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For a long time, sorghum breeding has focused on improving yield and quality traits, while
little research has been conducted on drought resistance. To this end, this study evaluated
the phenotypes of two sorghum varieties (GL98 and GL220) under drought stress and
normal conditions and sequenced their transcriptomes and metabolomes. After drought
stress, the growth rate of the roots and shoots of GL220 exceeded that of GL98 at 72 h. A
total of 6344 differentially expressad genes (DEGs) were identified via RNA-seq differential
expression analysis ; these genes were significantly annotated in the phenylpropanoid
biosynthesis, starch and sucrose metabolism, amino acid metabolism, and flavonoid
biosynthesis pathways. The 6344 DEGs were tered into four clusters by K-means, and
the pathways of each cluster were annotated.cﬁotal of 3913 metabolites were identified
via ultrahigh-performance liquid chromatography-MS (UPLC-MS), and a total of 1942
differentially accumulated metabolites (DAMs), including 5 common DAMs , wege identified
. Through combined RNA-seq and metabolomics analysis, we determined that the
flavonoid biosynthesis pathway is an important regulatory pathway in the,sorghum
response to drought stress and that Sobic.007G05860Q.was significantly correlated with
10 metabolites of the flavonoid pathway. In summary, our results provide a theoretical
basis for a deeper understanding of the molecular mechanism of sorghum drought
resistance and provide new genetic resources for subsequent research.

grj reviewing PDF | (2024:10:107852:2:0:NEW 19 May 2025)




PeerJ Manuscript to be reviewed

1 Metabolomic and Transcriptomic Analyses of Drought

2 Resistance Mechanisms in Sorghum Varieties

3

4 Y@K Li', WANG Hui!, SHAN Qi-mike!, Zaituniguli-Kuerban', MAO Hong-yan!, YU Ming!*

5 ! Research Institute of Grain Crops, Xingjiang Academy of Agricultural Sciences, Urumgqi

6 830091 Xinjiang, China

7

8 Corresponding Author:

9 Ming!
10 No. 403 Nanchang Road, Urumgi, Xinjiang, 830091, China
11 Email address: 135525842 1(@qq.com
12
13 Abstract
14 For a long time, sorghum breeding has focused on improving yield and quality traits, whereas
15 little research has been conducted on drought resistance. To this end, this study evaluated the
16  phenotypes of two sorghum varieties (GL98 and GL220) under drought stress and normal
17 conditions and sequenced their transcriptomes and metabolomes. After droymht stress, the
18 growth rates of the roots and shoots of GL220 exceeded those of GL98 at 72 h. A total of 6344
19 differentially expressa genes (DEGs) were identified via RNA-seq differential expression
20 analysis; these genes were significantly annotated in the phenylpropanoid biosynthesis, starch
21 and sucrose metabolism, amino acid metabolism, and flagbnoid biosynthesis pathways. The 6344
22 DEGs werggglustered into four clusters by K-means, and the pathways of each cluster were
23 annotated. total of 3913 metabolites were identified by ultrahigh-performance liquid
24  chromatography-MS (UPLC-MS), and a total of 1942 differentially accumulated metabolites
25 (DAMs), including 5 common DAMs, identified. Through combined RNA-seq and
26 metabolomics analyses, we determined that the flavonoid biosynthesis pathway is an important
27 regulatory pamvay in the sorghum response to drought stress and that Sobz'c.()()?G()ﬁéO() was
28 significantly correlated with 10 metabolites of the flavonoid pathway. In summary, our results
29 provide a theoretical basis for a deeper understanding of the molecular mechanism of sorghum
30 drought resistance and new genetic resources for subsequent research.
31
32 KEYWORDS: sorghum, drought stress, transcriptomics, metabolomics, flavonoid
33 Dbiosynthesis
34
35 Introduction
36 Sorghum is a resilient crop with strong drought tolerance and climate adaptability, with
37 origins dating back over 6,000 years to northeastern Africa (Punia et al. 2021). Today, it is
38 cultivated not only in Africa but also extensively in the Americ sia, and Europe (Jia et al.
39 2021). According to FAOSTAT data from 2020, sorghum ranks as the fifth largest cereal crop
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40 globally, following rice, wheat, corn and barley (Girma et al. 2019). Sorghum is a nutritious
41 grain that contains many proteins, vitamins and minerals that help maintain health and many
42 fibers that help promote intestinal health (Khalid et al. 2022). Sorghum has versatile uses in the
43 energy and chemical industries, including the production of alcohol, biofuels and fiber, with a
44  variety of applications (Nenciu et al. 2021). Sorghum has broad prospectgmnd development
45 space for addressing global sustainable development challenges. Sorghum is recognized as a
46 crucial crop for food secmmand sustainable agriculture due to its strong performa in low-
47 input farming systems and its ability to withstand drought and heat stresses (Pandey et al. 2019;
48 Kawa etal. 2021).

49 With intensifying global climate change and water scarcity, drought has become a common
50 issue in @gxiculture, and its impacts on crop yield, quality, and profitability are expected to
51 increase in the future (Pefia et al. 2020; Makar et al. 2022). Therefore, enhancing 53 drought
52 tolerance is essential for ensuring high and stable crop yields (Guadarrama-Escobar et al. 2024).
53 Sorghum is a drought-tolerant crop that has exceptional growth capabilities in water-limited
54  environments, which not ol makes it an important crop in agricultural production but also
55 serves as an ideal model for studying plant responses to drought stress (Mwamahonje et al. 2024).
56 Its drought tolerance originates from unique physiological and genetic characteristics.
57 Physiologically, sorghum has a deep root system that can utilize water from deeper soil layers.
58 Its leaves have smaller stomata and a thicker cuticle to reduce water evaporation, thereby
59 maintaining the water balance in arid environments (Liaqat et al. 2024). Drought occurs when
60 the amount of water absorbed is less than the amount of water consumed, making it difficult to
61 meet sorghum’s own water needs, thus affecting sorghum photosynthesis, protei]@ynthesis,
62 production and transportation of metabolites and other physiological processes and resulting in
63 reduced sorghum yield and deterioration in quality (Chadalavada et al. 2021). Sorghum needs to
64 maintain a high water content a ater balance under drought stress. It can improve osmotic
65 regulation ability by increasing the contents of proline, soluble sugars, and soluble proteins,
66 among other substances, maintaining water retention in cells or tissues and thus maintaining
67 turgor pressure (Behera et al. 2022). Under drought stress, to ensure its basic physiological
68 functions, sorghum can also maintain its normal physiological functions through hormone
69 regulation, increased enzyme activity, and related processes (Liu et al. 2023).

70 As sequencing technology advances quickly, molecular biology has entered the era of
71 massive data,ggnd multiomics sequencing technology has become a crucial tool for
72 understanding the mechanisms of drought resistance in plants (Roychowdhury et al. 209§).
73 Currently, many scholars use multiomics technology to address scientific issues related to plant
74  responses to drought stress at the g@p-protein—metabolite level to increase their understanding
75 of plant drht resistance (Zhang et al. 2024a). Transcriptome and metabolome analyses are
76 commonly cmpcd to investigate the molecular mechanisms of plant drought stress resistance.
77 These analgges play a crucial role in uncovering key genes, metabolites, and realatory modules
78 related to drought resistance mechanisms (Li et al. 2022). For example, joint analysis of
79 apple transcriptome and metabolome identified that MdPYL9 can modulate the expression levels
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80 of the CHS and CI@&neS, leading to the upregulation of the 4CL gene. This Inults in the
81 increased presence of apigenin-7-o-glucoside, enhancing drought resistance (Liu et al. 2024).
82 Analysis of the transcriptome and metabolome of drought-tolerant sweet POt variety
83 Zhenghong 23 and the sensitive variety Jinong 432 highlighted the significance of aminggpcid
84 metabolism, respiratory metabolism, and antioxidant system in drought resistance (Yin et al.
85 2024). Analysis of the transcriptome and metabolome of Sgvia miltiorrhiza under varying
86 drought conditions revealed the crucial involvement of the MAPK signaling pathway,
87 phenylpropanoid bios esis, and flavonoid biosynthesis in enhancing drought resistance (Zhou
88 et al. 2024). Analysis of w::rmelon plants under drought stress at various time points showed
89 that 6 hours is a crucial period for watermelon drought resistance. The study also identified
90 starch and sucrose metabolism, plant hormone signal transduction, and photosynthesis pathways
91 as key regulatory pathways for enhancing watermelon drought resistance (Chen et al. 2024).
92 Under drought stress, sorghum undergoes physiological and biochemical changes to varying
93 degrees; these changes are affected by the expression and regulation of m@ drought resistance-
94 related genes, including those related to signal transduction, to regulate gene expression at the
95 transcriptional and translational levm At present, some sorghum drought resistance-related
96 genes have been identified through quantitative trait locus (QTL) mapping and homologous
97 cloning of drought resistance genes in model plants, but ther ve been few reports on the
98 regulatory mechanisms and interaction networks of genes (Xin et al. 2022; Jin et al. 2023). To
99 this end, we performed transcriptome and metabolome sequencing on drought-resistant and
100 drought-sensitive sorghum varieties gguder PEG stress. By analyzing differentially expressed
101  genes and metabolites, we identified key pathways and genes associated with sorghum drought
102 resistance. These findings er a foundation for advancing research on the molecular
103 mechanisms behind sorghum drought resistance and discovering new genetic resources for such
104  studies.
105 Materials & Methods
106 Drought treatment and screening of drought-tolerant materials
107 Plugggand uniformly sized sorghum seeds were selected for the filter papgggBermination
108 method. They were first washed three times with sterilized distilled water, then soaked in 1%
109  sodium hypochlorite solution fi minutes, and rinsed 3-5 times with sterile water. The seed
110 germination test was conducted in a constant temperature and humidity chamber at 25°C, 60%
111 relative humidity, 12 hours of light and darkness each, and continuous culture for 72 hours. Each
112 culture dish contained 40 sterilized sorghum ds on filter paper, with the addition of 15 mL of
113  20% PEG solution by mass. An equivalent amount of distilled water served as a control, and
114  each treatment was replicated 5 times. Photos were taken at 12, 24, 36, 48, 60, 'd 72 hours to
115 measure shoot and root lengths. Samples collected at 72 hours were promptly frozen in liquid
116 nitrogen and stom at -80°C for subsequent transcriptome and metabolome sequencing.
117 Transcriptome sequencing 5
118 Total RNA from the plant was extracted following the manufacturer's protocol for the
119 RNAprep Pure Plant Kit (Tiangen, Beijing, China). The RNA concentration, purity, and integrity
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120 were assessed with a NanoDrop 2000 and an Agilent Bioanalyzer 2100 system to verify the
121 quality of the RNA prior to further procedures. One microgram of high-quality RNA served as
122  the starting material for sample preparation, which we carried out using a Hieff NGS Ultima Kit
123 for mRNA library construction. The mRNA was purified, cDNA was synthesized, and the
124 sequencing library was prepared following the manufacturers’ recommendations, including
125 ligation of adaptors and PCR to produce the final library, all of which were validated using a
126 bioanalyzer. Sequencing was conducta on an [llumina NovaSeq platform, creating an extensive
127 set of 150 bp paired-end reads. The Fastp software (version 0.23.4) was utilized to eliminate
128 uapter sequences, filter out low-quality and N sequences exceeding a 5% ratio, resulting in
129 clean reads for subsequt analysis (Chen et al., 2018). Subsequently, HISAT2 was employed to
130 align the clean reads to the reference genome (Sorghum bicolor.v3.1.1, https://phytozome-
131 next.jgi.doe.gov/) (Kim et al., 2019). Gene function annotations were enriched and soulnd from
132 various databases, and the quantification of expression levels was accurately conducted using the
133 fragments per kilobase of exon model per million mapped fragments (FPKM) metric.

134 RNA-seq differential expression analysis 63

135 DESeq2 software (version: 1.46.0) was employato identify differentially expressed genes
136 (DEGs) based on gene count values in each sample, using |fold ch | =2 and FDR < 0.01 as
137 screening criteria (Love et al., 2014). Subsequently, for all DEGs, the ClusterProfiler package
138 (version: 4.0) in R was utilized to conduct GO and KEGG enrichment analyses via the
139 hypergeometric tesethod (Wu et al., 2021). Transcription factors (TFs) were predicted and
140 annotated utilizing the Plant Transcription Factor Database (Plant TFDB, https://planttfdb.gao-
141 .org/).

142 Metabolite extraction and detection

143 The samples were freeze-dried under vacuum using a SCIEN"Iﬁ-lOOF lyophilization dryer
144  (LCD Display Freeze Dryer; SCIENTZ). Following this, the dried samples were ground into a
145 powder using an MM 400 grinding machine (30 Hz,n.S min; Retsch). The powdered samples
146 were dissolved in a 70% methanol extract (1.2 mL), refrigerated overnight at 4 °C, with gentle
147 swirling performed six times during the incubation to enhance the extraction efficiency.
148 Subsequently, each sample was centrifuged at 12,000 revolutions per minute for 10 minutes, and
149  the upper liquid fractiora'as filtered through a 0.22-mm membrane filter (0.22-mm pore size).
150 UPLC conditions: The Waters Xevo G2-XS QTOF high-resolution mass spectrometer was
151 utilized to gather primary and seco mass spectrometry data in MSe mode using MassLynx
152 V4.2 acquisition software (Waters). In each data acquisition cycle, dual-channel data acquisition
153 was conducted with low and high collision energy settings. The low collision energy was
154 maintained at 2 V, while the high collision energy r d from 10 to 40 V. The scanning
155 frequency for a mass spectrum was set at 0.2 s. The ESI ion source parameters were configured
156 as follows: capillary voltage at 2000 V (positive ion mode) or -1500 V (negative ion mode), cone
157 voltage at 30 V, ion source temperature at 150 °C, desolvent gas temperature at 500 °C,
158  backflush gas flow rate at 50 L/h, and desolventizing gas flow rate at 800 L/h.

159 Metabolomics data analysis
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160 The filtered samples were stored in containers for further alysis using ultra-performance
161 liquid chromatography and tandem mass spectrometry. Metabolome profiling was carried out
162 nnploying a broadly targeted metabolomics approach utilizing the MWDB database developed
163 by Wuhan Mettware Biotechnolggy (http://www.metware.cn/). The MWDB-assigned
164 metabolites were quantified utilizing friple-level quadrupole mass spectra acquired in multiple-
165 reaction monitoring mode. The MWDB is a database for metabolomics analysis that can help
166 researchers quickly and accurately analyze metabolites in different plant species; in the
167 metabolomics analysis of sorghum, the MWDB can provide rich metaboligy data. Prior to data
168 analysis, quality control checks were carried out to verify data reliability. Principal component
169 analysis (PCA) was utilized to investigate variabilities both betwnn and within groups.
170  Differential accumulated metabolites (DAMs) were assessed using orthogonal partial leasg
171 squares discriminant analysis (OPLS-DA) as described by Kang et al. (2022). Metabolites with a
172  variable importance in projection (VIP) score of 2 1 and a fold change (FC) of 2 2 (or = 0.5)
173  were identified and classified as DAMs.

174 Results

175 Phenotypic evaluation of GL98 and GL220 under drought stress

176 To evaluate the drought resistance of sorghum varieties GL98 and GL220, we used 20%
177 PEG to simulate drought and detected the phenotypes under stress conditions (Figure la).
178 Without PEG treatment, the roots and shoots of GL98 GL220 were able to grow normally.
179  The shoot lengths of GL98 and GL220 were similar, but the root length of GL98 was longer than
180 that of GL220 (Figure 1b). After drought stress, the lengths of the roots and shoots of GL98 and
181 GL220 decreased, but as the treatment time increased, the growth rates of the roots and shoots of
182  GL220 exceeded those of GL98 at 72 h (Figure lc). These findings indicate that GL220 has
183 better drought resistance than does GL98 and grows more vigorously under drought stress
184 conditions. To analyze the mechanism of the difference between GL220 and GL98 under
185 drought stress conditions, three replicate transcriptome and five replicate metabolomics
186 sequencing experiments were performed on roots treated with 20% PEG for 72 h and roots
187 grown normally for 72 h.

188

189  Figure 1. Phenotypic characteristics of two different sorghum materials. (a) Phenotypes of
190  GL98 and GL220 under normal and drought conditions at different time points ((A) Phenotypic
191 characterization of untreated GL98, (B) Phenotypic characteristics of GL98 treated with 20%
192 PEG, (C) Phenotypic characterization of untreated GL220, (D) Phenotypic characteristics of

193 GL220 treated with 20% PEG ). (b) Shoot lengths of GL98 and GL220 under normal and
194 drought conditions at different time points. (¢) Root E’ths of GL98 and GL220 under normal
195 and drought conditions at different time points. The error lns represent the means = standard
196  deviations, the p values were calculated using the t test, and different letters represent significant
197 differences (p < 0.05).

198 RNA-seq analysis
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199 Transcriptome sequencing analysis was performed on 12 samples of roots of GL220 and
200 GL98 under normal growth concmms and 20% PEG treatment for 72 h. After the raw data were
201 filtered, 75.05 Gb of clean data were obtained. The proportion of Q30 bases exceeded 94.52%,
202 and the GC contat exceeded 53.73% (Table S1). First, the Pearson correlation coefficient
203 between samples was calculated based on the FPKM valwf each gene, and the correlation
204 coefficient of the same sample exceeded 0.88 (Figure 2a). Principal component analysis (PCA)
205 clustered the replicates of the same sample together, whereas the saajles between the treatment
206 and the control were separated (Figure 2b). These findings indicate that the RNA-seq data were
207 reliable and reproducible and were suitable for further analysis.

208

209 Figure 2. Correlation and PCA of the RNA-seq data. (a) Correlation analysis of RNA-seq
210 samples. (b) PCA of RNA-seq samples.

211  RNA-seq differential expression analysis

212 Through difaential expression analysis, we identified a total of 6344 differentially

213  expressed genes (DEGs) (Figure 3a and 3b). A gytal of 4384 DEGs were identified between
214  GL98 under drought stress and the control at 72 h, of which 2682 were upregulated and 1702
215 were downrcgtﬁd, including 2220 unique DEGs (Figure 3a and 3b). A total of 3453 DE(a
216  were identified between the GL220 drought stress treatment group and the control group at 72 h,
217  of which 2435 were upregulated and 1018 were downregulated, including 1306 u@uc DEGs. A
218 total of 724 DEGs were identified between the GL98 and GL220 controls, 319 of which were
219 upregulated and 405 were downregulated, including 256 unique DEG@)A total of 343 DEGs
220 were identified in GL98 and GL220 under drought stress for 72 h, of which 191 were
221 upregulated and 152 were downregulated, including 86 unique DEGs.

222 To further determine the functions of the 6344 DEGs, these DEGs were annotated via GO
223 and KEGG. GO enrichment analysis revealed significant annotations related to ndary
224 metabolite biosynthetic processes, the regulation of vesicle-mediated transport, lignin metabolic
225 processes, lignin biosynthetic processes, phenylpropanoid biosynthetic processes, carbohydrate
226 metabolic processes, flavonoid metabolic processes, starch metabolic processes, polysaccharide
227 catabolic processes and the regulation of hormone levels (Figure 3¢). KEGG enrichment analysis
228 revealed significant annotations related to galactose metaboli01 transporters, carbohydrate
229 metabolism, phenylpropanoid biosynthesis, thiamine metabolism, starch and sucrose metabolism,
230 amino d metabolism, fructose and mannose metabolism, flavonoid biosynthesis, cytochrome
231 P450, carbon fixation in photosynthetic organisms and phenylalanine metabolism pathways
232  (Figure 3d).

233

234 gigure 3. Differential expression analysis and engichment analysis of RNA-seq data. (a)
235  Numbers @gmpregulated and downregulated DEGs. (b) Venn diagram of the numbers of shared
236 and unique DEGs. (¢) GO enrichment analysis of all DEGs. (d) KEGG enrichment analysis of all
237 DEGs.

238 DEG clustering analysis
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239 Genes with similar expression patterns usually have similar functions. The K-means
240 tering algorithm was used to cluster all the DEGs, and ultimately, 4 clusters were obtained
241  (Figure 4). The expression of Cluster 1 genes increased after drought stress in GI.98 and slightly
242 increased between the GL220 treatment and the control. A total of 437 DEGs were significantly
243 enriched in the membrane trafficking and transporter pathways. The expression of Cluster 2
244 genegincreased after drought stress in both GL98 and GL220. The analysis revealed 3810 DEGs
245 that were significantly enriched in the phenylpropanoinH:iosynthesis and flavonoid biosynthesis
246 pathways. The expression of Cluster 3 genes decreased after drought stress in GL98 and betwe
247 the GL220 treatment and the control. There were 836 DEGs that were significantly enriched in
248 the starch and sucrose metabolism and carbohydrate metabolism pathways. The expression of
249  Cluster 4 genes degreased after drought stress in both GL98 and GL220. The analysis revealed
250 1261 DEGs that were significantly enriched in the thiamine metabolism and fructose and
251 mannose metabolism pathways.

252

17
253  Figure 4. Expression trend line graph of all DEGs from the cluster analysis. The numbersg

254  the figure represent the number of DEGs contained in different clusters, and the text represents
255 q
256 F analysis

257 A total of 309 differentially expressed TFs were identified among the 6344 DEGs, with

the significantly annotated KEGG pathways.

258 AP2/ERF and MYB accounting for the greatest proportions, with 28 and 27, respectively (Figure
259 5a). Hierarchical clustering was used to identify 2 clusters for the 309 differentially expressed
260 TFs (Figure 5b). Cluster 1 contained 159 TFs, and their expression levels increased in both GL98
261 and GL220 after drought stress. Four top TFs were identified, namely, Sobic.003G0I17601
262 (bHLH), Sobic.002G225100 (bZIP), Sobic.002G189000 (HD-ZIP) and Sebic.004G101400
263 (HSF). Cluster 2 contained 60 TFs, and their expression levels decreased in both GL98 and
264 GL220 after drought stress. Four top TFs were identified, namely, Sobic.006G080500 (bHLH),
265  Sobic.001G526800 (MADS), Sobic.003G078100 (AP2/ERF) and Sobic.003G 102200 (bHLH).

266

267 Figure 5. Proportion of differentially expressed TFs and cluster analysis of expression
268  patterns. a) Proportion of diffantially expressed TFs; the numbers in the figure represent the
269 number of transcription faclas. b) Cluster analysis of differentially expressed TFs; the right side
270 represents the TFs with the largest fold change in each cluster.

271 Global analysis of metabolomics data
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272 A total of 20 samples from the four groups were detected and analyzed by UPLC-MS,

273  which revealed SE metabolites (Table S2). For example, there were 138 flavonoids, 47 steroids
274 and 25 steroids related to plant stress resistance. These metabolites play key roles in the
275 development of plant stress resistance. PCA revealed that five biological replicates of the
276 same treatment were clustered together, indicating that the metabolite extraction and detection
277 techniques had good reproducibility and high reliability (Figure 6a). After treatment, drought
278 stress had an impﬁt on sorghum metabolites, indicating that these metabolites changed
279  dynamically during the response ofgorghum to drought stress. The 3913 metabolites identified
280 were classified and ggaotated, and the results revealed that the metabolites were mainly divided
281 into 10 categories: lipids and lipid-like molecules accounted for 31.20%; organic acids and
282 ivatives accounted for 17.55%; phenylpropanoids and polyketides accounted for 12.01%;
283 organoheterocyclic compounds accounted for 11.68%:; organic oxygen corwunds accounted for
284 10.33%; benzenoids accounted for 7.77%; nucleosides, leotides, and analogs accounted for
285 5.22%; alkaloidgand derivatives accounted for 2.17%; organic nitrogen compounds accounted
286 for 1.58%; and lignans, neolignans and related compounds accounted for 0.49% (Figure 6b).

287

288 Figure 6. Metabolome PCA and categories included in all the metabolites. (a) PCA of
289 different samples in the metabolome. (b) Pie chart of the proportions of categories included
290 among all metabolites.

291 DAM analysis

292 DAMSs between samples were identified by differential expression sis, which revealed
293 a total of 1942 DAMs, including 5 common DAMs (Figure 7a and 7b). A total of 1363 DAMs
294 were identified in the GL98 drought stress and control groups at 72 h, of which 347 were
295 upregulated and 1016 were downregulated, including 342 unique DAMs (Figure 7a and 7h) A
296 total of 1411 DAMs were identified in the GL220 drought stress and control groups after 72 h, of
297  which 389 were upregulated and 1022 were downregulated, including 370 unique DAMs. A total
298 of 152 DAMs were identified between GL98 and GL220 controls, of which 68 were upregulated
299 and 84 were downregulated, including 49 uniqug DAMs. A total of 232 DAMs were identified in
300 GL98 and GL220 under drought stress for 72 h, of which 87 were upregulated and 146 were
301 downregulated, including 71 unique DAMs.

302
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303  Figure 7. Metabolomic differential analysis. (a) Numbers of upregulated and downregulated
304 DAMSs. (b) Venn diagram of the numbers of shared and unique DAMSs.

305 KEGG enrichment analysis revealed that 1942 DAMs were significantly enriched in
306 linoleic acid metabolism, steroid bi thesis, alpha-linolenic acid metabolism, anthocyanin
307 biosynthesis, carotenoid biosynthesis, starch and sucrose metabolism, biosynthesis of unsaturated
308 fatty acids, higsynthesis of various plant secondary metabolites, fructose and mannose
309 metabolism, flavonoid biosynthesis, phenylpropanoid biosynthesis,and arginine and proline
310 metabolism pathways (Figure 8a). All the DAMs were clustered via the K-means clustering
311 algorithm, and four clusters were ultimately obtained (Figure 8b). The expression of Cluster 1,
312  which included 1030 DAMs, decreased after drought stress in both GL98 and GL220. The
313  expression of Cluster 2, which included 338 DAMs, decreased after drought stress in GL98, with
314  a smaller decrease in expression detected between the GL220 treatment and the control. In both
315 GL98 and GL220, Cluster 3, which included 426 DAMs, presented increased expression after
316 drought stress. In GL220, Cluster 2, which included 148 DAMs, presented increased expression
317  after drought stress and a smaller increase in expression between the GL98 treatment and the
318  control.

319

320  Figure 8. DAluenrichment and clustering analysis. (a) KEGG enrichment analysis of all the
321 DAMs. (b) Line graph of the clustering analysis of all the DAMs, with different numbers
322 1 representing the number of DAMs contained in each cluster.

323 Combined transcriptomics and metabolomics analyses of the drought tolerance mechanism
324 of sorghum

325 Analysis of the DAMs indicated significant enrichment pathways associated with
326 metabolites such as phenylpropanoid biosynthesis, flavonoid biosynthesis, and anthocyanin
327 biosynthesis post-treatmem highlighting the crucial roles of flavonoids in enhancing plant
328 drought resistance. First, the expression patterns of 20 D related to flavonoid biosynthesis
329 were examined. Following drought stress, the majority of DEGs associated with flavonoid
330 biosynthesis exhibited increased expression levels, with GL98 showing higher expression levels
331 compared to GL220 (Figure 9a). Thirteen different flavonoid metabolites were detected, but the
332 contents of most of them decreased after drought stress. Only the contents of 5-O-
333 caffeoylshikimic acid, pinostrobin, luteoforol, bracteatin 6-O-glucoside, and p-coumaroy! quinic
334 acid increased after drought stress (Figure 9b). Among them, the contents of liquorol, bracteatin
335 6-0-glucoside and p-coumaroy! quinic acid increased in both GL98 and GL220 after drought
336 stress. After drought stress, the content of 5-O-caffeoylshikimic acid increased in GL98 and
337 decreased in GL220. The pinostrobin content remained unchanged in GL98 but increased in
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56

338 GL220. The Pearson c(ﬂation coefficients between the DEGs of the flavonoid pathway and
339 DAMs were computed. Genes and metabolites with absolute correlation coefficients exceeding
340 0.9 and p values below 0.05 were selected for visualization (Figure 9¢). A total of 17 flavonoid
341 biosynthesis genes were significantly correlated with 10 flavogmid metabolites, of which 17
342 genes were significantly negatively correlated with 7 flavonoid metabolites and 15 genes were
343 significantly positively correlated with 3 flavonoid metabolites. Among them,
344  Sobic.007G058600 was significantly correlated with the metabolites of the 10 most abundant
345 flavonoid pathways, and Sobic.010G052200 was significantly negatively correlated with only
346  Apiforol.

347

348 Figure 9. Change patterns and correlation analysis of DRMs and DEGs in the flavonoid
349 biosynthesis pathway. (a) Changes in the expression of DEGgs.in the flavonoid biosynthesis

350 pathway. (b) Heatmap of the change patterns of DRMs in the flavonoid biosynthesis pathway. (¢)
351 Correlatign network diagram between metabolites and genes in the flavonoid biosynthesis

352 pathway; blue lines represent negative correlations, and red lines represent positive correlations.

353 Discussion

354 Due to escalating global warming and water scarcity, drought has evolved into a persistent
355 worldwide issue that hampers agricultural productivity and advancement (Mourad et al., 2025).
356 Water scarcity significantly affects the yield and quality of essential crops, wdrought-induced
357 deficits leading to substantial growth impediments and yield rmctions (Xia et al., 2018). Under
358 water stress conditions, plants undergo a complex gpmy of morphological, physiological,
359 biochemical and molecular adaptations (Altangerel et al. 2021). Drought stress induces
360 alterations in the axial symmetry development of plant leaves, resulting in leaf curling, reduced
361 illuminated surface (55 2 and diminished photosynthetic efficiency (Wang et al, 2019).
362 Additionally, drought can lead to water loss in plant cells, impeding cell expansion and reducing
363 turgor pressure, leading to stomatal closure, degradation of photosynthetic pigments, decreased
364 enzyme activity in photosynthesis, leaf wilting, and diminished leaf area (Cornic and Massacci.
365 1996). This in turn leads to decreases in various attrib such as plant height, ear length,
366 chlorophyll levels, and root and stem biomass, ultimately resulting in a reduction in grain yield
367 (Anjum et al. 2011). However, the relationships between the transcriptional and metabolic
368 mechanisms involved in drought resistance during sorghum germination have not been studied in
369 depth. To this end, this study used PEG (20%) to simulate drought treatment and evaluate the
370 drought resistance phenotypes of different sorghum varieties (GL98 and GL220). Compared with
371  GL98, GL220 has longer roots and shoots under drought stress conditions, and RNA-seq and
372 metabolome sequencing were further performed on samples subjected to drought stress for 72
373 hours.

374 One of the end products of photosynthesis in most green plants is sucrose (Sharkey. 2024).
375 Sucrose, the primary soluble sugar, serves as a critical component in plant growth and
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376 transportation. Amid drought stress, nonstructural sugars, crucial in sucrose metabolism, become
377 significant (Zaman et al., 2025). Functioning as an osmotic regulator, sucrose boosts the osmotic
378 nntential of plant cells. It also operates as a signaling molecule, influencing transport proteins
379 and triggering the expression of resistance genes in plants (Cao et al. 2024). Moreover, sucrose
380 can serve as an antioxidant. In situations where plant photosynthesis might be constrained by
381 drought stress, plants typically convert starch to regenerate energy and carbon (Afzal et al.,
382 2021). The sugars and metabolites released assist in supporting plant growth under stress, acting
383 as osmotic protectants and compatible solutes to mitigate stress-induced adverse effects.
384  Additionally, sugars can function as signal molecules that activate downstream components in
385 the stress response cascade by traversing ABA-dependent signaling pathways (Asim et al. 2023).
386 Moreover, in the guard cells surrounding stomata that regulate the exchange ater and CO,,
387 starch is rapidly degraded in light conditions. This degradation facilitates the production of
388 organic acids and sugars, enhancing the expansion of guard cells and facilitating stomatal
389 opening (Dang et al. 2024). Sucrose-phosphatase (SPP) is an important rate-limiting enzyme in
390 sucrose synthesis. After drought stress, the expression level of the sorghum SPP
391 (Sobic.009G040900) gene increased (log2FC = 3.07), indicating that it is an important candidate
392 geneg improving sorghum drought resistance via the sugar metabolism pathway.

393 Transcription factors (TFs) serve as critical regulggors of gene expression alterations and
394 responses to environmental stresses, playing essential roles in pl growth, development, and
395 environmental stress adaptation (Rabeh et al. 2025). Major transcription factor families,
396 including MYB, AP2/ERF, b@ WRKY, and HSF families, participate in modulating plant
397 responses to diverse stresses. Overexpression of CAbHLH93 in )Tbidopsis leads to notably
398 elevated expression levels of drought-responsive genes, enhancing the drought resistance of the
399 transgenic plants (Dong et al. 2024). The overexpression mSIbHLHtZ? in potato resulted in
400 greater sensitivity to drought stress, and further RNA-seq analysis revealed that many DEGs
401 were enriched in the phenylalanine and abscisic acid signaling pathways (Wang et al. 2025).
402 MhERF113-like overexpression resulted in increased drought resistance in apple, and ectopic
403 apression in tomato improved drought resistance (Tian et al. 2025). The apple AP2/ERF
404 transcription factor MdDREB2A interacts with the DRE cis-element ofgge MdNIRI promoter to
405 regulate nitrogen utilization and sucrose transport, thereby improving thegrought resistance of
406 transgenic plants (Zhang et al. 2024b). CmbZIP9 overexpression enhances the drought resism:e
407 of transgenic tobacco (Wang et al. 2024). We also identified 309 transcription factors that were
408 differentially expressed under drought stress in sorghum, among which Sobic.003G017601
409 (bHLH), Sobic.002G225100 (bZIP), Sobic.006G080500 (bHLH), Sobic.003G078100 (AP2/ERF)
410 and Sobic.003G102200 (bHLH) preselnd log2FoldChange absolute values greater than 5. These
411 TF families have been widely studied in the context of drought resistance in other plants. These
412 TFs with the greatest fold changes are undoubtedly important candidate genes for future
413 sorghum drought resistance; however, their specific functions and mechanisms still need further
414  experimental proof.
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415 Flavonoids, secondary metabolites prevalent in plants, play essential les in plant
416 development and responses to various abiotic and biotic stresses (Shomali et @ 2022).
417  Producible through the phenylpropanoid metabolic pathway, flavonoids are significant secondary
418 metabolites in plants containing antioxidant properties. Under unfavorable stress conditions,
419 plants exhibit an elevation in flavonoid levels to a certain extent (Ahmed et al. 2021). Research
420 has indicated that under drought stress, plants accumulate substantial amounts of flavonoid
421 components. Among these, the upregulation of eegs associated with flavonoid synthesis stands
422 out as a key mechanism by which plants r nd to drought-induced stress (Kubra et al. 2021).
423 The overexpression of MsC3H29 in alfalfa can increase the primary root length and fresh weight
424  of hairy roots under drought stress conditions. Targeted metabolomics analysis revealed that
425 overexpression of MsC3H29 led to increased accumulation levels of flavonoid pathway
426 bstances before and after drought stress (Dong et al. 2024). Compared with wild-type plants,
427 Arabidopsis plants overexpressing 7rNAC002 presented larger leaves, increased lateral root
428 growth, longer survi@time under natural drought stress, and higher flavonoid content (Zhang et
429 al. 2024c¢). In rice, overexpression of OsCHI3 increased tolerance to drought stress, whereas
430 OsCHI3 knockout reduced rice drought tolerance. Further studies revealed that OsCHI3
431 improves rice drought resistance by regulating flavonoid compounds to scavenge reactive
432 oxygen species (Liu et al. 202§ Integrating transcriptome and metabolome analyses, we
433 observed significant enrichment in the phenylpropanoid biosynthesis, flavonoid biosynthesis,
434 and anthocyanin biosynthesis pathways. Furthermore, it was noted that the majority of genes
435 within the flavonoid biosyraesis pathway exhibited upregulation following exposure to drought
436 stress. The fold changes in key genes involved in flavonoid biosynthesis, such as anthocyanidin
437  reductase (ANR) (Sobic.006G226700 and Sobic.010G210700), CHS (Sobic.005G 137100 and
438  Sobic.005G137200) and CYP734100 (Sobic.004G141200), were greater than 4. O-
439  methyltransferase (Sobic.007G058600) was significantly correlated with metabolites of 10
440 flavonoid pathways. In summary, througUQNA-seq and metabolome analyses under sorghum
441  drought stress conditiorgd we determined that the flavonoid pathway plays an important role in
442  this process, laying the foundation for further research on the molecular mechanism of sorghum
443  drought resistance.

444 Conclusions

445 Based on the phenotypic evaluation of sorghum under drought stress and the joint analysis
446 of RNA-seq and metabolonggs, this study revealed the molecular mechanism by which sorgm
447 copes with alkaline stress. A total of 6344 DEGs and 1942 DAMs were identified. The joint
448 analysis of RNA-seq and metabolomics revealed that the flavonoid biosynthesis p@vay is an
449  important regulatory pathway for sorghum in response to drought stress, especially genes in the
450 flavonoid biosynthesis pathway, ose expression levels increase after drought stress. By
451 constructing a regulatory network of flavonoid biosynthesis pathway genes and metabolites, we
452 found that Sobz'c.()()7cm’?6()0 was significantly correlated with a wvariety of flavonoid
453 metabglggs, which may play important roles in sorghum drought resistance. In summary, in this
454  study, the molecular mechanism by which sorghum copes with drought stress was explored
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through multiomic analysis, and several key genes and metabolites were identified. These
findings provide a theoretical basis for future sorghum drought resistance breeding.
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Figure 1

Phenotypic characteristics of two different sorghum materials.

(a) Phenotypes of GL98 and GL220 under normal and drought conditions at different time
points. (b) Shoot lengths of GL98 and GL220 under normal and drought conditions at

20
different time points. (c) Root lengths of GL98 and GL220 under normal and drought
conditions at different time points. The error bars reﬁgesent the means + standard deviations
, the p values were calculated using the t test, and different letters represent significant

differences (p < 0.05).
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Figure 2

Correlation and PCA of the RNA-seq data.
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(a) Correlation analysis of RNA-seq samples, (b) PCA of RNA-seq samples.
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Figure 3

Differential expression analysis and enrichment analysis of RNA-seq data.

(a) Number of upregulated and downregulated DEGs, (b) Venn diagram of the number of

shared and unique DEGs, (c) GO enrichment analysis of all DEGs, (d) KEGG enrichment

analysis of all DEGs.
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Figure 4

The expression trend line graph of all DEGs from the cluster analysis.

17
The numbers Rthe figure represent the number of DEGs contained in different clusters, and

the text represents the significantly annotated KEGG pathways.
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Figure 5

Proportion of differentially expressed TFs and cluster analysis of expression patterns.

a) Propartion of differentially expressed TFs; the numbers in the figure represent the number
of transcription factors. b) Cluster analysis of differentially expressed TFs; the right side

represents the TFs with the largest fold change in each cluster.
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Figure 6
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Metabolome PCA and categories included in all the metabolites.

(a) PCA of different samples in the metabolome ; (b) pie chart of the proportion of categories

included in all metabolites.
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Figure 7

Metabolomic differential analysis.

(a) Number of upregulated and downregulated DAMs. (b) Venn diagram of the number of

shared and unique DAMs.
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Figure 8

DAM enrichment and clustering analysis.

Manuscript to be reviewed

(a) KEGG enrichment analysis of all the DAMs. (b) ﬂne graph of the clustering analysis of all

the DAMs, with different numbers representing the number of DAMs contained in each

cluster.
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Figure 9

Change patterns and correlation analysis of DRMs and DEGs in the flavonoid

biosynthesis pathway.

(a) Changes inge expression of DE% in the flavonoid biosynthesis pathway. (b) Heatmap of
14
the change patterns of DRMs in the flavonoid biosynthesis pathway. (c) Correlation network
1
diagram between metabaolites and genes in the flavonoid biosynthesis pathway; blue lines

represent negative correlations, and red lines represent positive correlations.

Peer] reviewing PDF | (2024:10:107852:2:0:NEW 19 May 2025)




Peerl

a Sobic.001G035600
| Sobic.001G360700
| | Sobic.001G360800
Sobic.004G 141200
Sobic.004G200800
Sobic.004G200833
Sobic.004G200900
Sobic.005G 137100
Sobic, 005G 137200
Sobic.006G001000
Sobic.006G211300
Sobic.006G226700
Sobic.006G226800
| | Sobic.007G058600
| | Sobic.007G058800

Sobic.010G052200

Sobic.010G059800

Sobic.010G060300

Sobic.010G210700

Sobic.010G219800

LR

Sobic.006G226700
Sobic.006G226800

Manuscript to be reviewed

5-0-CafTeoylshikimic acid

Pinostrobin

0.5
Luteoforol

0.0
Xanthohumol 05
Neohesperidin -1.0
5-Deoxyleucopelargonidin -1.5

Hesperetin 7-O-glucoside
Bracteatin 6-0-glucoside

Naringin

Chlorogenate

Apiforol

Apigenin

p-Coumaroyl quinic acid

. FoS Qck' 5
¥ 14 a7 ol
& & & &

Sobic.004G200833
Sobic.006G001000
Sobic.001G035600
Sobic.010G059800
Sobic.010G060300
Sobic.004G200900
Sobic.004G200800
Sobic.007G058600
Sobic.001G360700
Sobic.010G219800
Sobic.007G058800
Sobic.001G360800
Sobic.004G 141200
Sobic.010G052200
Sobic.010G210700

—

NS

Apiforol

Neohesperidin
Chlorogenate

Bracteatin 6-O-glucoside

Luteoforol

p-Coumaroyl quinic acid
5-Deoxyleucopelargonidin

Apigenin

Positive correlation
~== Negative correlation

Eer] reviewing PDF | (2024:10:107852:2:0:NEW 19 May 2025)




P

ORIGINALITY REPORT

34y

SIMILARITY INDEX

PRIMARY SOURCES

www.frontiersin.org 478 words — 7%

Internet

i 0
www.mdpi.com 224 words — 3 A)

Internet

Yongmei Yg, Dilin L|u,'Feng Wang, Le. Kong et al. 204 words — 3%
"Comparative Transcriptomic Analysis and

Candidate Gene |dentification for Wild Rice (GZW) and

Cultivated Rice (R998) Under Low-Temperature Stress",

International Journal of Molecular Sciences, 2024

Crossref

Yge Li, Yuanrohg Ye, We|.Huan,JuanJ?,J|eyun Ma, 169 words — 2%
Qiang Sheng, Jianfeng Lei. "Comparative

transcriptome analysis and candidate gene mining for fire

blight of Pear resistance in Korla fragrant Pear (Pyrus

sinkiangensis YU)", Scientific Reports, 2025

Crossref

. e 0
Jonathan J. Scordino, Ryan P. Walsh, William Jasper, 154 words — 2 /0

B

Deon J. Roche, William Tyler. "Expected mortality

risk for coho salmon landed in recreational troll fisheries using
1/0 and 6/0 hooks in the marine waters of Washington state",
Peer], 2025

Crossref

i 0
ﬁfﬁg.com 149 words — 2 /0

- 0
bmcplantbiol.biomedcentral.com 65 words — 1 /0

Internet



Sheng Chen, Kaigin Zhong, angyu Li, C.hanghw Bai, 53 words — 1 %
Zhuzheng Xue, Yufen Wu. "Joint transcriptomic and

metabolomic analysis provides new insights into drought

resistance in watermelon (Citrullus lanatus)", Frontiers in Plant

Science, 2024

Crossref

Fehgxm Yan, Tgngma Wei, Chao Yang, anblng Yang, 49 words — 1 %
Zaiqi Luo, Yunli Jiang. "Combined Analysis of

Untargeted Metabolomics and Transcriptomics Revealed Seed
Germination and Seedling Establishment in Zelkova

schneideriana", Genes, 2024

Crossref

H.ongya.n Mao, Shuo Yu.an., an.LI, Xiaoyan Zhao, 44 words — 1 %
Xiaowei Zhang, Hongkai Liu, Ming Yu, Meng Wang.

"Influence of germination on the bioactivity, structural,

functional and volatile characteristics of different chickpea

flours", Food Chemistry: X, 2024

Crossref

Wenwu Q|'u, We|q|ang.Su, Zhaoyah Cai, Long Dong et37 words — 1 %
al. " Combined Analysis of Transcriptome and

Metabolome Reveals the Potential Mechanism of Coloration

and Fruit Quality in Yellow and Purple Sims ", Journal of

Agricultural and Food Chemistry, 2020

Crossref

R.D. ZHANG, J.R. CHANG, Z.X. YUE, Y.F. ZHOU, X.H.36 words — < 1 %
LIANG, W. GUO, X. CAO. "SALICYLIC ACID

PRIMING PROMOTES SORGHUM GERMINATION UNDER

DROUGHT STRESS: EVIDENC", Applied Ecology and

Environmental Research, 2023

Crossref

: : . 0
archive.article4submit.com 35 words — < 1 /0

Internet

Mingyue Fu,Ju”n L|.a.o,_ Xuejlao.Llu, Menghan Li, 32 words — < 1 /0
Sheng Zhang. "Artificial warming affects sugar

signals and flavonoid accumulation to improve female willows

growth faster than males", Tree Physiology, 2023



Crossref

. 0
metabolomics.se 32 words — < 1 /O

Internet

0
Wwww.nature.com 28 words — < 1 /0

Internet

Jie Wang, Zhipeng Yuan, Delin Li, Minghao Cai, Zh|27 words — < 1 /0

Liang, Quanquan Chen, Xuemei Du, Jianhua

Wang, Riliang Gu, Li Li. "Transcriptome Analysis Revealed the
Potential Molecular Mechanism of Anthocyanidins’ Improved
Salt Tolerance in Maize Seedlings", Plants, 2023

Crossref

X.|u1u Huan, Li Li, Yongjiang L!u, Zhlyou Kong, .YEJ'U 26 words — < 1 %
Liu, Qianchao Wang, Junna Liu, Ping Zhang, Yirui

Guo, Peng Qin. "Integrating transcriptomics and metabolomics

to analyze quinoa (Chenopodium quinoa Willd.) responses to

drought stress and rewatering", Frontiers in Plant Science, 2022

Crossref

. " . 0
Smalleg.an., Michael .. ThellRolg of RNA in 18 words — < 1 )0
Transcriptional Regulation”, University of

Colorado at Boulder, 2022

ProQuest

Xueylng Ai, Ali Mahm?ud El-Badri, Marila Bgtool, 18 words — < 1 %
Hongxiang Lou et al. "Integrated germination

related traits and transcriptomic analysis elucidate the

potential mechanism of rapeseed under drought stress", Plant

Growth Regulation, 2024

Crossref

Jiajie Feng, Jiachen Zhan, Shuangshuang Ma. 16 words — < 1 /0

"LRG1 promotes hypoxia-induced cardiomyocyte
apoptosis and autophagy by regulating Hypoxia-inducible
factor-1a", Bioengineered, 2021

Crossref

Nlanplng Zhou, Ya'nhon.g Zhar.mg, Tong Sur.m,.mean 16 words — < 1 /0
Zhu, Jinlong Hu, Qianggiang Xiong. "Unveiling the



26

Impact of Different Nitrogen Fertilizer Levels on Rice’s Eating
Quality through Metabolite Evaluation", Agronomy, 2023

Crossref

Xlgonan Cao, Lili '('Zhen, Ylng:'xm Fan, Mengxiao Fu, 15 words — < 1 %
Qiyan Du, Zhongjie Chang. "Black phosphorus

guantum dots induced neurotoxicity, intestinal microbiome

and metabolome dysbiosis in zebrafish (Danio rerio)", Science

of The Total Environment, 2024

Crossref

Muhammad Ikrarp, Burhan Khalid, Mgria Batool, 14 words — < 1 %
Maaz Ullah et al. "Secondary metabolites as

biostimulants in salt stressed plants: mechanisms of oxidative

defense and signal transduction”, Plant Stress, 2025

Crossref

Wei Yang, Yingnan Zha_o, Yang Yang, Mlhshuo 14 words — < 1 %
Zhang et al. "A Genomic Analysis of Bacillus

megaterium HT517 Reveals the Genetic Basis of Its Abilities to

Promote Growth and Control Disease in Greenhouse Tomato",
International Journal of Genomics, 2022

Crossref

www.biorxiv.org 14 words — < 1 00

Internet

Yumeng Y|n Shothen Qiao, Zhihe Kang, Feng 13 words — < 1 /0
Luo et al. "Transcriptome and Metabolome

Analyses Reflect the Molecular Mechanism of Drought

Tolerance in Sweet Potato", Plants, 2024

Crossref

Yanli Yahg, Yi Xu, Baozhen Feng,. Peigian Li, 12 words — < 1 %
Chengqi Li, Chen-Yu Zhu, Shu-Ning Ren, Hou-Ling

Wang. "Regulatory networks of bZIPs in drought, salt and cold

stress response and signaling", Plant Science, 2025

Crossref

: ) . 0
api.research-repository.uwa.edu.au 12 words — < '] /0

Internet

dspace.library.uu.nl



Internet

12 words — < 1%

_ : 0
I|r|]tr;rl§;tspr|nger.com 12 words — < 1 /0
0
IEsrtnints.g.f,oogle.com 12 words — < 1 /0
Min Qin, Yongjie Li, Lu Cai, Xuemin Yin, 11 words — < 1 /0

Zhangjiang He, Jichuan Kang. " Overexpression of
the global regulator FnVeA upregulates antitumor substances
in endophytic ", Canadian Journal of Microbiology, 2022

Crossref

n H H 1 n 0
Fo_rage Crops in the B|oe.nergy Revqlutlon , 10 words — < 1 /0
Springer Science and Business Media LLC, 2025

Crossref

- " . . ()
Akihiro Masuyama. The impact of induced ;trefs 10 words — < 1 A)
on reactive and proactive control in depression",

PsyArXiv, 2024

Publications

i - 0
Amir Abdullah Khan, Yong I':'eng War?g,.Rgsh'eed 10 words — < 1 /0
Akbar, Wardah A. Alhoqail. "Mechanistic insights
and future perspectives of drought stress management in
staple crops", Frontiers in Plant Science, 2025

Crossref

Muhammad theemjan, Muhamm{;\d Tanveer 10 words — < 1 %
Altaf, Wagas Liagat, Changzhuang Liu, Heba I.

Mohamed, Ming Li. "Approaches for the amelioration of

adverse effects of drought stress on soybean plants: from

physiological responses to agronomical, molecular, and cutting-

edge technologies", Plant and Soil, 2025

Crossref

Rong Zhang, Ming Li, Chgochen Tang, B|.ngzh| 10 words — < 1 A)
Jiang, Zhufang Yao, Xueying Mo, Zhangying Wang.
"Combining Metabolomics and Transcriptomics to Reveal the



B B
(@)

1

B B
(O N

44

Mechanism of Coloration in Purple and Cream Mutant of Sweet
Potato (Ipomoea batatas L.)", Frontiers in Plant Science, 2022

Crossref

Sanathanam, Sravan Kumar. "Effects of 10 words — < 1 %
Atmospheric Pressure Plasma on Seed

Germination, Seedling Growth, Nutrient Profile, and Drought

Tolerance of Microgreen Crops.", Alabama Agricultural and

Mechanical University

ProQuest

, _— 0
lk:t?ngnfectd|s.b|omedcentral.com 10 words — < 1 /0

: 0
I(:t>::‘n(ztrdjournals.org 10 words — < ] Y%

. : 0
www.ncbi.nim.nih.gov 10 words — < ] %

Internet

n 1 . _ _ 0
Sorghum in the 21st. Century: Eood Fodder 9 words — < 1 /0
Feed - Fuel for a Rapidly Changing World",

Springer Science and Business Media LLC, 2020

Crossref

Chen Feng, Chengmlljg Hg, .Ylfa.n Wang, Hehan Xu 9 words — < 1 %
et al. "Genome-wide identification of soybean

Shaker K+ channel gene family and functional characterization

of GMAKT1 in transgenic Arabidopsis thaliana under salt and

drought stress", Journal of Plant Physiology, 2021

Crossref

n 0
Chu Wu, Yun Wang, Hor.wggang Sun. "Targeted gnd 9 words — < 1 A)
untargeted metabolomics reveals deep analysis of
drought stress responses in needles and roots of Pinus taeda
seedlings", Frontiers in Plant Science, 2023

Crossref

Shuzhan FEI,.l\/.II Og, Ha|y§ng Liu, X|.nc.:heng Zhang, 9 words — < 1 A)
Qing Luo, Kaibin Li, Kunci Chen, Baixiang Chen, Jian

Zhao. "Transcriptomics and metabolomics reveal the regulation

of reproductive performance and egg quality of blotched



B B B
o O (0/0)

5

B
—

snakehead Channa maculata broodstock induced by a high
protein diet", Aquaculture Reports, 2024

Crossref

Yansui Mai, Zerui ang, .X|aoqu|,' Werwll An,.Yuylng 9 words — < 1 %
Huang, Shanshan Liu, Lian He, Xiaoping Lai, Song

Huang, Xiasheng Zheng. " Comparative analysis of

transcriptome and metabolome uncovers the metabolic

differences between protocorms and mature stems ", All Life,

2020

Crossref

ﬁtrl:igurnal.b|omedcentral.com 9 words — < 1 /0

:;grl::ﬂat.ac.ke 9 words — < 1 A)
i- 0

mdpi-res.com 9 words — < 1 0

Internet

Chen Zhou, nggyua?n Cai, Fanmlng Meng, .Qun g words — < 1 %
Hu, Guohao Liang, Ting Gu, Engin Zheng, Zicong Li,

Zhenfang Wu, Linjun Hong. "Urinary Metabolomics Revealed

the Biological Characteristics Associated with Early Pregnancy

in Pigs", Research Square Platform LLC, 2021

Crossref Posted Content

C_hunbo'Dong, Yongq|ang Liu, Anrw Hu, Chenglong8 words — < 1 %
Li, Xuegian Zhang, Qiuyu Shao, Qingsong Ran, Xu

Li, Yanfeng Han. "Eucommia ulmoides adapts to drought stress

by recruiting rhizosphere microbes to upregulate specific

functions”, Biology and Fertility of Soils, 2024

Crossref

Gang Chgn, Yar?ql fhu, Zilin Jian, Lili Du.an, Zejun 8 words — < 1 %
Mo, Renxiang Liu. "The NtDEGP5 gene improves

drought tolerance in tobacco (Nicotiana tabacum L.) by

dampening plastid extracellular Ca2+ and flagellin signaling

and thereby reducing ROS production”, Plant Molecular

Biology, 2023

Crossref



H.a|fengJ|a, Qlano!lan Zuo, Ehsan Sadegh.nezhad., 8 words — < 1 A)
Ting Zheng, Xueqin Chen, Tianyu Dong, JinggGui

Fang. " recruits to the promoter and diminishes anthocyanin
accumulation during grape ripening ", The Plant Journal, 2022

Crossref

Ishfaq MaJ.|d Hurrah, Tabasum MOhI'L'JddIn, Sayanti 8 words — < 1 A)
Mandal, Vinay Kumar, Astha Gupta. "Crosstalk and

interaction among salt stress tolerance pathways", Elsevier BV,

2025

Crossref

qulr?g Peng, XILIJJIe Dohg, Chao Xue, Zhiming L|u,. 8 words — < 1 /0
Fuxiang Cao. "Exploring the Molecular Mechanism

of Blue Flower Color Formation in Hydrangea macrophylla cv.

“Forever Summer™", Frontiers in Plant Science, 2021

Crossref

I_.u Zhahg, .Qla_n Xu, Xug Yong, Mengxi Wu, Beibei 8 words — < 1 %
Jiang, Yin Jia, Jiao Ma, Lisha Mou, Shengwen Tang,

Yuanzhi Pan. "Effects of water deficit on two cultivars of

Hibiscus mutabilis: A comprehensive study on morphological,
physiological, and metabolic responses”, Plant Physiology and
Biochemistry, 2024

Crossref

I\/Iuhammad Tanveer Altaf, Wagas Liagat, Amna 8 words — < 1 %
Jamil, Heba I. Mohamed, Muhammad Fahad,

Muhammad Faheem Jan, Faheem Shehzad Baloch. "A Critical

Review: Breeding Objectives, Genomic Resources, and Marker-

Assisted Methods in Sorghum (Sorghum bicolor L.)", Journal of

Soil Science and Plant Nutrition, 2024

Crossref

Qiong Zhang, Lili Wang, Zhiguo Liu, Zhihui Z.hao,.Jln8 words — < 1 %
Zhao, Zhongtang Wang, Guangfang Zhou, Ping Liu,

Mengjun Liu. "Transcriptome and metabolome profiling unveil

the mechanisms of Ziziphus jujuba Mill. peel coloration", Food
Chemistry, 2020

Crossref



66

Sha Tang, Haiying Liang, Do.ng.hu.l Yan,.Ylng Zhao, 8 words — < 1 A)
Xiao Han, John E. Carlson, Xinli Xia, Weilun Yin.

"Populus euphratica: the transcriptomic response to drought

stress”, Plant Molecular Biology, 2013

Crossref

XIaOX'I'ﬂg Peng, X|an.I| Zhou, th hao Sun, Xuexia Wu 8 words — < 1 /0
et al. "Comprehensive evaluation of compound

saline-alkali tolerance and gene mining by GWAS in Vicia faba

L.", Springer Science and Business Media LLC, 2025

Crossref Posted Content

Xu Lu Guiping Chen, ITel Ma, Congcong Zhang et 8 words — < 1 /0
al. "Integrated transcriptome and metabolome

analysis reveals antioxidant machinery in grapevine exposed to

salt and alkali stress", Physiologia Plantarum, 2023

Crossref

Y!ng C.henf Limin Yqo, Wa.ngyun Pan, Be|I|n. Guo, 8 words — < 1 %
Sizu Lin, Yicong Wei. "An integrated analysis of

metabolomic and transcriptomic profiles reveals flavonoid

metabolic differences between Anoectochilus roxburghii and
Anoectochilus formosanus", Process Biochemistry, 2020

Crossref

Ylngtln'g'; Zhahg, H.a|I|ang HU,J.Uﬂjle Yang,Jlnyu Xue, 8 words — < 1 /0
Jin Xu. "Physiological, Transcriptomic and

Metabolomic Analyses of Overwintering Cryptomeria fortunei

Needles", Forests, 2022

Crossref

Ziran Wahg, Miaoyu .Song, Y.unze Li, Shangwu 8 words — < 1 %
Chen, Huigin Ma. "Differential color development

and response to light deprivation of fig (Ficus carica L.) syconia

peel and female flower tissues: transcriptome elucidation”,

BMC Plant Biology, 2019

Crossref

doaj.org 8 words — < %

Internet

ebin.pub

Internet



&
69

8 words — < 1%

Iinrt.elrintzt.uwo.ca 8 words — < 1%
IIri]tlci:/nvectab.kpfu.ru 8 words — < y %
L?:ne;:archspace.ukzn.ac.za 8 words — < y %
I\r/1\2\/r\{1\6/3\t/.incdsb.ro 8W0rds—< y %
www.tandfonline.com 8 words _ < 1%

Internet

. . " . . 0
Chikssa, Ha'bte Nida. "Genetic ReS|s.tance to Fungal 7 words — < 1 /0
Pathogens in Sorghum [Sorghum Bicolor (L.)

Moench].", Purdue University, 2023

ProQuest

Dingyu Fan, Lei Yan.g,JuanJm, Qing Hao,.Aylmaltl 7 words — < 1 %
Abudoukayoumu, Jingtong Zhao, Kang Liao.

"Hormonal and Transcriptomic Analysis Reveal Gibberellin-

Induced Fruit Set in Jujube (Ziziphus jujuba Mill.)", Plant

Molecular Biology Reporter, 2021

Crossref

Fengjiao Ding, Yun;hl Zhang,JmIQng Lin, SlFong 7 words — < 1 %
Zhong, Pengchun Li, Yuanchao Li, Chunmei Chen,

Shan Jin. "Comparative Transcriptome and Metabolome

Analyses Revealed Quality Difference between Beauty Tea

Processed through Indoor Withering and Outdoor Solar

Withering", Journal of the Science of Food and Agriculture, 2023

Crossref

o ” | e 0
J.-P. Reichheld. "Accumulation of Flavonoids in an 7 words — < 1 /0

ntra ntrb Mutant Leads to Tolerance to UV-C",
Molecular Plant, 10/29/2008

Crossref



Mmgmaq Liu, Yitong Liu, Wg Hu, Baoymg Yin, 7 words — < 1 %
Bowen Liang, Zhongyong Li, Xueying Zhang,

Jizhong Xu, Shasha Zhou. "Transcriptome and metabolome

analyses reveal the regulatory role of MdPYL9 in drought

resistance in apple", BMC Plant Biology, 2024

Crossref

Qing Zhang, Muchen Cai, X|a9m|ﬁ Yu, Lishan 7 words — < 1 %
Wang, Chunfang Guo, Ray Ming, Jisen Zhang.

"Transcriptome dynamics of Camellia sinensis in response to
continuous salinity and drought stress", Tree Genetics &

Genomes, 2017

Crossref

" . i 0
Plant Stress'.l Chal.lenges gnd Managemgnt in the 6 words — < 1 /0
New Decade", Springer Science and Business

Media LLC, 2022

Crossref

: 0
Drought Stress Tolerance in Plants Vol 1, 2016. 6 words — < 1 /0

Crossref

Hongxiang Zheng, Yingying Dang, Xianmin Di 0
ongglz?'ng eng, Yingying Dang, Xianmin Diao, o ..o < 1 A)
Na Sui. "Molecular mechanisms of stress

resistance in sorghum: Implications for crop improvement

strategies”, Journal of Integrative Agriculture, 2023

Crossref

Jiao Liu, X|n.Wang, Hao Wuf Yiming Zhu, Irsha.d 6 words — < 1 %
Ahmad, Guichun Dong, Guisheng Zhou, Yanging

Wu. "Association between Reactive Oxygen Species,

Transcription Factors, and Candidate Genes in Drought-

Resistant Sorghum", International Journal of Molecular

Sciences, 2024

Crossref

Karim Rabgh, I)/Iohamed Hnlnl', I\/Iallk.a 6 words — < 1 %
Oubohssaine. "A comprehensive review of

transcription factor-mediated regulation of secondary

metabolites in plants under environmental stress", Stress

Biology, 2025

Crossref



Peigin L|,-Zhao Ruan, Zhaoxue Fel,thjlao Yan, 6 words — < 1 %
Guanghui Tang. " Integrated Transcriptome and

Metabolome Analysis Revealed That Flavonoid Biosynthesis

May Dominate the Resistance of against Stem Canker ", Journal

of Agricultural and Food Chemistry, 2021

Crossref

Tian Yue, Yo|r'1gbo Quo, Xuebin Qi, Wangshan. 6 words — < 1 A)
Zheng et al. "Sex-biased regulatory changes in the

placenta of native highlanders contribute to adaptive fetal
development", eLife Sciences Publications, Ltd, 2023

Crossref Posted Content

theses.gla.ac.uk 6 words — < 1 00

Internet

OFF OFF
ON OFF



