximately 48-fold higher 
level for 6 hr in comparison with control plants (Fig. 9A). 
ChlorisST36889 was found to encode a novel gene that is 
conserved among homologous genes from various kinds 
of land plants; however, analyses of the detailed functions 
of the genes have not yet been reported (Fig. 9B).

When 4-week-old ChlorisST36889 cDNA-over-
expressing (OX-1 and OX-2) (Fig. S4E) plants were 
exposed to drought stress by withholding water from 
the plants for 2 weeks and continued rewatering for 2 
days, the OX-1 and OX-2 overexpressing plants pre-
sented drought stress resistance, with survival rates 
of 83% and 67%, respectively, greater than those of 
wild-type Arabidopsis, whose survival rate was 33% 
(Fig.  9C). The fresh weight of the MGD2-overex-
pressing plants was relatively higher than those of 
the WT plants after rewatering (Fig.  9D). We named 

Fig. 10 Sequence conservation and subcellular localization of MGD3. A Amino acid sequence of MGD3 and its homologues in other plant 
species. Accession numbers: C. virgata (ChlorisST36889), O. sativa (AAK43505.1), B. distachyon (XP_003572048.1), T. aestivum (XP_044335483.1), A. 
thaliana (NP_568771.1) and N. tabacum (XP_016501775.1). The highly conserved amino acids are indicated by a red background. The predicted 
⍺-helix regions are represented as black lines. The predicted transmembrane regions are represented as blue lines. B Subcellular localization 
of 35S:GFP-MGD3×35S:HDEL-RFP in the root cells of 4-day-old Arabidopsis plants. Scale bars = 20 µm
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the ChlorisST36889 gene Mongolian Grassland plant 
Drought-stress resistance gene 3 (MGD3).

MGD3 encodes an uncharacterized and likely 
membrane‑associated protein
MGD3 encodes a protein with 281 amino acids. By 
homology search analysis via BLAST, homologous 
proteins with similar amino acid lengths were identi-
fied from monocots and dicots (Fig. 10A). Amino acid 
sequence alignment revealed that the MGD3 pro-
tein shares high sequence similarity with its mono-
cot homologues, i.e., 80% similarity with O. sativa 
(AAK43505.1), 79.4% similarity with B. distachyon 
(XP_003572048.1) and 58.6% similarity with T. aesti-
vum (XP_044335483.1), but low sequence similarity 
with its dicot homologues, i.e., 52.3% similarity with N. 
tabacum (XP_016501775.1) and 52.2% similarity with 
Arabidopsis (NP_568771.1). These results indicate that 
the amino acid sequence of MGD3 shares a high iden-
tity with its monocot and dicot homologue proteins.

The middle region of the MGD3 protein, approxi-
mately from amino acids 120–195, contains a highly 
conserved amino acid domain, but the conserved 
domain has never been identified or reported before. 
The α-helix structure of the MGD3 protein was pre-
dicted by the AlphaFold3 server [35], resulting in the 
prediction of six antiparallel α-helix structures, with 
each α-helix being composed of more than 20 amino 
acids (Fig. S7B, Fig.  10A, represented as black lines). 
In addition, several transmembrane prediction servers, 
such as deepTMHMM [38] and TOPCONS [39], sug-
gested that MGD3 might have 6 predicted transmem-
brane regions (Fig. 10A, represented as blue lines). The 
predicted transmembrane regions corresponded to 
and overlapped with the α-helix structure and hydro-
phobic regions of MGD3 (Fig. S7A). This predicted 
structural information suggested that MGD3 might 
be a membrane-associated protein with six putative 
transmembrane helices.

To analyse the possible function of the MGD3 pro-
tein at the cellular level, we observed the subcellular 
localization of the MGD3 protein. We generated trans-
genic Arabidopsis plants expressing the MGD3 protein 
fused to GFP driven by the CaMV35S promoter. Addi-
tionally, we crossed this  35S:GFP-MGD3  line with 
a  35S:HDEL-RFP line, which carries an endoplas-
mic reticulum (ER) retention signal (HDEL) fused to 
RFP. An overlapping signal between GFP-MGD3 and 
HDEL-RFP was observed in the roots (Fig. 10B). These 
results suggested that MGD3 is localized to the ER or 
ER membrane.

Expression of stress‑responsive genes in MGD1‑, MGD2‑ 
and MGD3‑overexpressing Arabidopsis
To explore the possible molecular functions of MGD1, 
MGD2, and MGD3 in drought stress resistance-related 
signalling and ABA biosynthesis, the expression levels 
of drought stress-inducible genes in these overexpress-
ing plants were analysed (Fig.  11). The expression lev-
els of dehydration responsive element binding factor 2A 
(DREB2A), response to desiccation 29A (RD29A) and 
NCED3 in the transgenic (MGD1-OX-1, MGD2-OX-1, 
MGD3-OX-1, CvNCED3-OX-1, and CvAREB1-OX-1) 
and WT plants after dehydration treatments for 0, 15, 
30 and 45 min, which were initiated by the transfer of 
these plants from ½ MS agar medium to parafilm, were 
subsequently analysed by qRT‒PCR. Before drought 
treatment (0 min), no difference in the expression of the 
three stress-inducible genes was detected between any 
of the overexpressing plants and the WT plants. After 
drought treatment for 15–45 min, the expression of the 
drought stress-related transcription factor DREB2A was 
higher in the MGD1-OX plants than in the WT plants 
(Fig.  11A). The signalling factor RD29A and the ABA 
biosynthesis enzyme NCED3 were also more highly 
induced in MGD1-OX plants than in the WT plants fol-
lowing drought treatments (Fig.  11A). In MGD2-OX 
plants, NCED3 was strongly induced, and RD29A was 
slightly induced than in WT plants following drought 
treatments (Fig. 11B). In MGD3-OX plants, RD29A was 
slightly induced compared with that in the WT plants 
(Fig. 11C). These results suggest that these MGD1, 2 and 
3 genes might strongly or partially activate drought stress 
resistance signalling, and the biosynthesis of the drought 
stress-resistant phytohormone ABA might be activated 
by MGD2 and MGD1.

Discussion
In this study, we analysed the drought stress resistance of 
C. virgata (Fig. 1). Our previous research demonstrated 
that C. virgata has rapid germination and growth abili-
ties in response to limited summer rainfall, with seeds 
initiating germination within 5 hr and showing rapid sub-
sequent growth under the experimental conditions [21]. 
C. virgata has been reported to possess alkali resistance 
[69], but physiological studies on its resistance to other 
types of stress are limited. Seeds used in this study were 
collected from the desert steppe of Dornogobi Province, 
Mongolia, an area with an average annual precipitation of 
only 17.32 mm, significantly lower than the national aver-
age (150–400 mm) [70, 71]. These harsh environmental 
conditions likely selected C. virgata, which harbored 
genetic mutations that enabled adaptation to severe 
drought stress. Even under drought stress which rice and 
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oat both decreased in chlorophyll content, C. virgata 
maintained high chlorophyll levels, indicating superior 
drought resistance (Figure 1).

Globally, approximately 50 species of the genus 
Chloris thrive in tropical regions, yet C. virgata is 
the only species found in Mongolia [72]. C. virgata, a 
member of the Poaceae family, has limited molecular 

characterization. In the field of weed science, a muta-
tion in the 5-enolpyruvylshikimate-3-phosphare syn-
thase (EPSPS) gene of C. virgata caused resistance to 
the glyphosate herbicide [73, 74]. Comparisons with 
other grass species such as the perennial Leymus chin-
ensis (C3 grass) and the perennial Hemarthria altissima 
(C4 grass) suggest that C. virgata exhibits superior 

Fig. 11 Overexpression of the MGD1, 2, and 3 genes partially promoted the expression of drought stress-inducible genes. A-E Expression analysis 
of stress-inducible genes in MGD1-OX (A), MGD2-OX (B), MGD3-OX (C), CvNCED3-OX (D), and CvAREB1-OX (E) transgenic plants and wild-type 
Arabidopsis under dehydration stress. Ten-day-old plants were treated with or without dehydration for the indicated times. The error bars represent 
the means ± SDs from four replicated samples. Statistical analyses were performed using Student’s t test (ns = not significant; *P < 0.05; **P < 0.01; 
***P < 0.001)
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carbon assimilation under moderate drought condi-
tions [75, 76].

Among the grassland plants of Mongolia, several spe-
cies exhibit high resistance to environmental stress, 
adapting to the harsh climatic conditions of the region. 
For example, Caragana microphylla, a dicot from the 
Fabaceae family, primarily grows in semiarid and desert 
areas of Northwest China and Mongolia. C. microphylla 
is known for its resistance to salt stress [77, 78]. Addi-
tionally, Agropyron cristatum L. (crested wheatgrass), 
belonging to the Poaceae family, is distributed across 
Eurasia, thriving in semiarid, arid steppe, and desert 
steppe regions. A. cristatum demonstrates excellent 
resistance to both cold and drought [79, 80]. When com-
pared to these species, C. virgata exhibits particularly 
rapid germination, with coleoptiles emerging within 5 hr 
of germination treatment, as opposed to 1 day for A. cris-
tatum and 3 days for C. microphylla [21]. Future analysis 
will reveal the similarities and differences among Chlo-
ris, Caragana, and Agropyron in terms of their ability to 
resist drought stress.

In this study, we performed the first de novo RNA-seq 
analysis of C. virgata under drought stress conditions, 
identifying 25,469 contigs with predicted ORFs (Fig.  3). 
This analysis provides new insights into the gene expres-
sion changes induced by dehydration, contributing to 
better understanding of drought resistance mechanisms. 
Previous studies identified 3,168 expressed sequence 
tags (ESTs) from alkali NaHCO3-treated C. virgata [81], 
and the complete chloroplast genome was sequenced 
[82]. Additionally, our earlier RNA-seq analysis of whole 
C. virgata organs during various developmental stages 
revealed 21,589 contigs [21]. However, this is the first 
large-scale transcriptome analysis focused on drought 
stress, offering a deeper insight into how C. virgata 
adapts to dry environments.

Comparative analyses within the genus Chloris suggest 
that drought resistance mechanisms may differ between 
species. For example, Chloris gayana exhibits resilience 
to sequential waterlogging and drought stress [83], and 
its salt-resistant phenotype is supported by salt-gland 
mechanisms [84, 85]. However, C. virgata, native to cold 
desert environments, may employ distinct physiological 
and molecular pathways for drought resistance. While a 
draft genome for C. gayana has been reported [86], tran-
scriptomic studies of this species under stress conditions 
remain unexplored.

The results of our RNA-seq analysis revealed three gene 
expression clusters in C. virgata: genes highly expressed 
at both 3 hr and 6 hr of dehydration (Cluster 3), those 
expressed only at 3 hr (Cluster 1), and those expressed 
only at 6 hr (Cluster 2). Cluster 3 exhibited signifi-
cant enrichment for ABA-related GO terms, including 

“cellular response to abscisic acid stimulus” and “absci-
sic acid-activated signaling pathway,” similar to findings 
in drought-stressed Arabidopsis and rice [87, 88]. These 
results suggest that C. virgata employs an ABA-mediated 
mechanism to enhance drought resistance.

The molecular characterization of a known drought 
resistance-related ABA biosynthesis gene in C. virgata 
was conducted. Overexpression of CvNCED3 in Arabi-
dopsis enhanced drought resistance (Fig.  4A, B), con-
sistent with previous reports on NCED3 homologs in 
Arabidopsis and rice [5, 6]. The high amino acid similar-
ity of CvNCED3 to its rice (86%) and Arabidopsis (73%) 
counterparts, and the conservation of functional domains 
supports its role in ABA biosynthesis and drought resist-
ance (Fig. S8). AREB1 is a transcription factor essential 
for ABA signaling in drought resistance. In Arabidop-
sis, overexpression of the full-length AREB1 does not 
enhance drought resistance, whereas a modified, active 
form (AREB1ΔQT) significantly improves drought resist-
ance [50]. OsAREB1 from rice has been shown to confer 
drought resistance when introduced into Arabidopsis, 
highlighting interspecies functional differences [60]. In 
this study, we introduced CvAREB1 into Arabidopsis and 
evaluated its drought resistance. Overexpression of the 
full-length CvAREB1 enhanced drought resistance com-
pared to wild-type plants, resembling the function of 
OsAREB1 (Fig. 4C, D). Sequence analysis revealed a high 
similarity between CvAREB1 and OsAREB1 (82%), while 
their similarity to Arabidopsis AREB1 was lower (55%). 
The bZIP domain critical for transcriptional activity was 
highly conserved (Fig. S9). Interestingly, both CvAREB1 
and OsAREB1 exhibit natural deletions in regions cor-
responding to parts of Arabidopsis AREB1, which may 
contribute to their enhanced drought resistance. These 
findings suggest that CvAREB1 functions through mech-
anisms similar to OsAREB1 to improve drought stress 
resistance.

To identify novel drought-resistance genes, we isolated 
the 60 drought-inducible C. virgata genes and charac-
terized ten poorly studied candidates through overex-
pression in Arabidopsis. Among these, MGD1 conferred 
significant drought resistance, with transgenic plants 
showing higher fresh weight after rewatering (Fig.  5). 
Enhanced expression of drought-responsive genes such as 
RD29A, DREB2A, and NCED3 in MGD1-overexpressing 
plants suggests a role for MGD1 in both ABA-dependent 
and independent pathways (Fig. 11A). Structural predic-
tions and GFP-tagged localization studies suggest that 
MGD1 is a Golgi-associated transmembrane protein 
(Fig. 6B). Transmembrane proteins, including aquaporins 
and ER-membrane-associated E3 ubiquitin ligases, have 
been reported as their roles in stress response [89–93]. 
The overexpression of Arabidopsis NHX5, the sodium/
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hydrogen transporter localizes to the Golgi, improves 
drought resistance in Broussonetia papyrifera [94]. As 
these reports suggested that plant membrane proteins 
contribute to increased drought stress resistance, a 
detailed prediction and analysis of MGD1 localization 
would be interesting. The N-terminal conserved region 
of MGD1 protein participates in intermolecular interac-
tions by forming a coiled-coil superhelix (Fig.  6A, Fig. 
S5). Several proteins are predicted to form a coiled-coil 
attachment to Golgi membranes at the C-terminal trans-
membrane helix. Golgins have a long coiled coil consist-
ing of at least 500 residues and extend 100–400 nm [95]. 
They form part of the Golgi matrix and play a role in vesi-
cle tethering [96, 97]; however, the mechanisms by which 
these proteins control Golgi organization remain largely 
unknown. In Arabidopsis, six putative golgins have been 
isolated, and two of these proteins possess C-terminal 
transmembrane domains and share similarities with 
the mammalian protein golgin-84, whereas two others 
(one of which is GDAP1) are characterized by C-termi-
nal GRAB domains. The remaining two proteins share 
regions of significant similarity with the mammalian gol-
gins TMF and p115 [98]. Among the other Golgi mem-
brane-anchored coiled-coil proteins, the most obvious 
are SNARE proteins, which form four helical bundles of 
coiled coils to drive the membrane fusion of vesicles [95]. 
Several SNARE proteins are located on the Golgi appa-
ratus membrane and are evolutionarily conserved from 
yeast to animals and plants. The SNAP33 gene, a pro-
tein belonging to the SNARE superfamily initially iden-
tified in mammalian neurons, is localized to the plasma 
membrane and is expressed ubiquitously in all tissues of 
Arabidopsis. Although SNAP33 is not typically associated 
with the Golgi apparatus, the expression of GsSNAP33 
in wild soybean (Glycine soja) is induced by salt, alkali, 
ABA, and drought. Furthermore, the overexpression of 
the GsSNAP33 gene in Arabidopsis improved drought 
stress resistance; increased germination rates, root 
lengths, and photosynthesis activity, and upregulated 
the expression levels of various stress-responsive marker 
genes in overexpressing plants compared with those in 
wild-type plants [99]. Compared with those of other 
Golgin proteins, the full-length amino acid sequence 
of MGD1 is relatively short and does not exhibit amino 
acid homology with other SNARE proteins, which might 
indicate that MGD1 is distinct from other known Gol-
gin proteins. MGD1 has been shown to increase drought 
stress resistance in Arabidopsis, suggesting that its signif-
icant role is associated with the Golgi apparatus during 
drought stress conditions.

The gene MGD2, induced by dehydration stress, 
enhances drought resistance (Fig.  7). Homologous pro-
teins for MGD2 are unknown, with no identifiable 

domains or motifs. MGD2-overexpressing plants showed 
increased NCED3 mRNA levels compared to WT 
(Fig. 11B), suggesting its role in ABA-dependent drought 
resistance. Structural predictions indicate four α-helices 
in MGD2, with the second α-helix potentially being 
transmembrane (Fig.  8A, Fig. S6). While InterPro and 
SOSUI predict a cytoplasmic N-terminus, TOPCONS 
suggests an extracellular one, leaving its topology uncer-
tain. 35S:GFP-MGD2 transgenic plants indicate that 
MGD2 was localized to the cytoplasm (Fig. 8B), contra-
dicting transmembrane predictions, necessitating further 
validation.

The MGD3 gene conferred higher drought resistance 
than WT when overexpressed in Arabidopsis (Fig.  9). 
Expression levels of RD29A and DREB2A increased 
slightly in MGD3-overexpressing plants, while NCED3 
expression remained unchanged, suggesting ABA-inde-
pendent drought resistance (Fig.  11C). MGD3 lacks 
known functional domains but has homologous proteins 
in various plant species, though their functions remain 
unreported. Predictions indicate six α-helix regions in 
MGD3, overlapping with hydrophobic amino acids and 
likely forming a multipass transmembrane protein, such 
as a channel or transporter protein [89] (Fig.  10A, Fig. 
S7). GFP-MGD3 protein localized to the ER (Fig.  10B). 
Given the characteristic localization of the MGD3 pro-
tein in cells and the increased drought stress resistance 
caused by MGD3 in plants, unknown but valuable func-
tions of the MGD3 protein should be revealed in the 
future.

Conclusion
In conclusion, this study revealed that Mongolian grass-
land plant C. virgata is highly resistant to drought stress. 
By de novo RNA-seq-based transcriptome analysis, 
25,469 protein-coding transcripts were determined, and 
1,219 cDNAs were identified as drought stress-inducible 
genes from C. virgata exposed to drought stress for 3 hr 
and 6 hr. After the transformation of approximately ten 
drought-inducible genes into Arabidopsis and the expo-
sure of these transformants to drought stress, the gene 
that presented the strongest drought-stress resistance 
was named MGD1. The MGD1 protein is conserved from 
monocots to dicots, has not been previously reported, 
and is predicted to possess one transmembrane domain 
and one coiled-coil domain. MGD2- and MGD3-over-
expressing Arabidopsis plants also presented higher 
drought stress resistance than did wild-type plants. The 
MGD2 and MGD3 proteins are not well characterized 
but are predicted to possess putative transmembrane 
domains. The drought stress resistance promoted by the 
MGD1, 2, and 3 genes suggests that these genes may 
contribute to molecular breeding in agriculture and the 
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improvement of the dilapidating desert area of Mongo-
lia. These searches for functional genes from unutilized 
wild plants could be effective in identifying unknown but 
valuable genes in the future.
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