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Abstract
Drought is a severe environmental constraint to plant productivity. Being a multidimensional stress, it
triggers a wide variety of plant responses at the physiological, biochemical, and molecular levels.
Exploring stress-related genes in endemic plants such as Veronica nakaiana paves the way to identifying
how these plants thrive in their respective locations. To identify genes related to the drought stress
response in V. nakaiana, we compared the transcriptomes of plants under well-watered (WW) and
drought-stressed (DS) conditions using RNA-sequencing. In DS plants, plant height, root length, leaf area,
and stomatal width were signi�cantly reduced, and stomatal density was increased. Interestingly, fresh,
and dry weights did not signi�cantly differ between WW and DS plants. To our knowledge, this was the
�rst attempt to establish a de novo transcriptome-based sequence assembly of V. nakaiana under
drought stress. We identi�ed 2,261 upregulated and 3,315 downregulated differentially expressed genes
in DS plants. In-depth data analysis revealed that a large number of these genes were associated with
drought stress responses, including heat shock proteins, abiotic stress related transcription factors, and
factors involved in abscisic acid signaling, lipid metabolism, and auxin binding. The results provide
insights into the different mechanisms contributing to the drought response in V. nakaiana.

Introduction
Climate change has been an ongoing issue in all the sectors of life disrupting global economic systems,
threatening the stability of nations and the prosperity of individuals. Projected increases in the frequency
and intensity of extreme weather events by 2050 pose a signi�cant threat to global food production1. One
of the serious consequences of climate change is drought, which causes adverse effects in plants
including decrease in photosynthesis and respiration, membrane damage, and osmotic imbalance. Plants
cope with drought stress via several hormonal signaling pathways including auxin, salicylic acid,
jasmonate, and brassinosteroid signaling. Abscisic acid (ABA) is a major phytohormone involved in the
drought stress response. It mediates stomatal closure, which reduces water loss through transpiration,
and regulates the expression of stress-responsive genes enabling the plants to adapt to water-de�cit
conditions 2. Plants exhibit a multifaceted response to drought stress, encompassing transcriptional
reprogramming and the modulation of protein activity. This intricate interplay of gene expression and
protein function orchestrates the molecular mechanisms underlying drought tolerance. Drought stress
signaling pathways include osmotic stress signaling, the calcium-dependent pathway, mitogen-activated
kinase signaling, phospholipid signaling, and reactive oxygen species signaling 3.

Although research on drought-tolerance genes in major staple crops is growing rapidly, studies of less
well-known plant species are still limited 4,5. Plants native to speci�c regions are important gene pool
resources because they are adapted to the changing environment speci�c to that region and often have
undergone cycles of genetic evolution and selection in order to thrive in the most extreme environments 6.
Veronica nakaiana Ohwi is an endemic species that thrives on the island of Ullengdo in South Korea 7. In
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contrast to other species belonging to the genus Veronica, V. nakaiana has demonstrated a notable
resilience in the face of drought stress 8.

Approximately 450 species within the genus Veronica predominantly inhabit regions across the Northern
Hemisphere and are adapted to diverse ecological niches ranging from coastal shorelines to high-altitude
alpine regions 9. Various Veronica species have been traditionally employed in medicine to alleviate a
range of ailments, including rheumatism, laryngopharyngitis, hemoptysis, hernia, and respiratory
disorders, owing to their rich content of iridoid glycosides and phenolic compounds 10. They are also
widely used as ornamental garden plants, commercially available as potted plants or cut �owers 11. So
far, fourteen distinct Veronica species have been identi�ed as native to South Korea.

The present study aimed to elucidate the physiological and molecular responses of V. nakaiana to
drought stress by evaluating changes in plant growth parameters, stomatal density, and transcript
abundance under drought conditions. RNA-sequencing analysis of drought-stressed (DS) in comparison
to well-watered (WW) V. nakaiana plants revealed key genes associated with drought stress previously
identi�ed in various model plants. A total of 67,856 transcripts were identi�ed. Further differential pattern
analysis revealed key genes that were associated with drought stress response, which have been
identi�ed previously in various model plants. Our �ndings provide novel insights into the key genes and
genetic mechanisms that allow V. nakaiana to survive in adverse conditions. Our study contributes to an
otherwise scarce pool of data that is available on endemic plant species like V. nakaiana, offering a novel
perspective and valuable resources for the molecular breeding of drought-tolerant crops.

Materials and methods

Plant material and experimental conditions
V. nakaiana seeds were provided by the Useful Plant Resources Center of the Korea National Arboretum
and were sown in seedling trays (High, Punong, Gyeongju, Korea) on November 10, 2021. The Korea
National Arboretum, an ex-situ conservation organization for endemic plants, supplied plants and seeds
for joint research with Pai Chai University (Project No. KNA1-2-33). Experimental research and �eld
studies, including the collection of plant materials, were conducted in accordance with guidelines laid
down by The Korea National Arboretum and Pai Chai University.

The seedlings were planted in plastic pots with a 12-cm diameter �lled with bedding soil mix on January
26, 2022. Plant height and width at this time were approximately 9.6 and 15.3 cm, respectively, and the
plants had approximately 9 leaves. Until February 25, when the drought treatment was started, the plants
were watered su�ciently daily to prevent drought stress.

The plants were subjected to two different irrigation treatments for a total of 3 weeks from February 25 to
March 18, 2022. Plants in the DS group were not irrigated at all during the experimental period, whereas
plants in the WW group received 200 mL of water per pot head-on when the volumetric water content
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(VWC, v/v) fell to 0.30 m3·m–3. Soil moisture content was measured using a frequency-domain
re�ectometry (FDR)-type soil moisture sensor (EC-5; Decagon Devices, Pullman, WA, USA), and a
correction formula suitable for the soil used in the experiment (VWC = 0.1546 × mV – 41.312, r = 0.96)
was used. VWC values were measured and stored in real time using a data logger (CR1000; Campbell
Scienti�c, Logan, UT, USA). Three FDR sensors were inserted into each of the control and drought
treatment groups and the average soil moisture content value is presented. Nine plants per treatment
were used for the measurements.

Phenotypic analysis
After 3 weeks of experimental treatments, plant height, plant width, leaf area, number of leaves, root
length, fresh and dry weights of above- and below-ground parts, plant water content, and the shoot-to-root
(S:R) ratio were measured. Dry weight was measured after complete drying in an oven at 80 ± 5°C for 72
h. Plant water content was calculated as the ratio of dry weight to total fresh weight, and the S:R ratio
was calculated as the dry weight ratio between the aerial parts and roots. Leaf number, leaf area, and
stomatal parameters were measured on newly developed leaves after the irrigation treatments were
initiated. Leaf area was measured using an LI-3100C leaf area meter (HyScience, Korea). Stomata were
photographed at 100× magni�cation using an optical microscope (HNB004; Tekpia, Korea), and the
number of stomata was expressed per 1 mm2. Stomatal area was calculated by multiplying the number
of stomata by the leaf area of the corresponding leaf. Stomatal density and size on the abaxial leaf
surface were observed. Leaves from the apical region, speci�cally, the 2nd to 4th leaves, were used for
investigation.

RNA isolation, and RNA-seq
Total RNA was extracted from three WW control and DS whole plants each. To 1 g of tissue, 0.5 g of
polyvinylpolypyrrolidone was added, and the tissue was �nely grounded with liquid nitrogen using a
mortal and a pestle. Total RNA was extracted using RNAxzol Reagent (Biomedic, Korea) per the
manufacturer’s protocol. gDNA was removed using DNase 1 (Enzynomics, Seoul, Korea) and the RNA
was puri�ed using an RNA Clean & Concentrator Kit (Zymo Research, Irvine, CA, USA). The RNA was
qualitatively and quantitatively analyzed using a spectrophotometer and then run through a 1.5% agarose
gel electrophoresis. RNA integrity was analyzed using a Bioanalyzer 2100 (Agilent Technologies, Santa
Clara, CA, USA). Sequencing libraries were prepared from 5 µg of total RNA puri�ed per sample using the
TruSeq RNA Sample Preparation Kit (Illumina, San Diego, CA, USA) according to the manufacturer’s
instructions. RNA sequencing was performed on the Illumina NovaSeq6000 platform.

Sequence processing and assembly
The sequencing raw data were pre-processed by removing the adapter sequences using Cutadapt 12. The
short transcriptome reads were pretreated using Dynamic Trim and LengthSort in the SolexaQA package
13. Using DynamicTrim, low-quality bases were cut at both ends of the short reads to secure high-quality
short reads and reads < 25 bp after the Dynamic Trim process were excluded from further analysis
through length sorting. De novo read assembly was performed using Trinity (v.2.8.6) 14. Bowtie2 was
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used for read mapping, and HTseq (v.0.1.1.0) was used to measure gene expression by counting the total
number of reads mapped to each gene 15,16. Count normalization was done using DESeq library in R 17.

Sequence annotation and identi�cation of differentially
expressed genes
Unigenes were annotated using the NCBI Viridiplantae database, and BLASTX was used to determine
gene functions. Using InterProScan, proteins were functionally classi�ed, using default settings.
Differentially expressed genes (DEGs) were identi�ed based on |Log2Fold| > 1 and adjusted p (FDR) ≤
0.1.

Functional annotation
The Gene Ontology (GO) database was used to functionally annotate the DEGs 18 and then Blast2Go was
used for high quality functional annotation 19. The signi�cant threshold was set to 0.05. Gene
annotations were divided into functional categories including biological process (BP), cellular component
(CC), and molecular function (MF). Further annotation was performed using BLASTX on amino acid
sequences from KEGG DB (�ltering criteria: e-value ≤ 1e-10, best hits). Housekeeping genes were
discovered through �ltering (e-value ≤ 1e-10, identity > 440%) using TBLASTN (actin, tubulin, GADPH).

Quantitative RT-PCR analysis
Total RNA was extracted from leaf, stem, and roots of control and drought-treated plants using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA). cDNA was synthesized from 1 µg of total RNA using
PrimeScript™ RT reagent Kit with gDNA Eraser (RR047A; TaKaRa, Shiga, Japan). One microliter of four-
fold diluted cDNA was used in a 12-µL qPCR mixture. Quantitative real-time PCRs (RT-qPCRs) were run
using SYBR Green Realtime Master Mix (TOYOBO, Osaka, Japan) on a CFX Connect Real-Time PCR
System (Bio-Rad, Hercules, CA, USA). The primers used are listed in Table S1. The thermal cycling
conditions were as follows: denaturation at 95°C for 3 min, followed by 40 cycles of 94°C for 10 s and
55°C for 30 s. Fluorescence values were measured in the last step of each cycle. Transcript levels of the
target genes were normalized to that of the actin gene VnACT8-1 and quanti�ed using the 2–ΔΔCT

method. All measurements were performed in three technical and biological replicates.

Results and Discussion
Morpho-physiological response of Veronica nakaiana to drought stress

We evaluated morphological and physiological features of V. nakaiana plants grown under DS and WW
conditions. The experiment began on February 25, 2022, with soil moisture levels of 0.5 m3·m–3 in both
the WW and DS plant groups (Fig. 1). Over time, the soil moisture content gradually declined to 0.3 m3·m–

3. At this point, WW plants were watered, whereas DS plants remained under drought conditions. The WW
plants were automatically watered to maintain the soil moisture content, and the soil moisture content in
the DS plants declined over time (Fig. 1). During the third week, DS plants showed a visually signi�cant
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decrease in overall size compared to WW plants (Fig. 2), whereas no signi�cant differences were
observed in fresh and dry weights between the two groups (Table 1). Drought stress negatively affects
growth-related traits in many crops 20. In our study, DS plants were shorter than WW plants (Fig. 3A), but
there was no signi�cant difference in plant width (data not shown). Reductions in plant height and leaf
area have been primarily ascribed to decreases in cell expansion and elongation 21,22. Leaf area is a
crucial factor in radiation interception and photosynthesis and thus, overall biomass accumulation 23. In
our study, signi�cant changes were observed in leaf development and stomatal density during the
drought stress treatment. In the WW group, the average leaf area was 14.7 mm2, whereas in DS plants, it
was 5.4 mm2, which was a 63% reduction (Fig. 3B). Plants’ initial response to drought is to close their
stomata to prevent water loss through transpiration. Compared to leaf water content, stomatal closure is
more closely related to the soil moisture content 24,25. Stomatal density and width were both signi�cantly
affected by drought stress in our study. DS plants had a higher stomatal density than WW plants
(Fig. 3C), and stomatal width was signi�cantly reduced in DS plants (Fig. 3D). Similarly, a drought stress-
induced increase in stomatal density has been observed in rapeseed, although the change in stomatal
width was reported to be insigni�cant 26. Numerous studies have documented a reduction in stomatal
length or width in drought-tolerant plants. This reduction primarily results in a decrease in the total
stomatal area, which further contributes to the plant’s adaptability to environmental stress 27,28.

Table 1
Effects of different irrigation treatment on the growth of Veronica nakaiana at 3 weeks after treatments

(n = 9)
Treatments Fresh weight (g) Dry weight (g) Water

content (%)
S:R
ratio

Root
length
(cm)

Shoot Root Total Shoot Root Total      

Well-
watered

5.86 2.10 7.97 0.46 0.17 0.63 92.09 2.71 18.80 a z

Drought 5.26 2.61 7.86 0.37 0.19 0.56 92.88 1.95 15.42 b

Signi�cance NS NS NS NS NS NS NS NS *

Transcriptome sequencing, assembly, and annotation
Whole-genome sequencing of V. nakaiana has not yet been accomplished, limiting the establishment of a
genetic database for studying endemic plants. We conducted six sequencing runs using whole plant
parts from WW control plants (n = 3) and DS plants (n = 3), yielding a total of 286,863,688 raw reads with
an average length of 101 bp. After �ltering out low-quality reads and adapter trimming, 278,228,300 reads
were retained. Because of the lack of a reference sequence, reads were assembled de novo, which
resulted in total transcript number of 67,856 with an average length of 1,671 bp and N50 of 2,010 bp. We
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obtained 25,798 representative transcripts with an average length of 1,464 and N50 of 1,799 bp (Table 2).
The distribution of transcript lengths is shown in Fig. 4.

Table 2
Summary of Veronica nakaiana de novo transcriptome assembly

Data Number of
transcripts

Length of transcripts (bp)

Total length Minimum Maximum Average N50

Total transcripts 67,856 113,412,648 500 16,961 1,671 2,010

Representative
transcripts

25,798 37,793,180 500 16,961 1,464 1,799

The availability of transcriptomes from a wide range of plant species, accessible through resources such
as NCBI, represents a valuable asset in the �eld of functional genomics. Using the non-redundant (NR)
Viridiplantae and InterProScan databases, 88.2% of total transcripts and 81.61% of representative
transcripts were annotated (Table 2). All assembled transcripts were aligned against the public NCBI NR
Viridiplantae and EMBL InterProScan databases. In total, 59,847 total transcripts and 21,055
representative transcripts were annotated in both databases (Table 3).

Table 3
Summary of the annotation results obtained from BlastX of the amino acid sequences

against NR viridiplantae database and EMBL interproscan
Data NR viridiplantae Interproscan Total annotation

Total transcripts 59,676 (87.95%) 48,254 (71.11%) 59,847 (88.2%)

Representative transcripts 20,977 (81.31%) 17,127 (66.39%) 21,055 (81.61%)

Functional annotation of assembled transcripts and
identi�cation of DEGs
Differential gene expressions between the WW and DS groups was investigated using the log2fold-
change method. If the fold change value changed by twice, it was selected as DEGs. Principal component
analysis (PCA) and hierarchical clustering analysis of the DEGs were conducted. Gene expression
patterns could be clearly distinguished between the WW and DS groups (Fig. S1A and B). The DEGs were
further categorized into subclusters based on the fold change in gene expression (Fig. S1C). Genes that
exhibited a 32-fold increase in expression under DS conditions were selected for further analysis. We
identi�ed 2,265 upregulated DEGs, 2,038 of which were annotated, and 3,515 downregulated DEGs, 3,307
of which were annotated (Fig. 5). These DEGs, when searched against the KEGG database, were divided
into �ve main categories and 18 subcategories. The main subcategory with the most DEGs was signal
transduction (18.58%), followed by carbohydrate metabolism (15.02%), environmental adaptation
(9.96%), lipid metabolism (8.25%), and other subcategories (48.16%) (Fig. 6). A signi�cant proportion of
the downregulated DEGs were classi�ed in the category metabolism. This suggests that, in response to
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drought stress, plants suppress metabolic processes related to activities such as the biosynthesis of
secondary metabolites and amino acids, and lipid metabolism. This adaptive response reallocates plant
energy resources towards mechanisms that enhance survival in drought conditions. These results are
consistent with previous �ndings, reinforcing the understanding of the plant response to water scarcity
29,30.

The DEGs were further functionally grouped based on GO annotations in the BP, MF, and CC categories.
Most upregulated DEGs were grouped in the BP and MF categories (Fig. 7). DEGs associated with
drought responses were strongly represented. A total of 102 and 695 GO terms were signi�cantly enriched
in up- and downregulated DEGs, respectively. The top �ve BPs enriched in upregulated DEGs included
response to stimulus (GO:0050896), regulation of cellular process (GO:0050794), response to chemical
(GO:0042221), response to stress (GO:0006950), and response to abiotic stimulus (GO:0009628) (Fig. 7).
Transcription factors (TFs) play a pivotal role in mediating plant responses to abiotic stresses, as has
been extensively reported in many plant species 31,32. The enrichment of GO terms including transcription
(GO:0097659, GO:0006351), regulation of transcription (GO:1903506, GO:0006355), transcription
regulator activity (GO:0140110), and DNA-binding transcription factor activity (GO:0003700) indicated
enhanced drought tolerance activity during DS conditions. The top �ve BPs enriched in downregulated
DEGs included metabolic process (GO:0008152), response to stimulus (GO:0050896), biosynthetic
process (GO:0009058), biological regulation (GO:0065007), and organic substance biosynthetic process
(GO:1901576). When plants encounter abiotic stresses such as drought, they initiate cellular signaling
pathways to adapt and survive. In response, energy resources are allocated away from normal metabolic
processes, such as growth and photosynthesis. The GO enrichment analysis results align with �ndings in
various other plant species 33–35.

Validation of drought stress responsive DEGs
Fourteen DEGs were selected to validate the differential expression data by RT-qPCR (Table 4 and Fig. 8).
All 14 genes showed similar expression patterns between RNA-seq and RT-qPCR.
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Table 4
List of notable upregulated and downregulated DEGs in response to drought stress

Gene ID Log2Fold change Gene description

Vn4695 10.95 Transcription factor SPATULA like

Vn728 9.03 Transcription factor SPATULA like

VN235 3.99 transcription factor SPATULA

Vn2069 10.04 PREDICTED: aquaporin TIP3-1-like

Vn4624 9.87 cinnamoyl alcohol dehydrogenase 1 (CAD1)

Vn2361 9.28 Serine/threonine protein phosphatase

Vn4193 9.47 probable xyloglucan endotransglucosylase/hydrolase protein 25

Vn5354 4.03 protein PROTON GRADIENT REGULATION 5, chloroplast

Vn3185 -8.58 ammonium transporter 1 member 3-like

Vn3411 -8.02 auxin-binding protein ABP19a

Vn2631 -7.40 abscisic acid receptor PYL4

Vn2629 -7.11 abscisic acid receptor PYL4-like

Vn2630 -6.09 abscisic acid receptor PYL4

The most strongly upregulated DEG in our study was a SPATULA-like TF (Vn4695). SPATULA, a member
of the basic helix-loop-helix (bHLH) TF family, plays a crucial role in regulating root growth by controlling
root meristem size 36,37. RT-qPCR analysis of Vn4695 con�rmed that its expression was signi�cantly
increased in DS plant tissues (leaf, root, and stem) after two weeks of drought treatment (Fig. 8). In
addition to Vn4695, two more upregulated unigenes were functionally annotated as SPATULA TFs
(Vn728 and Vn235). SPATULA regulates cell proliferation in parallel to gibberellic acid and affects auxin
transport and accumulation. SPATULA is also known to limit the size of leaves and meristems in
response to stress signals, which may be linked to the reduced leaf area in DS V. nakaiana plants
(Fig. 3B) 36–38.

Another highly upregulated DEG was Vn2069, which was predicted to encode an aquaporin, tonoplast
intrinsic protein 2-like. Aquaporins are involved in drought stress tolerance in some plant species 39;
therefore, the contribution of Vn2069 to drought tolerance warrants further study. Vn2069 expression
increased drastically in the roots of DS plants in the second week, whereas its expression in the stem and
leaves increased only slightly (Fig. 8). Vn4624, another signi�cantly upregulated DEG predicted to encode
cinnamoyl alcohol dehydrogenase 1 (CAD1), was highly expressed in all plant tissues during the second
week of drought stress. CAD1 belongs to defense-related CADs and is a lignin biosynthetic protein. In
sweet potato, CAD1 is induced by biotic and abiotic stresses 40. Other DEGs highly upregulated to similar
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levels included a serine/threonine phosphatase (Vn2361), xyloglucan endotransglucosylase (Vn4193),
and proton gradient regulation 5 (Vn5354).

Under stress conditions, heat shock proteins, also known as chaperones, are upregulated to facilitate
protein folding, association, translocation, and degradation. This adaptive response contributes to the
stabilization of cell membranes and protein structures during various abiotic stresses 41–45. We identi�ed
17 heat shock proteins and heat shock factors at were upregulated in DS plants (Table S2).

Nitrogen is one of the most important factors in plant growth and development. It is predominantly
absorbed by the plant in the form of ammonium. Drought stress negatively affects root formation and
photosynthesis, thus slowing down nitrogen acquisition and assimilation 46,47. We identi�ed �ve
downregulated DEGs related to ammonia transport in DS plants, among which Vn3185, predicted to
encode ammonium transporter 1 member 3-like, was the most strongly downregulated. Similarly,
downregulation of ammonium transporter 1 genes has been observed in Solanum lycopersicum
(SlAMT1) and Brassica juncea (BjAMT1.2) plants under drought stress, which indicates an adverse effect
of water de�cit on nitrogen assimilation 48,49.

Another DEG that was notably downregulated in DS plants was Vn3411, predicted to encode auxin-
binding protein ABP19a, with a conserved oxalate oxidase (germin), cupin domain. Germin and germin-
like proteins (GLPs) belong to the cupin superfamily, which is associated with several abiotic stresses in
different plant species 50–52. GLPs have distinct enzyme functions and include two hydrogen peroxide-
generating enzymes: oxalate oxidase and superoxide dismutase. True germins are characterized by
oxalate oxidase activity, whereas other germins and GLPs have superoxide dismutase. In Arabidopsis,
two GLPs have been found to be downregulated under water stress 53. The downregulation of Vn3411 in
roots and leaves of DS plants was validated by RT-qPCR (Fig. 9).

Abscisic acid (ABA) is a key regulator in abiotic stress signaling in plants. During unfavorable conditions,
ABA signaling induces dormancy and retards plant growth 54,55. Pyrabactin resistance 1-like (PYL)-type
2C protein phosphatase (PP2C)-SNF1-related protein kinase 2 (SnRK2) family proteins are central
components of the ABA signaling pathway. PYLs act as ABA receptors, whereas PP2Cs and SnRK2s play
vital roles as negative and positive regulators of ABA signaling, respectively. PYL plays an important role
in normal plant growth and development during stress 56. The overexpression of certain PYL and PP2C
family genes has been demonstrated to lead to signi�cantly improved or reduced drought tolerance 57,58.
In our study, three predicted PYL4 unigenes (Vn2631, Vn2629, and Vn2630) were strongly downregulated
(Fig. 9).

TFs responding to drought stress
Drought tolerance is eventually determined by the regulation of drought-responsive genes by TFs such as
AP2/ERF, bZIP, bHLH, MYB, NAC, and WRKY 31,59,60. Many TFs have been identi�ed as crucial participants
in coordinating various abiotic stress responses by regulating downstream stress-responsive genes. The
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expression or silencing of target genes serves as a stress response trigger. The AP2/ERF superfamily of
TFs includes ethylene response factor (ERF), which plays diverse functions in plant responses to biotic
and abiotic stresses 61,62. Many studies in different plants species have reported the role of ERFs in
drought stress tolerance 63–65. We identi�ed 11 predicted ERFs that were upregulated in DS plants. The
role of MYB TFs in drought stress has been widely reported 66. In rice, 65% of MYB TFs are differentially
regulated under drought stress 67. We identi�ed 16 MYB TFs that were upregulated in DS plants (Table
S3). Basic leucine zipper (bZIP) is another diverse family of TFs involved in drought stress tolerance in
plants 31,68,69. In our study, six bZIP TFs were upregulated in DS plants (Table S3). Furthermore, seven
bHLH family genes, including the three SPATULA genes mentioned above, were upregulated, suggesting
their potential involvement in the drought stress mechanism, as reported in other plant species 70–73.
Among the other upregulated TFs, one belonged to the NAC family, six to WRKY family, and seven to the
GATA family (Table S3). The roles of these TF families in the drought stress response have been
extensively reported 60,74–76.

Conclusions
In conclusion, our study demonstrates that V. nakaiana plants modulate stomatal density and aperture to
cope with drought stress, thereby maintaining a relatively stable biomass. However, drought stress does
induce moderate stress responses in V. nakaiana, manifesting as reductions in root size, leaf area, and
overall plant height. At the transcriptome level, a number of TF-encoding and other genes known to play
key roles in drought stress signaling and adaptation were upregulated. Further research is required to
identify the interaction networks among these genes. Our �ndings provide a basis for further analysis of
the drought stress response mechanism in V. nakaiana.
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Figures

Figure 1

Volumetric Water Content (VWC) in the growth substrate under different irrigation treatments. The peaks
in the graph for well-watered plants correspond to the days the plants were irrigated when the VWC fell to
0.30 m3·m–3. The dotted lines indicate one-week intervals.
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Figure 2

(A) V. nakaiana plants under WW and DS conditions at one, two, and three weeks of treatment. (B) Plant
parts that were sampled for RT-qPCR. WW: Well-watered, DS: Drought-stressed
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Figure 3

(A) Plant height, (B) leaf area, (C) stomatal density, and (D) stomatal width of V. nakaiana plants grown
under WW and DS treatments. Different letters above bars indicate signi�cant differences (Tukey’s HSD
test, p < 0.05). Vertical bars represent standard error (n = 9).
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Figure 4

Length distributions of total and representative transcripts of V. nakaiana plants.
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Figure 5

Summary of DEGs obtained from the transcriptome analysis of  V. nakaiana plants. Annotation
information for the DEGs was obtained from the NCBI NR database.



Page 22/24

Figure 6

KEGG pathway analysis of DEGs in drought-stressed V. nakaiana plants. The y-axis corresponds to the
pathways,and the x-axis corresponds to the DEG numbers associated with each GO pathway. The main
KEGG categories are indicated in blue on the right.
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Figure 7

Gene Ontology (GO) classi�cation. The results are summarized in three GO categories: Biological
Process, Molecular Function, and Cellular Component. The y-axis indicates the subcategories, and the x-
axis indicates DEG numbers associated with each GO term.

Figure 8
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RT-qPCR analysis of the expression of the selected upregulated DEGs in WW and DS plants in the leaves,
roots, and stems in weeks 1 and 2 of treatment. WW: Well-watered, DS: Drought-stressed

Figure 9

RT-qPCR analysis of the expression of selected downregulated DEGs in WW and DS plants in the leaves,
roots, and stems in weeks 1 and 2 of treatment. WW: Well-watered, DS: Drought-stressed
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