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• Background and Aims The North China Plain, the highest winter-wheat-producing region of China, is ser-
iously threatened by drought. Traditional irrigation wastes a significant amount of water during the sowing season. 
Therefore, it is necessary to study the drought resistance of wheat during germination to maintain agricultural 
ecological security. From several main cultivars in the North China Plain, we screened the drought-resistant cul-
tivar JM47 and drought-sensitive cultivar AK58 during germination using the polyethylene glycol (PEG) drought 
simulation method. An integrated analysis of the transcriptome and metabolomics was performed to understand 
the regulatory networks related to drought resistance in wheat germination and verify key regulatory genes.
• Methods Transcriptional and metabolic changes were investigated using statistical analyses and gene–me-
tabolite correlation networks. Transcript and metabolite profiles were obtained through high-throughput RNA-
sequencing data analysis and ultra-performance liquid chromatography quadrupole time-of-flight tandem mass 
spectrometry, respectively.
• Key Results A total of 8083 and 2911 differentially expressed genes (DEGs) and 173 and 148 differential me-
tabolites were identified in AK58 and JM47, respectively, under drought stress. According to the integrated ana-
lysis results, mammalian target of rapamycin (mTOR) signalling was prominently enriched in JM47. A decrease 
in α-linolenic acid content was consistent with the performance of DEGs involved in jasmonic acid biosynthesis 
in the two cultivars under drought stress. Abscisic acid (ABA) content decreased more in JM47 than in AK58, and 
linoleic acid content decreased in AK58 but increased in JM47. α-Tocotrienol was upregulated and strongly cor-
related with α-linolenic acid metabolism.
• Conclusions The DEGs that participated in the mTOR and α-linolenic acid metabolism pathways were con-
sidered candidate DEGs related to drought resistance and the key metabolites α-tocotrienol, linoleic acid and 
l-leucine, which could trigger a comprehensive and systemic effect on drought resistance during germination by 
activating mTOR–ABA signalling and the interaction of various hormones.

Key words: Abscisic acid, drought resistance, germination, metabolomics, mTOR signalling, linoleic acid, α-
linolenic acid, RNA-seq, wheat.

INTRODUCTION

With the decrease in global water resources, drought-induced 
losses in crop yield are increasing annually (Gupta et al., 2020). 
The North China Plain is the highest winter-wheat- (Triticum 
aestivum L.) producing region of China. It is also an area that 
experiences water shortages. As the main abiotic stress, drought 
stress is one of the major factors limiting wheat production, 
and a drought-induced poor germination rate results in a serious 
yield reduction. Irrigation is usually applied to the soil before 
or after seeding to improve the germination rate, becoming part 
of this region’s irrigation scheme for winter wheat. However, 
low water use efficiency leads to a waste of water resources; 
therefore, improving drought resistance during germination is 
vital to wheat production. The efficiency of seed germination 
and seedling emergence is crucial to crop yield. It is regulated 
by environmental factors, such as temperature, light or oxygen, 
and endogenous factors, such as dormancy (Finch-Savage and 

Leubner-Metzger, 2006; Izydorczyk et al., 2018). Increasing 
evidence suggests that it is feasible to regulate the germination 
ability of crop seeds using biotechnology (Chono et al., 2013; 
Luo et al., 2021). Thus, drought-resistant seeds can adapt to 
low soil moisture during germination, which is of great sig-
nificance for alleviating water shortages and maintaining the 
ecological security of the region.

Plant hormones and signal transduction processes are es-
sential in drought resistance during germination (Miransari 
and Smith, 2014). One of the main effects of drought is the 
accumulation of the phytohormone abscisic acid (ABA) 
(Zhu, 2011, 2016). Endogenous ABA is critical in inducing 
osmolyte biosynthesis through various signalling cascades 
(Urano et al., 2009). As a signal transduction process, mam-
malian target of rapamycin (mTOR) is crucial in regulating 
energy homeostasis to resist stress. The target of rapamycin 
(TOR) is an evolutionarily conserved serine/threonine pro-
tein kinase that regulates hormone and environmental 
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signals in plants (Fu et al., 2020). Research has shown that 
TOR functions as a key regulator in response to diverse abi-
otic stresses (Fu et al., 2020) and positively regulates plant 
responses to drought and osmotic stress. In arabidopsis, 
the TOR transgenic line has a longer primary root than the 
wild type under salt stress (Deprost et al., 2007). Ectopic 
expression of the arabidopsis TOR gene in rice improves 
water use efficiency and yield under drought stress (Bakshi 
et al., 2017). Overexpression of TOR also results in resist-
ance to exogenous ABA during seed germination (Bakshi 
et al., 2017, 2019). These results indicated that the expres-
sion of the TOR gene might mitigate the effects of drought 
to enhance plant growth. The hormone levels of raptor1b 
(regulatory-associated protein of TOR B) mutant seeds 
showed noticeable changes, including increases in ABA, 
auxin and jasmonic acid, which are known to inhibit ger-
mination (Salem et al., 2017). The ABA content of raptorb 
mutant seeds was increased (Salem et al., 2017), which in-
dicates that TOR is a crucial regulator of seed germination. 
Many metabolites that respond to drought stress function as 
vital regulators and have drawn increasing attention recently. 
Drought-resistant metabolites result from interactions among 
many genes and pathways and contribute to stress resistance 
(Garg et al., 2002; Taji et al., 2002; Nuccio et al., 2015). 
Acetate has been reported to be associated with drought tol-
erance (Kim et al., 2017). PDC1 and ALDH2B7 are genes 
for key enzymes in the acetate biosynthesis pathway, and 
PDC1 and ALDH2B7 double overexpression plants exhib-
ited enhanced drought tolerance (Kim et al., 2017). Seed 

germination is a complex physiological process regulated by 
various developmental and environmental cues. However, 
the mechanisms of drought resistance during germination in 
wheat, especially the regulatory network, including signal 
transduction and metabolites, remain largely unknown.

The JM47 cultivar shows strong drought resistance at both 
the physiological and molecular levels (Wang et al., 2019). 
Although AK58 is also a drought-resistant cultivar, it was 
hypersensitive to drought during seed germination, based 
on our experimental results (Fig. 1). As drought-resistant 
and drought-sensitive cultivars from the North China Plain, 
JM47 and AK58 were screened during germination using 
the polyethylene glycol (PEG) drought simulation method. 
In this study, we applied an integrated metabolomics and 
transcriptomics approach to explore drought resistance during 
seed germination in wheat. We conducted a hydroponic ex-
periment to simulate the seed germination process under 
drought stress and analyse the drought resistance network 
during germination. Based on previous results, this experi-
mental model was appropriate for this study because the 
available transcriptome and metabolomics datasets used here 
were comparable and the studied phenotypes clearly showed 
drought resistance during germination. We provide a mass of 
analysed data to provide new prospects for drought resistance 
during germination. This study aims to minimize the waste 
of water resources and improve water use efficiency. We also 
provide novel insights into improving the agro-ecological 
environment.

AK58-Control AK58-Drought JM47-Control JM47-Drought

Fig. 1. Whole view of seed germination under drought treatment at 7 DAI in the two studied cultivars.
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MATERIALS AND METHODS

Experimental design and sampling

Drought-resistant phenotypes of several main wheat culti-
vars in the North China Plain were identified using the PEG 
drought simulation method. The screen showed two cultivars 
with significant differences in drought resistance during ger-
mination: the drought-resistant JM47 and drought-sensitive 
AK58 cultivars. These two wheat cultivars, which were gener-
ated by the Henan Institute of Science and Technology through 
breeding Zhoumai11//Wenmai6/Zhengzhou8960 and by the 
Shanxi Academy of Agricultural Sciences through breeding 
12057/Han522/K37-20, respectively, were used in this study. 
A hydroponic experiment was carried out using seed germin-
ation pouches to induce seed germination for 7 d in a green-
house under controlled environmental conditions: approx. 
16/8  h light/dark regime, 24/18 °C temperature, approx. 500 
μmol m–2 s–1 photon flux density and 65 % relative humidity. 
Four treatments (drought conditions with AK58 and JM47 and 
control conditions with AK58 and JM47) were performed in 
this study. The control used 30 mL of deionized water, while 
drought stress was simulated using 30 mL of 15 % PEG-6000 
solution. Three biological replicates were performed, with each 
replicate containing ten seeds in a germination pouch. Seeds 
were sterilized in 1 % sodium hypochlorite solution for 30 min, 
washed six times with distilled water and soaked in water and 
15 % PEG-6000 solution for 9 days after imbibition (DAI).

Physiological and morphological traits were measured at 7 
DAI using three biological replicates of each sample. Three and 
eight biological replicates of root samples were collected for 
transcript and metabolite identification at 7 DAI, respectively. 
Each biological replicate consisted of ten plants. Root samples 
were immediately frozen in liquid nitrogen until used in further 
experiments.

Measurements of physiological and morphological traits

Methods for determination of physiological and morpho-
logical traits, including germination rate, maximum root length, 
maximum shoot length, root to shoot ratio, total root length, 
total root surface area, total root volume and root activity, are 
provided in Supplementary data Method S1.

RNA-seq and differential expression analysis

Total RNA was extracted from the roots at 7 DAI using 
TRIzol® Reagent according to the manufacturer’s instructions 
(Invitrogen). Procedures used for library preparation and tran-
scriptome sequencing analysis are provided in Supplementary 
data Method S2. Differentially expressed genes (DEGs) were 
investigated under both drought-stressed and well-watered con-
ditions at 7 DAI for AK58 and JM47. DEGs were identified 
via a false discovery rate (FDR) of < 0.05 and |log2(CT_mean_
fpkm/CK_mean_fpkm)| ≥ 1. To further obtain the functions 
of these unigenes, BLASTX (e-value < 0.00001) was em-
ployed to search the public databases, including NCBI non-
redundant (Nr), Swiss-Prot, KEGG and STRING. The DEGs 

were subjected to Gene Ontology (GO) (http://geneontology.
org/) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
(http://www.genome.jp/kegg/) enrichment analyses to deter-
mine their biological functions and metabolic pathways at a 
Bonferroni-corrected P-value < 0.05 compared with the whole-
transcriptome background.

Quantitative real-time PCR (qRT-PCR)

qRT-PCR analysis was performed with a Thermal Cycler 
CFX96 Real-Time System (BIO-RAD, USA) using the 
GoTaq® qPCR Master Mix (Promega, USA). qRT-PCR was 
performed under the following conditions: 95 °C for 2 min and 
40 cycles of 95 °C for 15 s, 60° C for 30 s and 72° C for 30 s. 
Each experiment was performed with three biological rep-
licates. β-Actin was used as a reference. Fold changes were 
calculated using the 2–ΔΔCt method (Livak and Schmittgen, 
2001). The DNA primers used for qRT-PCR are listed in 
Supplementary data Table S1.

Metabolite extraction and analysis

The procedures for metabolite extraction and liquid chroma-
tography–mass spectrometry (LC-MS) analysis are provided in 
Supplementary data Method S3.

Integrative analysis of the transcriptome and metabolomics

KEGG enrichment analysis was performed using Fisher’s 
exact test to identify biological processes most relevant to bio-
logical phenomena. After P-value correction (P_bonferroni, 
≤0.05), the KEGG pathways for differential metabolites and 
DEGs were significantly enriched. Metabolites were filtered 
for correlation analysis via variable importance in the pro-
ject (VIP) > 1, P < 0.05. Pearson correlation coefficients and 
P-values were calculated for the transcriptome and metabolomics 
data integration using Spearman’s method. Correlations corres-
ponding to a coefficient of |R| >0.9 were selected.

Measurement of ABA content

The ABA content in fresh root and shoot samples (0.5  g) 
harvested at 7 DAI was determined using an ELISA (enzyme-
linked immunoassay) kit as described by Zhao et al. (2006). 
Three biological replicates were used for each experiment. The 
ELISA data were calculated as described in Weiler et al. (1981).

RESULTS

Drought resistance in seed germination and related physiological 
traits identified for AK58 and JM47

We observed a significant difference in germinated seeds be-
tween the two cultivars at 7 DAI during the drought treatment 
(Fig. 1); JM47 germinated much better than AK58, which 
barely germinated.

http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac102#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac102#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac102#supplementary-data
http://geneontology.org/
http://geneontology.org/
http://www.genome.jp/kegg/
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac102#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac102#supplementary-data
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Specific traits were measured in germinated seeds to further 
verify the physiological changes. Under drought stress, the ger-
mination rate was significantly lower in AK58 than in JM47 
(Fig. 2A). Certain physiological traits, including the maximum 
root length, shoot length, total root length, root surface area and 
root volume (Fig. 2B, C, E–G), exhibited the same trend as the 
germination rate. The root to shoot ratio exhibited a different 
trend (Fig. 2D). However, root activity was higher in JM47 than 
in AK58 plants (Fig. 2H).

Cell death was observed in the roots using trypan blue 
staining. Based on microscopic observations of the root tip, 
there were no significant differences in the number of dead cells 
between the two cultivars under well-watered conditions (Fig. 
3A, B). However, under drought stress, the number of dead 
cells accounted for a large proportion in AK58 but only a small 
proportion in JM47 (Fig. 3A, B), indicating that JM47 had a 
stronger drought resistance capacity.

Identification of DEGs in JM47 and AK58

To identify the DEGs involved in regulating drought resist-
ance during the germination stage in wheat, RNA-seq was per-
formed. In total, 1.2 billion clean reads were obtained from the 
tested samples. On average, nearly 0.1 billion reads for each 
sample were uniquely mapped to the reference genome. More 
than 90 % of reads were at the Q30 level (an error probability 
of 0.01 %), and the mapping rate of each sample is shown in 
Supplementary data Table S2.

Interestingly, the number of DEGs in AK58 was greater than 
that in JM47 under drought treatment at 7 DAI (Fig. 4A, B; 
Supplementary data Table S3).

qRT-PCR assays were performed on 22 DEGs to validate the 
RNA-seq data (Supplementary data Table S1), and the results 
were compared with those obtained from RNA-seq analysis. As 
shown in Fig. 5, the qRT-PCR results were highly consistent 
with those of the RNA-seq analysis, which validated the reli-
ability of the RNA-seq data.

GO and KEGG enrichment analysis

Most of the DEGs were cultivar specific (Fig. 4B). The en-
riched GO terms also showed apparent cultivar-specific results, 
suggesting that different molecular mechanisms were acti-
vated in the two cultivars (Supplementary data Table S4). For 
example, ‘coniferin beta-glucosidase activity’ and ‘linoleate 
9S-lipoxygenase activity’ were evidently and only enriched 
in AK58, whereas transporter activity-related GO terms (ar-
senate ion transmembrane transporter activity and malate trans-
membrane transporter activity) were strikingly and uniquely 
enriched in JM47 (Supplementary data Table S4). Similar to 
the GO terms, the enriched KEGG pathways exhibited cultivar-
specific results (Fig. 6). Specifically, the pigment, hormone 
and amino acid metabolism pathways (e.g. carotenoid biosyn-
thesis, brassinosteroid biosynthesis, linoleic acid metabolism, 
glutamatergic synapse and nitrogen metabolism) were enriched 
in AK58. However, pathways strikingly enriched in JM47 were 
relevant to defence/immunity, energy metabolism and signal 
transduction [e.g. flavone and flavonol biosynthesis, carbon fix-
ation in photosynthetic organisms, phosphate and phosphinate 
metabolism, phosphoinositide 3-kinase (PI3K)–Akt signalling 
pathway, AMP-activated protein kinase (AMPK) signalling 
pathway, circadian rhythm and mitogen-activated protein kinase 
(MAPK) signalling pathway – yeast] under drought stress (Fig. 
6). Furthermore, some KEGG pathways were enriched in AK58 
and JM47 (e.g. plant hormone signal transduction, α-linolenic 
acid metabolism). However, the mTOR signalling pathway was 
more enriched in JM47 (Fig. 6).

Regulation of plant hormone- and signal transduction-related 
DEGs

A total of 359 and 129 genes encoding protein kinases were 
identified in AK58 and JM47 plants under drought stress, re-
spectively (Supplementary data Table S5). However, genes 
encoding receptor-like protein kinases (RLKs) accounted for 

120

A B C D

E F G H

20 15 4

3

2

1

0

10

5

0

15

10

5

0

a a a a

c

b

d

b

b

b

aa

c

b

bc

100

80

60

40

G
er

m
in

at
io

n 
ra

te
 (

%
)

R
oo

t l
en

gt
h 

(c
m

 p
er

 p
la

nt
)

S
ho

ot
 le

ng
th

 (
cm

 p
er

 p
la

nt
)

R
oo

t:s
ho

ot
 r

at
io

20

80 15

10

5

0

b

b

d

a a

a

b

a

a

b

c

b

0.15 200

150

100

50

0

0.10

0.05

0

c

a

d
c

60

40

20

JM47 AK58 JM47

R
oo

t s
ur

fa
ce

 a
re

a 
(c

m
2 

pe
r 

pl
an

t)

AK58 JM47 AK58 JM47

R
oo

t a
ct

iv
ity

 (
µg

–1
 h–1

 f.w
t)

AK58
Control

Drought

R
oo

t v
ol

um
e 

(c
m

3 
pe

r 
pl

an
t)

To
ta

l r
oo

t l
en

gt
h 

(c
m

 p
er

 p
la

nt
)

0

0

Fig. 2. Morphological changes of seed germination under drought treatment at 7 DAI in the two cultivars. (A) Germination rate, (B) root length, (C) shoot length, 
(D) root:shoot ratio, (E) total root length, (F) root surface area, (G) root volume and (H) root activity. Different letters indicate a significant difference among treat-

ments at the 0.05 significance level based on Duncan’s multiple range tests. Bars represent the mean ± s.d. (n = 3).
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the largest proportion of these genes among AK58 and JM47, 
at 242 (67 %) and 80 (62 %), respectively (Supplementary data 
Table S5). Furthermore, most genes encoding serine/threonine 
RLKs were downregulated in AK58 and JM47. Interestingly, 
the AMPK signalling pathway, PI3K–AKT signalling and cir-
cadian rhythm were only enriched in JM47, whereas enrichment 
of the mTOR signalling pathway was evident in both cultivars. 
A total of 14 genes collectively involved in the AMPK, PI3K–
AKT, circadian rhythm and mTOR signalling pathways, were 

enriched in JM47, accounting for a large portion of DEGs at 
73.7, 82.4, 93.3 and 100 %, respectively (Supplementary data 
Table S6).

As secondary messengers, calcium ions are crucial in various 
signalling pathways. Most DEGs enriched in the calcium ion 
signalling pathway were downregulated in AK58 and/or JM47 
under drought stress (Supplementary data Table S7).

Furthermore, DEGs involved in hormone biosynthesis 
were verified, and their expression was substantially altered 
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magnification. Dead cells are indicated by red arrows.
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Primers are listed in Supplementary data Table S1. The corresponding expression data of RNA-seq are listed in Supplementary data Tables S6, S8 and S13.
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under drought treatment. The number of hormone-related 
DEGs was greater in AK58 than in JM47. According to 
KEGG analysis of the DEGs, carotenoid biosynthesis 
(ko00906) related to ABA metabolism was significantly and 
uniquely enriched in AK58; however, the DEGs involved in 

ABA biosynthesis in AK58 showed no significant change 
in JM47 (Fig. 7A; Supplementary data Table S8). Four 
genes (TraesCS5D02G038800, TraesCS5B02G029400, 
TraesCS5B02G029400 and TraesCS2A02G250600) predicted 
to encode 9-cis-epoxycarotenoid dioxygenase (NCED) were 
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Fig. 6. Hierarchical clustering of enriched KEGG pathways based on P-values under drought treatment at 7 DAI for AK58 and JM47. P-values <0.05 denote that 
the pathway is significantly enriched. Red represents significantly enriched pathways and yellow the non-significantly enriched pathways.

http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac102#supplementary-data
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Fig. 7. Hierarchical clustering of hormone-correlated differentially expressed genes (DEGs) based on log2 (CT_mean_fpkm/ CK_mean_fpkm) under drought 
treatment at 7 DAI in AK58 or JM47. Red represents upregulated expression, and green represents downregulated expression. (A) ABA-correlated DEGs, (B) 
ethylene-related DEGs, (C) auxin-related DEGs, (D) GA-related DEGs and (E) JA-related DEGs in AK58 or JM47. If the value for log2 (CT_mean_fpkm/ 

CK_mean_fpkm) exceeded the range between –6 and 6, it was treated as –6 or 6 in the heatmap.
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upregulated under drought treatment in AK58. Moreover, two 
genes (TraesCS5D02G244900 and TraesCS5B02G236500) 
encoding ABA 8ʹ-hydroxylase were upregulated under 
drought treatment in AK58 but showed no change in JM47. 
The changes in the expression of genes involved in the ABA 
signalling pathway, such as PP2C (protein phosphatase 2C) 
and SnRK (SNF1-related protein kinase) genes, were similar to 
those related to ABA biosynthesis in the two cultivars (Fig. 7A; 
Supplementary data Table S8).

The number of DEGs involved in ethylene metabolism was 
much higher in AK58 than in JM47 (Fig. 7B; Supplementary 
data Table S9).

The genes encoding indole-3-aldehyde oxidase (IAO) were 
downregulated in the two cultivars (Fig. 7C; Supplementary 
data Table S10); the expression of two common downregulated 
genes (TraesCS5D02G435900 and TraesCS5A02G427900) 
decreased more in AK58 than in JM47. The expression of genes 
involved in the auxin signalling pathway evidently changed; the 
number of up- and downregulated genes accounted for 55 % 
and 45 %, respectively, and included the genes for AUX (auxin 
transporter-like protein), AUX/IAA (auxin-induced protein 
5NG4), ARF (auxin response factor), GH3 (auxin-responsive 
GH3-like protein) and SAUR (small auxin up RNA) (Fig. 7C; 
Supplementary data Table S10).

Moreover, the up- and downregulated DEGs related to 
gibberellin (GA) metabolism accounted for approx. 50 % 
each in AK58, while the expression of these genes hardly 
changed in JM47 (Fig. 7D; Supplementary data Table S11). 
In addition, DEGs associated with jasmonic acid were ob-
served in the two cultivars (Fig. 7E; Supplementary data 
Table S12).

Identification of transcription factors (TFs) involved in the 
response to drought stress

In total, 427 DEGs encoding TFs were identified. AK58 
(414) had more TF DEGs than JM47 (124), probably because 
AK58 was more sensitive to drought stress during germination 
and thus contributed more TF genes that participated in the re-
sponse to drought stress. These DEGs belonged to 33 families 
(Table 1; Supplementary data Table S13). In addition, 164 and 
250 TF genes were up- and downregulated in AK58, respect-
ively, and 69 and 55 TF genes in JM47. Among these genes, 
ten families accounted for approx. 81 % of the stress response 
TF genes, namely WRKY (50), NAC (48), ERF (47), MYB (41), 
bHLH (43), bZIP (30), B3 (30), MYB-related (21), HB-other 
(20) and HSF (17).

Wheat de novo transcriptome data were compared with 
or without drought treatment to identify the WRKY genes 
regulated by drought. A pairwise comparison revealed 50 
WRKYs showing significantly downregulated transcription 
levels in AK58 or JM47 (Supplementary data Table S13). 
The amino acid sequences of 50 WRKYs in wheat are listed 
in Supplementary data Table S14. A phylogenetic tree was 
constructed using MEGA7.0 to investigate the evolutionary 
relationships of drought-responsive wheat WRKYs with previ-
ously reported WRKYs. In total, 24 drought-responsive wheat 
WRKYs belonged to Group I, 13 to Group II and 11 to Group 
III (Fig. 8).

Identification of differential metabolites in AK58 and JM47 under 
drought stress during germination

A total of 173 and 148 differential metabolites were detected 
in AK58 and JM47, respectively, by both ion modes (ESI+ and 
ESI–). There were 88 and 99 differential metabolites in ESI+ and 
ESI–, respectively, in AK58 and 81 and 77 in JM47 (Fig. 9C, D; 
Supplementary data Table S15). Many differential metabolites 
were shared between these two cultivars in response to drought 
stress (Fig. 9C, D). Multivariate data analyses [principal com-
ponent analysis (PCA), partial least-squares discriminant ana-
lysis (PLS-DA) and orthogonal projections to latent structures 
discriminant analysis (OPLS-DA)] were performed to further 

Table 1. The number of DEGs encoding transcription factors 
under drought stress at 7 DAI in AK58 and JM47

TF family The number of DEGs encoding TFs

AK58 JM47 Common 

AP2 1 0 0

ARF 3 0 0

B3 30 6 6

bHLH 41 12 10

bZIP 30 18 18

C2H2 1 0 0

C3H 6 3 3

CO-like 6 0 0

DBB 10 0 0

Dof 13 2 2

EIL 5 4 4

ERF 43 15 11

FAR1 2 0 0

GRAS 7 2 2

HB-other 20 2 2

HD-ZIP 2 0 0

HSF 16 13 12

LBD (AS2/LOB) 11 4 4

LSD 1 0 0

M_type 9 1 0

MIKC 5 1 0

MYB 39 13 11

MYB_related 21 3 3

NAC 45 18 15

NF-YA 4 0 0

Nin-like 4 0 0

RAV 6 0 0

SBP 3 0 0

SRS 5 0 0

TALE 2 0 0

TCP 5 0 0

WRKY 50 8 8

ZF-HD 5 2 2

http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac102#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac102#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac102#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac102#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac102#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac102#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac102#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac102#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac102#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac102#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac102#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac102#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac102#supplementary-data
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evaluate the capability of the LC-MS-based metabolomics 
approach to distinguish between drought-stressed and well-
watered conditions. Four principal components were identi-
fied in ESI (+) (R2X [1] = 0.41, R2X [2] = 0.0907) and ESI (–) 
(R2X [1] = 0.41, R2X [2] = 0.0907) (Fig. 9A, B). For AK58 and 
JM47, samples were only separated from the drought-stressed 
and well-watered conditions depending on these differential 
metabolites via PCA.

To identify the metabolic differences among the experi-
mental groups and validate the model, we performed PLS-DA 
(Supplementary data Fig. S1) and 200 response sorting tests 
on the PLS-DA model (Supplementary data Fig. S2). The 
OPLS-DA models were constructed to identify the most sig-
nificant metabolites (Supplementary data Fig. S3).

In total, 205 differential metabolites were detected in AK58 
and JM47 (Fig. 10). Many of these showed different expression 
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patterns in AK58 and JM47 (Fig. 10). Some differential me-
tabolites were upregulated in both AK58 and JM47, including 
6-pentadecyl salicylic acid, arachidonic acid, maslinic acid 
and riboflavin. However, some differential metabolites, such 
as malonic acid, d-glucuronic acid and salicyluric acid, were 
evidently downregulated in AK58 but barely changed in JM47. 
Based on metabolomic data, some hormones, such as ABA 
and jasmonic acid, changed strikingly in AK58 and JM47 
under drought stress. The contents of both ABA and jasmonic 
acid decreased less in AK58 than in JM47. Linoleic acid and 
α-linolenic acid, precursors of jasmonic acid biosynthesis, ex-
hibited significant differences. The content of α-linolenic acid 
decreased more in AK58 than in JM47 under drought stress. 
Intriguingly, linoleic acid content was significantly increased 
in JM47 but reduced in AK58 (Fig. 10). A Pearson correlation 
matrix was constructed for AK58 and JM47 to determine the 
correlation between hormones and various physiological and 
morphological traits (Fig. 11A, B). The contents of 5-hydroxy-
l-tryptophan and tryptophanamide, precursors of auxin bio-
synthesis, were significantly positively correlated with various 
morphological traits in AK58 and JM47. However, the linoleic 
acid content was negatively correlated with all traits except for 
root activity in JM47, which was the opposite of AK58.

Analysis of KEGG pathways depending on differential 
metabolites

The KEGG enrichment analysis was conducted for all dif-
ferential metabolites in AK58 and JM47 (Table 2), and six 
and four KEGG pathways were enriched in AK58 and JM47, 

respectively. Three KEGG pathways (linoleic acid metabolism, 
arachidonic acid metabolism and glycerophospholipid metab-
olism) were enriched in AK58 and JM47. Interestingly, lino-
leic acid significantly increased in JM47 but decreased in AK58 
under drought stress.

Network analysis of the transcriptome and metabolomics

Network analysis was performed on the transcriptome 
and metabolomics data to further explore the mechanisms of 
drought resistance during germination. In our study, the top ten 
KEGG pathways focused on the greatest number of DEGs or 
differential metabolites (Supplementary data Fig. S4). KEGG 
enrichment analysis was conducted to integrate differential me-
tabolites and DEGs (Supplementary data Fig. S5); pathways of 
lipid and amino acid metabolism (e.g. cyanoamino acid metab-
olism, glycerophospholipid metabolism, linoleic acid metab-
olism and phenylpropanoid biosynthesis) (Supplementary data 
Fig. S5A) and signal transduction (e.g. the mTOR signalling 
pathway, glucagon signalling pathway and oxytocin signalling 
pathway) (Supplementary data Fig. S5B) were evidently en-
riched in AK58 and JM47 under drought stress, respectively. 
Furthermore, these two pathways (plant hormone signal trans-
duction and α-linolenic acid metabolism) were remarkably 
enriched in the two cultivars. The α-linolenic acid content de-
creased more in AK58 than in JM47, which was consistent with 
the expression pattern of DEGs involved in auxin biosynthesis 
under drought stress. A network analysis was conducted to de-
termine the correlation between metabolites and DEGs. The re-
sults showed that 1693 DEGs had strong correlation coefficient 
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values (|R| >0.9) with 145 differentially expressed metabol-
ites in AK58, whereas 642 DEGs were strongly relevant to 
105 differentially expressed metabolites in JM47 (|R| >0.9) 
(Supplementary data Table S16). Based on the enriched KEGG 
pathways in both transcriptome and metabolomics analyses, 
emphasis was placed on plant hormone signal transduction, the 
mTOR pathway and α-linolenic acid metabolism. Some DEGs 
enriched in the ‘α-linolenic acid’ pathway strongly correlated 

with differential metabolites in the two cultivars (Table 3; 
Supplementary data Table S17). Moreover, some ABA-related 
DEGs were strongly correlated with differential metabolites 
in AK58 and JM47 (Table 4; Supplementary data Table S8). 
To understand the regulatory network of seed germination, a 
network analysis of DEGs enriched in the ‘α-linolenic acid’ 
pathway and differential metabolites was conducted in AK58 
(Fig. 12A) and JM47 (Fig. 12B). Based on the results of DEGs 
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enriched in the ‘α-linolenic acid’ pathway and differential 
metabolites, 12 genes showed higher correlation coefficient 
values (R > 0.9) with 19 differential metabolites in AK58, of 
which one gene (TraesCS3A02G471200) encoded salicylate 
O-methyltransferase. Four genes showed higher correlation 
coefficient values (R > 0.9) with five differential metabol-
ites in JM47, of which one (TraesCS3D02G466300) encoded 
jasmonate O-methyltransferase. Furthermore, network analysis 
of ABA- and auxin-related DEGs and differential metabolites 
was conducted in the two cultivars (Supplementary data Fig. 
S6). The results showed a difference in the germination and 
complex regulatory networks between the two cultivars under 
drought stress.

DISCUSSION

Phytohormone signals during germination under drought stress

Phytohormones play vital roles in co-ordinating many signal 
transduction pathways during germination under stressful con-
ditions (Miransari and Smith, 2014). In this study, according 
to transcriptome data, the expression of genes involved in hor-
mone signalling pathways was altered under drought stress 
during germination. ABA is considered a crucial messenger 
in the response to germination and stress (Zhao et al., 2018). 
NCED, a rate-limiting enzyme, is crucial in ABA biosynthesis 
(Schwartz et al., 2003). 8ʹ-Hydroxylase is an important en-
zyme involved in ABA catabolism. A previous study reported 
that the expression levels of upregulated NCED genes in roots 
were higher in JM-262 (drought-tolerant wheat cultivar) than in 
LM-2 (drought-susceptible wheat cultivar) under drought stress 
at 48 h after treatment) which contributed to the higher ABA 
content of JM-262 at that time (Hu et al., 2018). In our study, 
five NCED genes and two genes encoding 8ʹ-hydroxylase were 
upregulated in AK58 but were not changed in JM47 under 
drought treatment. Moreover, the ABA content of the two cul-
tivars was reduced, suggesting that the synthesis of ABA might 
be elevated in the drought-sensitive cultivar AK58 and promote 

seed dormancy. ABA produced in the root cap quickly passed 
(Sengupta et al., 2011) through the xylem to the shoot, which 
inhibited the germination process; therefore, ABA content 
might be reduced under drought at 7 DAI. However, the expres-
sion of NCED genes hardly changed in JM47, which contrib-
uted to the high germination rate. The clear regulation of genes 
involved in ABA biosynthesis and catabolism suggests the 
presence of dynamic and multifaceted mechanisms that control 
ABA content in response to stress. Moreover, PYL, SnRK2 and 
PP2C genes, key components of the ABA signalling pathway, 
were investigated as a response to drought stress during ger-
mination. PYLs are proposed to be ABA receptors, and PP2Cs 
and SnRKs act as negative and positive regulators, respectively 
(Park et al., 2010). The pyl and snrk mutants exhibited poor 
germination rates under osmotic stress conditions (Zhao et al., 
2018). Interestingly, in our study, the ABA content decreased 
under drought stress in the two cultivars, and the reduction was 
greater in JM47 than in AK58, perhaps because 8ʹ-hydroxylase 
functions in catabolism and accelerates the decomposition of 
ABA. Furthermore, the ABA content was significantly posi-
tively correlated with the content of linoleic acid in AK58, 
which was the opposite of that in JM47 (Fig. 11). Linoleic acid 
is a precursor of jasmonic acid; therefore, the drought resist-
ance of JM47 might be closely related to the interaction be-
tween jasmonic acid and ABA. Additionally, common DEGs 
encoding PYL were downregulated less, and common DEGs 
encoding SnRK2 were upregulated more in JM47 than in 
AK58. Therefore, PYLs may interact with and inhibit osmotic 
stress-activated SnRK2 protein kinases (Zhao et al., 2018), 
which might lead to a greater reduction of ABA content in 
JM47 than in AK58 and improve drought resistance in JM47 
during germination. SnRK2 genes (TraesCS4D02G078100 and 
TraesCS4A02G235600), PYL (TraesCS3A02G154400) and 
NCED (TraesCS5D02G038800) play vital roles in the regula-
tion network of ABA-related genes and differential metabol-
ites in AK58 (Supplementary data Fig. 6SA). In JM47, SnRK2 
genes (TraesCS2A02G493800 andTraesCS2B02G521800) 
and PP2C (TraesCS2D02G000300) played crucial roles in 
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the regulation network (Supplementary data Fig. 6SB); these 
genes were significantly correlated with many genes and differ-
ential metabolites. There might be a difference between AK58 
and JM47 due to the complicated expression patterns of these 
genes. Furthermore, ABA signalling interacts with other hor-
mone signalling pathways and forms a complex network to 
control lateral root development and seed germination (Gou et 
al., 2010; Hu and Yu, 2014).

Previously, extensive cross-talk has been reported, and 
ethylene signalling has been implicated in drought stress re-
sponse (Balbi and Devoto, 2008; Kazan, 2015). Ethylene re-
sponse factors (ERFs) are the major downstream regulatory 
factors of the ethylene signalling pathway in stress responses. 
The transcription factor ETHYLENE INSENSITIVE3 (EIN3) 
was suggested to induce ERF1 gene expression in response to 

ethylene and to activate defence responses (Solano et al., 1998). 
In our study, the expression of EIN3 and ETR genes increased 
under drought stress in both cultivars. Overexpression of ERF 
significantly improves resistance to various abiotic stressors 
in tobacco (L. Wu et al., 2008). Interestingly, two ERF genes 
were downregulated in AK58 but showed no change in JM47; 
therefore, it might be a factor that results in drought resistance 
during germination.

Indole-3-aldehyde oxidase is a key enzyme in the indole-3-
acetic acid (IAA) biosynthesis pathway, and eight IAO genes 
were specifically upregulated in JM-262 (drought-tolerant cul-
tivar) or only downregulated in LM-2 (susceptible cultivar) in 
wheat (Won et al., 2011; Hu et al., 2018). In our study, the ex-
pression of two genes encoding IAO was strikingly decreased 
in JM47 (drought-resistant cultivar) under drought stress. 

Table 2. KEGG pathways depending on differential metabolites in AK58 and JM47 under drought stress at 7 DAI

Cultivars KEGG ID Pathway name Metabolite ID Metabolite P-value 

AK58 ko00591 Linoleic acid metabolism C00157 Phosphatidylcholine 0.0096907

C01595 Linoleic acid

ko00590 Arachidonic acid metabolism C00219 Arachidonic acid 0.039348

C00157 Phosphatidylcholine

ko00564 Glycerophospholipid metabolism C00350 Phosphatidylethanolamine 0.044563

C00157 Phosphatidylcholine

C04230 LysoPC(18:1(9Z))

ko00970 Aminoacyl-tRNA biosynthesis C00152 l-Asparagine 0.02315

C00135 l-Histidine

C00079 l-Phenylalanine

C00062 l-Arginine

C00064 l-Glutamine

C00065 l-Serine

C00078 l-Tryptophan

C00082 l-Tyrosine

C00148 l-Proline

ko00360 Phenylalanine metabolism C00079 l-Phenylalanine 0.028849

C05629 Hydrocinnamic acid

C00811 4-Hydroxycinnamic acid

ko00940 Phenylpropanoid biosynthesis C00079 l-Phenylalanine 0.043467

C00082 l-Tyrosine

C00811 4-Hydroxycinnamic acid

C01494 Ferulate

C00590 Coniferyl alcohol

JM47 ko00591 Linoleic acid metabolism C00157 Phosphatidylcholine 0.0091833

C01595 Linoleic acid

ko00590 Arachidonic acid metabolism C00219 Arachidonic acid 0.037397

C00157 Phosphatidylcholine

ko00564 Glycerophospholipid metabolism C00350 Phosphatidylethanolamine 0.041547

C00157 Phosphatidylcholine

C04230 LysoPC(18:1(9Z))

ko00410 β-Alanine metabolism C00049 l-Aspartic acid 0.015616

‘Metabolite ID’ represents the accession number of the substance in the KEGG database; P-values < 0.05 represent that the pathway is significantly enriched.

http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac102#supplementary-data
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Interestingly, our results were the opposite to thos of the pre-
vious study (Hu et al., 2018); perhaps we focused on germin-
ation and not the seedling stage, and drought treatment duration 
also affected the expression of genes. The interaction of various 
hormones contributes to the complex germination process 

under drought stress (Miransari and Smith, 2014). The two IAO 
genes were downregulated more in AK58 than in JM47, which 
might lead to stronger drought resistance in JM47. Moreover, 
these two IAO genes play key roles in the regulation network 
(Supplementary data Fig. S6C, D). SAUR genes also strongly 

Table 3. Interaction value between metabolites and genes enriched in the α-linolenic acid metabolism pathway in AK58 and JM47 
under drought stress at 7 DAI

Cultivars Gene Metabolite Pearson’s correlation (R) P-value FDR 

AK58  TraesCS5A02G193900 dTMP –9.97E-01 1.80E-05 7.30E-05

 TraesCS4A02G061900 Sucrose 9.96E-01 2.75E-05 7.30E-05

 TraesCS3D02G406500 LysoPE(0:0/20:0) 9.97E-01 1.58E-05 7.30E-05

 TraesCS5D02G196300 l-Asparagine 9.95E-01 3.12E-05 7.30E-05

 TraesCS4B02G043300 Ribitol –9.95E-01 3.55E-05 7.30E-05

 TraesCS1A02G096200 Tryptophanamide 9.98E-01 9.12E-06 7.30E-05

JM47  TraesCS7D02G524600 DG(16:1(9Z)/18:4(6Z,9Z,12Z,15Z)/0:0) –9.91E-01 1.14E-04 9.31E-06

 TraesCS3D02G466300 α-Tocotrienol –9.91E-01 1.29E-04 9.31E-06

 TraesCS3D02G406500 Ubiquinone-1 9.93E-01 7.26E-05 9.31E-06

Negative Pearson’s correlation values represent a negative correlation of the gene and metabolite, and positive values represent a positive correlation.
P-value < 0.05 represents a significant correlation of gene and metabolite, FDR represents the corrected P-value.

Table 4. Interaction value between metabolites and genes related to ABA in AK58 and JM47 under drought stress at 7 DAI

Cultivars Gene Metabolite Pearson’s correlation (R) P-value FDR 

AK58  TraesCS5D02G558800 l-Proline 9.99E-01 2.79E-06 7.30E-05

 TraesCS1B02G381500 CPA(18:1(11Z)/0:0) 9.98E-01 7.29E-06 7.30E-05

 TraesCS3B02G578400 Malonic acid 9.96E-01 2.68E-05 7.30E-05

 TraesCS4D02G078100 Vanillic acid 9.97E-01 1.36E-05 7.30E-05

 TraesCS4B02G189800 Palmitic amide –9.95E-01 3.67E-05 7.30E-05

 TraesCS2D02G493700 4-Aminophenol 9.96E-01 1.90E-05 7.30E-05

 TraesCS4D02G191200 Uridine –9.97E-01 1.40E-05 7.30E-05

 TraesCS4A02G235600 MG(0:0/24:1(15Z)/0:0) 9.99E-01 1.27E-06 7.30E-05

 TraesCS3A02G154400 DG(15:0/22:4(7Z,10Z,13Z,16Z)/0:0) –9.97E-01 1.04E-05 7.30E-05

 TraesCS7A02G170600 Coniferyl alcohol 9.95E-01 3.39E-05 7.30E-05

 TraesCS2B02G523600 DG(15:0/22:4(7Z,10Z,13Z,16Z)/0:0) 9.96E-01 2.59E-05 7.30E-05

 TraesCS4A02G128900 l-Asparagine –9.96E-01 2.57E-05 7.30E-05

 TraesCS1B02G381800 l-Proline 9.97E-01 1.76E-05 7.30E-05

 TraesCS3D02G254100 l-Pipecolic acid 9.97E-01 1.64E-05 7.30E-05

 TraesCS1A02G083800 4-Aminophenol 9.99E-01 5.24E-07 7.30E-05

 TraesCS1B02G381400 CPA(18:1(11Z)/0:0) 9.97E-01 1.58E-05 7.30E-05

 TraesCS1A02G364400 4-Aminophenol 9.96E-01 2.41E-05 7.30E-05

 TraesCS1D02G369800 l-Pipecolic acid 9.99E-01 2.27E-06 7.30E-05

 TraesCS1B02G381200 CPA(18:1(11Z)/0:0) 9.96E-01 2.08E-05 7.30E-05

 TraesCS4B02G332700 PIP(16:0/20:1(11Z)) 9.98E-01 3.46E-06 7.30E-05

JM47  TraesCS4A02G066200 Cyclic GMP –9.92E-01 9.86E-05 9.31E-06

 TraesCS3D02G517300 l-Leucine 9.91E-01 1.30E-04 9.31E-06

 TraesCS7D02G328000 (S)-Abscisic acid 9.94E-01 5.30E-05 9.31E-06

Negative Pearson’s correlation values represent a negative correlation of the gene and metabolite, and positive values represent a positive correlation.
P-value < 0.05 represents a significant correlation of gene and metabolite, FDR represents the corrected P-value.

http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac102#supplementary-data
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correlate with many auxin-related genes and differential me-
tabolites. These factors might contribute to drought resistance 
during germination.

Gibberellin plays a key role in regulating seed dormancy, 
germination, metabolism and signalling (Shu et al., 2015, 
2016). GID1 is a GA receptor that determines the GA signal 
transduction (Ariizumi et al., 2011). In our study, most GID1 
DEGs were downregulated in AK58 but showed no change in 
JM47, suggesting that JM47 may be free from adverse con-
ditions and has sufficient energy to germinate. In summary, 
various hormonal signals may affect the expression and regu-
lation of several downstream genes that are important during 
seed germination.

TFs involved in drought stress during germination

Transcription factors play critical roles in seed germination 
under stress (Yang et al., 2018; Luo et al., 2021). Some of 
the major TF families are AP2/ERF, ARF, ABI3VP1, bZIP/
HD-ZIP, C2H2, GRAS, MYB/MYC, zinc fingers, MADS, 
NAC and WRKY, which are related to drought tolerance 
(Gahlaut et al., 2016). In our study, 414 and 124 genes en-
coded TFs that responded to drought stress during germin-
ation in AK58 and JM47, respectively. The largest group 
of drought-inducible TFs belonged to the WRKY and bZIP 
families, composed of 50 and 18 members in AK58 and 
JM47, respectively. Transgenic Arabidopsis thaliana lines 
overexpressing VlbZIP36 showed enhanced dehydration tol-
erance during the seed germination stage through transcrip-
tional regulation of ABA- and stress-related genes (Tu et 
al., 2016). Overexpression of TaWRKY1 and TaWRKY33 
activates several stress-related downstream genes, increases 
germination rates and promotes root growth in arabidopsis 
under drought stress (He et al., 2016). Drought stress induced 

TaWRKY19 and TaWRKY2 to a peak value at 3 and 12 h after 
treatment initiation, respectively, whereas TaWRKY17 ex-
pression was increased in leaves but decreased in roots (Niu 
et al., 2012). H. Wu et al. (2008) found that the expression 
of some TaWRKY genes, including TaWRKY10, TaWRKY46, 
TaWRKY68-a and TaWRKY72-b, was upregulated in leaves 
after 20 % PEG treatment for 4 h. Expression of TaWRKY10 
in wheat cv. Chinese spring was induced and reached a max-
imum level at 1  h after 20 % PEG treatment (Wang et al., 
2013). In our study, the bZIP family accounted for the largest 
proportion of TF family members in JM47. Intriguingly, all 
WRKY family genes were downregulated in AK58 but were 
nearly unchanged in JM47, which might be because WRKY 
gene expression reached a maximum level within a few hours. 
At 7 DAI, the expression of WRKY genes remained stable in 
JM47, whereas the DEGs were all downregulated in AK58, 
which probably affected drought resistance during germin-
ation. In addition, there is a clear difference between the 
number of other TFs regulated in AK58 and JM47, such as 
AFR, Dof and NAC, which are closely related to the auxin-
activated signalling pathway, positive regulation of seed ger-
mination and improvement of drought tolerance, respectively 
(Santopolo et al., 2015; Mao et al., 2022). In our study, al-
most all of the genes encoding AFR, Dof and NAC TFs were 
downregulated in AK58 but barely changed in JM47, which 
might be closely related to stronger drought resistance during 
seed germination in JM47. DEGs encoding some TFs, such as 
bHLH and bZIP, were both up- and downregulated. In general, 
all DEGs encoding TFs were much higher in AK58 than in 
JM47, which might be because stronger drought resistance led 
to fewer genes significantly affected by drought stress; there-
fore, the number of DEGs encoding TFs was lower in JM47 
than in AK58. However, further research is required to verify 
whether these TFs function independently or synergistically 
to enhance drought resistance during wheat germination.

A B

Fig. 12. Connection network between differentially expressed genes (DEGs) enriched in the α-linolenic acid pathway and differential metabolites in the two 
cultivars. Green nodes represent genes and red nodes represent metabolites. The size of the node represents the number of related genes or metabolites. Red lines 

represent a positive correlation and green lines represent a negative correlation. (A) in AK58 and (B) in JM47.
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Integrated analysis of the transcriptome and metabolomics

α-Linolenic acid metabolism plays a key role in the signal 
transduction pathway induced by abiotic stress, which can 
enhance resistance during germination (Upchurch, 2008; 
Torres-Franklin et al., 2009; Yuan et al., 2014). In JM47, 
the gene (TraesCS3D02G466300) encoding jasmonate 
O-methyltransferase, which is enriched in α-linolenic acid me-
tabolism, had strong correlations with α-tocotrienol. The re-
markably increased α-tocotrienol may have improved drought 
resistance during germination, which is in agreement with pre-
vious reports (Chen et al., 2016). Moreover, the gene encoding 
jasmonate O-methyltransferase plays a core role in the regu-
lation network in JM47 (Fig. 12B), which might be helpful in 
studying seed germination under drought stress.

Signalling by mTOR positively regulates plant growth and 
is strongly related to ABA biosynthesis and distribution. The 
ABA content was decreased in raptorb seedlings, and the genes 
(NECD3 and AOO3) encoding vital enzymes in ABA biosyn-
thesis were downregulated (Kravchenko et al., 2015). However, 
the ABA content of the raptorb mutant seeds increased (Salem 
et al., 2017). YAK1 and ABI4, two significant downstream 
regulators of TOR signalling, were verified as two key medi-
ators of ABA that control seed germination, root growth and 
meristem activation via a genetic screen of resistance to the 
TOR inhibitor AZD-8055 (Li et al., 2015; Kim et al., 2016; 
Barrada et al., 2019). Plants always transiently sacrifice growth 
while triggering protective stress responses upon sensing stress. 
Recently, it was reported that the balance between plant growth 
and stress adaptation is regulated by the interaction between 
TOR and ABA signalling (Wang et al., 2018). TOR phosphor-
ylates a highly conserved serine of PYL to abolish its binding 
activity to ABA, which compromises ABA signalling in un-
stressed arabidopsis (Wang et al., 2018). The raptorb and lst8-1 
mutants exhibited high sensitivity to exogenous ABA applica-
tion (Salem et al., 2017; Wang et al., 2018). Furthermore, ABA 
antagonizes TOR signalling. ABA-activated SnRK2s directly 
interact with and phosphorylates RaptorB. RaptorB disasso-
ciates from the TOR complex due to phosphorylation, which 
inhibits TOR kinase activity (Wang et al., 2018). Therefore, 
active TOR promotes growth by inhibiting ABA signalling 
under nutrient-rich conditions. In contrast, under stress con-
ditions, ABA signalling is activated, which contributes to the 
inhibition of TOR activity by activating SnRK2, sacrificing 
growth for survival under stress. Remarkably, several PYL re-
ceptors can bind to and inhibit PP2Cs even without ABA in 
arabidopsis (Hao et al., 2011; Fujii and Zhu, 2012), whereas 
the phosphor-mimicking mutation of the TOR phosphorylation 
site within PYL10 disrupts this ABA-independent binding to 
PP2Cs (Wang et al., 2018). Therefore, the activation of ABA-
independent PYLs may be restrained by TOR under normal 
conditions, which promotes growth and development. In our 
study, network analysis of the transcriptome and metabolomic 
data revealed that the mTOR signalling pathway was highly 
and significantly enriched in JM47. Moreover, a previous study 
revealed a Tai-Chi model of TOR–ABA signalling to balance 
plant growth and stress response (Fu et al., 2020); TOR served 
as a negative regulatory factor for stress response in the model. 
In our study, most TOR DEGs were downregulated due to 
drought stress, which probably sacrificed growth to enhance 

drought resistance, consistent with the model. Under drought 
treatment, ABA content in roots and shoots was measured in 
the two cultivars at 7 DAI (Supplementary data Fig. S7). The 
results of ABA content in the roots were consistent with the 
metabolomics data. Interestingly, ABA content in roots and 
shoots decreased and increased, respectively, under drought 
treatment at 7 DAI. Moreover, DEGs involved in the mTOR 
signalling pathway were also involved in signalling pathways 
(e.g. the PI3K–Akt signalling pathway, AMPK signalling 
pathway and circadian rhythm), and these three signalling path-
ways were only enriched in JM47 under drought stress (Fig. 
6; Supplementary data Table S6). This could be due to mTOR 
regulation. Additionally, the DEGs encoding SnRK2 were 
upregulated in the two cultivars, which agreed with previous re-
ports (Salem et al., 2017). Under stress conditions, mTOR–ABA 
signalling is activated, and ABA produced in roots is rapidly 
transferred to the shoots through the xylem. The ABA content 
in the shoots is higher in AK58 than in JM47 under drought 
treatment (Supplementary data Fig. S7B). Additionally, Fu et 
al. (2020) reported that ABA- activated SnRK2 phosphorylates 
Raptor to decrease TOR activity and sacrifice growth for sur-
vival during stress, which is consistent with our results. TOR–
ABA signalling activates the drought resistance mechanism in 
JM47, which regulates the distribution of ABA. At 7 DAI, the 
ABA content in shoots was significantly lower in JM47 than in 
AK58 under drought treatment, which might lead to better per-
formance by JM47. We predicted that mTOR–ABA signalling 
might contribute to the mechanism of drought resistance during 
seed germination.

Conclusions

In the present study, we report that mTOR–ABA signalling is 
more active in JM47 than in AK58, which determines drought 
resistance owing to different regulation of hormone signalling, 
especially the high-efficiency regulation of ABA content be-
tween roots and shoots during seed germination under drought 
stress. Additionally, the activation of α-linolenic acid metabolic 
pathways plays a vital role in drought resistance in JM47. Some 
nutrients, such as linoleic acid, α-tocotrienol and l-leucine, 
accumulate to promote germination in JM47 under drought 
stress. These are promising candidates for improving drought 
resistance during germination. The DEGs that contribute to 
activating mTOR–ABA signalling and α-linolenic acid metab-
olism pathways were considered candidate DEGs, because they 
could introduce comprehensive and systemic effects in plant 
resistance to drought by the interaction of various hormones.
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on differential metabolites under drought treatment at 7 DAI in 
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