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Abstract 

Background Gleditsia sinensis is a significant tree species from both ecological and economic perspectives. How-
ever, its growth is hampered by temporary droughts during the seedling stage, thereby impeding the development 
of the G. sinensis industry. Drought stress and rehydration of semi-annual potted seedlings using an artificial simulated 
water control method. RNA sequencing (RNA-seq) analyses were conducted on leaves collected from highly resist-
ant (HR) and highly susceptible (HS) seedling families at five different stages during the process of drought stress 
and rehydration to investigate their gene expression patterns.

Results The differentially expressed genes (DEGs) were predominantly enriched in pathways related to “chloroplast” 
(GO:0009507), “photosynthesis” (GO:0015979), “plant hormone signal transduction” (map04075), “flavonoid biosyn-
thesis” (map00941), “stress response”, “response to reactive oxygen species (ROS)” (GO:0000302), “signal transduction” 
(GO:0007165) in G. sinensis HR and HS families exposed to mild and severe drought stress. Additionally, the pathways 
related to “plant hormone signal transduction” (map04075), and osmoregulation were also enriched. The difference 
in drought tolerance between the two families of G. sinensis may be associated with “transmembrane transporter 
activity” (GO:0022857), “stress response”, “hormones and signal transduction” (GO:0007165), “cutin, suberine and wax 
biosynthesis” (map00073), “ribosome” (map03010), “photosynthesis” (map00195), “sugar metabolism”, and others. 
An enrichment analysis of DEGs under severe drought stress suggests that the drought tolerance of both families 
may be related to “water-soluble vitamin metabolic process” (GO:0006767), “photosynthesis” (map00195), “plant 
hormone signal transduction” (map04075), “starch and sucrose metabolism” (map00500), and “galactose metabolism” 
(map00052). Osmoregulation-related genes such as delta-1-pyrroline-5-carboxylate synthase (P5CS), Amino acid per-
mease (AAP), Amino acid permease 2 (AAP2) and Trehalose-phosphate synthase (TPS), as well as the antioxidant enzyme 
L-ascorbate peroxidase 6 (APX6), may be significant genes involved in drought tolerance in G. sinensis. Five genes were 
selected randomly to validate the RNA-seq results using quantitative real-time PCR (RT-qPCR) and they indicated 
that the transcriptome data were reliable.

Conclusions The study presents information on the molecular regulation of the drought tolerance mechanism in G. 
sinensis and provides a reference for further research on the molecular mechanisms involved in drought tolerance 
breeding of G. sinensis.
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Background
Dramatic changes in the global climate and rainfall pat-
terns have worsened the unequal distribution of water 
resources, resulting in drought conditions for numerous 
plant species [1]. Almost a third of the globe is in an arid 
or semi-arid state, and half of China’s landmass is arid or 
semi-arid. Drought is a significant environmental factor 
that limits plant growth, and the decrease in crop yields 
due to drought surpasses all other environmental factors 
combined [2]. When plants experience drought stress, 
they produce substantial amounts of reactive oxygen 
species (ROS), which can harm the cell membranes and 
decrease light energy uptake. This can lead to irreversible 
damage to plant tissues or even plant death. The Guizhou 
terrain embodies a classic karst landscape, characterized 
by significant surface seepage and suboptimal soil mois-
ture retention, which lead to slow vegetative growth and 
elevated seedling mortality during intermittent drought 
episodes. These factors impose significant constraints 
on the economic viability of the Guizhou region. While 
plants have developed various mechanisms to cope with 
harsh environments over extended periods of time, and 
drought tolerance is frequently enhanced through arti-
ficial selection and domestication, there is a relatively 
limited amount of research on the physiological and bio-
chemical processes of drought tolerance. Thus, tackling 
the issue of drought tolerance at the molecular mechanis-
tic level is difficult. When plants are subjected to drought 
stress, they combat the stress by initializing and control-
ling the expression patterns of pertinent drought-tolerant 
genes [3]. The complex mechanism of drought tolerance 
in plants is regulated simultaneously by multiple genes 
[4]. RNA-seq offers an effective means to investigate 
plant resistance and has evolved into a potent tool for 
elucidating drought stress and predicting gene function 
[5]. Furthermore, transcriptome analysis can illuminate 
the molecular mechanisms involved in specific biologi-
cal processes [6]. Currently, RNA-seq studies have dem-
onstrated the presence of drought-resistant genes in 
various plants, such as poplar [7], soybean [8] and maize 
[9]. These studies found that crops can enhance their 
drought tolerance by regulating metabolic pathways, 
including “abscisic acid (ABA)” and “Ca2+ signal path-
ways”, “jasmonic acid synthesis”, “glycolysis”, and “sugar 
metabolism”.

Gleditsia sinensis is a significant tree species for both 
ecology and economy, with wide distribution in China. It 
is one of the characteristic species for forestry develop-
ment in Guizhou Province. The susceptibility of G. sinen-
sis to drought is due to its specific geography, leading to 
a cyclical pattern of drought-rehydration-drought in its 
natural state. The seedling stage represents a crucial phase 
in plants’ life cycle, whereby drought can exert a certain 

influence on the growth of G. sinensis seedlings. However, 
the variations in the impact deriving from different magni-
tudes of drought and rehydration across different families 
have not been thoroughly explored. Currently, studies cen-
tred around G. sinensis have emphasised seedling propa-
gation methods [10], physiological seedling resilience [11, 
12], and the morphology of pollen [13]. However, it fails 
to explore the molecular mechanisms of G. sinensis’ adap-
tation to drought stress and the identification of its genes 
related to drought tolerance. This limitation impedes the 
study of drought tolerance mechanisms in G. sinensis from 
a molecular standpoint. In this study, an artificial simula-
tion of water control was employed  to treat semi-annual 
potted seedlings with drought stress and rehydration, and 
selected HR and HS families, and sampled seedlings of 
the two families in different treatment periods, and ana-
lyzed the gene expression in the leaves of G. sinensis seed-
lings when subjected to drought and rehydration by using 
RNA-seq technology, with the aim of discovering rele-
vant drought resistant genes and exploring the molecular 
response mechanism of drought resistance of G. sinensis 
seedlings to provide theoretical basis for cultivation, pro-
duction and popular application of G. sinensis. The aim is 
to explore the molecular response mechanism of drought 
resistance in G. sinensis seedlings, and provide a theoreti-
cal basis for the cultivation and application of G. sinensis, 
which will be helpful for the development and cultivation 
of drought resistant G. sinensis varieties.

Materials and methods
Plant material preparation
The test materials consisted of seeds collected from wild 
Gleditsia sinensis germplasm resources in Guizhou Prov-
ince, as previously reported. The HS1 and HR1 families 
were identified in the collected seeds [14, 15]. The nurs-
ery soil underwent treatment with 0.1 percent potassium 
permanganate. The soil ratio used was humus: nutrient 
soil = 1:1. The pH of the potting soil was 7.53, with an 
average soil capacity of 1.25  g/cm3. The total nitrogen 
content was 10.84 g/kg, while the total phosphorus con-
tent was 0.97  g/kg, and the total potassium was 3.36  g/
kg. Additionally, the organic matter content was meas-
ured to be 13.98  g/kg. Seedling pots measuring 24  cm 
in height and 20 cm in diameter were utilized to accom-
modate each seedling, with each pot being loaded with 
80% of its volume in soil from the nursery. One seedling 
was planted per pot. Seedlings were selected for natural 
drought treatment after 5 months of growth and the test 
materials were well watered daily for 3 d prior to treat-
ment, which was used as the soil saturated water content 
(soil water content of 30% to 35%). The soil moisture was 
measured using a soil moisture meter (Delta-T, UK) and 
averaged from three readings. Three drought gradients 
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of mild drought (relative soil water content (percent-
age of maximum water holding capacity of the soil) of 
55% ~ 60%) and severe drought (relative soil water con-
tent of 30% ~ 35%) were established, using 75% ~ 80% of 
relative soil water content as a control [16]. The natural 
drought time was determined by the water reduction to 
reach the drought interval, and the soil moisture content 
was determined to reach mild drought (7 d continuous 
drought) and severe drought (14 d continuous drought) 
using a soil moisture meter with the control (with rela-
tive soil water content of 75% ~ 80%) as 0 d. After 14 d 
of continuous drought, seedlings began to wilt and die. 
The rehydration test was carried out immediately after 
the drought test, during which the relative soil mois-
ture content of the test seedlings was restored using a 
soil moisture meter. The collected leaves were snap fro-
zen in liquid nitrogen and stored in a refrigerator at -80 
℃. Three biological replicates were established for each 
experimental treatment. Experimental and field studies 
on plants, including the collection of plant material and 
the conduct of plant trials, were conducted in accord-
ance with relevant institutional, national and interna-
tional guidelines and legislation, no competitive conflict 
of interest.

RNA‑Seq sequencing and data analysis
RNA extraction and transcriptome sequencing
Total RNA was extracted using RNAprep Pure Plant Kit 
(TIANGEN, Beijing, China), and the quality of RNA was 
assessed using 1% agarose gel electrophoresis, NanoDrop 
2 000 (Thermo Fisher Scientific, USA) spectrophotom-
eter detection and Agilent 5 300 (Agilent Technologies, 
USA). The RNA extraction quality and concentration of 
all samples were ≥ 1 ug total RNA, concentration ≥ 35 ng/
μL, OD 260/280 ≥ 1.8, OD 260/230 ≥ 1.0, and bands were 
complete and clear with no apparent dispersion or tail-
ing. A-T base pairing with ployA using magnetic beads 
with Oligo (dT) was used to isolate mRNA from total 
RNA. The fragments were randomly disrupted by add-
ing fragmentation buffer and the double strand was syn-
thesized by filtering the fragments. an ’A’ base was added 
at the 3’ end to connect the Y junction. The raw reads 
generated via Illumina sequencing were deposited in the 
NCBI SRA database (BioProject ID: PRJNA960694).

Raw data pre‑processing and unigenes function 
annotation
The raw reads were quality-controlled using fastp [17], 
the adapter sequences were removed, and low-quality 
reads were filtered out. The clean reads were then sub-
jected to Trinity software for de novo assembly of the 
transcriptome. Trinity identified and reconstructed 
potential transcripts from the clean reads. The resulting 

assembled transcripts were subsequently utilized for fur-
ther downstream analysis. To obtain a set of non-redun-
dant sequences, the CD-HIT software was employed to 
select the longest coding sequences (CDS) as the rep-
resentative unigenes [18, 19]. To obtain high-quality 
read data for sequence analysis, the raw reads contain-
ing adapter sequences and low-quality sequences were 
removed. After that, the clean reads were assembled 
into unigenes as the reference sequences using the Trin-
ity (v2.4.0). The functions of unigenes were employed to 
determined using the Gene Ontology (GO, http:// www. 
geneo ntolo gy. org/), Protein family (Pfam, http:// rfam. 
janel ia. org/), Kyoto Encyclopedia of Genes and Genomes 
(KEGG, http:// www. genome. jp/ kegg/) [20], Clusters of 
Orthologous Groups of proteins (COG, http:// www. 
ncbi. nlm. nih. gov/ COG/), NCBI non-redundant protein 
sequence (NR, https:// www. ncbi. nlm. nih. gov/ public/), 
Swiss-Prot (Swiss-Prot protein database, http:// www. 
gpmaw. com/ html/ swiss- prot. html).

Weighted gene co‑expression network analysis 
of differentially expressed genes
Clean data were aligned to reference data using Bowtie2 
v2.3.5.1 software [21], and transcript level expression per 
detected expression was estimated in unit transcripts 
Per Kilobase of exon model per Million mapped reads 
(TPM) using RSEM v1.3.1 [22]. The number of genes 
identified was normalized using the DESeq2 R 4.3.1 soft-
ware package [23]. DEGs screening threshold was set 
to p-value < 0.05 and |fold change|> 2. The results of the 
weighted correlation network analysis were determined 
using the WGCNA R 4.3.1 package [24], removing genes 
with TPM expression values below 1 in the sample. To 
identify enriched significant metabolic pathways and bio-
logical functions, we conducted KEGG pathway analysis 
and GO function enrichment using the clusterProfiler 
package [25], which screened for significant pathways 
with a threshold of corrected p-value < 0.05. The corre-
lation between modules and physiological indicators of 
drought resistance in G. sinensis was calculated by apply-
ing the cor function, and the p-value was determined 
using the corPvalueStudent function. Heat mapping the 
correlations between modules and physiological indica-
tors [26]. The target modules were selected for further 
study and essential genes were extracted.

Quantitative real‑time PCR validation
EIF5A was selested as the reference gene [27]. Five genes 
exhibiting differential expression greater than two  fold 
were selected for analysis. Primers were designed using 
Primer 5.0 (Table  1). qRT-PCR was performed using 
a T100 Thermal CyclerP PCR instrument (BIO-RAD, 
USA). The reaction parameters for qRT-PCR  were 

http://www.geneontology.org/
http://www.geneontology.org/
http://rfam.janelia.org/
http://rfam.janelia.org/
http://www.genome.jp/kegg/
http://www.ncbi.nlm.nih.gov/COG/
http://www.ncbi.nlm.nih.gov/COG/
https://www.ncbi.nlm.nih.gov/public/
http://www.gpmaw.com/html/swiss-prot.html
http://www.gpmaw.com/html/swiss-prot.html
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95  °C/3  min; 95  °C/5  s, 60  °C/15  s, 40 cycles. The reac-
tion system included 1.5 µl forward and reverse primers, 
2.5  µl template cDNA, 12.5  µl 2 × SYBR Premix ExTaq, 
8.5  µl  ddH2O. The gene relative expression levels were 
calculated according to the  2−∆∆Ct method [28]. Three 
technical replicates and three biological replicates were 
conducted.

Statistical analysis
All statistical analyses were conducted using R v4.3.1 
software [29]. To establish significance at a 0.05 prob-
ability level, the least significant difference (LSD) test was 
executed. The samples were analyzed using the hcluster 
function in cluster analysis.

Results and analyses
Analysis of RNA‑seq and splicing results
After high-throughput sequencing, a total of 115.79G of 
data was obtained from 30 samples, with an average error 
rate of 0.02%, with an average Q20 > 98%, Q30 > 94%, 
and GC content > 44% (Table 2). A total of 1,588,719,568 
high-quality clean reads were obtained, with an average 
of 52,957, 318 reads (> 8  Gb) for per samples, and the 
average percentage of uniquely mapped reads was 80.74% 
[30]. The 109,300 unigenes were annotated in six data-
bases, included KEGG, COG, NR, Swiss-Prot, Pfam and 
GO (Table 3), of which 23,079 (21.21%) were annotated 
in KEGG, 48,564 (44.43%) in COG, 60,681 (55.52%) in 
NR and 37,628 (34.43%) in Swiss-Prot. The prediction of 
genes with encoded transcription factors (TFs) had the 
most unigenes belonging to the MYB superfamily with 
198 unigenes, followed by the AP2/ERF family with 104 
unigenes, and the number of unigenes was greater than 
50 for the C2C2 family, the NAC family, the bHLH family, 
the WRKY family, the GRAS family and the bZIP family.

DEGs analysis
Principal component analysis (PCA) was used on the 
samples between treatments and it was found that the 
biological replicates clustered together, indicating speci-
ficity between each group of samples, demonstrating the 
reliability of the data (Fig. 1B). The distances between the 

same treatment in different families and between differ-
ent treatments in the same family were greater, suggesting 
that G. sinensis seedlings respond to drought stress at dif-
ferent levels of drought through metabolite changes and 
thus to different levels of drought. Comparison of DEGs 
of G. sinensis families from HR and HS under successive 
drought and rehydration conditions (Fig.  1A). From the 
figure, the HS families had the highest number of DEGs 
compared to the mild drought control with 16,709 genes, 
of which 8,668 were up-regulated and 8,041 were down-
regulated. For the HR families, the most DEGs were 
11,189 in the severe drought group compared to the con-
trol group, including 5,581 up-regulated and 5,608 down-
regulated genes. When comparing the periods together, 
the least number of genes were differentially expressed in 
the severe drought versus mild drought comparison, with 
a total of 2,996 DEGs in the HR families, of which 1,388 
were up-regulated and 1,608 were down-regulated; and 
a total of 6,313 DEGs in the HS families, of which 2,440 
genes were up-regulated and 3,873 genes were down-reg-
ulated. There were 30,459 DEGs in SHR vs SHS, of which 
13,945 were up-regulated and 16,514 were down-reg-
ulated; and there were 30,410 DEGs in DHR vs DHS, of 
which 13,313 were up-regulated and 17,097 were down-
regulated (Fig. 1C and Fig. 1D).

GO and KEGG enrichment analysis of DEGs in G. sinensis 
in response to drought stress
GO and KEGG enrichment analyses of G. sinensis HR 
and HS families in response to mild and severe drought 
stress genes were performed and the results were shown 
below (Fig. 2). GO for DEGs in response to drought stress 
in both HR and HS families of G. sinensis included “chlo-
roplast” (GO:0009507), “photosynthetic membrane” 
(GO:0034357), “thylakoid membrane” (GO:0042651), “thy-
lakoid” (GO:0009579), “photosynthesis” (GO:0015979), 
“photosystem” (GO:0009521) and others. Comparison of 
GO enrichment between HR and HS families revealed that 
the GO of drought stress DEGs in response to drought 
stress in G. sinensis from families mainly included “trans-
membrane transporter activity” (GO:0022857), “trans-
porter activity” (GO:0005215), “response to stimulus” 

Table 1 Primers sequence of qRT-PCR

Primers Name Forward primer(5′‑3′) Reverse primer(5′‑3′)

TRINITY_DN2358_c0_g1 ACA TCA TGA CAA CCT CAG CAGA AGT AGC CAG TGT AGA CAC CAAT 

TRINITY_DN6754_c0_g1 AGG CTT TGG CTT CTA AAC TTCC GCA CCC CGT ATA CAA TCT TGCT 

TRINITY_DN300_c0_g2 TGC CAA CAT TCT GTC TTC CCAC GCC ACA CAC TTT TCC ATC CACC 

TRINITY_DN14245_c0_g1 GAA AAG CAG AAG AAG CAA GAGA GTA CCA AGG AAG TTT ACA AGGG 

TRINITY_DN17273_c0_g1 CCT TCA AAA CCA CAG TTT TCCC TCC TCC AAT TTC TCC ATC CATC 

EIF5A CAT GTG AAT CGT ACT GAC TATC GGT CAT CCT TGG TGT TCC 
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(GO:0050896), “defense response” (GO:0006952), “sig-
nal transduction” (GO:0007165), “response to endog-
enous stimulus” (GO:0009719), “oxidoreductase activity” 
(GO:0016491), “acting on the aldehyde or oxo group of 
donors, oxygen as acceptor” (GO:0016623), “regulation of 
photosynthesis, light reaction” (GO:0042548) and others. 
GO of DEGs in response to drought stress in HS families of 
G. sinensis mainly included “structural component of ribo-
some” (GO:0005840), “ribosomal subunit” (GO:0044391), 

“translation”, “chloroplast” (GO:0009507), “thylakoid” 
(GO:0009579), “photosynthesis” (GO:0015979), “structural 
molecule activity” (GO:0005198), “peptidase inhibitor 
activity” (GO:0030414), “endopeptidase inhibitor activity” 
(GO:0004866), “oxidoreductase activity” (GO:0016491), 
“acting on the CH-NH2 group of donors” (GO:0016638) 
and others. The most significantly enriched pathways for 
DEGs in response to drought stress in both HR and HS 
families of G. sinensis included “metabolic pathways” and 

Table 2 Transcriptome quality control results statistics

Sample Raw reads
Number

Raw bases Clean reads Clean bases Error rate(%) Q20 Q30 GC Clean reads 
Mapped 
ratio

CHS 1 4.18E + 07 6.32E + 09 4.14E + 07 6.11E + 09 0.0255 97.92 93.7 43.44 79.42%

CHS 2 4.25E + 07 6.41E + 09 4.20E + 07 6.21E + 09 0.0261 97.67 93.09 43.43 78.38%

CHS 3 4.70E + 07 7.10E + 09 4.65E + 07 6.85E + 09 0.0258 97.81 93.4 43.32 78.14%

DHS 1 5.54E + 07 8.36E + 09 5.50E + 07 8.19E + 09 0.0258 97.80 93.32 44.69 78.90%

DHS 2 5.09E + 07 7.68E + 09 5.06E + 07 7.51E + 09 0.0254 97.97 93.75 44.81 79.90%

DHS 3 6.07E + 07 9.16E + 09 6.01E + 07 8.86E + 09 0.0263 97.61 92.93 44.92 80.14%

SHS 1 5.73E + 07 8.65E + 09 5.69E + 07 8.45E + 09 0.0256 97.87 93.54 44.19 78.42%

SHS 2 4.80E + 07 7.24E + 09 4.77E + 07 7.07E + 09 0.025 98.15 94.12 44.36 79.31%

SHS 3 4.95E + 07 7.48E + 09 4.92E + 07 7.26E + 09 0.0264 97.55 92.77 44.21 79.43%

rHS 1 6.34E + 07 9.58E + 09 6.30E + 07 9.24E + 09 0.0252 98.05 93.90 44.87 81.82%

rHS 2 4.64E + 07 7.00E + 09 4.60E + 07 6.70E + 09 0.0254 97.95 93.75 44.49 81.45%

rHS 3 6.55E + 07 9.89E + 09 6.51E + 07 9.58E + 09 0.0259 97.81 93.27 44.87 81.51%

RHS 1 6.28E + 07 9.49E + 09 6.24E + 07 9.22E + 09 0.0254 97.97 93.77 44.95 80.85%

RHS 2 5.46E + 07 8.25E + 09 5.42E + 07 7.92E + 09 0.0253 97.99 93.84 45.17 82.42%

RHS 3 5.55E + 07 8.38E + 09 5.52E + 07 8.10E + 09 0.0252 98.05 93.97 45.01 81.34%

CHR 1 4.86E + 07 7.33E + 09 4.82E + 07 7.11E + 09 0.0251 98.09 94.02 44.70 80.54%

CHR 2 5.28E + 07 7.97E + 09 5.23E + 07 7.71E + 09 0.0258 97.78 93.33 44.66 80.29%

CHR 3 5.47E + 07 8.27E + 09 5.43E + 07 8.01E + 09 0.0254 97.97 93.77 44.75 80.44%

DHR 1 5.37E + 07 8.11E + 09 5.34E + 07 7.90E + 09 0.0256 97.86 93.51 45.17 80.82%

DHR 2 5.17E + 07 7.81E + 09 5.13E + 07 7.50E + 09 0.0253 98.00 93.88 45.42 83.16%

DHR 3 5.26E + 07 7.94E + 09 5.23E + 07 7.75E + 09 0.025 98.14 94.13 45.01 80.16%

SHR 1 5.18E + 07 7.82E + 09 5.15E + 07 7.64E + 09 0.0257 97.83 93.37 44.60 80.72%

SHR 2 4.87E + 07 7.36E + 09 4.84E + 07 7.16E + 09 0.0262 97.65 92.98 44.61 80.52%

SHR 3 5.02E + 07 7.58E + 09 4.99E + 07 7.38E + 09 0.0254 97.98 93.77 44.66 81.55%

rHR 1 5.35E + 07 8.08E + 09 5.31E + 07 7.81E + 09 0.0257 97.82 93.42 45.02 81.84%

rHR 2 5.18E + 07 7.82E + 09 5.14E + 07 7.59E + 09 0.0257 97.83 93.4 44.83 81.99%

rHR 3 4.93E + 07 7.44E + 09 4.90E + 07 7.26E + 09 0.0254 97.98 93.77 44.71 81.35%

RHR 1 5.94E + 07 8.96E + 09 5.89E + 07 8.68E + 09 0.0251 98.08 94.03 44.95 82.34%

RHR 2 6.55E + 07 9.90E + 09 6.50E + 07 9.54E + 09 0.0253 98.01 93.89 44.96 82.52%

RHR 3 5.48E + 07 8.28E + 09 5.44E + 07 7.96E + 09 0.0254 97.96 93.78 44.92 82.62%

Table 3 General annotation list of gene funtion

Values KEGG COG NR Swiss‑Prot Pfam GO Overall

Number 23079 48,564 60,681 37,628 28,059 50,588 61,323

Percentage 21.12% 44.43% 55.52% 34.43% 25.67% 46.28% 56.11%
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“biosynthesis of secondary metabolites”, “carbon fixation in 
photosynthetic organisms” (map00710), “plant hormone 
signal transduction” (map04075), “flavonoid biosynthesis” 
(map00941), “photosynthesis” (map00195), “plant-path-
ogen interaction” (map04626) and others. Comparison of 
the pathways of the HR and HS families revealed that the 
most significantly enriched pathways for DEGs in response 
to drought stress in the HR families of G. sinensis mainly 
included “fructose and mannose metabolism” (map00051), 
“cutin, suberine and wax biosynthesis” (map00073) and 

others. The most significantly enriched pathways for DEGs 
in response to drought stress in the HS families of G. sin-
ensis mainly included “ribosome” (map03010), “starch 
and sucrose metabolism” (map00500), “photosynthesis-
antenna proteins” (map00196), “glycolysis/ gluconeogen-
esis” (map00010), “protein processing in endoplasmic 
reticulum” (map04141) and others. Suggesting that the 
functions of DEGs in G. sinensis in response to drought 
stress were mostly related to “chloroplast” (GO:0009507), 
“thylakoid” (GO:0009579), “photosynthesis” (map00195), 

Fig. 1 Differential expression of genes under different drought stresses and PCA

Fig. 2 GO and KEGG enrichment analysis of DEGs in G. sinensis in response to drought stress. Note: A: GO enrichment analysis of DEGs, B: KEGG 
enrichment analysis of DEGs
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“metabolic pathways”, “plant hormone signal transduc-
tion” (map04075), “flavonoid biosynthesis” (map00941), 
“plant-pathogen interaction” (map04626) and others. The 
difference in drought tolerance between the two families 
of G. sinensis may be associated with “transmembrane 
transporter activity” (GO:0022857), “response to stimu-
lus” (GO:0050896), “cutin, suberine and wax biosynthesis” 
(map00073), “translation”, “ribosome” (map03010), “photo-
synthesis” (map00195), “glucose metabolism” and others.

Enrichment analysis of G. sinensis HS and HR families 
in response to severe drought stress DEGs
To investigate the molecular functions of DEGs in 
response to severe drought in different drought-tol-
erant G. sinensis families, GO and KEGG enrich-
ment analyses of HS and HR genes in G. sinensis under 
severe drought stress revealed (Fig.  3). The most sig-
nificantly enriched GO included “water-soluble vitamin 
metabolic process” (GO:0006767), “peptidase inhibi-
tor activity” (GO:0030414), “endopeptidase inhibi-
tor activity” (GO:0004866), “endopeptidase regulator 
activity” (GO:0061135), “peptidase regulator activity” 
(GO:0061134), “serine-type endopeptidase inhibitor 
activity” (GO:0004867), “transmembrane receptor pro-
tein serine/threonine kinase activity” (GO:0004675) 
and “defense response” (GO:0006952), and others. 
The most significantly enriched “pathways included 
photosynthesis” (map00195), “plant-pathogen inter-
action” (map04626), “plant hormone signal transduc-
tion” (map04075), “starch and sucrose metabolism” 
(map00500), “galactose metabolism” (map00052), “pho-
tosynthesis-antenna proteins” (map00196), “pentose 
and glucuronate interconversions” (map00040), “RNA 
polymerase” (map03020), “MAPK signaling pathway-
plant” (map04016) and others. Suggesting that the cause 
of the difference in drought tolerance between the two 

G. sinensis families may be related to “water-soluble 
vitamin metabolic process” (GO:0006767), “photosyn-
thesis” (map00195), “plant hormone signal transduc-
tion” (map04075), “starch and sucrose metabolism” 
(map00500), “galactose metabolism” (map00052) and 
others.

DEGs associated with osmoregulation and antioxidant 
enzyme activities under drought stress in G. sinensis
To study the DEGs related to “arginine and proline 
(Pro) metabolism” (map00300), “starch and sucrose” 
(map00500) and “glutathione metabolism” (map00480) 
in the leaves of G. sinensis seedlings from HS and HR 
under drought stress, eighteen DEGs related to the syn-
thesis of osmoregulatory substances and eight DEGs 
related to antioxidant enzyme activities were identi-
fied (Fig.  4). Under severe drought stress in G. sinensis, 
all four P5CS genes of Pro synthase were significantly 
up-regulated, promoting the conversion of glutamate 
to protein. AAP and AAP2, which were involved in Pro 
transport, were also significantly up-regulated (Table 4), 
suggesting that P5CS, AAP and AAP2 play important 
roles in promoting Pro accumulation and were important 
osmoregulatory genes in drought tolerance in G. sinen-
sis. Sucrose synthase (SUS) and Alpha-amylase (AMY) 
were significantly up-regulated under drought stress, 
increasing soluble sugar(SS) content, but TPS was sig-
nificantly down-regulated under drought stress, with 
significant differences in the expression of 13 TPS genes, 
TRINITY_DN60279_c1_g1, TRINITY_DN19963_c0_g1, 
TRINITY_DN13644_c1_g1, TRINITY_DN13644_c0_g1, 
and TRINITY_DN50696_c0_g1 were significantly down-
regulated to inhibit starch and UDP-glucose synthesis 
of trehalose in sucrose metabolism, and the remaining 
eight genes were significantly up-regulated, indicating 
that the reduction of SS content in TPS under drought 

Fig. 3 Enrichment analysis of HR families and HS families of G. sinensis in response to severe drought stress DEGs
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stress was mainly related to the reduction of SS synthesis. 
TRINITY_DN13644_c1_g1 exhibited significant down-
regulation in seedlings from both families and is likely 
a crucial gene in the regulation of starch and sucrose 
metabolism (map00500) in G. sinensis, which controls 
the reduction of SS content. Peroxidase (POD) genes 

(TRINITY_DN70815_c0_g1, TRINITY_DN16226_c0_g1) 
was significantly down-regulated under severe drought 
stress and ascorbate POD genes (TRINITY_DN9173_c0_
g1) was significantly up-regulated in seedlings of both 
families. The expression of antioxidant enzymes was both 
up-regulated and down-regulated under drought stress 

Fig. 4 DEGs associated with arginine and Pro metabolism, starch and sucrose metabolism, and glutathione metabolism pathways in seedlings of G. 
sinensis under severe drought stress. Note: A, B: arginine and Pro metabolism; C, D: starch and sucrose metabolism; E, F: glutathione metabolism
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in G. sinensis and did not show any consistency. The 
increased activity of POD in G. sinensis may be related 
to the significant up-regulation of APX6, which may be 
an important regulatory gene under drought stress in G. 
sinensis.

Weighted gene co‑expression network analysis
Gene co-expression analysis is susceptible to the influ-
ence of abnormal samples, so it is important to exclude 
abnormal samples from the assay to improve the reliabil-
ity of the results. The hierarchical clustering of samples 
was analyzed using the hclust function, and no sample 
outliers were found (Fig. S3). The soft thresholding power 
was set 7 (Fig. S3 C). Genes can be divided into 24 mod-
ules, among which the turquoise module has the high-
est number of genes, 6,672. followed by the blue module 
with 1,040 genes, and the darkgrey module has the lowest 
number of genes, only 116 (Fig. S3D).

The correlation between G. sinensis drought physi-
ological indicators and each module was high, except 
for SS, where the red, yellow, pink, lightgreen and 

greenyellow modules showed good positive correlation 
with G. sinensis drought physiology, and the black and 
green modules showed mainly negative correlation with 
G. sinensis drought physiology; Among the seven physi-
ological indices, POD had the maximum correlation 
coefficient with module, its correlation coefficient with 
greenyellow module was 0.92 and module was signifi-
cant with gene (r = 0.89, p < 2.1e-107) (Fig.  5); Malon-
dialdehyde (MDA) had the highest correlation with the 
lightgreen module at 0.86, and the correlation between 
gene and module was as high as the correlation between 
gene and trait (r = 0.64, p < 3.6e-26); The highest cor-
relation was found between soluble protein (SP) and 
the pink module at 0.87, and the correlation between 
genes and modules was similar to that between genes 
and traits (r = 0.91, p < 7.8e-164); Superoxide dismutase 
(SOD) had the highest correlation with the grey60 
module at 0.82, and the correlation between genes and 
modules was similar to that between genes and traits 
(r = 0.85, p < 4.5e-67), the genes within these mod-
ules may contain important genes related to drought 

Table 4 Differential expression of osmoregulatory and antioxidant enzyme-related genes under drought stress in G. sinensis 

Bold indicates differential expression compared to controls

Gene ID Gene HR HS Gene annotation

C D S C D S

TRINITY_DN9820 c1 g1 P5CS 5.56 5.13 143.30 41.33 74.06 385.53 Delta-1-pyrroline-5-carboxylate syn-
thase

TRINITY_DN27120 c0 g1 AAP 1.84 4.05 67.99 0.17 14.55 92.66 Amino acid permease

TRINITY_DN566 c0 g2 AAP2 1.14 1.46 10.24 2.06 0.88 7.00 Amino acid permease 2

TRINITY_DN13644 c0 g1 TPS 28.24 6.67 6.92 28.21 8.99 14.15 Trehalose-phosphate synthase

TRINITY_DN3598 c0 g2 SUS 0.08 0.98 1.62 0.37 1.21 0.61 Sucrose synthase

TRINITY_DN9079 c0 g1 SPS 60.06 9.12 8.16 35.68 13.24 10.68 Sucrose-phosphate synthase

TRINITY_DN12386 c0 g1 HK 5.09 5.95 8.06 3.76 10.45 13.13 Hexokinase-3

TRINITY_DN16739 c0 g1 AMY 0.32 1.15 4.88 2.66 4.20 16.84 Alpha-amylase

TRINITY_DN1192 c0 g1 AMY 6.04 13.71 12.33 26.22 27.98 93.35 Alpha-amylase

TRINITY_DN70815 c0 g1 PER3 1.74 0.58 0.84 0.72 0.25 0.12 Peroxidase 3

TRINITY_DN28075 c0 g1 PER12 0.19 0.55 0.16 0.39 2.15 3.26 Peroxidase 12

TRINITY_DN120196 c0 g1 PER25 2.36 0.93 0.47 0.70 0.95 0.31 Peroxidase 25

TRINITY_DN9173 c0 g1 APX6 3.94 6.04 21.20 15.12 48.08 100.72 L-ascorbate peroxidase 6

TRINITY_DN16226 c0 g1 PER64 0.32 1.34 1.98 0.43 0.58 1.51 Peroxidase 64

TRINITY_DN110864 c0 g1 PER6 1.92 0.59 0.67 0.02 0.08 0.02 Peroxidase 6

TRINITY_DN3516 c0 g1 APX 16.68 38.59 95.81 42.54 55.92 71.19 L-ascorbate peroxidase

TRINITY_DN8953 c0 g2 PER5 1.62 1.95 2.47 5.94 1.98 0.95 Peroxidase 5

TRINITY_DN31762 c0 g1 PER47 0.08 0.31 0.61 0.00 0.02 1.96 Peroxidase 47

TRINITY_DN34397 c0 g1 PER55 9.06 4.48 2.84 9.77 5.65 3.73 Peroxidase 55

TRINITY_DN20779 c0 g1 PER45 37.80 13.64 19.17 36.39 5.73 24.03 Peroxidase 45

TRINITY_DN29794 c1 g1 CAT 0.03 0.01 0.01 3.45 0.06 0.04 Peroxisomal catalase

TRINITY_DN50320 c0 g1 SOD1 0.03 0.00 0.12 1.71 0.10 0.00 Superoxide dismutase

TRINITY_DN69713 c0 g4 SOD1 0.00 0.09 0.03 1.26 0.08 0.12 Superoxide dismutase
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resistance in G. sinensis. Twenty-four genes, includ-
ing  TRINITY_DN8319_c0_g2, TRINITY_DN58972_c0_
g1 and TRINITY_DN15470_c0_g1, which may be related 
to drought resistance in G. sinensis, were screened by 
combining gene-module correlation (Table 5).

qRT‑PCR validation
To validate the accuracy of the RNA-seq data, qRT-PCR 
was performed for five genes randomly selected from the 
DEGs. The results showed that the expression of the five 
genes in the HR and HS families of G. sinensis was con-
sistent with the expression patterns of the RNA-seq data 
(Fig. S4). A strong positive correlation (R2 = 0.96) was 
obtained through linear regression analysis (Fig. S5), sug-
gesting that the transcriptome data was reliable.

Discussion
Plants’ responses to drought stress are intricate and 
entail various hormone signals, water regulation, anti-
oxidant defence systems, protein synthesis and modifi-
cations, as well as gene expression regulations. Various 
plant species and varieties can display unique response 
mechanisms, as well as adopt diverse physiological and 
molecular strategies, to tackle drought stress. In this 
study, the molecular regulatory mechanisms of G. sin-
ensis seedlings under drought stress were investigated 
using the HS and HR families. 4,053 genes were found to 
be co-differentially expressed in the HS and HR families 
during severe drought. Enrichment of DEGs under mild 
and severe drought stress for “chloroplast” (GO:0009507), 

“photosynthesis” (map00195), “plant hormone sig-
nal transduction” (map04075), “flavonoid biosynthe-
sis” (map00941), “stress response”, “response to ROS” 
(GO:0000302), “signal transduction” (GO:0007165) and 
“osmoregulation pathways” facilitate G. sinensis respond 
to drought stress. The difference in drought tolerance 
between the two families of G. sinensis may be associated 
with “transmembrane transporter activity” (GO:0022857), 
“stress response”, “plant hormone signal transduction” 
(map04075), “cutin, suberine and wax biosynthesis” 
(map00073), “ribosome” (map03010), “photosynthesis” 
(map00195), “sugar metabolism”, etc. Pro is an important 
osmotic regulator in plants under drought stress and is 
associated with oxidative responses that stimulate ROS 
production [31]. In the present study, P5CS, AAP and 
AAP2 genes involved in osmotic regulation were sig-
nificantly up-regulated and TPS genes were significantly 
down-regulated, which, together with APX6 and other 
genes involved in antioxidant enzymes, may be important 
genes involved in drought tolerance in G. sinensis. Over-
expressed P5CS gene increases tolerance to drought and 
salt stress in transgenic rice, tobacco, sugarcane and wheat 
by increasing Pro levels [32, 33]. DEGs in Ulmus pumila 
’Zhonghua Jinye’ [34] seedlings under drought stress were 
mainly enriched in “cellular fractions involved in mem-
brane protein complexes”, “photosynthetic membranes”, 
“cytoplasmic fractions” and “intracellular non-membrane 
organelles”. DEGs from Dontostemon elegans  [35] were 
mainly enriched in functions related to the “cell wall”, 
whereas DEGs from Solanum tuberosum L [36]  stem 

Fig. 5 Gene module correlation and gene significance for drought traits in G. sinensis. Note: proline (Pro); soluble protein (SP); malondialdehyde 
(MDA); catalase (CAT); peroxidase (POD); superoxide dismutase (SOD); soluble sugars (SS)



Page 11 of 15Liu et al. BMC Genomic Data           (2024) 25:29  

segments were mainly enriched in functions related to 
“redox processes”, “oxidoreductase activity” and “hormone 
response”, this differs from the results of the present study, 
which may be due to differences in stress mode or drought 
tolerance of different plant materials, or differences in 
gene composition, homeostatic regulation and response 

signal of different plants. Enrichment analysis of DEGs 
under severe drought stress revealed that the drought 
tolerance of seedlings of the two families may be differ-
entially related to “water-soluble vitamin metabolic pro-
cess” (GO:0006767), “photosynthesis” (map00195), “plant 
hormone signal transduction” (map04075), “starch and 

Table 5 Expression of drought resistance genes related to G. sinensis 

Gene ID HR HS

C D S r R C D S r R

TRINITY_DN6910 
c0 g1

1.69 4.80 42.32 15.98 4.38 8.54 19.14 150.15 46.24 10.92

TRINITY_DN5130 
c0 g2

4.82 4.30 88.74 27.89 11.05 8.61 26.05 93.70 56.62 11.05

TRINITY_DN15470 
c0 g1

0.03 0.28 2.69 2.34 0.35 0.03 0.32 40.88 2.61 0.07

TRINITY_DN10316 
c0 g1

1.16 2.02 6.67 2.68 1.32 0.56 4.19 13.33 10.16 4.47

TRINITY_DN892 c0 g1 1.34 2.33 3.77 2.34 2.19 4.14 5.11 11.58 6.62 3.47

TRINITY_DN37386 
c0 g1

49.24 12.96 15.45 71.18 94.64 15.07 11.64 3.14 5.97 47.41

TRINITY_DN8319 
c0 g2

0.29 2.34 3.59 1.06 0.87 2.80 9.39 17.13 11.31 2.78

TRINITY_DN58972 
c0 g1

0.12 0.73 1.41 0.26 0.49 1.51 1.50 5.08 2.85 0.39

TRINITY_DN117058 
c0 g1

0.94 2.00 5.41 6.09 1.08 3.88 14.42 36.67 17.89 0.92

TRINITY_DN12190 
c0 g1

2.32 9.26 24.44 7.01 3.44 16.84 25.87 52.12 16.88 10.21

TRINITY_DN9572 
c0 g1

997.73 833.08 533.85 558.76 923.90 448.01 535.23 114.07 206.87 475.51

TRINITY_DN25838 
c0 g1

53.36 18.13 29.11 28.65 41.23 27.92 11.90 5.73 13.63 17.79

TRINITY_DN48351 
c0 g1

0.85 5.11 87.99 7.56 0.70 6.94 61.38 277.83 115.06 45.87

TRINITY_DN8873 
c0 g1

92.07 44.12 25.32 81.04 91.70 71.98 16.45 27.92 37.31 45.10

TRINITY_DN1797 
c0 g1

23.08 180.06 313.56 135.65 113.23 63.10 377.12 283.22 96.84 108.66

TRINITY_DN6093 
c0 g1

0.57 3.21 4.12 1.47 0.90 1.55 7.02 4.73 1.65 2.53

TRINITY_DN12129 
c0 g1

8.44 16.92 32.93 17.61 18.07 10.56 34.94 40.93 23.54 24.00

TRINITY_DN9812 
c0 g1

3.79 11.36 16.05 12.16 11.34 6.79 17.23 19.70 9.70 8.40

TRINITY_DN28431 
c0 g1

39.22 30.91 14.21 77.29 41.97 2.37 3.60 1.01 14.92 14.97

TRINITY_DN6826 
c0 g1

37.59 28.76 19.13 41.49 31.12 14.46 15.31 6.50 21.69 22.72

TRINITY_DN18557 
c0 g1

5.38 14.00 19.22 9.57 9.40 21.65 35.72 100.78 20.90 18.84

TRINITY_DN22800 
c0 g1

28.47 12.88 12.09 58.70 33.69 6.45 4.00 1.77 2.96 3.73

TRINITY_DN22090 
c0 g1

5.25 4.94 1.47 10.29 4.71 0.78 0.57 0.02 1.82 3.74

TRINITY_DN6998 
c0 g1

32.63 3.41 1.42 22.80 13.72 0.53 0.05 0.02 1.39 3.16
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sucrose metabolism” (map00500), “galactose metabolism” 
(map00052), etc. Plants adapt starch and sucrose synthe-
sis, catabolism and transport to drought conditions. Genes 
involved in the regulation of starch and sucrose metabo-
lism may play an important role in drought stress [37]. The 
results of this study provided information for elucidating 
the drought resistance of G. sinensis and a basis for identi-
fying candidate genes for drought resistance.

Different plant tissues feel the drought stress time is not 
the same time, the first tissue to feel the drought stress is 
mainly the root system of the plant in direct contact with 
the soil, so the plant is often subject to drought stress 
through a variety of signaling factors, the transmission of 
drought signals to the various tissues of the plant, so that 
the various tissues of the plant in response to drought. 
There are many signal factors in plants, of which plant 
hormones are important components, and ABA is a com-
mon signal factor among plant hormones. In sweet sor-
ghum seedlings [38], genes encoding the ABA receptors 
PYR/PYL, SnRK2 and a PP2C gene were down-regulated 
and four genes encoding PP2C and one encoding ABF 
were up-regulated for expression under drought stress. 
ABA binds to the PYR/PYLs/RCARs receptor proteins to 
form a complex that inhibits PP2C, allowing the activa-
tion and release of SnRK2, which in turn phosphorylates 
downstream TFs, ion channels, activating the ABA signal 
pathway and the stress response process [39]. A number 
of phytohormones have also been shown to be important 
signal factors during drought stress in plants and to play 
an important role in plant drought [40]. After plants are 
exposed to drought stress, the leaf blade receives drought 
signals that trigger a series of responses to drought stress 
in which the photosynthetic process is affected, causing 
 O2 to accept electrons and become a highly  O2−, which 
causes membrane lipid peroxidation, destroying the cell 
membrane and generating MDA [41]. Oxidoreductases 
are enriched in plants during drought, converting  O2− to 
water and reducing oxidative damage to the plant [42]. 
The enrichment of DEGs for oxidoreductase activity 
(GO:0016491) in this study indicates that the enrichment 
of oxidoreductase plays an important role in drought 
stress in G. sinensis, which is the same as in oilseed 
rape [43]. The drought co-expressed genes of G. sinensis 
revealed that “photosynthesis (map00195) and “amino 
acid metabolism” play important roles in the regulation 
of drought tolerance in G. sinensis. Amino acids and their 
derivatives were also found to be significant differential 
metabolites enriched during drought in a metabolomics 
study of Platycodon grandiflorus [44].

Gene expression is regulated by TFs that modulate 
abiotic stress responses and improve stress tolerance in 
plants [45]. In the sequencing results of this study, the 
MYB superfamily family was the most abundant, followed 

by the AP2/ERF family, the C2C2 family, the bHLH fam-
ily, the WRKY family, etc., and the TFs of these families 
have been shown to be associated with drought toler-
ance in plants in previous studies [46]. MYB TFs have a 
variety of biological functions, including plant secondary 
metabolism, hormones and environmental factors [47], 
and the combination of key genes such as MYB2, MYB96, 
etc., can regulate ABA dependent signal pathways and 
enhance drought tolerance in plants [48]. The transcrip-
tome of Salvia miltiorrhiza [49] under drought stress was 
studied and it was found that the AP2/ERF, bHLH, bZIP, 
WRKY and MYB families were the most differentially 
expressed in roots, and AP2/ERF was up-regulated in 
roots and HSF was up-regulated in both leaves and roots, 
suggesting that the TFs of these families have an impor-
tant role to regulate in the presence of drought.

In this study, WGCNA analysis was employed to 
screen 24 genes that may be associated with drought 
tolerance in G. sinensis. TRINITY_DN3885_c0_g1 and 
TRINITY_DN10316_c0_g1 were identified in the NR 
database as aspartic proteases which participate in both 
protein processing/degradation and response to adversity 
[50, 51], and were involved in regulating dehydrin synthe-
sis. TRINITY_DN8319_c0_g2 and TRINITY_DN58972_
c0_g1 were annotated to F-box proteins, which play 
important roles in regulating the degradation of aber-
rant proteins and enhancing the activity of antioxidant 
enzymes. Overexpression of FOF2 results in increased 
ABA levels, increased ABA sensitivity in the stomatal 
closure zone, and reduced water loss, which improves 
drought tolerance in plants [52]. TRINITY_DN15470_c0_
g1 and TRINITY_DN12190_c0_g1 annotated to thiore-
doxin, which catalyses the thiol-disulfide bond exchange, 
regulates intracellular redox and antioxidant enzyme sys-
tems, and enhances drought tolerance in plants [53, 54]. 
TRINITY_DN117058_c0_g1 and TRINITY_DN12129_
c0_g1 were annotated to ubiquitin ligase E3, the SCF 
protein complex, which degrades negatively regulated 
proteins in the antiretroviral response during drought 
and induces drought stress, or causes F-box proteins 
originally involved in degradation to be under-expressed 
and positively regulated proteins not degraded, thereby 
inducing drought stress [55]. The remaining genes were 
annotated as heat shock proteins, water channel proteins, 
sulfate transporter proteins, and potassium transporter 
proteins, among others. Previous studies have shown that 
these genes were related to drought stress [56, 57], and 
whether these genes play a role in drought tolerance in G. 
sinensis requires further investigation.

The present study only looked at physiological and 
molecular responses, but not at the cellular and other 
levels, and anatomical and other studies could be fol-
lowed up. The genes screened in this study need to be 



Page 13 of 15Liu et al. BMC Genomic Data           (2024) 25:29  

functionally verified to further investigate the mecha-
nism of drought resistance in G. sinensis.

Conclusions
DEGs under drought stress in HR and HS seedling fami-
lies of G. sinensis were mainly enriched in “chloroplast” 
(GO:0009507), “photosynthesis” (map00195), “plant hor-
mone signal transduction” (map04075), “flavonoid bio-
synthesis” (map00941), “stress response”, “response to 
ROS” (GO:0000302), “signal transduction” (GO:0007165), 
osmoregulation and other related pathways. The dif-
ference in drought tolerance between the two families 
of G. sinensis may be associated with “transmembrane 
transporter activity” (GO:0022857), “stress response”, 
“plant hormone signal transduction” (map04075), “cutin, 
suberine and wax biosynthesis” (map00073), “ribo-
some” (map03010), “photosynthesis” (map00195), “sugar 
metabolism”, and other factors. Enrichment analysis of 
DEGs under severe drought stress revealed that the two 
families differ in drought tolerance possibly related to 
“water-soluble vitamin metabolic process” (GO:0006767), 
“photosynthesis” (map00195), “plant hormone sig-
nal transduction” (map04075), “starch and sucrose 
metabolism” (map00500), and “galactose metabolism” 
(map00052). P5CS, AAP, AAP2, and TPS, which are 
involved in osmoregulation, along with APX6, an antioxi-
dant enzyme, may play crucial roles in drought tolerance 
in G. sinensis.   A combination of gene-module correla-
tion and gene-indicator correlation was used to screen 24 
genes that may be associated with drought resistance in G. 
sinensis. The results of the study may provide a reference 
for elucidating the physiological and molecular mecha-
nisms of G. sinensis seedlings against drought stress.
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