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Abstract
Drought is a major environmental factor limiting wheat production worldwide. However, the genetic components underly-
ing wheat drought tolerance are largely unknown. Here, we identify a DREB transcription factor gene (TaDTG6-B) by
genome-wide association study that is tightly associated with drought tolerance in wheat. Candidate gene association
analysis revealed that a 26-bp deletion in the TaDTG6-B coding region induces a gain-of-function for TaDTG6-BDel574,
which exhibits stronger transcriptional activation, protein interactions, and binding activity to dehydration-responsive ele-
ments (DRE)/CRT cis-elements than the TaDTG6-BIn574 encoded by the allele lacking the deletion, thus conferring greater
drought tolerance in wheat seedlings harboring this variant. Knockdown of TaDTG6-BDel574 transcripts attenuated drought
tolerance in transgenic wheat, whereas its overexpression resulted in enhanced drought tolerance without accompanying
phenotypic abnormalities. Furthermore, the introgression of the TaDTG6-BDel574 elite allele into drought-sensitive cultivars
improved their drought tolerance, thus providing a valuable genetic resource for wheat breeding. We also identified 268
putative target genes that are directly bound and transcriptionally regulated by TaDTG6-BDel574. Further analysis showed
that TaDTG6-BDel574 positively regulates TaPIF1 transcription to enhance wheat drought tolerance. These results describe
the genetic basis and accompanying mechanism driving phenotypic variation in wheat drought tolerance, and provide a
novel genetic resource for crop breeding programs.

Introduction
Among the many effects of climate change that can severely
disrupt agricultural production, water scarcity and the

unpredictable nature of drought represent one of the largest
threats to globally consumed staple crops, such as wheat
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(Triticum aestivum L.), especially in arid and semi-arid
regions. In particular, wheat production is often limited by
insufficient water resources, with reduced irrigation leading
to direct consequences on yield (Daryanto et al., 2016;
Langridge and Reynolds, 2021). Due to this long-standing in-
stability in the security of wheat production, breeding pro-
grams have increasingly focused their attention on
improving elite, drought-tolerant cultivars that provide high
yields with less water input or greater resilience to drought
conditions. Regardless of advances in numerous agronomi-
cally valuable traits in wheat, drought sensitivity remains a
prevalent fixture in widely cultivated commercial lines
(Tester and Langridge, 2010; Lobell et al., 2014; Abberton
et al., 2016; Bailey-Serres et al., 2019), which will be exacer-
bated by increasingly frequent severe drought events due to
climate change (Lesk et al., 2016; Ault, 2020). This conflu-
ence of issues poses a threat to global food security, and
thus highlights the urgency of resolving the complicated
mechanisms of drought tolerance in wheat for agricultural
research programs.

One leverage point to accelerate crop improvement is to
better understand the genetic and molecular bases of
drought tolerance. Over the past few decades, much re-
search effort has been dedicated to investigating the

molecular genetic and biochemical regulatory pathways and
signal cascades that contribute to a drought-tolerant pheno-
type (Hu and Xiong, 2014; Zhu, 2016; Gong et al., 2020;
Gupta et al., 2020; Zhang et al., 2021). However, decreased
yield or biomass due to linkage drag or other physiological
or developmental consequences in drought-tolerant plants
is a persistent obstacle for the deployment of candidate
markers in elite cultivars. Nevertheless, drought-tolerant
alleles that have been lost through domestication or over-
looked in local landraces represent a major genetic resource
for breeders equipped with sufficiently sensitive tools to iso-
late their effects in high-throughput screens (Liang et al.,
2021). For example, studies have refined the use of linkage
disequilibrium (LD)-based genome-wide association study
(GWAS) and candidate gene association analysis over the
past two decades to identify several structural variants or
alleles significantly related to drought response in plants (Liu
et al., 2013, 2020; Mao et al., 2015, 2020; Wang et al., 2016;
Xiang et al., 2017; Guo et al., 2018; Xiong et al., 2018; Blein-
Nicolas et al., 2020; Li et al., 2020; Zhang et al., 2020; Wu
et al., 2021). In our previous study, we performed GWAS
and candidate gene association analysis to identify a 108-bp
insertion present in the promoter of the NAC (NAM-ATAF-
CUC2) transcription factor gene TaNAC071-A, which

IN A NUTSHELL
Background: Wheat (Triticum aestivum L.) is produced in arid and semi-arid regions around the world, and wa-
ter scarcity poses a constant threat to yields, with global climate change and population growth exacerbating
this vulnerability. Thus, breeding drought-tolerant germplasm to improve yields in arid regions represents an im-
portant goal of wheat breeding programs. However, drought tolerance is a complex quantitative trait controlled
by numerous genes that are involved in multiple drought-responsive signaling pathways and metabolic networks.
Defining the genetic and molecular mechanisms responsible for drought tolerance is a necessary step toward
accelerating breeding.

Question: What are the key regulatory genes responsible for variation in drought tolerance in wheat and how
do they function in conferring a tolerant phenotype? This study aimed to identify genetic components contribut-
ing to variation in wheat drought tolerance and to develop molecular markers to facilitate development of elite
drought-tolerant wheat varieties.

Findings: Through a genome-wide association study and candidate gene association analysis, we identified a
26-bp deletion in the TaDTG6-B coding region that induces a gain-of-function for the encoded TaDTG6-BDel574

protein, a transcription factor tightly associated with drought tolerance in wheat. TaDTG6-BDel574 exhibits stron-
ger transcriptional activation, more protein interactions, and higher binding activity to DRE/CRT (dehydration-re-
sponsive element/C-repeat) cis-elements than the TaDTG6-BIn574 that lacks the deletion. TaDTG6-BDel574 knock-
down attenuated drought tolerance in transgenic wheat, whereas its overexpression led to significantly enhanced
drought tolerance. No effect on drought tolerance was associated with changes in expression of TaDTG6-BIn574 al-
lele. TaDTG6-BDel574 positively regulated TaPIF1 expression, thereby enhancing wheat drought tolerance.
Furthermore, the introgression of the TaDTG6-BDel574 elite allele into drought-sensitive cultivars improved their
drought tolerance, thus providing a valuable genetic resource for wheat breeding.

Next steps: Future and ongoing research will involve the determination of the crystal structure of TaDTG6-B
variants and how they relate to drought tolerance in wheat. We also seek to dissect the regulatory networks
between TaDTG6-BDel574 and other drought-responsive genes.
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contains two MYB cis-regulatory elements (CREs) and is
strongly associated with drought tolerance between wheat
accessions. These CREs can be directly bound by the wheat
MYB transcription factor TaMYBL1 for the transcriptional
activation of TaNAC071-A, subsequently conferring drought
tolerance (Mao et al., 2022). However, exploring the contrib-
uting factors that determine drought tolerance remains diffi-
cult, largely due to the huge number of genes and the
multiplicity of networks involved in balancing plant develop-
ment and metabolic pathways under drought stress, in addi-
tion to complexities and redundancy inherent to the
hexaploid wheat genome (IWGSC, 2018).

To respond to drought stress, the expression of a specific
set of genes must be rapidly induced in response to external
and internal cues of water deficit (Zhu, 2016; Gong et al.,
2020; Zhang et al., 2021). In this process, dehydration-
responsive element binding proteins/C-repeat binding
factors (DREB/CBF) transcription factors (DREBs hereafter)
are essential players in the transcriptional activation of the
abscisic acid (ABA)-independent drought stress response via
binding to dehydration-responsive elements (DREs, core mo-
tif: A/GCCGAC) in the promoters of drought-responsive
genes (Yamaguchi-Shinozaki and Shinozaki, 2006; Nakashima
et al., 2009; Agarwal et al., 2017). DREBs can be categorized
as either DREB1-type or DREB2-type genes, and several stud-
ies have reported their function in adaptive responses to
stress (Yamaguchi-Shinozaki and Shinozaki, 2006; Nakashima
et al., 2009; Morran et al., 2011; Shavrukov et al., 2016;
Agarwal et al., 2017; Yang et al., 2020; Zhou et al., 2020), sug-
gesting their possible value as targets for reverse genetic im-
provement of drought tolerance in wheat. Therefore, a
greater understanding of the genetic variation in DREB genes
associated with drought tolerance in wheat will facilitate the
development of superior, drought-adapted wheat varieties.

Here, we used GWAS to identify a case of allelic variation
caused by a 26-bp insertion/deletion (InDel) polymorphism
in the coding region of a DREB transcription factor gene,
TaDTG6-B, that confers differential drought tolerance across
wheat accessions. Molecular and transgenic analyses in
wheat revealed that the 26-bp deletion (Del574) in the cod-
ing region of TaDTG6-B results in a gain-of-function for the
TaDTG6-BDel574 protein, as it showed stronger transcrip-
tional activation ability, protein–protein interactions, and
binding to DRE/CRT cis-elements. These effects promoted
drought stress-responsive gene expression, thereby enhanc-
ing drought tolerance over that of the TaDTG6-BIn574 non-
functional variant. We further show that TaDTG6-BDel574

binds to the promoter of PHYTOCHROME-INTERACTING
FACTOR1 (TaPIF1), upregulating its transcription and conse-
quently inducing drought tolerance in wheat seedlings.
Furthermore, the introgression of the 26-bp deletion allele
into drought-sensitive cultivars improved their drought tol-
erance. These findings provide a major breakthrough in de-
termining the genetic basis underlying phenotypic variation
in wheat drought tolerance and reveal an important genetic
target for breeding drought-tolerant wheat varieties.

Results

RNA-seq reveals abundant genetic diversity in
wheat transcripts
To identify loci associated with drought tolerance in wheat,
we conducted a GWAS using transcriptome deep sequenc-
ing (RNA-seq) to obtain a large set of informative single-
nucleotide polymorphisms (SNPs) in wheat transcripts. We
assembled a collection of 430 hexaploid wheat accessions
from a previously characterized population that was used
for the genetic dissection of several agronomic traits (Mao
et al., 2020, 2022; Yu et al., 2020; Wu et al., 2021). We se-
quenced the transcriptomes of leaves at the three-leaf stage
from all 430 accessions grown under well-watered condi-
tions on an Illumina Hiseq platform, which generated
�10.35 Tb of 150-bp paired-end reads. After removing low-
quality reads, we retained an average of 163.13 million reads
per sample, resulting in �70.15 billion high-quality reads.
On average, 84.8% of the clean reads mapped to the wheat
reference genome (IWGSC RefSeq v1.1), of which 92.15%
mapped to annotated genes. Among the total reads that
could be mapped to the genome, 90.4% matched a single
gene; we therefore used these reads to build a consensus se-
quence for each sample (Supplemental Data Set 1). After
quality control, we identified a total of 5,610,042 SNPs.
Compared to the wheat reference genome, any given wheat
accession carried an alternative allele at 230,579 loci on aver-
age, with a range of 105,167–355,776 SNPs.

We then used 1,921,782 SNPs with a missing data rate
50.6 for imputation to infer missing genotypes. Of these,
we mapped 1,735,369 SNPs, accounting for 90.3% of the
total SNPs, to genomic regions containing 65,263 high-
confidence and 35,555 low-confidence genes. For the
purpose of GWAS, we removed any SNP with a minor allele
frequency (MAF) 55%, leaving 465,269 SNPs, which was
substantially lower than the number of SNPs found for
maize (Zea mays) (Fu et al., 2013; Liu et al., 2020) or lettuce
(Lactuca sativa; Zhang et al., 2017) in similar diversity panels,
suggesting the presence of fewer polymorphisms across
wheat accessions. We also calculated the distribution of
SNPs and genes along each chromosome using 1-Mb sliding
windows (Figure 1; Supplemental Figure S1A). On all chro-
mosomes, we observed that SNP density is low in regions
surrounding the centromeres, which was in agreement with
the low gene density of these genomic regions (Figure 1).

GWAS for wheat drought tolerance at the seedling
stage
We merged the 465,269 SNPs above with 397,761 SNPs
(missing rate 50.6 and MAF of at least 5%) from the wheat
660K SNP array (Supplemental Figure S1B) as representative
genotypes of the GWAS panel. The merged data set con-
sisted of 863,030 SNPs, which were relatively evenly distrib-
uted over each of the 21 wheat chromosomes
(Supplemental Figure S1C). The genome-wide average inter-
SNP distance was 16.86 kb and varied from 10.69 kb on
chromosome 3B to 75.83 kb on 4D (Supplemental Data Set
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2). Based on the IWGSC (International Wheat Genome
Sequencing Consortium) wheat reference genome annota-
tion (v1.1), the 863,030 SNPs were mainly located in coding
sequences (40%), of which 44.45% (or 17.8% of all SNPs)
caused nonsynonymous mutations. The remaining SNPs
were located in intergenic regions (20.1%), introns (15.0%),
50-untranslated regions (50-UTRs, 2.5%), and 30-UTRs (6.3%)
(Supplemental Figure S1D). We clustered the 430 wheat
accessions with this SNP dataset into six subpopulations
based on population structure, kinship, and principle com-
ponent analyses. We also calculated the LD decay distance
to be 5.02 Mb for the full set of SNP markers with an r2

cut-off value set to 0.1 (Supplemental Figure S2), and esti-
mated the significant threshold P-value at 1.38 � 10–5 for

marker–trait associations (MTAs; Supplemental Data Set 2).
The average genome-wide LD block size was 2.49 Mb, with
averages of 2.19 Mb, 1.92 Mb, and 4.25 Mb for the A, B, and
D subgenomes, respectively (Figure 1E; Supplemental Data
Set 3).

Drought tolerance is a complex quantitative trait that is
affected by both the timing and the severity of the stress
imposed on plant growth and development (Wang et al.,
2016; Tardieu et al. 2018). Survival rate (SR) index after se-
vere drought stress has been widely used for identifying
drought-tolerant genes due to its reliability as an indicator
of water conservation in drought-stressed plants (Wang
et al., 2016; Xiang et al., 2017; Liu et al., 2020; Mao et al.,
2020). We therefore used SR to rate the tolerance of wheat

Figure 1 Circos diagram showing the global physical distribution of the 863,030 SNPs, average nucleotide diversity, and LD blocks for each chro-
mosome. A, Physical size of each chromosome. Wheat chromosomes are represented in different colors. B, SNP distribution is represented by SNP
numbers in 1-Mb windows for each chromosome. C, Heatmap representation of the number of matched high-confidence genes in 1-Mb windows
for each chromosome. D, Average nucleotide diversity, as estimated by polymorphism contents using a 1-Mb sliding window along the chromo-
somes. E, LD block sizes for SNPs within a 5-Mb sliding window.
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seedlings to severe drought stress because of the relatively
high reproducibility of this phenotype under these condi-
tions. To this end, we scored each accession for SR under se-
vere water limitation, which revealed a high degree of
variation among wheat accessions in repeated phenotypic
assays, ranging from 0% to 96.8% (Supplemental Data Set 4).
To identify the loci underlying this phenotype, we con-
ducted a GWAS based on the best linear unbiased predic-
tion of SR index using the 863,030 SNPs (Mao et al., 2022).
Under the standard mixed linear model (MLM), we
obtained 109 SNPs significantly associated with drought tol-
erance (P5 1.38 � 10–5; Figure 2, A and B; Supplemental
Data Set 5). The 109 MTAs formed 17 genomic regions
based on LD blocks, with 284 candidate genes located
within these intervals. Of these, 78 were upregulated and 61

genes were downregulated upon drought stress
(Supplemental Data Set 6). Gene ontology (GO) analysis
showed that the 284 candidate genes are linked to biological
pathways involved in plant stress response (Supplemental
Figure S3), including several genes related to drought stress,
such as wheat homologs of Arabidopsis TREHALOSE-6-
PHOSPHATE SYNTHASE1 (TPS1; Gómez et al., 2010),
VASCULAR PLANT ONE ZINC FINGER PROTEIN1 (VOZ1;
Nakai et al., 2013), DREB1A (Kasuga et al., 1999), ANAC2
(Wu et al., 2009), ALDEHYDE DEHYDROGENASE 3H1
(ALDH3H1; Kirch et al., 2001), NAC WITH
TRANSMEMBRANE MOTIF 1-LIKE 4 (NTL4; Lee et al., 2012),
TIP GROWTH DEFECTIVE1 (TIP1; Hemsley et al., 2005), and
ARABIDOPSIS VACUOLAR H + -PYROPHOSPHATASE1 AVP1
(Gaxiola et al., 2001; Supplemental Data Set 6). The other

Figure 2 TaDTG6-B confers natural variation in drought tolerance of wheat seedlings. A, Results of GWAS for wheat drought tolerance. The gray
horizontal line indicates the genome-wide significance threshold (P = 1.38 � 10–5). B, Quantile-quantile plot for GWAS results under a general
linear model (GLM) and MLM. C, Genome-wide association signals for wheat drought tolerance, shown over the 591–605 Mb region of chromo-
some 2B. D, Filtered gene models within the candidate region on chromosome 2B. E, SR for the two genotypes at the leading SNP on chromosome
2B. Statistical significance was determined by analysis of variance (ANOVA) (n = 302 for genotype A; n = 128 for genotype G). F, Relative expres-
sion levels of TaDTG6-B under drought stress. Values are means ± SD (n = 3).
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genes were predicted to be involved in transport, develop-
ment, and metabolism, among other processes
(Supplemental Figure S3).

TaDTG6-B is significantly associated with drought
tolerance
At a local scale, we observed a significant association be-
tween wheat drought tolerance and 29 SNPs and 9 candi-
date genes within one LD block located in the 596.4–597.6
Mb (qDT6) genomic region on chromosome 2B (Figure 2, C
and D). The leading SNP, Chr2B_597008433, was located
5,524-bp upstream of the translation start codon for a DREB
gene, TraesCS2B02G417500, at which position an adenine
(A) and a guanine (G) were associated with lower and
greater drought tolerance, respectively (Figure 2E). In addi-
tion, TraesCS2B02G417500 was expressed at higher levels in
seedling leaves (Supplemental Figure S4A) and was the most
strongly upregulated (over 27-fold) among the nine candi-
date genes under drought stress conditions (Supplemental
Data Set 6). We confirmed this result by reverse transcrip-
tion–quantitative polymerase chain reaction (RT–qPCR)
analysis (Figure 2F; Supplemental Figure S4B). Since previous
studies have shown that DREB genes can perform major
roles in plant responses to abiotic stress (Yamaguchi-
Shinozaki and Shinozaki, 2006; Nakashima et al., 2009;
Agarwal et al., 2017), we hypothesized that
TraesCS2B02G417500 is a likely candidate for the qDT6 lo-
cus, which we designated TaDTG6-B.

In light of the significant association between TaDTG6-B
and drought tolerance in wheat seedlings, we aimed to vali-
date its MTS by sequencing the �3.2-kb TaDTG6-B locus in
281 wheat accessions. We thus identified 14 SNPs and 3
InDels. MLM-based candidate gene association analysis
revealed that two significant SNPs/InDels (P5 1.38 � 10–5;
InDel574 and SNP644) are located within the TaDTG6-B
coding region. The 26-bp InDel (InDel574) was located 574-
bp downstream of the predicted start codon and showed
the most significant association with SR (P = 4.68 � 10–8;
Figure 3A; Supplemental Data Set 7). We estimated the pair-
wise LD of these SNP and InDel markers, which indicated
that InDel574 is in strong LD with SNP614 and SNP644 (r2

5 0.6), but in low LD with other variants (Figure 3B).
Moreover, we also determined that wheat accessions carry-
ing the TaDTG6-BDel574 allele lacking the 26-bp insertion
have significantly higher SR than those harboring the
TaDTG6-BIn574 allele (P = 1.04 � 10–13; Figure 3C), leading us
to designate the TaDTG6-BDel574 allele as the drought-
tolerant allele. In addition, TaDTG6-B expression levels did
not significantly differ between wheat accessions when sepa-
rated based on the InDel574 allele they carry (Figure 3D).

Next, we compared the effects of the TaDTG6-BDel574 and
TaDTG6-BIn574 alleles on drought tolerance in wheat by in-
troducing the TaDTG6-BDel574 allele from the drought-
tolerant wheat cultivar Jinmai47 into two drought-sensitive
wheat cultivars carrying the TaDTG6-BIn574 allele
(Yangmai13 and GLUYAS EARLY) to generate near-isogenic

lines (NILs; Supplemental Figure S5A). We then subjected
the two BC4F2 populations to drought stress and genotyping
for InDel574 (Figure 3, E and F). We observed that the
TaDTG6-BDel574 allele co-segregates with drought tolerance
in these two populations (Supplemental Figure S5, B and C).
Furthermore, we subjected the progeny homozygous for
each allele (NIL-TaDTG6-BDel574 and NIL-TaDTG6-BIn574) to
drought conditions, and calculated the resulting plant SRs
after stress and re-watering to quantify the phenotypic con-
tribution of each TaDTG6-B allele to drought tolerance. We
determined that the average SR of NIL-TaDTG6-BDel574 ho-
mozygous plants is higher than that seen with NIL-TaDTG6-
BIn574 plants (Figure 3G), supporting the premise that the
TaDTG6-BDel574 allele could enhance drought tolerance.
Based on these collective results, we suggest that the 26-bp
InDel is the likely cause of phenotypic differences in drought
tolerance associated with TaDTG6-B, and therefore the
TaDTG6-BIn574 is the drought-sensitive allele, while TaDTG6-
BDel574 is the drought-tolerant allele.

The TaDTG6-BDel574 and TaDTG6-BIn574 alleles
encode DREB TFs with different function
TaDTG6-B encodes a DREB TF, belonging to a family with
more than 110 members in the wheat genome
(Supplemental Figure S6). The canonical DREB proteins be-
long to the A-1 (DREB1) and A-2 (DREB2) subgroups
(Nakashima et al., 2009; Liu et al., 2013). Notably, the num-
ber of DREB1 subfamily members (n = 89) in wheat was ap-
proximately 15-fold greater than in Arabidopsis (with six
members), and 9-fold that in rice (Oryza sativa; 10 mem-
bers) or maize (10) DREB1s, indicating that the DREB1 fam-
ily is greatly expanded in wheat. Phylogenetic analysis
showed that TaDTG6-B is an ortholog of OsDREB1E in rice
and ZmDREB1.10 in maize (Supplemental Figure S6). In ad-
dition, since hexaploid wheat possesses three subgenomes
(2n = 6x = 42; AABBDD), we looked for the homoeologs in
the other two subgenomes, TaDTG6-A (TraesCS2A02G39
9500) and TaDTG6-D (TraesCS2D02G397000). Comparison
of the TaDTG6-A, TaDTG6-D, TaDTG6-BDel574, and TaDTG6-
BIn574 coding regions indicated that only the homoeolog
from subgenome B harbors the 26-bp deletion, which results
in a frameshift mutation that introduces a premature stop
codon (Supplemental Figure S7). Due to this stop codon,
the predicted protein sequence of TaDTG6-B is four amino
acids shorter than that of its homoeologs and carries mis-
sense mutations leading to an altered peptide sequence
over the 21 C-terminal residues (Figure 4A). We thus specu-
lated that this genetic variation in TaDTG6-B may poten-
tially cause differences in protein activity between the
TaDTG6-BDel574 and TaDTG6-BIn574 variants.

To test this hypothesis, we conducted transient expression
assays using a �2.0-kb promoter fragment from TaDTG6-A,
TaDTG6-D, TaDTG6-BDel574, and TaDTG6-BIn574 to evaluate
their respective ability to drive the transcription of the firefly
luciferase reporter gene (LUC) in wheat protoplasts. We de-
termined that the TaDTG6-BDel574pro:LUC and TaDTG6-
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BIn574pro:LUC reporter constructs are characterized by rela-
tively higher transcription levels than that of TaDTG6-
Apro:LUC and TaDTG6-Dpro:LUC. However, we detected no
significant differences in the luciferase activity derived from
the TaDTG6-BDel574pro:LUC and TaDTG6-BIn574pro:LUC
reporters (Figure 4B), indicating that any sequence variation
in the TaDTG6-B promoter region does not affect promoter
activity. We also conducted fluorescence microscopy to as-
sess the subcellular localization of each isoform by indepen-
dently transfecting wheat protoplasts with the constructs
35S:TaDTG6-A-GFP, 35S:TaDTG6-D-GFP, 35S:TaDTG6-BDel574-

GFP, 35S:TaDTG6-BIn574-GFP, and the empty vector control
GFP (encoding green fluorescent protein). We clearly
detected green fluorescence for all four TaDTG6 constructs
in the nucleus, while the GFP signal of the control plasmid
was evenly distributed in both the cytoplasm and the nu-
cleus (Figure 4C). These results suggested that TaDTG6-A,
TaDTG6-D, TaDTG6-BDel574, and TaDTG6-BIn574 all localize
to the nucleus and may therefore function as transcriptional
regulators.

To further determine the differences in protein activity,
we performed yeast transactivation assays using the full-

Figure 3 The TaDTG6-BDel574 allele is associated with drought tolerance in wheat seedlings. A, Association analysis between genetic variation at
TaDTG6-B and drought tolerance. A schematic diagram of the �3.2-kb TaDTG6-B genomic region is shown at the top. The region encoding the
AP2 domain is indicated in red. B, Pattern of pairwise LD for each polymorphism over the TaDTG6-B locus. C, Distribution of the SR for the two
genotype groups based on InDel574 (Del574 and In574). D, Relative expression levels of TaDTG6-B in the two genotype groups based on InDel574.
Statistical significance was determined by ANOVA. E, Schematic diagram of the primers used for two-round PCR genotyping of InDel574. F,
Molecular marker (InDel574) selection of segregating NILs homozygous for either the TaDTG6-BDel574 or TaDTG6-BIn574 alleles. G, Drought toler-
ance of the NILs carrying the tolerant allele TaDTG6-BDel574 or the sensitive allele TaDTG6-BIn574. Values are means ± SD from three independent
experiments; statistical significance was determined by two-sided Student’s t test (**P 5 0.01).
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length coding sequence of TaDTG6-A, TaDTG6-D, TaDTG6-
BDel574, and TaDTG6-BIn574, and a set of TaDTG6-BDel574 and
TaDTG6-BIn574 truncated versions (Figure 4D, left). We ob-
served that TaDTG6-A, TaDTG6-D, and both the TaDTG6-
BDel574 and TaDTG6-BIn574 exhibit transactivation activity,
but transactivation was abolished in variants lacking the C
terminus after the APETALA2 (AP2) domain (Figure 4D,
right). These results indicated that the region necessary for
transactivation is located in the C terminus of both
TaDTG6-B variants. In addition, dual-luciferase reporter
assays showed that a fusion between the yeast GAL4 DNA-

binding domain and TaDTG6-A, TaDTG6-D, TaDTG6-
BDel574, or TaDTG6-BIn574 all enhance the transcription of a
LUC reporter driven by a cauliflower mosaic virus (CaMV)
35S minimal promoter with GAL4 upstream activating
sequences, suggesting that all proteins can induce transcrip-
tional activity in planta. Notably, TaDTG6-BDel574 exhibited
stronger activity for transcriptional activation than TaDTG6-
BIn574 (Figure 4E).

To further examine differences between the binding affinities
of TaDTG6-BDel574 and TaDTG6-BIn574 for their cofactors, we
performed a yeast two-hybrid (Y2H) screen using the full-

Figure 4 Molecular characterization of the TaDTG6-BDel574 and TaDTG6-BIn574 variants. A, Amino acid sequence alignment of TaDTG6-A,
TaDTG6-BDel574, TaDTG6-BIn574, and TaDTG6-D. The core AP2 domain is indicated with a black line and the 26-bp InDel inducing a frameshift is
highlighted in the red box. B, Transient expression assays of the TaDTG6-A, TaDTG6-BDel574, TaDTG6-BIn574, and TaDTG6-D promoters driving the
transcription of the firefly LUC reporter gene in N. benthamiana leaves. C, Subcellular localization of GFP-tagged TaDTG6-A, TaDTG6-BDel574,
TaDTG6-BIn574, and TaDTG6-D in wheat protoplasts transfected with the respective encoding constructs. Scale bars, 10 mm. D, Evaluation of trans-
activation activity of TaDTG6-A, TaDTG6-BDel574, TaDTG6-BIn574, and TaDTG6-D fused to the DNA-binding domain of yeast GAL4 via one-hybrid
transactivation assays. The predicted conserved AP2 domain is shown in red in the schematic diagrams of the constructs (left). Yeast growth is
shown (right) on SD medium lacking Trp (SD –T), Trp and His (SD –T–H), Trp, His, and Ade (SD –T, –H, –A), and SD –T, –H, –A + X-a-gal. E,
Analysis of transcriptional activation by TaDTG6-A, TaDTG6-BDel574, TaDTG6-BIn574, and TaDTG6-D in N. benthamiana leaves. Left shows the
schematic diagrams of the effector constructs; right shows relative LUC activity. Values represent means ± SD from at least three independent
experiments. Statistical significance was determined by two-sided Student’s t test (**P 5 0.01).
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length coding sequences of TaDTG6-BDel574 and TaDTG6-BIn574

cloned in-frame into pGBKT7 as baits. After two replicates of
the screen, we identified 67 potential interacting proteins for
TaDTG6-BDel574 (Supplemental Data Set 8), but only nine po-
tential interactors for TaDTG6-BIn574 (Supplemental Data Set
9). The set of potential TaDTG6-BDel574 interactors included
several proteins related to multicellular organism development,
nucleotide and protein metabolism, protein modification, and
stress response (Supplemental Figure S8), such as TaATRX4
(Alpha Thalassemia-mental Retardation X-linked4, also named
SDG38 [SET DOMAIN PROTEIN 38]), TabZIP8 (Basic leucine-
zipper 8), TaARF7 (Auxin response factor 7), TaHB3
(HOMEOBOX 3), TaLOS1 (LOW EXPRESSION OF OSMO
TICALLY RESPONSIVE GENES1), and TaKIN11 (SNF1 KINASE
HOMOLOG 11). We confirmed these interactions by targeted
Y2H and luciferase complementation imaging (LCI) assays
(Figure 5, A and C). However, we detected no interactions be-
tween TaDTG6-BIn574 and any of the TaDTG6-BDel574 interac-
tors (Figure 5, B and C), suggesting that the 26-bp insertion in
the coding sequence of TaDTG6-B greatly reduces TaDTG6-

BIn574-binding specificity to different interacting partners.
Collectively, these results indicated that TaDTG6-BDel574 has a
higher capacity for transcriptional activation and protein inter-
actions than TaDTG6-BIn574.

TaDTG6-B has a function in wheat drought
tolerance
To dissect the function of TaDTG6-BDel574 and TaDTG6-BIn574

in regulating plant drought tolerance, we generated transgenic
lines overexpressing either TaDTG6-BDel574 (35S:TaDTG6-
BDel574) or TaDTG6-BIn574 (35S:TaDTG6-BIn574) lines in
Arabidopsis. We then selected three independent lines for
each construct with high relative TaDTG6-B transcript levels
for analysis (Supplemental Figure S9A). Three-week-old plants
growing under favorable water conditions were exposed to
drought stress for �20 days. After inducing drought stress fol-
lowed by a 6-day recovery period with full irrigation, we saw
that 35S:TaDTG6-BDel574 transgenic lines display higher
drought tolerance than 35S:TaDTG6-BIn574 transgenic and
wild-type (WT) plants. However, the drought tolerance of

Figure 5 Screens for TaDTG6-BDel574 and TaDTG6-BIn574 interaction with their cofactors. A, Y2H assays confirming the interactions between
TaDTG6-BDel574 and six cofactors. B, Y2H assays testing for interaction between TaDTG6-BIn574 and six cofactors of TaDTG6-BDel574. Yeast cells
were grown on SD medium –Ade –His –Leu –Trp. AD, GAL4 activation domain; BD, GAL4 DNA-binding domain. C, Firefly LCI assays to further
assess TaDTG6-BDel574 and TaDTG6-BIn574 interactions with six cofactors in N. benthamiana leaves.

4480 | THE PLANT CELL 2022: 34; 4472–4494 Mei et al.

https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac248#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac248#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac248#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac248#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac248#supplementary-data


35S:TaDTG6-BIn574 transgenic and WT plants did not differ
(Supplemental Figure S9, B and C).

To determine if the TaDTG6-BDel574 allele was directly asso-
ciated with elevated drought tolerance in wheat, we next gen-
erated Ubipro:TaDTG6-BDel574 and Ubipro:TaDTG6-BIn574 T3

transgenic overexpression (OE) lines using the full-length cod-
ing sequences of TaDTG6-BDel574 and TaDTG6-BIn574 driven by
the Ubiquitin promoter in the wheat cultivar Fielder, which
carries the TaDTG6-BDel574 allele and also harbors the
TaDTG6-A and TaDTG6-B homoeologs with the same inser-
tion as the TaDTG6-BIn574 allele. Immunoblot (IB) and RT–
qPCR assays confirmed that TaDTG6-B transcription and
TaDTG6-B protein abundance are both significantly higher in
the transgenic Ubipro:TaDTG6-BDel574 and Ubipro:TaDTG6-
BIn574 OE lines relative to the nontransgenic parent (Figure 6,
A and D). Soil-grown three-leaf stage seedlings under favor-
able water conditions were exposed to drought stress for
�25 days. After re-watering for 3 days, all TaDTG6-BIn574

transgenic OE lines exhibited drought tolerance comparable
to that of WT plants (Figure 6, B and C). However, the
drought tolerance of Ubipro:TaDTG6-BDel574 OE lines was sig-
nificantly higher than that of the WT (Figure 6, E and F). To
confirm these effects, we knocked down TaDTG6-BDel574 tran-
script levels using RNA interference (RNAi) in three indepen-
dent lines of the wheat cultivar Fielder; all RNAi lines
exhibited lower TaDTG6-B transcript and TaDTG6-B protein
levels (Figure 6G), as well as lower drought tolerance than the
WT (Figure 6, H and I). Notably, we observed no obvious ab-
normalities or morphological differences between the
Ubipro:TaDTG6-BDel574 transgenic and WT plants at either the
seedling or adult plant stages under well-watered growth con-
ditions (Figure 6, F and I; Supplemental Figure S10). These
results clearly indicated that TaDTG6-BDel574 function could
serve as a determinant in plant drought tolerance, and further
demonstrated that TaDTG6-BDel574 is an elite allele for the im-
provement of wheat drought tolerance.

In addition, prior research had shown that breeding pro-
grams can progressively accumulate favored alleles (Barrero
et al., 2011). Our genotyping analysis revealed that none of
the 47 tetraploid wheat accessions tested here have the
TaDTG6-BDel574 elite allele. However, 44% (or 66 accessions)
of a set of 150 hexaploid wheat landraces (Supplemental
Data Set 10) carry TaDTG6-BDel574, while only 33% (or 99
accessions) from a set of 300 modern cultivars
(Supplemental Data Set 11) harbored this allele (Figure 6J),
suggesting that the TaDTG6-BDel574 allele might have oc-
curred after the formation of hexaploid wheat and this elite
allele has not been widely utilized in modern wheat breed-
ing programs. Collectively, these results suggest that the
TaDTG6-BDel574 allele could be a promising resource for
breeding to improve drought tolerance in wheat.

TaDTG6-BDel574 binds to DRE/CRT cis-elements to
regulate the expression of stress-responsive genes
To characterize the regulatory network required for
TaDTG6-BDel574 function in wheat drought tolerance, we

compared the transcriptomes of the Ubipro:TaDTG6-BDel574

OE wheat lines with those of WT plants under well-watered
and water-deficit conditions. This RNA-seq analysis revealed
2,307 differentially expressed genes (DEGs, fold-change [FC]
4 2 or FC 50.5, P5 0.01) in the TaDTG6-BDel574 OE lines
relative to WT under well-watered conditions, consisting of
1,394 upregulated and 913 downregulated DEGs
(Supplemental Figure S11 and Supplemental Data Set 12). In
contrast, we identified 1,779 DEGs (FC 4 2 or FC 5 0.5,
P5 0.01) in the OE lines relative to WT under water-deficit
conditions, with 1,167 upregulated and 612 downregulated
DEGs (Supplemental Figure S12 and Supplemental Data Set
13). GO analysis suggested that the combined upregulated
genes from well-watered and water-deficit conditions are
significantly enriched for terms related to stress responses,
such as “response to water deprivation”, “response to ab-
scisic acid”, “response to cold”, “response to osmotic stress”,
and “cold acclimation”; the downregulated genes were signif-
icantly enriched for terms related to “photosynthesis”,
“flavonoid catabolic process”, “oxidation–reduction process”,
and “response to cytokinin” (Supplemental Figure S11 and
Supplemental Figure S12). These results suggest that
TaDTG6-BDel574 may be involved in multiple, overlapping
regulatory networks responsible for inducing a higher toler-
ance in wheat response to drought stress.

To identify the DNA-binding sites and target genes of
TaDTG6-BDel574 and to better understand the possible
mechanism(s) by which TaDTG6-BDel574 improves wheat
drought tolerance, we performed DNA affinity purification
sequencing (DAP-seq; (O’Malley et al., 2016; Bartlett et al.,
2017). Based on DAP-seq data obtained from two biological
replicates, we identified 1,206 binding sites for TaDTG6-
BDel574 that mapped to 976 loci. These binding sites were lo-
cated within genes or their flanking regulatory sequences,
such as 2 kb of upstream sequences presumed to corre-
spond to the promoter regions and 2 kb of downstream
sequences predicted to contain the terminator regions.
Further analysis revealed that 81.1%, 10.2%, and 8.7% of the
TaDTG6-BDel574 binding sites are present in defined pro-
moter regions, gene bodies, and terminator regions, respec-
tively (Figure 7A). By combining the results of DAP-seq and
RNA-seq analyses, we predicted 268 genes as being putative
direct binding targets for transcriptional regulation by
TaDTG6-BDel574. Among these candidates, 154 genes were
upregulated and 114 genes were downregulated in TaDTG6-
BDel574 OE plants (Figure 7B; Supplemental Data Set 14). GO
analysis of these TaDTG6-BDel574 target genes indicated that
they are enriched in terms related to stress response, such
as “response to water deprivation”, “response to abscisic
acid”, “response to cold”, and “response to osmotic stress”
(Figure 7C), indicating that TaDTG6-BDel574 initiates patterns
of stress-responsive gene expression that facilitate an adap-
tive response to drought stress.

We then turned to MEME-ChIP (Machanick and Bailey,
2011) to predict potential TaDTG6-BDel574 binding motifs
based on the consensus sequences of the detected binding
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Figure 6 TaDTG6-BDel574 improves wheat drought tolerance. A, D, G, Relative expression levels of TaDTG6-B in Ubipro:TaDTG6-BIn574 OE lines
(A), Ubipro:TaDTG6-BDel574 OE lines (D), and TaDTG6-B RNAi (Ri) lines (G), as determined by RT–qPCR. Immunoblot of TaDTG6-B in WT and
transgenic lines are shown below the RT–qPCR results. B, E, H, SRs in Ubipro:TaDTG6-BIn574 OE lines (B), Ubipro:TaDTG6-BDel574 OE lines (E), and
TaDTG6-B RNAi lines (H) during drought treatment and recovery. Seedlings with green and expanded viable leaves were regarded as survivors.
Values are means ± SD from at least three independent experiments; statistical significance was determined by a two-sided Student’s t test (**P 5
0.01). C, F, and I, Representative drought tolerance phenotypes in Ubipro:TaDTG6-BIn574 OE lines (C), Ubipro:TaDTG6-BDel574 OE lines (F), and
TaDTG6-B RNAi lines (I). Photographs were taken under well-watered conditions before drought treatment and after a 3-day period of recovery
with full irrigation post drought treatment. J, Distribution of TaDTG6-BIn574 and TaDTG6-BDel574 alleles in tetraploid wheat, hexaploid landraces,
and modern cultivars.
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sites for the 268 target genes. This analysis resulted in the
identification of two significantly enriched motifs for
TaDTG6-BDel574, with DRE/CRT cis-elements as the core
motifs (ACCGAC/GCCGAC; Figure 7, D and E). To test
whether TaDTG6-BDel574 and TaDTG6-BIn574 directly bind to
these DRE/CRT cis-elements in vitro, we conducted

electrophoretic mobility shift assays (EMSAs). We deter-
mined that recombinant GST-TaDTG6-BDel574 causes a
slower migration of the labeled probes, which was effectively
competed by incubation with unlabeled probes, indicative
of strong and specific TaDTG6-BDel574 binding to DRE/CRT
cis-elements. In contrast, we detected no binding between

Figure 7 Genome-wide identification of TaDTG6-BDel574 binding sites and target genes. A, Distribution of the locations of predicted binding sites
within target genes. Promoter was defined as the sequence within 2-kb upstream of the predicted transcriptional start site; terminator is the se-
quence within 2-kb downstream of the predicted transcription termination site; gene body consists of the 50-UTR, exons, introns, and 30-UTR. B,
Venn diagram showing the extent of overlap between genes identified as DEGs by RNA-seq and potential TaDTG6-B targets, as determined by
DAP-seq analysis. C, GO classification for DEGs with predicted TaDTG6-BDel574 binding sites. D and E, Identification of two motifs enriched in
TaDTG6-BDel574 binding sequences using MEME software. F and G, EMSA showing that the DRE/CRT motifs ACCGAC (F) and GCCGAC (G) are
required for TaDTG6-BDel574 binding to its targets. Recombinant GST-tagged TaDTG6-BDel574 and TaDTG6-BIn574 were used in the EMSA, and GST
was used as a control.
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the DRE/CRT cis-elements and TaDTG6-BIn574 (Figure 7, F
and G), suggesting that the TaDTG6-BIn574 variant lacks the
ability to regulate downstream target genes through these
cis-elements. Consistently, our DAP-seq analysis only identi-
fied 184 TaDTG6-BIn574 binding sites mapping to 47 target
loci (Supplemental Data Set 15). However, all of these target
genes encoded chloroplast-localized proteins, and showed
no overlap with the target genes predicted for TaDTG6-
BDel574. This result indicated that TaDTG6-BIn574 and
TaDTG6-BDel574 may not share any nuclear target genes.
Taken together, these results clearly indicated that the ab-
sence of the 26-bp insertion in the coding region of
TaDTG6-B results in a gain of function of TaDTG6-BDel574

that entails direct binding to DRE/CRT cis-elements, and
consequently, transcriptional regulation of stress-responsive
genes to confer elevated drought tolerance in wheat
seedlings.

TaDTG6-BDel574 enhances drought tolerance by
modulating TaPIF1 expression
Our RNA-seq analysis revealed that the expression of a PIF
gene, TraesCS1A02G083000, is significantly upregulated in
TaDTG6-BDel574 OE plants compared to WT (Supplemental
Data Set 14). Phylogenetic analysis showed that the protein
encoded by TraesCS1A02G083000 clusters with rice OsPIL15
(PIF-LIKE 15) and OsPIL16 (Todaka et al., 2012), as well as
maize ZmPIF1 and ZmPIF3 (Gao et al., 2018a, 2018b;
Supplemental Figure S13A), which led us to designate
TraesCS1A02G083000 as TaPIF1. Subcellular localization
assays using a TaPIF1-GFP fusion protein established that
TaPIF1 localizes to the nucleus of wheat protoplasts trans-
fected with the encoding construct (Supplemental Figure
S13B). Previous studies have indicated that TaPIF1 homologs
contribute to enhanced water-use efficiency and drought
tolerance via ABA pathway-induced stomatal closure (Kudo
et al., 2017; Gao et al., 2018a, 2018b; Qiu et al., 2020), which
suggested that TaPIF1 could be an important target of
TaDTG6-B for drought tolerance.

Indeed, an analysis of the TaPIF1 promoter sequence
detected the presence of two DRE/CRT cis-elements
(ACCGAC and GTCGGC) (Figure 8A), and RT–qPCR analysis
confirmed that TaPIF1 expression is significantly higher in
TaDTG6-BDel574 OE plants than in WT, but significantly
lower in TaDTG6-B RNAi plants (Figure 8B). We also per-
formed chromatin immunoprecipitation followed by quanti-
tative PCR (ChIP-qPCR) assays using a series of promoter
fragments containing or lacking the DRE/CRT cis-elements
to test whether TaDTG6-BDel574 might directly bind to the
TaPIF1 promoter region in planta. We observed that
TaDTG6-BDel574 is significantly enriched at TaPIF1 promoter
fragments containing the DRE/CRT cis-elements (Figure 8C).
In addition, EMSAs demonstrated that TaDTG6-B can di-
rectly bind to the two DRE/CRT cis-elements in the TaPIF1
promoter, in contrast to the lack of binding seen with the
GST control protein (Figure 8D). Notably, we detected no
binding between TaDTG6-BIn574 and the TaPIF1 promoter

fragments in EMSAs (Supplemental Figure S14), further indi-
cating that the TaDTG6-BIn574 variant lacks the ability to
regulate downstream target genes through DRE/CRT cis-
elements. We then used a transient expression system to as-
sess whether this binding can indeed induce TaPIF1 tran-
scription in vivo. To this end, we generated a series of
reporter constructs with the LUC reporter gene driven by
TaPIF1 promoters containing either intact (WT) or mutated
DRE/CRT cis-elements. We then separately co-infiltrated
these constructs into Nicotiana benthamiana leaves together
with an effector construct overexpressing TaDTG6-BDel574 or
the empty pGreenII 62-SK vector. Compared to the empty
vector controls, the transient expression of TaDTG6-BDel574

resulted in significantly higher LUC activity driven by the in-
tact TaPIF1 promoter construct. However, disruption of the
DRE/CRT cis-elements abolished TaDTG6-BDel574-mediated
transactivation of the TaPIF1 promoter (Figure 8, E and F),
indicating that TaDTG6-BDel574 positively regulates TaPIF1
transcription.

To characterize TaPIF1 function in the wheat response to
drought stress, we overexpressed TaPIF1 under the control
of the maize Ubiquitin promoter in wheat cv. Fielder. We
first confirmed that TaPIF1 transcript levels are in fact signif-
icantly higher in Ubipro:TaPIF1 transgenic OE lines com-
pared to WT plants (Figure 9A). Following drought stress
imposed by water withholding, all transgenic OE lines exhib-
ited significantly enhanced drought tolerance phenotypes
compared to the WT (Figure 9, B and C). We also assayed
the contents for proline, malondialdehyde (MDA), soluble
sugars, and chlorophylls under well-watered and drought
conditions. We detected no differences in these four physio-
logical parameters between the WT and Ubipro:TaPIF1 OE
lines under well-watered conditions. In contrast, the con-
tents for proline, soluble sugars, and chlorophylls were signif-
icantly higher, while MDA content was significantly lower in
the OE lines compared to WT under drought stress condi-
tions (Figure 9, D–G). Taken together, these results strongly
indicate that the activation of TaPIF1 expression can lead to
greater drought tolerance in wheat seedlings, and thus illus-
trates a major mechanism by which TaDTG6-BDel574

regulates this phenotype.

Discussion
A better understanding of genotype–phenotype relation-
ships will help guide the development of new drought-
tolerant varieties. Here, we aimed to better understand the
molecular mechanisms associated with the genetic polymor-
phisms underlying the variation in drought tolerance of
wheat seedlings. To this end, we performed GWAS, in con-
junction with candidate gene association analysis transgenic
assays to reveal the significant association between an elite
allele of a DREB gene, TaDTG6-B, and elevated drought toler-
ance in wheat seedlings (Figures 2, 3, and 6). In particular,
our study provides three major discoveries surrounding
wheat response to drought stress. First, we showed that the
gain-of-function variant TaDTG6-BDel574 functions as a major
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transcriptional regulator of stress-responsive genes, resulting
in amelioration of drought tolerance in wheat seedlings.
Second, we identified TaPIF1 as a direct target of TaDTG6-
BDel574 transcriptional regulation via binding to DRE/CRT
promoter elements that increases drought tolerance. Last
but not the least, TaDTG6-BDel574 is an optimal allele that
could be utilized for molecular breeding to improve drought
tolerance in wheat.

The discovery of allelic variants (e.g. SNPs or InDels) in func-
tional genes coupled with analyses of their effects on pheno-
types is a potentially useful strategy to elucidate their influence
on the function of their encoded proteins for variety improve-
ment (Hickey et al., 2019; Gao, 2021; Liang et al., 2021). In this
work, we determined that a 26-bp InDel (InDel574) in the

coding region of TaDTG6-B results in major effects on the
TaDTG6-B protein variants for the regulation of stress-
responsive genes in wheat. Mechanistically, TaDTG6-BDel574

exhibited stronger transcriptional activation, broader-specificity
protein interactions, and gain-of-function binding ability to
DRE/CRT cis-elements compared to TaDTG6-BIn574 resulting
from the 26-bp insertion in TaDTG6-B (Figures 4, E, 5, 7, F and
G). The ectopic expression of TaDTG6-BDel574 in Arabidopsis or
transgenic overexpression in wheat resulted in significantly
greater tolerance to drought stress, whereas the overexpression
of TaDTG6-BIn574 showed no phenotypic effects relative to the
WT (Figure 6; Supplemental Figures S9 and S10). Furthermore,
replacement of the TaDTG6-BIn574 allele in drought-sensitive
varieties with the TaDTG6-BDel574 allele significantly ameliorated

Figure 8 TaDTG6-BDel574 can directly induce TaPIF1 transcription. A, Schematic diagram of the TaPIF1 promoter (WT [intact] and mutated). The
DRE/CRT cis-elements are indicated by black boxes. B, RT–qPCR analysis of relative TaPIF1 expression levels in the WT, Ubipro:TaDTG6-BDel574 OE
lines, and TaDTG6-B RNAi lines. C, ChIP-qPCR validation of TaDTG6-BDel574 binding sites in the TaPIF1 promoter. The fragments used in ChIP-
qPCR are indicated in (A). D, EMSA of TaDTG6-BDel574 binding to the DRE/CRT cis-elements in the TaPIF1 promoter. Biotin-labeled probes were
incubated with GST or GST-tagged TaDTG6-BDel574. 100� and 200� unlabeled competitor fragments were added to evaluate binding specificity.
E-F, TaDTG6-B increases TaPIF1 promoter activity. Nicotiana benthamiana leaves were co-infiltrated with constructs encoding either TaDTG6-
BDel574 or TaDTG6-BIn574 and either intact or mutated TaPIF1 promoter. The firefly LUC/REN ratio indicates the level of transcriptional activation
of the different promoters by each respective effector construct. Values are means ± SD from at least three independent experiments; statistical sig-
nificance was determined by two-sided Student’s t test (**P 5 0.01).
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wheat drought tolerance (Figure 3, E–G), indicating that the in-
trogression of elite alleles such as TaDTG6-BDel574 provides an
effective avenue for producing wheat varieties with stress toler-
ance (Tester and Langridge, 2010; Hu and Xiong, 2014). In addi-
tion, we established that the TaDTG6-BDel574 elite allele might
have arisen after the formation of hexaploid wheat and was
retained in 44% of landraces, whereas we detected this allele in
only 33% of the modern cultivars examined here (Figure 6J),
suggesting that it has not been sufficiently utilized during mod-
ern wheat breeding programs. Taken together, the TaDTG6-
BDel574 allele can be a valuable target toward increasing drought
tolerance for wheat germplasm improvement. However, further
investigation is needed to determine how this 26-bp InDel
could structurally alter TaDTG6-B to confer broader functional-
ity in target gene recognition, as established by our results.

Despite the extensive knowledge on the biological func-
tions of DREB TFs, their downstream signaling networks un-
der drought stress conditions are still largely unknown. Here,
transcriptome and DAP-seq analyses indicated that
TaDTG6-BDel574 may mediate stress tolerance by targeting
genes involved in pathways related to water stress response,
ABA response, cold response, and osmotic stress response
(Figure 7, A–C; Supplemental Figures S11 and S12).
Particularly, we found that TaDTG6-BDel574 can bind to the
TaPIF1 promoter (Figure 8, A–D), which showed the highest
upregulation of all targets regulated by TaDTG6-B. Further
transient expression assays using the LUC reporter driven by
the TaPIF1 promoter revealed that TaDTG6-B is indeed a
positive regulator of TaPIF1 transcription (Figure 8, E and F).
Although several studies have confirmed that the DREB-PIF
module is an important regulator that optimizes plant
growth and environmental adaptation (Kudo et al., 2017;

Dong et al., 2020; Jiang et al., 2020; Xu and Deng, 2020), the
capacity of the DREB-PIF module underlying drought toler-
ance and crop improvement is largely unexplored. Recently,
a growing body of evidence has pointed to PIFs as major
players in the regulation of transcriptional response to
drought stress in addition to their well-known roles in light
responsive pathways (Leivar and Quail, 2011; Leivar and
Monte, 2014). For instance, ZmPIF1 and ZmPIF3 overexpres-
sion in maize, or OsPIL1 overexpression in rice, all signifi-
cantly improved drought tolerance in their respective
species (Todaka et al., 2012; Gao et al., 2018a, 2018b). In this
study, we showed that TaPIF1 overexpression resulted in im-
proved drought tolerance in transgenic wheat seedlings
(Figure 9, A–C). Although the molecular mechanisms by
which plant growth and development are controlled by
TaPIF1 (or other PIFs) under stress conditions requires a
more detailed study, our work revealed a positive regulatory
role for the TaDTG6-B-TaPIF1 module in adaptation to
drought stress in wheat.

In addition, the three homoeologous genes found in the
hexaploid wheat genome are frequently subject to indepen-
dent and variable mechanisms of transcriptional and post-
transcriptional regulation (Bottley et al., 2006; Shitsukawa
et al., 2007; Hu et al., 2013; Kashkush et al., 2020; Gao et al.,
2021; Liu et al., 2022). In this work, we found that the cod-
ing sequences of the TaDTG6-A and TaDTG6-D homoeologs
carry the 26-bp insertion, similar to the TaDTG6-BIn574 allele
(Supplemental Figure S7), suggesting that their encoded pro-
teins also have similar activity to that of TaDTG6-BIn574.
Further sequence analysis revealed that this 26-bp insertion
in the coding regions of TaDTG6-A and TaDTG6-D is con-
served across wheat accessions, which led us to speculate

Figure 9 TaPIF1 overexpression improves drought tolerance in transgenic wheat. A, Relative expression levels of TaPIF1 in Ubipro:TaPIF1 OE lines.
B, SR in Ubipro:TaPIF1 OE lines during drought treatment and recovery. C, Representative drought tolerance phenotypes in Ubipro:TaPIF1 OE
lines. Photographs were taken under well-watered conditions before drought treatment and after a 3-day recovery period with full irrigation post
drought treatment. D–G, Physiological parameters of Ubipro:TaPIF1 OE and WT plants under well-watered (WW) and water-deficit (WD) condi-
tions. D, Proline contents. E, Soluble sugar contents. F, MDA contents. G, Chlorophylls contents. Values are means ± SD from at least three inde-
pendent experiments; statistical significance was determined by two-sided Student’s t test (*P 5 0.05; **P 5 0.01).
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that the TaDTG6-BDel574 allele represents an instance of
functional divergence between this allele in drought-tolerant
accessions and sensitive accessions carrying TaDTG6-A,
TaDTG6-BIn574, and TaDTG6-D. This structural variant high-
lights a viable means of targeting specific homoeologs to im-
prove agronomically desirable adaptive traits in polyploid
crops (Van de Peer et al., 2017). Moreover, our results also
revealed that the striking expansion of the DREB1 family
(Supplemental Figure S6) was accompanied by loss of func-
tion in at least some of these wheat DREB genes.

Taken together, these results suggest a model for
TaDTG6-B allelic variation in conferring drought response in
wheat seedlings (Figure 10). Accordingly, tolerant wheat
accessions carrying TaDTG6-BDel574 exhibit a stronger
TaDTG6-B activity of transcriptional activation and protein
interactions, and also have the ability to bind to DRE/CRT
cis-elements to regulate stress-responsive gene expression,
resulting in the improvement of drought tolerance.
Drought-sensitive wheat accessions carrying the TaDTG6-
BIn574 allele have a lower TaDTG6-B activity of transcrip-
tional activation and protein interactions, and cannot bind
to DRE/CRT cis-elements, resulting in sensitivity to water de-
ficiency. These collective results provide important break-
throughs in the scope of our understanding of how allelic
variation in a transcription factor gene can drive phenotypic
improvements in the quantitative agronomic traits of crops.
In addition, our findings also hold major implications for the
introgression of this TaDTG6-BDel574 allele into elite lines or
recreating the 26-bp insertion allele by CRISPR/Cas9
(Clustered Regularly Interspaced Short Palindromic Repeats)
to obtain gain-of-function mutants as two viable avenues
for breeding improvement to drought tolerance traits.

Materials and methods

Drought tolerance evaluation of the wheat
association panel
A GWAS for wheat drought-tolerant genes was performed
by analyzing a wheat (Triticum aestivum L) diversity panel

consisting of 430 wheat accessions (Supplemental Data Set
4). Plant drought tolerance of the different wheat accessions
was recorded as previously described (Mao et al., 2020,
2022). Briefly, two cultivation pools (8.0 � 1.2 � 0.2 m,
length � width � depth) were used for drought tolerance
phenotyping assays, as measured by SR. This experiment
was independently performed eight times, with each experi-
ment consisting of two biological replicates of cultivation
pools to facilitate estimation of random error. Each pool was
divided into 430 plots containing a 4:1:2 (w/w/w) potting
mixture of soil:vermiculite:water (total 1.4 tons), with a soil
water content (SWC) of �40%, as measured with a portable
SU-LA soil moisture determinator instrument (Zhejiang
TopuYunnong Technology Co., Ltd). All accessions were
planted in random order with 12 plants per accession grown
in each plot. Seedlings were grown in a greenhouse under 16
h of light (intensity of 20,000 lux) and 8 h of darkness in a
16�C/14�C (day/night) temperature cycle and a relative hu-
midity of 60%. SWC measurements were collected every
other day until leaves began to wilt, at which point SWC
was measured every day. Re-watering was applied to allow
the surviving plants to recover when clear wilting difference
was observed; SRs were calculated 3 days after re-watering.
Plants with green, living leaves were scored as surviving.

RNA-seq of the wheat association panel
For RNA-seq, at least five plants for each of the 430 acces-
sions were cultivated as described above with full irrigation
(i.e. no drought treatment). The second leaf was collected
from each 3-week-old plant and leaves were pooled into a
single sample per accession; the combined samples were
flash-frozen in liquid nitrogen and stored at –80�C. Total
RNA was extracted using TRIzol reagent (Invitrogen), and li-
brary preparation was conducted with a TruSeq paired-end
mRNA-seq Illumina kit following the manufacturer’s instruc-
tions. Samples were sequenced using a HiSeq X instrument
to obtain 150-bp paired-end reads.

Figure 10 A working model for TaDTG6-BDel574 allele-mediated drought tolerance. Drought-tolerant wheat accessions carrying TaDTG6-BDel574 al-
lele exhibit a stronger TaDTG6-B activity of transcriptional activation and protein interactions, and also have the ability to bind to DRE/CRT cis-
elements to regulate stress-responsive gene expression, resulting in the improvement of drought tolerance. Drought-sensitive wheat accessions
carrying the TaDTG6-BIn574 allele have a lower TaDTG6-B activity of transcriptional activation and protein interactions, and cannot bind to DRE/
CRT cis-elements, resulting in sensitivity to water deficiency.
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Read mapping and SNP calling
Quality control of raw sequencing reads was conducted us-
ing the FastQC software (http://www.bioinformatics.babra
ham.ac.uk/projects/fastqc). To obtain high-quality reads, the
sequencing adapters and low-quality bases were removed
from the raw RNA-seq data using Trimmomatic (Bolger
et al., 2014) with default parameters. The remaining clean
paired-end reads were mapped to the wheat reference ge-
nome (IWGSC v1.1) using HISAT2 v2.0.5 (Pertea et al., 2016)
with the following parameters: -min-intronlen, 20; -max-
intronlen, 10000; –dta-cufflinks. Only alignments with a
mapping quality (MQ) 420 for single-end reads and con-
cordant unique alignments for paired-end reads were kept
for further analysis. The fragments per kilobase per million
mapped fragments value for each gene in each sample was
calculated using Cufflinks (Trapnell et al., 2012).

The genotype of each accession was determined using the
Genome Analysis Toolkit (GATK v3.7; McKenna et al., 2010).
Duplicate reads were flagged using the Picard package
v1.115 MarkDuplicates (http://broadinstitute.github.io/pi
card/) and spliced reads were removed with the
SplitNCigarReads package. SNPs were then called using the
HaplotypeCaller package in GATK and mpileup package in
SAMtools (Li et al., 2009; McKenna et al., 2010). The high
confidence variants were selected according to the following
criteria: quality depth (QD) 52.0; ReadPosRankSum 5 –
8.0; FS 4 60.0; and Qual 5 meanQual. Base quality scores
were adjusted for the set of high confidence variants using
the BaseRecalibrator package in GATK, and then the final
round of SNP calling was performed with the
HaplotypeCaller and GenotypeGVCFs packages in GATK.
Missing genotypes were imputed using fastPHASE v1.3
(Scheet and Stephens, 2006). SNPs were then removed if the
missing rate was 50.6 or MAF 50.05, resulting in a final
set of 465,269 SNPs.

Population structure and LD of the association
panel
The genotypes of the 430 accessions screened with the
wheat 660K SNP array were also filtered using a missing rate
50.6 and MAF 50.05, resulting in a set of 397,761 SNPs.
These SNPs were combined with the 465,269 high-quality
SNPs obtained in the present study to generate a final set of
838,030 SNPs. The Genome Association and Prediction
Integrated Tool (GAPIT; Lipka et al., 2012) was used to iden-
tify relationships between accessions and principal compo-
nents via the efficient mixed model association (EMMA)
method algorithm. TASSEL 5.0 (Bradbury et al., 2007) was
used to calculate LD and nucleotide diversity. For each of
the wheat subgenomes (A, B, and D), LD decay was calcu-
lated using the methods described by Wu et al. (2021). LD
blocks were defined as groups of SNPs having an r2 50.5,
and block size was determined by calculating the physical
distance between the outermost flanking SNPs.

GWAS
GAPIT was used to identify potential genome-wide associa-
tions for the 863,030 SNPs. Computational parameters were
optimized using EMMA and a compressed mixed linear
model; statistical performance was optimized using previ-
ously determined population parameters (Mao et al., 2022).
SNP-based relationships between accessions were deter-
mined with EMMA. The top three principal components
were used to control for population structure. Data visuali-
zation was conducted using the R package “CMplot”
(https://github.com/YinLiLin/R-CMplot). The threshold to
determine significant MTAs was set to 1.38 � 10–5, which
was determined by taking the average of 1/effective number
of SNPs for the A, B, and D subgenomes. SNPs within a sin-
gle LD block were combined into one associated genomic
region. Annotation of genes in each region was conducted
using the wheat reference genome (IWGSC v1.1), and rela-
tive expression of the associated genes was analyzed using
data from the drought-stressed wheat cv. Chinese Spring.

TaDTG6-B gene association analysis
TaDTG6-B-based association mapping was conducted with
281 wheat accessions (Supplemental Data Set 7). The �3.2-
kb genomic region, consisting of the �2.5-kb promoter,
exons, 50-UTR, and 30-UTR sequences, was amplified and se-
quenced, using the primers listed in Supplemental Data Set
16. These sequences were assembled using ContigExpress in
Vector NTI Advance 10 (Invitrogen) and aligned using
MEGA version 6 (http://megasoftware.net/). Nucleotide
polymorphisms, including InDels and SNPs (MAF 50.05),
were identified and further used to perform the MTAs with
SR and to calculate pairwise LD using Tassel 5.0.

RNA isolation and RT–qPCR
Total RNA was extracted using TRIzol reagent (Invitrogen).
After incubation with DNase I (TaKaRa), first-strand cDNA
was generated from 1-lg template RNA for each sample in
a total reaction volume of 20 lL using a Clontech reverse
transcription kit. qPCR was conducted for each sample in a
total reaction volume of 10 lL comprised 1-lL cDNA, 4-lL
0.2-mM forward and reverse primers (Supplemental Data
Set 16), and 5-lL SYBR Premix Ex Taq master mix (TaKaRa).
An ABI Step One System (Applied Biosystems) thermocycler
was used for amplification with the following program: 10-
min initial denaturation, 95�C, then 40 cycles of 15 s at
95�C and 30 s at 60�C. Relative gene expression was calcu-
lated with the 2–DDCt method (Livak and Schmittgen, 2001)
using TaActin1 as an internal control gene. qPCR was per-
formed as technical triplicates per sample. Three biological
replicates were performed, with similar results; the results
from one replicate are shown in the figures.

Subcellular localization
For subcellular localization assays, the coding sequences of
TaDTG6-A, TaDTG6-BDel574, TaDTG6-BIn574, TaDTG6-D, and
TaPIF1 lacking stop codons were cloned into the
pJIT163:GFP expression vector (Supplemental Data Set 16),
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with transcription driven by the CaMV 35S promoter. These
five constructs and the empty vector were then separately
transformed into wheat mesophyll protoplasts using poly-
ethylene glycol-mediated transformation as described by
Yoo et al (2007). After 18 h of incubation for 23�C in the
dark, fluorescence was visualized using a confocal micro-
scope (FluoView FV300, Olympus, Japan) and quantified us-
ing the image analysis software provided by the
manufacturer. For eGFP, the laser wavelength for excitation
was 488 nm, and the emission was collected from 500 to
540 nm. For chlorophyll autofluorescence, the laser wave-
length for excitation was 640 nm, and the emission was col-
lected from 650 to 750 nm. For laser intensity, the Acousto-
Optical Tunable Filter was adjusted to 1%–3%, and the
Photomultiplier Tube voltage was adjusted to 400–700 in
different experiments. The gain value of all lasers was set to
the default value of 1,000.

Transactivation activity assay
Transactivation activity assays were conducted using yeast
(Saccharomyces cerevisiae strain AH109) and N. benthami-
ana leaves. For yeast, plasmids were constructed by cloning
the full-length coding sequences of TaDTG6-A, TaDTG6-
BDel574, TaDTG6-BIn574, and TaDTG6-D and truncated frag-
ments of TaDTG6-BDel574 and TaDTG6-BIn574 into the
pGBKT7 vector and transformed into yeast (Supplemental
Data Set 16). All yeast transformants were selected based on
growth on synthetic defined (SD) medium lacking trypto-
phan (SD –Trp). PCR-verified transformants were then
plated onto SD medium lacking tryptophan, histidine, and
adenine and containing 5-bromo-4-chloro-3-indolyl-a-D-gal-
actopyranoside acid (SD –Trp –His –Ade + X-a-gal). After
3–6 days of incubation at 30�C, growth rates were com-
pared between corresponding colonies on the two media.

For assays in N. benthamiana, the coding sequences of
TaDTG6-A, TaDTG6-BDel574, TaDTG6-BIn574, and TaDTG6-D
were cloned into the reconstructed GAL4-DBD vector to
serve as effectors. The double reporter vector includes a
GAL4 DNA consensus binding site derived from the yeast
GAL4 gene upstream of firefly luciferase (GAL4 UAS:LUC)
and a Renilla (REN) gene as internal control driven by the
35S promoter. The effector and reporter plasmids were then
co-infiltrated into N. benthamiana leaves. The LUC and REN
luciferase activities were assayed using dual luciferase assay
kits (Promega, Madison, WI, USA). Three replicates were car-
ried out for each sample. All primers used for cloning are
listed in Supplemental Data Set 16.

Wheat transformation and drought tolerance assay
TaDTG6-B knockdown and OE lines were generated for
drought tolerance assays. For knockdown by RNAi, a 204-bp
fragment of the TaDTG6-B coding sequence was synthesized
and cloned in both the sense and antisense orientations on
either side of the 508-bp intron 6 from rice (Oryza sativa)
zinc-finger type family protein gene (Cui et al., 2019). The
resulting DNA fragment was then inserted into the
pWMB110 vector harboring the maize Ubiquitin promoter.

For overexpression, the coding sequences of TaDTG6-BDel574,
TaDTG6-BIn574, and TaPIF1 were cloned into the
pCAMBIA3301 vector, also driven by the maize Ubiquitin
promoter. Agrobacterium (Agrobacterium tumefaciens)-me-
diated transformation was used to generate independent
transgenic lines of each construct in the wheat cv. Fielder
background, as described by Ishida et al. (2015). Transgene-
positive plants were determined in T0, T1, and T2 genera-
tions by PCR amplification of the transgene using specific
primers (Supplemental Data Set 14) for the transgenic vec-
tors. Transformed plants were screened and phenotyped in
response to drought stress as described previously (Mao
et al., 2020, 2022). Briefly, T3 transgene-positive and WT
plants were planted together in enriched soil (soil and ver-
miculite in a ratio of 3:1, w/w), and grown under 16 h of
light (intensity of 20,000 lux) and 8 h of darkness under a
16–C/14�C temperature cycle and a relative humidity of
60% conditions in a greenhouse. Drought treatment was ap-
plied to soil-grown plants at the three-leaf seedling stage by
withholding water. After �25 days of water withholding,
watering was resumed to allow plants to recover. The num-
ber of surviving plants was recorded 3 days later. At least 18
plants of each line were compared in each test and statisti-
cal analyses were based on data obtained from four inde-
pendent experiments. All primers used for cloning are listed
in Supplemental Data Set 16.

Introgression of the TaDTG6-B elite allele
The drought-tolerant wheat cv. Jinmai47 was separately
crossed with two drought-sensitive cultivars, GLUYAS
EARLY and Yangmai13. Heterozygous progeny was back-
crossed with the drought-sensitive cultivars to produce the
BC4F1 generation (InDel574 was genotyped at each genera-
tion). The BC4F1 plants were then self-pollinated to obtain
BC4F2 plants for analysis. The morphological and drought
stress phenotypes were compared between NILs that were
homozygous for either the tolerant or sensitive (In574) allele
of TaDTG6-B.

Illumina library preparation and DAP-seq
Genomic DNA libraries were prepared as described by
Bartlett et al (2017). The coding sequences of TaDTG6-B
and TaDTG6-BIn574 from wheat cv. Chinese Spring and
GLUYAS EARLY were cloned into the pFN19K HaloTag T7
SP6 Flexi vector and produced using a TNT SP6 Coupled
Wheat Germ Extract System (Promega, Madison, WI, USA).
Magne Halo Tag Beads (Promega) were used to purify and
capture the produced protein. Recombinant-purified GST-
TaDTG6-BDel574 protein was bound to MagneGST beads
(Promega). Five to 20 lg of purified protein (corresponding
to 20 lL per sample) was incubated with 400 lL
1 � phosphate-buffered saline (PBS, pH 8.5) and 25-lL
Magne Halo Tag beads for 1 h at room temperature with
gentle mixing using a rotating shaker. Beads were washed
four times in 1 � PBS with 0.005% (v/v) NP40, then resus-
pended in 100 lL 1 � PBS. Genomic DNA (1 g DNA in
60 lL 1 � PBS) was added to the protein-bound beads, and
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then shaken for 1 h. Afterwards, the beads were washed
four times in 1 � PBS with 0.005% (v/v) NP40, followed by
two washes in 1 � PBS. After transferring beads to 25-lL
elution buffer in fresh tubes, DNA was extracted by boiling
at 98�C for 10 min.

Eluted samples were enriched then tagged using dual-
indexed multiplexing barcodes. The pooled tagged samples
were sequenced using an Illumina HiSeq 2500 to generate
150-bp single-end reads. Adapters were removed with
Trimmomatic (Bolger et al., 2014) and the resulting reads
were mapped to the wheat reference genome (IWGSC v1.1).
Peaks indicating protein binding were identified using GEM
v2.5 (Guo et al., 2012). The GST-HALO negative control was
used to control for the background using an FDR 50.001.
Motifs with the highest levels of protein binding were identi-
fied with MEME-CHIP (Machanick and Bailey, 2011) using
200 bp (100-bp upstream and downstream) surrounding
each peak.

RNA-seq analysis of transgenic wheat
RNA-seq was conducted using three biological replicates of
the RNA samples collected from the leaves of 30-day-old
TaDTG6-BDel574 transgenic and WT plants under well-
watered and drought conditions. Total RNA was isolated
according to the manufacturer’s instructions for TRIzol re-
agent (Invitrogen). RNA quality and concentration were de-
termined with an Agilent 2100 Bioanalyzer (Agilent
Technologies) and an Agilent RNA 6000 Nano Kit.
Sequencing libraries were prepared following the manufac-
turer’s protocols for Illumina TruSeq RNA Sample
Preparation (v2) and sequenced with an Illumina HiSeq
2500 platform. Data were processed and analyzed as de-
scribed above. Genes with an absolute Log2 value (fold-
change) 41 and P 50.001 were classified as DEGs. GO
term enrichment analysis of the upregulated and downregu-
lated DEGs was conducted using the GOseq package in R
(Young et al., 2010).

Antibody preparation against TaDTG6-B and
immunoblotting
To prepare antibodies against TaDTG6-B, the sequence
encoding the N terminus of TaDTG6-B was ligated into the
pET-28a( + ) vector (Supplemental Data Set 16), then trans-
formed into Escherichia coli BL21 (DE3) for purification.
Production of the recombinant fusion protein was induced
by 6 h incubation with 1.0-mM isopropyl-b-D-thiogalactoside
(IPTG; Promega) at 37�C. Ni2 + -nitrilotriacetate (Ni-NTA)
agarose (Qiagen, Hilden, Germany) was used for affinity pu-
rification of His-TaDTG6-B following the manufacturer’s
instructions. Antibody was then generated by Wuhan
GeneCreate Biological Engineering Co., Ltd, by immunizing
rabbits with His-TaDTG6-B protein, followed by affinity puri-
fication from serum. For IB, phenol extraction and ammo-
nium acetate–methanol precipitation were used to isolate
the protein fraction from transgenic OE and RNAi wheat
lines. Protein samples were mixed with an equal volume of
2 � protein loading buffer and boiled at 95�C for 10 min.

The extracts were centrifuged at 12,000g for 5 min at 4�C,
and the proteins in the extracts were separated by sodium
dodecyl sulfate–polyacrylamide gel electrophoresis.
PageRuler prestained Protein Ladder (Thermo Fisher
Scientific, Waltham, MA, USA) was used as size standards.
The proteins were transferred to PVDF membranes and
detected with antibodies against Actin (ABclonal, Woburn,
MA, USA; AC009). Actin served as the loading control.

ChIP-qPCR analysis
ChIP assays were performed using 20-day-old Ubipro:TaDTG6-
BDel574 transgenic wheat plants cultivated under the hydro-
ponic conditions described above, using methods described in
previous studies (Bowler et al., 2004). Crosslinking was con-
ducted by a 10-min incubation in 1% (w/v) formaldehyde un-
der vacuum, followed by tissue maceration in liquid nitrogen
for nuclei isolation. The chromatin was sonicated into DNA
fragments of 200 bp on average using an ultrasonic cell
crusher (JY92-IIN), power settings of 15%, 3 s on and 2 s off,
crushing for 20 min and the antibody against TaDTG6-B was
used for chromatin immunoprecipitation. The precipitated
DNA was then amplified by qPCR. Each experiment was per-
formed as three independent replicates. All primers used for
ChIP-qPCR are listed in Supplemental Data Set 16.

EMSA
The coding sequences of TaDTG6-BDel574 and TaDTG6-BIn574

from wheat cv. Chinese Spring and GLUYAS EARLY were
cloned into the pGEX4T-1 vector (Supplemental Data Set 16),
respectively. Escherichia coli strain Rosetta (DE3, Promega)
was transformed with the resulting constructs. The recombi-
nant proteins were induced at OD (optical density)600 = 0.6
using 0.1-mM IPTG with overnight incubation at 16�C, E. coli
cells were broken by an ultrasonic cell crusher (JY92-IIN), with
power set to 10%, 3 s on and 2 s off, crushing for 10 min un-
til the bacterial suspension appeared clear. The GST fusion
proteins were purified using GST-Sefinose resin (Promega)
according to the manufacturer’s instructions. EMSA was then
conducted using the LightShift Chemiluminescent EMSA Kit
(Thermo Fisher Scientific, Waltham, MA, USA) following the
manufacturer’s instructions.

Dual-luciferase transcriptional activity assay
Dual-luciferase transcriptional activity assays were conducted
as described by Gao et al. (2021). The reporter construct
was generated by cloning the �1.5-kb promoter region of
the TaPIF1 gene from the wheat cv. Chinese Spring into the
pGreenII 0800-LUC vector (Promega); the effector constructs
were generated by cloning the coding sequences of
TaDTG6-B and TaDTG6-BIn574 into the pGreenII 62-SK vec-
tor (Promega) under the control of the CaMV 35S promoter
(Supplemental Data Set 16). Agrobacterium strain GV3101
was transformed with each construct separately, and the
resulting Agrobacterium colonies were used to co-infiltrate
4-week-old N. benthamiana leaves with the reporter and ef-
fector plasmids. Luciferase levels were measured using a
Dual-Luciferase Reporter Assay System (Promega) following

4490 | THE PLANT CELL 2022: 34; 4472–4494 Mei et al.

https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac248#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac248#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac248#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac248#supplementary-data


the manufacturer’s instructions. Normalized data are pre-
sented as the ratio of luminescent signal intensity for re-
porter versus internal control reporter (35Spro:REN) from
three independent biological samples.

Y2H assay
For Y2H assays, the coding sequences of cofactors were
cloned into the pGADT7 vector, and the coding sequences
of TaDTG6-BDel574 and TaDTG6-BIn574 were cloned into the
pGBKT7 vector (Supplemental Data Set 16). The lithium ac-
etate method was used to transform the resulting plasmids
into yeast strain AH109. The transformed yeast strains were
grown on double dropout (SD –L–T) medium, as per
instructions in the manual (Clontech), and plates with qua-
druple dropout medium (SD –L–T–A–H) with X-gal overlay
were used, with colonies harboring p53 as positive control
to screen for potential interactions.

LCI assay
For split luciferase complementation assays, the coding
sequences of cofactors were amplified and ligated into the
JW772-35S-CLuc vector for expression of the C-terminal lu-
ciferase fusion protein (cLUC). The full-length coding
sequences of TaDTG6-BDel574 and TaDTG6-BIn574 were
cloned into the JW771-35S-NLuc vector, which harbors the
sequence encoding the N-terminal of luciferase fusion pro-
tein (nLUC; Supplemental Data Set 16). Nicotiana benthami-
ana leaves were co-infiltrated via Agrobacterium-mediated
infiltration. The infiltrated plants were incubated in a growth
chamber for 72–84 h at 28�C, after which the sites used for
Agrobacterium infiltration were injected with 1-mM D-lucif-
erin (Beetle luciferin, Promega). Luminescence signals were
observed through a low-light cooled charge-coupled device
imaging apparatus (Tanon 5200) after 40–48 h of cultiva-
tion. Three replicates were performed, with similar results;
the results from one replicate are shown in the figures.

Statistical analysis
Two group comparisons between the control and experi-
mental groups were performed using two-tailed t tests.
Means were considered significantly different based on a
threshold values of P5 0.05 and P5 0.01, as indicated by *
and **, respectively. One-way analysis of variance was con-
ducted using R with default parameters. Details are shown
in Supplemental Data Set 17.

Accession numbers
The RNA-seq reads for 430 wheat accessions have been de-
posited in the Genome Sequence Archive in BIG Data
Center, Beijing Institute of Genomics (BIG), Chinese
Academy of Science, and are publicly accessible at https://
ngdc.cncb.ac.cn/gsa under accession number CRA005898.
The RNA-seq reads have also been deposited in the
National Center for Biotechnology Information under proj-
ect numbers PRJNA795836 (accession number SRP367570;
SRA runs SRR18614846–SRR18615275) for the 430 wheat
accessions and PRJNA795838 (accession number SRP376773;

SRR19370956–SRR19370963) for the TaDTG6-B transgenic
lines. The RNA-seq data for Chinese Spring under normal
growth conditions (SRR19854967 and SRR19854968) and
drought conditions (SRR19854977 and SRR19854978 for 3 h
under drought treatment, SRR19854973 and SRR19854974
for 12 h under drought treatment) were deposited at the
NCBI SRA. The DAP-seq data of TaDTG6-BIn574 and
TaDTG6-BDel574 were deposited under project number
PRJNA795838 (SRR20725205–SRR20725208).

TaDTG6-A (TraesCS2A02G399500), TaDTG6-B (TraesCS2B0
2G417500), TaDTG6-D (TraesCS2D02G397000), TaNAC071-A
(TraesCS4A02G219700), TaMYBL1 (TraesCS6D02G211100),
TaPIF1 (TraesCS1A02G083000), OsDREB1E (Os04g0572400),
OsPIL15 (Os01g0286100), OsPIL16 (Os05g0139100), ZmDREB1.
10 (Zm00001eb073550), ZmPIF1 (Zm00001eb129520), ZmPIF3
(Zm00001eb332400).

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. Distribution of SNPs in the asso-
ciation panel.

Supplemental Figure S2. Population structure and LD of
the association panel.

Supplemental Figure S3. GO of 284 candidate genes
identified by GWAS.

Supplemental Figure S4. Expression patterns of the nine
candidate genes.

Supplemental Figure S5. The drought-tolerant allele of
TaDTG6-B co-segregates with drought tolerance in two
BC4F2 populations of wheat.

Supplemental Figure S6. Phylogenetic analysis of DREB
proteins from Arabidopsis, rice, maize, and wheat.

Supplemental Figure S7. Alignment of TaDTG6-A,
TaDTG6-BDel574, TaDTG6-BIn574, and TaDTG6-D coding re-
gion sequences.

Supplemental Figure S8. GO of 69 potential cofactors of
TaDTG6-BDel574 identified by Y2H.

Supplemental Figure S9. Drought tolerance of the
35S:TaDTG6-BIn574 and 35S:TaDTG6-BDel574 transgenic
Arabidopsis lines.

Supplemental Figure S10. Phenotype of Ubipro:TaDTG6-
BDel574 transgenic and WT plants at the adult stage under
well-watered conditions.

Supplemental Figure S11. Transcriptome analysis of
Ubipro:TaDTG6-BDel574 transgenic wheat under well-watered
conditions.

Supplemental Figure S12. Transcriptome analysis of
Ubipro:TaDTG6-BDel574 transgenic wheat under water-deficit
conditions.

Supplemental Figure S13. Phylogenetic analysis and sub-
cellular localization of TaPIF1.

Supplemental Figure S14. EMSA test of TaDTG6-BIn574

binding to the DRE/CRT cis-elements in the TaPIF1
promoter.
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Supplemental Data Set 1. Statistics of aligned reads iden-
tified by RNA sequencing in 430 wheat accessions.

Supplemental Data Set 2. A summary of the genetic di-
versity found in the sub-genomes and chromosomes of 430
wheat accessions, and evaluation of the effective number of
independent SNPs, including suggested P-value thresholds.

Supplemental Data Set 3. Detailed information of LD
blocks referred to Supplemental Figure S1E.

Supplemental Data Set 4. The 430 wheat accessions and
their drought tolerance phenotype (SR) used for GWAS.

Supplemental Data Set 5. Information of significant SNP-
trait associations.

Supplemental Data Set 6. Annotated genes within the
genomic regions associated with SR.

Supplemental Data Set 7. Genetic variation in the
TaDTG6-B genomic region and their association with wheat
drought tolerance.

Supplemental Data Set 8. Potential TaDTG6-BDel574

cofactors identified in this study.
Supplemental Data Set 9. Potential TaDTG6-BIn574 cofac-

tors identified in this study.
Supplemental Data Set 10. List of 150 wheat landraces

used for genotyping InDel574 polymorphism marker.
Supplemental Data Set 11. List of 300 modern wheat

cultivars used for genotyping InDel574 polymorphism
marker.

Supplemental Data Set 12. Significantly upregulated or
downregulated genes in Ubipro:TaDTG6-BDel574 transgenic
wheat grown under well-watered conditions.

Supplemental Data Set 13. Significantly upregulated or
downregulated genes in Ubipro:TaDTG6-BDel574 transgenic
wheat grown under drought conditions.

Supplemental Data Set 14. List of genes bound and regu-
lated by TaDTG6-BDel574.

Supplemental Data Set 15. List of target sites and poten-
tial genes bound and regulated by TaDTG6-BIn574.

Supplemental Data Set 16. Primers used for gene expres-
sion and vector construction.

Supplemental Data Set 17. Statistical analysis results for
each figure.

Supplemental File S1. Protein sequences for the phyloge-
netic tree shown in Supplemental Figure S6.

Supplemental File S2. Newick format of the phylogenetic
tree of Supplemental Figure S6.

Supplemental File S3. Protein sequences of the phyloge-
netic tree shown in Supplemental Figure S13.

Supplemental File S4. Newick format of the phylogenetic
tree of Supplemental Figure S13.
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