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Abstract
Background Drought is a major abiotic stress affecting maize development and growth. Unravelling the molecular 
mechanisms underlying maize drought tolerance and enhancing the drought tolerance of maize is of great 
importance. However, due to the complexity of the maize genome and the multiplicity of drought tolerance 
mechanisms, identifying the genetic effects of drought tolerance remains great challenging.

Results Using a mixed linear model (MLM) based on 362 maize inbred lines, we identified 40 associated loci and 150 
candidate genes associated with survival rates. Concurrently, transcriptome analysis was conducted for five drought - 
tolerant and five drought - sensitive lines under Well-Watered (WW) and Water-Stressed (WS) conditions. Additionally, 
through co-expression network analysis (WGCNA), we identified five modules significantly associated with the 
leaf relative water content (RWC) under drought treatment. By integrating the results of GWAS, DEGs, and WGCNA, 
four candidate genes (Zm00001d006947, Zm00001d038753, Zm00001d003429 and Zm00001d003553) significantly 
associated with survival rate were successfully identified. Among them, ZmGRAS15 (Zm00001d003553), a GRAS 
transcription factor considered as a key hub gene, was selected for further functional validation. The overexpression 
of ZmGRAS15 in maize could significantly enhance drought tolerance through regulating primary root length at the 
seedling stage.

Conclusion This study provides valuable information for understanding the genetic basis of drought tolerance and 
gene resources for maize drought tolerance breeding.
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Background
Drought is a major abiotic stress affecting crop growth 
and reducing yields. Maize (Zea mays L.), being one of 
the most widely cultivated crops worldwide, is especially 
sensitive to drought stress. According to the Food and 
Agriculture Organization (FAO, 2022), annual maize 
yield losses across the world due to drought stress ranged 
from 15 to 20%. Therefore, improving the drought tol-
erance of maize and increasing its yield under drought 
stress are greatly important.

Drought tolerance is a complex quantitative trait 
involving coordinated morphological, physiological, and 
molecular mechanisms. In order to identify the genetic 
effects of drought tolerance in maize, many traits includ-
ing root traits, grain yield, and survival rate were used to 
evaluate the drought tolerance at different development 
stage. Specifically, survival rate has become common 
physiological indexe used for assessing drought tolerance 
at the seedling stage [1]. During early development stage 
(V3-V6), maize exhibit heightened sensitivity to drought 
stress [2]. Survival rate was used as evaluation indicator, 
which reflects the ability of maize to maintain life activi-
ties and resume growth under extremely arid conditions. 
Root traits reflect soil moisture acquisition efficiency but 
require labour-intensive phenotyping methods like root 
excavation or imaging systems [3]. Grain yield remains 
the ultimate agronomic indicator, yet its evaluation is 
developmentally restricted to reproductive stages and 
confounded by genotype-environment interactions [4]. 
Collectively, survival rate assessment at the seedling stage 
offers two distinctive advantages: (1) Under controlled 
stress conditions, high experimental repeatability can 
be attained (2) The survival ability of plants is directly 
demonstrated. These characteristics make survival rate 
become an essential and integral part of the integrated 
drought evaluation system.

Genome-wide association studies (GWAS) have been 
a powerful method for excavating the candidate genes 
associated with target traits [5]. Currently, several genes 
related to drought tolerance have been identified by 
GWAS in maize, such as ZmVPP1, ZmRtn16, ZmTIP1, 
ZmcPGM2 ZmSRO1d, and ZmCIPK3 [6–10]. Wang et al. 
(2016) used an association panel comprising of 368 maize 
inbred lines to identify 42 candidate genes associated 
with drought tolerance at the seedling stage [6]. Wu et 
al. (2021) evaluated the phenotypes of 368 maize inbred 
lines at multiple growth stages under normal watering 
and drought stress conditions and identified 2,318 can-
didate genes related to drought tolerance via GWAS, 
among which ZmcPGM2, which was involved in sugar 
metabolism, regulates the corresponding phenotypes 
and negatively regulates drought tolerance in maize [8]. 
Li et al. (2023) discovered 75 candidate genes related to 
maize root architecture through GWAS, among them, 

ZmCIPK3 encodes calcineurin B-like-interacting protein 
kinase 3, was overexpressed, resulting in the promotion 
of root elongation and drought tolerance in maize [10].

RNA sequencing (RNA-seq) has been widely used 
for detecting genome-wide gene expression patterns 
in studies of the drought stress response in maize [11, 
12]. Weighted gene co-expression network analysis 
(WGCNA), which is based on RNA-seq, is an effective 
method to narrow down the range of candidate genes 
[13], and WGCNA has become a popular technique for 
facilitating the discovery of core gene networks related 
to target traits [14]. GWAS combined with WGCNA has 
been applied to identify the genes responsible for stress 
tolerance in maize. For example, Ma et al. (2021) identi-
fied two hub genes involved in salt tolerance [15]. Li et 
al. (2021) identified 168 candidate genes associated with 
root architecture in response to salt, among which two 
candidate genes, ZmIAA1 and ZmGRAS43, improve 
salt tolerance by regulating plant hormone signal trans-
duction, phenylpropanoid biosynthesis, and fatty acid 
biosynthesis [16]. However, only a few genes related to 
drought tolerance in maize have been successfully identi-
fied by integrating GWAS and WGCNA.

Transcription factors play crucial roles in mediat-
ing the hubs of transcription networks and have been 
shown to function to improve stress tolerance in plants. 
Well-known stress-related TFs include members of the 
dehydration-responsive element-binding (DREB) basic 
helix–loop–helix (bHLH), NAM-ATAF-CUC2 (NAC) 
and basic leucine zipper (bZIP), WRKY, and MYB pro-
tein families [17–21]. Although transcription factor 
genes have been extensively studied, further research is 
still needed to identify additional novel transcription fac-
tors that are involved in stress responses. GRAS proteins 
are an important plant-specific transcription factor fam-
ily that play crucial roles in gibberellin signal transduc-
tion, root development, light signaling, biotic stress, and 
abiotic stress responses [22]. GRAS transcription factors 
are induced by various stress signals, such as drought, 
high salinity, or extreme temperatures [23]. In the past 
few years, studies have demonstrated that the GRAS 
transcription factor PAT1 (Vitis amurensis), which was 
overexpressed in plants, confered more drought, cold, 
and salinity tolerance in Arabidopsis [24]. Moreover, 
the GRAS protein AtSCL14 interacts with the TGACG 
motif-binding factor (TGA) TF and modulates the stress 
response in Arabidopsis [25]. Additionally, overexpres-
sion of GmGRAS37 improved drought and salt tolerance 
in soybean hairy roots [26].

In this study, to explore the genetic architecture under-
lying drought tolerance in maize, we performed a GWAS 
with a panel of 362 maize inbred lines and conducted a 
transcriptome analysis based on 10 maize lines. By inte-
grating the results of GWAS and WGCNA, we aimed 
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to uncover candidate genes underlying drought stress at 
the seedling stage in maize. Among the identified candi-
date genes, we specifically selected ZmGRAS15, a GRAS 
transcription factor, for further functional validation. 
This study aims to provide a theoretical basis for genetic 
improvement of drought tolerance and valuable gene 
resources for more efficient and targeted maize drought 
tolerance breeding.

Materials and methods
Plant materials and growth conditions
In total, 362 maize inbred lines were selected as mem-
bers of the association panel used in this study [27]. The 
experiment was performed in a greenhouse (28 °C, 14 h 
light/10  h dark cycle) at the Chinese Academy of Agri-
cultural Sciences (Beijing). This pot experiment was 
repeated three times from 2022 to 2023. The materials 
were planted in boxes (60 cm × 40 cm × 10 cm) contain-
ing 12  kg of enriched soil (nutrient soil: vermiculite = 1: 
1). Moreover, the enriched soil is mixed with water in 
advance to ensure that the soil moisture in the boxes is 
consistent. In each box, ten inbred lines were grown in 
ten rows with fifteen plants per row. For the drought 
treatment, irrigation was stopped at the three-leaf 
stage, which lasted for 25 days. The plants were subse-
quently rewatered, and the survival rate of each maize 
inbred line was determined after seven days. The test 
was repeated three times, and the results were averaged. 
Ten inbred lines, including Huangzaosi (HZS), K12, G71, 
G90, Chang7-2 (C7-2), Lv28, Qi319, Zheng58 (Z58), 
B73, and Ye478, were selected for transcriptomic analy-
sis. The seeds were germinated in paper rolls (Anchor, 
USA). After two weeks, the seedlings were moved to 
a 60 × 40 × 10  cm cultivation box containing 12  kg of 
growth medium (growth substrate: soil = 1:1). For each 
cultivation box (replicates), ten inbred lines were grown 
in ten rows, and 15 plants were included in each row. Two 
water treatments were used: (i) drought treatments, in 
which the plants were watered with 12 kg of water when 
the seedlings were moved to cultivation boxes, were no 
longer irrigated and drought was continued for 25 days, 
and (ii) the Well-Watered treatments, in which the plants 
were watered with 12  kg of water when the seedlings 
were moved and watered every five days to maintain the 
water content. Three replicates were set for both the WS 
and WW treatments.

GWAS
The association panel comprising 362 inbred lines was 
genotyped via the resequencing method. After qual-
ity control (missing rate ≤ 20%, heterozygosity ≤ 20% 
and minor allele frequency (MAF) ≥ 0.05), 8,219,596 
high-quality SNPs were retained for GWAS in this 
study. A GWAS was performed for survival rates via a 

linear mixed model (MLM) in EMMAX software [27]. 
The number of effective SNPs was calculated in the 
simpleM program in R [28, 29]. A total of 760,662 inde-
pendent SNPs were ultimately obtained, and the thresh-
old for significant trait marker associations was set to 
6.5 × 10–8 (Bonferroni-corrected threshold of α = 0.05). 
Given the rigor of the mixed linear model, we conser-
vatively chose 1.0 × 10–5 as the suggestive threshold. The 
significant SNPs within 60 kb were grouped into quanti-
tative trait loci (QTLs), and the most significant SNP was 
selected as the leading SNP. On the basis of the signifi-
cant SNPs under the threshold of P < 1 × 10− 5, the alleles 
with higher survival rates were defined as favourable 
alleles. The number of favourable alleles in each inbred 
line was counted, and the correlation between the cumu-
lative number of favourable alleles and the trait value was 
analysed.

RNA sequencing and data analysis
When the water content of the drought treatment 
reached 30% (25 days after drought treatment in the 
greenhouse), the leaves of the plant materials were har-
vested for measurement of the leaf relative water con-
tent (RWC) and for RNA sequencing. Three replicates 
were set for both the WS and WW treatments. Briefly, 
the leaves of five randomly selected plants in each row 
were sampled, and the leaf RWC was measured [30]. The 
remaining sample was frozen in liquid nitrogen immedi-
ately and stored at -80 °C for subsequent RNA sequenc-
ing. The soil water content was obtained on the basis of 
the weights of the water and soil in each cultivation box. 
A total of 40 samples (ten maize genotypes from each of 
the two water treatments) were used for RNA isolation. 
Total RNA from the leaf samples was isolated via TRIzol 
reagent (Invitrogen, USA) following the manufacturer’s 
protocol. The degradation of RNA was assessed by aga-
rose gel electrophoresis. The quality and integrity of the 
RNA were examined via a Nanodrop 2000 spectropho-
tometer (Thermo Fisher Scientific, DE) and a Bioanalyzer 
2100 (Agilent Technologies, USA). The concentration of 
RNA was measured with a Qubit 2.0 fluorometer (Life 
Technologies, USA). A total of 3 µg of RNA per sample 
was used for library preparation, which was generated 
via the NEBNext Ultra RNA Library Prep Kit for Illu-
mina (NEB, USA) following the manufacturer’s protocol. 
Library quality was assessed on an Agilent Bioanalyzer 
2100 system (Agilent Technologies, USA). The prepared 
libraries were subsequently sequenced on an Illumina 
HiSeq platform (Illumina, USA). The raw data in fastq 
format were first processed with quality control. The raw 
reads that contained adapters, reads containing poly-
N sequences and low-quality reads (with greater than 
50% bases whose Qphred values were lower than 30) were 
removed to obtain clean data. The sequence and gene 
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annotation of the maize reference genome B73_RefGen_
v4 were downloaded from  f t p : / / f t p . e n s e m b l g e n o m e s . o r g 
/ p u b / p l a n t s / r e l e a s e - 4 7 / f a s t a / z e a _ m a y s / and  f t p : / / f t p . e n s 
e m b l g e n o m e s . o r g / p u b / p l a n t s / r e l e a s e - 4 7 / g t f / z e a _ m a y s /. 
The alignment index of the reference genome was built 
via Bowtie v2.2.3 [31]. The pair-end clean sequences were 
aligned to the reference genome via TopHat v2.0.12 [32].

Gene expression analysis
The fragments per kilobase of transcript per million frag-
ments mapped (FPKM) values of genes were calculated 
via Cufflinks v2.2.1 software [33]. The relationships of 
the samples were analysed via correlation, clustering, 
and principal component analysis (PCA) on the basis of 
the FPKM values of the genes. To identify the drought-
responsive genes, the DEGs were detected via pairwise 
comparisons between the different water treatments 
of each genotype via DESeq v1.18.0 [34] on the basis of 
the read counts of genes obtained via HTSeq v0.6.1 [35]. 
DESeq provides statistical routines to determine differ-
ential expression via a model that is based on the nega-
tive binomial distribution. The resulting P values were 
adjusted via Benjamini and Hochberg’s approach to con-
trol the false discovery rate (FDR). The genes with|log2 
(fold change)| > 1 and FDR < 0.05 were considered differ-
entially expressed.

WGCNA and hub gene identification
WGCNA was used to construct co-expression networks. 
Gene co-expression analysis was performed in 10 sam-
ples under WS and WW conditions via the step-by-step 
method in the “WGCNA” package of Rv3.5.1 [13]. The 
soft threshold of the co-expression network was selected 
by R2 > 0.9 based on the FPKM of all genes in the samples, 
the soft threshold of the samples under drought stress 
was set to 16. All the FPKMs were transformed into a 
topological overlap matrix (TOM), hierarchical cluster-
ing analysis was performed, and the genes were classified 
into different co-expression modules via the dynamic tree 
cut method. The minimum number of genes for each co-
expression module was subsequently set to 30. With 25 as 
the boundary, the clustered similar co-expression mod-
ules were merged, and the degree of association (MM) 
of the genes within the modules was calculated. For the 
results of the gene co-expression analysis under drought 
stress, the leaf relative water content data were combined, 
the correlations between different co-expression modules 
and the relative leaf water content were calculated via 
correlation analysis, and the correlations between gene 
expression and the relative RWC were calculated.

Gene expression analysis by qRT-PCR
To validate DEGs identified via RNA-seq, a real-time 
quantitative reverse transcription PCR (qRT-PCR) 

approach was implemented. Leaf tissues from four maize 
genotypes (comprising two drought-tolerant and two 
drought-sensitive lines) under WW and WS treatments 
were processed for RNA isolation. The relative quanti-
tative outcomes were computed by normalizing to the 
endogenous reference gene, GAPDH. The relative gene 
expression levels were calculated in accordance with the 
2−ΔΔCt method. Three independent experiments were 
executed for all the reactions. The primers used in this 
study were listed in Additional file: Table S6.

Drought - tolerance phenotypic identification of 
Transgenic maize
To elucidate the function of ZmGRAS15 under drought 
stress, two overexpression lines were obtained from the 
Center for Crop Functional Genomics and Molecular 
Breeding of China Agricultural University. The drought 
tolerance experiments were conducted in a greenhouse 
(28  °C, 16  h light/8  h dark light cycle) at the Chinese 
Academy of Agricultural Sciences (Beijing). The seeds 
were rolled with germination paper. After growing for 
4–5 days, samples were taken, and bar test strips were 
used to detect positive and negative samples. The positive 
plants were subsequently transplanted into cultivation 
boxes. After normal growth for 14 d in the cultivation 
box, wild-type (WT) ND101 and transgenic plants with 
consistent growth were transplanted into soil pots (con-
taining a peat soil: nutrient: vermiculite mixture at a 
volume ratio of 1:1:1). At the three-leaf seedling stage, 
the plants were subjected to water deprivation for 25 d 
to simulate drought conditions, followed by rehydra-
tion. After 5 d of rehydration, the surviving plants were 
counted and photographed. To measure the primary 
root length of the transgenic and WT plants, we used the 
hydroponic method for phenotypic analysis at the seed-
ling stage. When the seedlings had grown for 7 d under 
normal conditions, 20% PEG treatment was performed 
to simulate drought stress, and those without treatment 
were used as controls. After 7 d of drought stress, the 
plants were sampled to measure the primary root length.

Results
GWAS for maize drought tolerance at seedling stage
To systematically assess the impact of genetic variants on 
drought tolerance at the maize seedling stage, we con-
ducted phenotypic analysis on the drought tolerance of 
a natural population consisting of 362 elite inbred lines. 
We used the survival rate to represent drought toler-
ance at the maize seedling stage. There is a great deal 
of phenotypic variation in drought tolerance within 
the population. Approximately 22% of the maize lines 
had survival rates greater than 0.5, while 13% of the 
maize lines were highly sensitive to drought, with a sur-
vival rates approaching zero. Using a MLM based on 

http://ftp.ensemblgenomes.org/pub/plants/release-47/fasta/zea_mays/
http://ftp.ensemblgenomes.org/pub/plants/release-47/fasta/zea_mays/
http://ftp.ensemblgenomes.org/pub/plants/release-47/fasta/zea_mays/
http://ftp.ensemblgenomes.org/pub/plants/release-47/fasta/zea_mays/
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approximately 8,219,596  M high-quality SNPs, we per-
formed a GWAS for survival rates. Under the sugges-
tive threshold of P < 1 × 10− 5, we obtained 178 associated 
SNPs and 40 associated loci (Fig. 1; Additional file: Table 
S1). In particular, a cluster of 89 associated SNPs was 
detected on Chromosome 2. A total of 150 genes were 
considered maize drought tolerance candidate genes 
(Additional file: Table S2).

These candidate genes were significantly enriched in 
several Gene Ontology (GO) terms ( h t t p  s : /  / p l a  n t  s . e  n 
s e  m b l .  o r  g / b  i o m  a r t /  m a  r t v i e w /) (Additional file: Table 
S3), such as metabolic process, biological regulation, 
reproductive process, response to stimulus and signal-
ing. Combining the GWAS results and the gene function 
annotations obtained through GO analysis, numerous 
crucial candidate genes were identified. Among these 
genes (Additional file: Table S2), three transcription 
factors were detected, including two MYB transcrip-
tion factors, MYB140 (Zm00001d020569) and MYBR73 
(Zm00001d004681), and one bHLH transcription fac-
tor, ICE2 (Zm00001d049294). Additionally, ZEP1 
(Zm00001d003512) and ZmBGal1 (Zm00001d048783) 
are involved in plant hormone signaling pathways. 
Moreover, nine genes were found to be involved in the 
stress pathway based on the functions of their homo-
logues in Arabidopsis and rice, including ZmPRX99 
(Zm00001d047514), C0P8J4 (Zm00001d003554), 
Dmas2 (Zm00001d003525), DSM1 (Zm00001d018025), 
ZmNHL21 (Zm00001d034942), ZmDnaJ21 
(Zm00001d003459), ZmRGLG1 (Zm00001d048784), 
CYP709C14 (Zm00001d006947), and CYP709C21 
(Zm00001d006948). Furthermore, we identified dozens 
of promising candidate genes that have been demon-
strated to function in regulating plant stress tolerance 
in Arabidopsis and rice. MYB140 (Zm00001d020569), 

which is homologous to Arabidopsis ATMYB36, 
encodes a MYB family protein involved in root devel-
opment and the regulation of plant stress tolerance 
[36]; MYBR73 (Zm00001d004681), encoding a MYB 
transcription family member homologous to Arabi-
dopsis AtMYB52 and involved in the ABA response; 
AtMYB52 overexpression lines are drought tolerant 
[37]; C0P8J4 (Zm00001d003554), which is homologous 
to Arabidopsis AtHSP22.0, is a Columbia endomem-
brane-localized small heat shock protein involved in the 
response to salt and drought stress [38]; and ZmRGLG1 
(Zm00001d048784), encoding an E3 ubiquitin‒protein 
ligase and homologous to Arabidopsis RGLG1, negatively 
regulates drought stress by mediating ERF53 transcrip-
tional activity [39]. Owing to their gene function annota-
tion and homologues in rice and Arabidopsis, these genes 
could be considered important candidates for further 
functional studies.

Transcriptome sequencing analysis
Transcriptome analysis was performed to assess the 
whole-genome gene expression levels in the five drought-
tolerant lines and five drought-sensitive lines under WW 
and WS conditions. The degree of drought was evalu-
ated by the soil water content and leaf RWC of ten maize 
inbred lines. The results revealed that the leaf RWCs 
of Huangzaosi (96.53%), K12 (93.18%), G71 (91.99%), 
G90 (90.96%), and Cang7-2 (87.12%) were greater than 
85% under the drought treatment (Additional file: Fig 
S1). In contrast, the leaf RWCs of Lv28 (78.35%), Qi319 
(72.97%), Zheng58 (61.57%), B73 (61.06%), and Ye478 
(53.53%) decreased to lower than 80% under drought 
control. More than 2.27 billion clean reads were obtained, 
with an average of 56.42 million reads per library from 40 
libraries for subsequent analysis. The mean of Q20 and 

Fig. 1 Manhattan of GWAS for survival rates of maize seedlings under drought stress. The dashed horizontal line indicates the Bonferroni-adjusted signifi-
cance threshold (P = 1.0 × 10− 5). The SNPs within the candidate gene, identified by the GWAS of the entire population, is labeled as red dots
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Q30 of raw data were 97.03% and 92.34, respectively, sug-
gesting the high quality of sequencing. After data filter-
ing, a total of 2.27 billion clean reads, with an average of 
56.42 million reads per library, were obtained for subse-
quent analysis. The uniquely mapped clean reads, which 
accounted for more than 95% of the mapped reads in all 
the libraries, were used for gene expression analysis. The 
expression of gene was calculated by normalizing the 
reads to FPKM value. The results showed that 56.12% 
(54.01–57.58% in each sequencing library, based on the 
total number of 33,997 genes in B73_RefGen_v4.0) of 
genes were expressed (FPKM > 1) on average. Approxi-
mately 95% (94.81–95.80% in each sequencing library) of 
the expressed genes were enriched in the FPKM of 1-100, 
while only 5% of the expressed genes were in the FPKM 
range of 100-10000 (Additional file: Fig S2). The number 
of expressed genes in different ranges showed no obvi-
ous changes between maize lines and water treatments. 
In addition, PCA of the transcriptomes clearly revealed 
that the samples under WS and WW treatment could be 
divided into two groups, indicating that drought stress 
affects gene expression in maize.

Identification of drought-responsive genes
To identify the genes involved in the drought response, 
a total of 7,278 drought-responsive genes were detected 
through differential expression analysis between the 
WW and WS treatments in ten maize inbred lines. 
GO enrichment analysis of the drought-responsive 
genes was subsequently performed. Although the func-
tions of the drought-responsive genes in each line were 
diverse, their functions were enriched mainly in drought 
response-related annotations, such as gene ontology 
classes related to response to stimulus, response to abi-
otic stimulus, and response to water deprivation (Addi-
tional file: Table S4). To identify common DEGs between 
different genotypes, comparison assays were conducted 
for the drought-tolerant lines and drought-sensitive 
lines. Among the five drought-tolerant lines, 28 genes 
were commonly responsive to drought (Additional file: 
Table S5). In total, the expression patterns of 28 genes, 
including 16 up-regulated genes and 12 down-regulated 
genes, were observed in all five drought-tolerant lines. 
There were 147 common drought-responsive genes in 
the drought-sensitive lines (Additional file: Table S5), 
including 56 up-regulated genes and 91 down-regulated 
genes. Among these common DEGs, only 10 genes (4 up-
regulated and 6 down-regulated) responded to drought 
in all ten lines (Fig.  2). With respect to their functional 
annotations and the functions of homologous genes, five 
candidate genes were identified. These genes include 
two zinc finger protein genes, col10 (Zm00001d037327) 
and OZ1 (Zm00001d043095); a heat stress transcrip-
tion factor gene, ZmHSFA2-4 (Zm00001d005888); a 

heat shock protein, Hsp28 (Zm00001d018298); and 
a CBL-interacting protein kinase gene, ZmSnRK3.3 
(Zm00001d029075). The expression of Zm00001d005888 
and Zm00001d018298 was induced in all ten lines, 
whereas the expression of Zm00001d037327 and 
Zm00001d043095 was significantly down-regulated by 
drought stress in the ten lines. We randomly selected 
four genes from the transcriptome results and analyzed 
their expression levels in drought-tolerant and drought-
sensitive lines under WW and WS conditions as shown 
in Additional file: Fig S3A. The expression results were 
consistent with those of the transcriptome (Additional 
file: Fig S3B). The four genes were differentially expressed 
in both drought-tolerant and drought-sensitive materials 
under normal and drought stress conditions.

Gene co-expression networks related to drought tolerance
To understand drought - related gene regulation net-
works in ten maize lines and identify key drought - tol-
erance genes, we used WGCNA to construct gene co 
- expression networks of drought - responsive genes. 
(Fig. 3A). Under drought treatments, the drought respon-
sive genes were clustered into 28 co-expression modules. 
Among these, module-trait correlation analysis revealed 
that five modules were significantly associated with leaf 
RWC (Fig.  3B), including the darkolivegreen (Module 
I, r = -0.82, P = 8 × 10− 6), steelblue (Module II, r = -0.79, 
P = 4 × 10− 5), tan (Module III, r = 0.67, P = 0.001), darkma-
genta (Module IV, r = 0.62, P = 0.003), and skyblue (Mod-
ule V, r = -0.58, P = 0.007) modules. The MEtan module 
was significantly positively correlated with the leaf RWC. 
The GO enrichment analysis of the 210 genes within the 
MEtan module revealed that these genes were enriched 
in protein modification processes, cell communication, 
kinase activity, responses to external stimuli, and meta-
bolic processes. Cystoscope software was subsequently 
used to visualize the network and within-module con-
nections of the target module computed via WGCNA. 
In the MEtan module, eight transcription factors were 
highly associated with drought tolerance (Fig.  3C). 
The eight important transcription factors include two 
NAC transcription factors (Zm00001d019207 and 
Zm00001d006106), one MADS transcription fac-
tor (Zm00001d031625), one RAV transcription fac-
tor (Zm00001d009468), one TALE transcription factor 
(Zm00001d033898), one WRKY transcription factor 
(Zm00001d002794) and two GRAS transcription factors 
(Zm00001d048681 and Zm00001d003553). Among these 
genes, Zm00001d048681 and Zm00001d031625, which 
are associated with the drought-tolerant phenotype, had 
the most significant differences at 0.69 and 0.66, respec-
tively. These hub genes might be important candidate 
drought tolerance genes for further study.
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Identification of candidate genes by integrating GWAS and 
transcriptome data
The potential candidate genes were prioritized by inte-
grating DEGs identified from transcriptome data of 
all drought-tolerant and drought-sensitive lines with 
the results of the GWAS. Based on the transcriptome 
data, 28 genes were found to be commonly respon-
sive to drought in the five drought-tolerant lines, while 
147 genes commonly responsed to drought in the 
drought-sensitive lines. Among the 150 genes detected 
via GWAS, we successfully identified three candi-
date genes associated with drought tolerance in maize 
seedlings Zm00001d006947, Zm00001d038753, and 
Zm00001d003429. Zm00001d006947 was detected in 
all drought-tolerant lines, whereas Zm00001d038753 
and Zm00001d003429 were detected in all drought-
sensitive lines. Zm00001d006947 encodes a cytochrome 
P450 protein involved in hormone and stress responses 
[40] and was simultaneously detected in all drought-
tolerant lines. Zm00001d038753 and Zm00001d003429 
were commonly detected in all the drought-sensitive 
lines. The gene Zm00001d038753 encodes a ubiquitin 
domain-containing protein involved in the response to 

abiotic stresses. Zm00001d003429 encodes glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH), which is 
homologous to rice GAPA and improves drought toler-
ance by regulating NADPH homeostasis [41].

Additionally, by integrating GWAS with WGCNA, we 
also identified a significant hub gene, Zm00001d003553, 
also known as GRAS transcription factor 51 
(ZmGRAS15), which plays a role in the drought tolerance 
in maize seedlings. Zm00001d003553 is homologous to 
rice OsGRAS23 and plays a known role in improving the 
stress tolerance of rice [42]. To reveal the genetic varia-
tions affecting drought tolerance and identify favourable 
haplotypes, we performed association analysis for the 
priority candidate genes. The significant SNPs located 
in the promoter of Zm00001d006947 formed two alleles 
in the population, with the G allele conferring bet-
ter survival rates. The RNA-seq data revealed that the 
genes presented significantly different expression lev-
els between the WW and WS conditions. Thus, the G 
allele was confirmed as the favourable allele (Fig. 4A-C). 
For Zm00001d038753 and Zm00001d003553, the sig-
nificant SNP located in the promoter separately formed 
two alleles, with the A allele conferring higher survival 

Fig. 2 The common drought responsive genes in all 10 maize lines
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rates. Thus, the A allele was confirmed as the favourable 
allele (Fig.  4D-F and G-I). The RNA-seq data revealed 
that the expression levels of Zm00001d038753 were sig-
nificantly greater under WS conditions than under WW 
conditions and that Zm00001d003553 was significantly 
greater in drought-tolerant lines than in drought-sensi-
tive lines. The significant SNPs located in the intron of 
Zm00001d003429 formed four haplotypes in the popula-
tion, with the CAT and TAT haplotypes conferring bet-
ter survival rates. The RNA-seq data revealed that the 
genes presented significantly different expression levels 

between the drought-tolerant lines and drought-sensitive 
lines under WS conditions. The drought-tolerant lines 
presented significantly greater expression than did the 
drought-sensitive lines under WS, but there was no sig-
nificant difference under WW conditions (Fig.  4J-L). 
These genes were viewed as priority candidate genes for 
drought tolerance in this study.

Overexpression of ZmGRAS15 improves drought tolerance
As shown in Additional file: Fig S4, four candidate genes 
presented different expression patterns in response 

Fig. 3 Construction of gene co-expression networks. (A) The co-expression networks of drought-responsive genes were constructed using the samples 
under drought treatment by WGCNA. (B) The correlations of module-traits were detected for samples under drought treatment. For each module, the 
correlation coefficients (the upper number in heat map) and Student asymptotic P values (the lower number in brackets) were calculated. (C) The regula-
tory network of transcription factor genes in MEtan co-expression module
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to ABA and osmotic stress. Zm00001d003429 and 
Zm00001d003553 were up-regulated at the initial 
stage of ABA and PEG treatment but then gradually 
decreased. At the early stage of ABA and PEG treat-
ment, Zm00001d038753 and Zm00001d006947 ini-
tially decreased but then increased. The expression of 
four candidate genes was induced by ABA and osmotic 
stress. To further verify the function of the high-con-
fidence candidate genes discovered via GWAS and 
WGCNA, we chose Zm00001d003553 as an example. 
Zm00001d003553 encodes a GRAS transcription fac-
tor and is designated ZmGRAS15, which is homologous 
to rice OsGRAS23. Compared with the WT, the overex-
pression of OsGRAS23 increased drought tolerance and 
oxidative stress tolerance and resulted in less H2O2 accu-
mulation under drought stress [42]. Based on the tran-
scriptome analyses of the ten inbred lines under WW 
and WS treatment, the expression of ZmGRAS15 in the 
drought-tolerant lines was significantly greater than that 
in the drought-sensitive lines (Fig. 4I). To detect the tis-
sue-specific expression of ZmGRAS15, the abundance 
of ZmGRAS15 transcripts in different tissues was mea-
sured. The results of quantitative real-time polymerase 
chain reaction (qRT‒PCR) revealed that the expression 
levels of ZmGRAS15 were relatively high in maize roots 
and leaves (Fig. 5A).

To confirm the role of ZmGRAS15 in drought toler-
ance, we further overexpressed the gene in maize and 
selected two overexpressing lines (OE1 and OE2) to 
investigate its function in drought tolerance. QRT‒PCR 
analyses revealed that the transcript levels of ZmGRAS15 
in the transgenic lines were significantly greater than 
those in the control (WT) plants (Fig.  5B). We evalu-
ated the drought tolerance of the transgenic maize and 

WT plants in the soil and found that the overexpressing 
lines (OE1 and OE2) presented significantly greater sur-
vival rates than the WT plants did (Fig. 5C and D). The 
tissue-specific expression of ZmGRAS15 was signifi-
cantly greater in root tissue. The primary root length of 
the transgenic lines and WT plants was measured under 
both WW and WS conditions. The ZmGRAS15-OE 
transgenic lines (OE1 and OE2) showed significantly lon-
ger for the primary root length than did the WT, respec-
tively, for both WW and WS conditions (Fig. 5E and F). 
These results demonstrated that ZmGRAS15 plays an 
important role in improving drought tolerance at the 
seedling stage.

Discussion
GWAS reveals candidate genes involved in drought 
tolerance
Linkage mapping and genome-wide association analysis 
are the two primary strategies for identifying drought tol-
erance in maize [6, 17, 43–46]. A considerable number 
of genes have been identified through GWAS strategies, 
including those involved in drought tolerance [6] and 
salt tolerance [47]. In this study, we used 362 inbred lines 
as an association population to conduct a GWAS analy-
sis for survival rates. A total of 40 significantly associ-
ated loci and 150 candidate genes within 120 kb of these 
loci were detected. Among these genes, 147 significantly 
associated SNPs and 89 candidate genes were located on 
Chromosome 2, whereas the other genes were located 
on chromosomes 1, 6, 8 and 10. Through gene annota-
tion, homologous gene function, and GO enrichment, 14 
genes were identified as possible candidate genes, includ-
ing two MYB transcription factors, one bHLH-transcrip-
tion factor ICE2, two ABA pathway signaling-related 

Fig. 4 Candidate genes identified by GWAS and RNA-seq under WW and WS conditions. (A, D, G, J) Identification of candidate genes by GWAS. The lines 
indicate the suggestive threshold of P = 1.0 × 10− 5. (B, E, H, K) Phenotypic comparison of the different haplotypes based on significant SNPs. (C, F, I, L) 
Comparison of the expression of the candidate genes identified in drought-tolerant lines and drought-sensitive lines by RNA-seq data
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genes, one root development gene, and eight other genes 
associated with stress on the basis of the functions of 
their homologues in Arabidopsis and rice.

MYB transcription factors are among the largest fami-
lies of transcription factors in plants and play impor-
tant roles in regulating plant tolerance to drought 
stress by affecting biological processes such as ABA 
signalling, which is crucial in plant drought responsive-
ness [21, 48, 49]. Abscisic acid plays a crucial role in 
stress [50]. The orthologues of Zm00001d003515 and 
Zm00001d047514 have been reported to be involved 
in the regulation of ABA signalling. ICE genes, bHLH 
transcription factors, are key factors in the molecu-
lar mechanisms of drought and cold tolerance in plants 
[51–55]. ICE2 (Zm00001d049294), which is homolo-
gous to rice OsbHLH002, may be involved in cold and 
osmotic stress because the OsMAPK3-OsbHLH002-
OsTPP1 signaling pathway enhances chilling tolerance in 
rice [30]. ZEP1 (Zm00001d003512) encodes zeaxanthin 

epoxidase 1, which is the key enzyme involved in 
ABA biosynthesis [56]. ZmASR1 (Zm00001d003515) 
encodes an atypical aspartic protease that is homolo-
gous to Arabidopsis ASPR1 and modulates lateral root 
development. ASPR1 overexpression suppresses pri-
mary root growth and lateral root development [57]. 
ZmPRX99 (Zm00001d047514) encodes a peroxidase 
protein that is homologous to Arabidopsis PRX52 and 
is involved in the abiotic stress response [36]. Dmas2 
(Zm00001d003525), encoding a deoxymugineic acid 
synthase protein, is involved in the reactive oxygen spe-
cies pathway. Zm00001d034942, which is homologous to 
Arabidopsis NHL21, belongs to the late embryogenesis 
abundant (LEA) hydroxyproline-rich glycoprotein family 
and is involved in the defense response [58]. ZmDnaJ21 
(Zm00001d003459) encodes a DnaJ or heat shock pro-
tein 40 and participates in plant signal transduction and 
response to heat stress in Arabidopsis [59]. CYP709C14 
(Zm00001d006947) and CYP709C21 (Zm00001d006948) 

Fig. 5 Drought tolerance identification of ZmGRAS15 overexpressing transgenic lines. (A) Reverse transcription quantitative PCR (qRT-PCR) expression 
analysis of ZmGRAS15 in different tissues and organs of B73 under WW conditions. (B) Expression levels of ZmGRAS15 in the leaves of pUbi: ZmGRAS15 
transgenic lines and WT plants. (C) Survival rate of pUbi: ZmGRAS15 transgenic lines and WT plants after drought treatment. (D) Plant performance of pUbi: 
ZmGRAS15 transgenic lines and WT plants before and after the drought treatment followed by a 5 d period of re-watering. (E) Phenotype of root traits in 
transgenic maize and wild-type (WT) under Well-Watered and Water-Stressed conditions. (F) Statistical analysis of primary root length. The experiment 
was conducted three times, and statistical significance was determined by a two-sided t-test (*p < 0.05; **p < 0.01; ns = not significant)
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encode cytochrome P450 proteins involved in hormone 
and stress responses [40]. ZmBGal1 (Zm00001d048783) 
encodes β-D-galactosidase, which is related to cell wall 
polysaccharide metabolism [60].

Transcriptome analysis reveals candidate genes involved in 
drought tolerance
In the present study, numerous genes that respond to 
drought stress were detected through transcriptome 
analysis of ten maize inbred lines with different degrees 
of drought tolerance in terms of RWC at a given key 
point of drought treatment. Gene ontology analysis 
revealed that these drought-responsive genes were signif-
icantly enriched in photosynthetic metabolism pathways, 
especially photosynthesis-related genes, which were dif-
ferentially expressed in the drought-sensitive lines under 
different water treatments. In the drought-tolerant lines, 
the drought-responsive genes were significantly enriched 
in response to abscisic acid stimulation, whereas those in 
the drought-sensitive lines, with the exception of Lv28, 
were hardly enriched in this pathway, implying that these 
genes enriched in the drought-tolerant lines may regulate 
maize drought tolerance through ABA signalling.

In the present study, we found that 27 candidate genes 
were significantly expressed in the drought-tolerant 
lines, including five transcription factor genes, includ-
ing Zm00001d005888 (heat stress transcription factor 
B-3), Zm00001d005951 (homeobox-leucine zipper pro-
tein), Zm00001d008399 (NAC domain transcription 
factor superfamily protein), Zm00001d045661 (zinc 
finger protein constans-like 16) and Zm00001d037327 
(zinc finger protein constans-like 7), the heat shock 
protein Zm00001d018298, three cytochrome P450 
proteins Zm00001d006947, Zm00001d045063 and 
Zm00001d050323, two CBL-interacting serine/
threonine-protein kinases Zm00001d029075 and 
Zm00001d018429, and the receptor-like protein kinase 
Zm00001d010945.

In addition, among these DEGs, Zm00001d006947 
and Zm00001d006948 encode cytochrome P450 pro-
teins involved in hormone and stress responses pointed 
out by Kurotani et al. (2015) [40]. Gene ontology func-
tion-based instructions to illustrate the response of 
Zm00001d018298 to salt, hydrogen peroxide and reactive 
oxygen species. Zmhdz10 (Zm00001d005951) belongs to 
the HD-Zip family, and the overexpression of Zmhdz10 
in plants increased tolerance to drought and salt stress 
and improved sensitivity to ABA [61]. Zm00001d044970, 
which is homologous to rice LOC_Os06g10650 and 
encodes a tyrosine phosphatase family protein, might be 
a causal candidate gene for improving rice seed germina-
tion under salt stress [62]. Zm00001d008399 is homol-
ogous to rice OsNAP. The overexpression of OsNAP 
significantly reduces the rate of water loss during the 

vegetative period, thus increasing tolerance to high salt, 
drought and low temperature [63]. Zm00001d037327 
encodes a B-box zinc finger transcription factor that 
is homologous to rice OsBBX17. The knockdown of 
OsBBX17 significantly enhances saline-alkaline tolerance 
[64].

Co-localization of drought tolerance candidate genes with 
QTLs from linkage mapping
Recently, numerous candidate genes regulating maize 
drought tolerance have been reported [6, 65]. On 
the basis of the B73 reference genome, we analysed 
the co-localization of the hub genes identified in our 
study and drought tolerance genes identified in other 
studies. The candidate gene for GWAS screening, 
Zm00001d048783, was identified as a high-confidence 
candidate gene by Sha et al. (2023) [66]. The candidate 
gene Zm00001d003438 was also consistent with the can-
didate genes significantly associated with drought toler-
ance reported in another study [6]. A total of 224 maize 
inbred lines under three water regimes were analysed for 
transcriptome data, and through Mendelian random-
ization analysis, 97 genes for maize drought tolerance, 
including Zm00001d020568 and Zm00001d047517, 
were identified [67, 68]. Zm00001d038753 co-local-
izes with qKRE2-5-1 and qKRE1-6-2 on Chromo-
some 6 [69]. In this study, transcriptome data revealed 
that the expression levels of Zm00001d048783, 
Zm00001d003428, and Zm00001d038753 were signifi-
cantly greater under WS conditions than under WW 
conditions. Zm00001d047517 was down-regulated by 
drought stress, whereas Zm00001d020568 was barely 
expressed. Zm00001d048783, Zm00001d003428, and 
Zm00001d038753 are related to drought tolerance in 
maize.

Integrating GWAS and transcriptome analysis to reveal 
causal genes involved in drought tolerance
Integrating GWAS and WGCNA serves as an effec-
tive approach for identifying maize co-expression net-
works and hub genes. For example, Yang et al. (2021) 
reported that four hub genes (Zm00001d018664, 
Zm00001d043797, Zm00001d034036, and 
Zm00001d048474) affect maize flowering time by 
combining GWAS and WGCNA [70]. Similarly, Li et 
al. (2021b) revealed the genetic control of the maize 
response to salt stress through the combination of 
GWAS and WGCNA, revealing the role of ZmIAA1 
and ZmGRAS43 in maize root plasticity in response to 
salt tolerance [16]. Two hub genes (Zm00001d047306 
and Zm00001d024600) were associated with tolerance 
to high salinity in maize seedlings according to GWAS, 
WGCNA, and gene-based association studies [15].
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In this study, we identified four candidate genes and 
their favourable alleles related to drought tolerance by 
integrating GWAS and transcriptome analysis. Four can-
didate genes were induced by ABA and osmotic stress 
and presented a convergent expression pattern during 
treatment with ABA and PEG. For example, CYP709C14 
(Zm00001d006947) encodes a cytochrome P450 mono-
oxygenase that catalyzes various steps of plant metabolic 
synthesis, including pigments, fatty acids, defense-related 
compounds, and phytohormones [71, 72]. Previous stud-
ies have also suggested that the cytochrome pathway was 
related to abiotic stress tolerance and ABA, as evidenced 
by cyp709b3 deletion mutant of Arabidopsis thaliana 
showed sensitivity to salt stress during germination [73], 
and that the cytochrome P450 genes Gh_D07G1197 and 
Gh_A13G2057 enhanced drought and salt stress toler-
ance in Gossypium hirsutum [74]. Zm00001d038753 
encodes a ubiquitin domain-containing protein. The 
ubiquitin-binding protein OsDSK2a binds to polyu-
biquitin chains and interacts with the gibberellin (GA)-
inactive enzyme elongated uppermost internode (EUI), 
mediating seedling growth and the salt response in rice 
[75]. Zm00001d003429 (GPA1) encodes a glyceralde-
hyde-3-phosphate dehydrogenase and is homologous to 
rice GAPA, which plays a role in improving drought tol-
erance by regulating photosynthetic adaptation [41].

ZmGRAS15 positively regulates maize drought tolerance
Transcription factors play important roles in the response 
of plants to stress [76–79]. Several transcription fac-
tors, especially novel ones, remain to be studied in detail. 
GRAS proteins play crucial roles in controlling several 
features of development, growth and response to abiotic 
stress. GRAS family proteins are divided into several sub-
families, such as SCL3, HAM, LS, SCR, DELLA, SHR, 
PAT1 and LISCL [80], among which DELLA proteins 
are among the most comprehensively studied and serve 
as crucial regulatory targets within the gibberellin (GA) 
signalling pathway [24, 81, 82]. Compared with the wild 
type, the overexpression of OsGRAS23 increased drought 
tolerance and oxidative stress tolerance and decreased 
H2O2 accumulation under drought stress [42]. The het-
erologous overexpression of ZmGRAS72 significantly 
improved Arabidopsis thaliana tolerance to drought 
and salt stresses [83]). Additionally, SHORTROOT (SHR) 
and SCARECROW (SCR), two related members of the 
GRAS gene family, play important roles in cell elonga-
tion for root growth in Arabidopsis [84, 85]. In this study, 
ZmGRAS15 was induced by ABA and osmotic stress. 
The expression level of Zm00001d003553 was signifi-
cantly up-regulated at 2  h under ABA and PEG treat-
ment. ZmGRAS15 was shown to belong to the LISCL 
subfamily and is an orthologue of OsGRAS23, SCL9, and 
SCL14. We discovered that ZmGRAS15 was significantly 

associated with drought tolerance at the maize seedling 
stage. Additionally, a lead SNP was found to be signifi-
cantly associated with ZmGRAS15 and was located in the 
promoter of ZmGRAS15. All the primers used are listed 
in Additional file: Table S6.

Conclusion
In summary, in this study, we identified a total of four 
candidate genes associated with drought tolerance in 
maize seedlings by combining GWAS and transcriptome 
data. including Zm00001d006947, Zm00001d038753, 
Zm00001d003429 and ZmGRAS15. The overexpression 
of ZmGRAS15 can increase maize drought tolerance at 
the seedling stage by increasing primary root length. The 
genetic material developed, the candidate genes and the 
haplotypes identified in this study may be used for the 
breeding of drought-tolerant maize varieties.
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