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ABSTRACT
To adapt to environmental challenges, plants
have evolved extensive gene families through
duplication events, generating multiple‐copy
genes that mediate stress responses. How-
ever, the function of these duplicated genes in
wheat remains unclear. In this study, we iden-
tified ten tandemly duplicated ETHYLENE RE-
SPONSE FACTOR 109 (ERF109) genes in wheat,
seven of which showed rapid induction
under drought treatment. Overexpressing
TaERF109A2 resulted in delayed heading date,
increased tiller number, reduced plant height

and root length, and enhanced drought resil-
ience. Conversely, the CRISPR/Cas9‐generated
nonuple Taerf109s mutant showed exacerbated
growth inhibition under drought stress. RNA‐
seq and functional analyses indicated that
TaMADS56, functioning as a genetic down-
stream effector of TaERF109A2, modulates
wheat tillering, heading date, and drought re-
covery responses. TaERF109A2 directly binds
to the GCC‐box motifs in the promoters of
TaIPT8‐5B/5D, thereby regulating cytokinin
(CK) biosynthesis. Moreover, overexpression of
TaERF109A2 enhances nicotianamine (NA) ac-
cumulation, which in turn confers tolerance to
iron toxicity and drought stress via upregulation
of nicotianamine synthase (NAS) genes. Our
findings have highlighted the critical role of
tandemly duplicated genes in the coordination
of stress responses and developmental proc-
esses in wheat.
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INTRODUCTION

As one of the world's key staple crops, wheat is predom-
inantly grown in arid and semi‐arid regions, where

drought is the primary abiotic constraint limiting grain yield
(Hussain et al., 2018). Elucidating the molecular mechanisms

underlying plant responses to water deficit stress is critical
for enhancing wheat adaptation and maintaining yield sta-
bility under climate change.

To mitigate drought‐induced damage, plants initiate
coordinated physiological and biochemical adaptations, in-
cluding stomatal closure, growth retardation, photosynthetic

This is an open access article under the terms of the Creative Commons Attribution‐NonCommercial License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.

© 2026 The Author(s). Journal of Integrative Plant Biology published by John Wiley & Sons Australia, Ltd on behalf of Institute of Botany,
Chinese Academy of Sciences.

https://orcid.org/0000-0002-9430-777X
https://orcid.org/0009-0005-2757-6784
https://orcid.org/0009-0009-6924-2829
https://orcid.org/0009-0003-3271-8738
https://orcid.org/0009-0009-0846-8971
https://orcid.org/0009-0006-6557-7785
https://orcid.org/0000-0003-0160-7050
https://orcid.org/0000-0002-6239-5015
https://orcid.org/0000-0001-8028-6413
https://orcid.org/0000-0002-1633-0608
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjipb.70196&domain=pdf&date_stamp=2026-02-25


downregulation, and increased biosynthesis of osmolytes,
antioxidants, and molecular chaperones (Reddy et al.,
2004; Yang and Qin, 2023). These adaptive responses are
usually mediated by plant hormones and signaling mole-
cules, such as abscisic acid (ABA). This has long been rec-
ognized as the primary stress‐induced hormone that medi-
ates ROS generation and stomatal closure (Pei et al., 2000; Li
et al., 2017a). Extensive attention has been paid to the role of
CK in abiotic stress responses. Here, endogenous CK levels
are dynamically regulated through transcriptional modulation
of CK biosynthesis and degradation genes (Prerostova et al.,
2018). In wheat, soybean, cabbage, and apple, several
abiotic‐responsive ISOPENTENYLTRANSFERASE (IPT)
genes are rapidly induced before returning to pretreatment
levels under sustained moderate stress. A few are maintained
at high expression levels when challenged with severe stress
conditions (Nishiyama et al., 2011; Le et al., 2012; Liu et al.,
2013; Tan et al., 2018). Achieved by transgenic plants over-
expressing an IPT gene through senescence‐ or stress‐
induced promoters, CK elevation improves drought tolerance
by enhancing photosynthetic protection, delaying sen-
escence, and increasing redox potential (Rivero et al.,
2007; Ma and Liu, 2009; Zhang et al., 2010; Merewitz et al.,
2011; Peleg et al., 2011; Qin et al., 2011). In contrast, CK
downregulation achieved by the constitutive overexpression
of cytokinin oxidase/dehydrogenase (CKX) genes or the
knockout of IPT genes may also have a positive effect on
drought tolerance (Nishiyama et al., 2011; Werner et al.,
2011; Macková et al., 2013). These transformants may have
substantially altered phenotypes, such as enhanced root
systems, dwarf shoots, slow growth rates, and smaller
leaves, which minimize water loss (Werner et al., 2011). A
recent study on the wheat drought‐induced IPT gene TaIPT8
showed that CK deficiency in TaIPT8‐5A/5B/5D triple mu-
tants significantly impaired drought tolerance without
affecting normal growth, highlighting the positive role of CKs
in wheat drought resilience (Wang et al., 2023).

Although drought‐induced physiological and biochemical
responses have been extensively examined in crops, our
understanding of the molecular mechanisms influencing
post‐drought recovery remains limited (Abid et al., 2018).
Unlike drought avoidance strategies such as leaf area re-
duction and stomatal closure, which conserve water, post‐
drought recovery involves relieving photosynthetic limi-
tations, including leaf rehydration, stomatal reopening for
CO2 assimilation, and de novo synthesis of photosynthetic
machinery (KIRSCHBAUM, 1988). Transcriptomic studies
have shown that photosynthesis‐related genes are dynam-
ically upregulated during water recovery from drought stress
(Zhang et al., 2018). MADS‐box transcription factors play
vital roles in the regulation of photosynthesis and stomatal
movement (Hoenicka et al., 2008; Matsubara et al., 2008; Li
et al., 2017b). In Arabidopsis thaliana, the MADS‐box genes
SUPPRESSOR OF OVEREXPRESSION OF CO1 (SOC1) and
AGAMOUS‐like 16 (AGL16) are partly expressed in mature
guard cells and are involved in the positive regulation of

stomatal density and opening (Kutter et al., 2007; Kimura
et al., 2015). SOC1‐like genes function as floral integrators
and promote vegetative growth (Borner et al., 2000;
Melzer et al., 2008; Lee and Lee, 2010). An ortholog
of SOC1 in rice, OsMADS50, activates drought escape
responses by upregulating the flowering‐promoting genes
OsMADS14/15/18 independently of ABA signaling (Jin et al.,
2013). However, the role of SOC1 homologs in wheat
drought tolerance and recovery remains unclear.

Gene duplication is an important factor in species adap-
tation, diversity, and speciation (Flagel and Wendel,
2009; Glover et al., 2015). These duplication events involve
the whole genome, large‐scale segments, and small‐scale
segments in which only one or a few genes are duplicated
(Panchy et al., 2016). Tandem duplication refers to the gen-
eration of tandem arrays consisting of identical genes close
to each other on the same chromosome, and occurs due to
unequal chromosomal crossing accompanied by inversion
events (Kane et al., 2010). The lineage‐specific expansion of
tandem duplicates in plants often confers adaptive advan-
tages to environmental responses (Hanada et al., 2008).
Recent genomic studies have suggested that the Triticeae
lineage, particularly wheat, has undergone accelerated evo-
lution via frequent gene duplication and rearrangement
characterized by high rates of inversions and translocations
(Glover et al., 2015).

The APETALA2/ethylene‐responsive (AP2/ERF) superfamily
is one of the largest groups of plant‐specific
transcription factors known for their regulatory roles in plant
developmental processes and biotic/abiotic stress responses
(Xu et al., 2011; Cai et al., 2014; Jung et al., 2017). The AP2/
ERF genes can be classified into four major subfamilies,
namely, AP2, ERF, DREB, and RAV, based on the presence
and specificity of their domains (Sakuma et al., 2002; Nakano
et al., 2006). In wheat, TaERF and TaDREB subfamilies show
gene family expansion driven by intronless tandem duplica-
tions, in contrast to the conserved TaAP2 subfamily (Magar
et al., 2022). However, the hexaploid nature of common wheat
makes understanding the precise molecular functions of these
duplicated genes, which usually have three homologs located
in each of the three subgenomes, very challenging.

In this study, we identified 10 TaERF109 genes that are
tandemly distributed in the wheat genome. We confirmed
their positive role in drought stress and rehydration by over-
expressing TaERF109A2 and constructing a nonuple
Taerf109s mutant carrying mutations in nine members of the
TaERF109s in cv. Fielder. Functional analyses showed that
TaERF109A2 acts upstream of TaMADS56 to inhibit the
heading date while promoting tiller outgrowth and drought
recovery. TaERF109A2 directly binds to GCC‐box motifs in
TaIPT8‐5B/5D promoters to activate CK biosynthesis and
indirectly upregulates NAS genes. This enhances NA accu-
mulation and iron tolerance. These findings establish
TaERF109 as a key node that integrates developmental
processes with CK and NA biosynthesis in wheat drought
and rehydration responses.
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RESULTS

TaERF109s are tandemly duplicated genes highly
responsive to drought
To identify drought‐responsive tandemly duplicated genes
(TDGs) and elucidate the molecular mechanisms underlying
drought adaptation in wheat, we performed a comparative
transcriptome analysis of wheat plants subjected to drought
stress and well‐watered control conditions. Among the
14,784 differentially expressed genes (DEGs) identified, 1,210
were classified as TDGs (Data S1). By leveraging fold‐change
thresholds and false discovery rate (FDR) corrections, we
prioritized 10 candidate genes encoding putative ERF109‐like
transcription factors for in‐depth functional validation
(Table S1). Genome‐wide sequence analysis of the “Chinese
Spring” cultivar was used to identify 10 TaERF109 homeologs

distributed across three subgenomes, that is, three
TDGs (TraesCS1A02G370400, TraesCS1A02G370600,
TraesCS1A02G370700) on Chromosome 1A, three
TDGs (TraesCS1B02G389700, TraesCS1B02G389800,
TraesCS1B02G389900) on Chromosome 1B, and four
TDGs (TraesCS1D02G376500, TraesCS1D02G376600,
TraesCS1D02G376700, TraesCS1D02G376800) on Chromo-
some 1D (Figure 1A). These were designated TaERF109A1–A3,
TaERF109B1–B3, and TaERF109D1–D4, respectively.
TaERF109B2 was absent in the “Fielder” cultivar, as revealed
by polymerase chain reaction (PCR) amplification failure and
basic local alignment search tool (BLAST) analysis of the
“Fielder” genome assembly (Sato et al., 2021), which contained
only nine TaERF109 homologs (Figure 1A). To assess copy
number variation at the TaERF109 locus, we screened the
publicly available genomic variation data from 145 landmark

Figure 1. Genomic location and expression pattern of TaERF109 homologs in wheat
(A) The genomic location of TaERF109 homologs across the A, B, and D subgenomes of hexaploid wheat. (B) Expression patterns of TaERF109 homologs
in Chinese Spring under drought stress. Y‐axes represent fold changes relative to the unstressed control, and x‐axes denote treatment time points at 0, 5,
15, 30, 60, 120, 240, and 480min. The TaActin gene was used as an internal reference. The data represent the means±SD of three independent biological
replicates. (C–G) RNA in situ hybridization showed preferential expression of TaERF109A2 in young leaves (YL), tiller buds (TB), root meristems (RM), and
shoot apical meristems (SAM) before (C, E) and following 30min drought treatment (D, F, and G). Arrows highlight specific sites of TaERF109A2 transcript
accumulation. (H) The TaERF109A2 sense probe was used as a negative control. Scale bars= 1mm (C–H).

TaERF109s enhance wheat drought tolerance Journal of Integrative Plant Biology

1746 June 2026 | Volume 68 | Issue 6 | 1744–1761 www.jipb.net

 17447909, 2026, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jipb.70196 by Institute of C

rop Sciences, C
A

, W
iley O

nline L
ibrary on [31/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



cultivars (Hao et al., 2020; Wang et al., 2020). Genotypic data
for the region encompassing TaERF109B2 was completely
missing in 11 of these 145 accessions, whereas no such ab-
sence was observed for other TaERF109 homologs (Figure
S1; Data S2). These results indicate that the deletion of
TaERF109B2 contributes to the copy number variation of
TaERF109 genes, which range from 9 to 10 copies in different
hexaploid wheat accessions.

Protein domain analysis revealed that all 10 TaERF109
proteins harbor a single conserved AP2 domain (Figure S2A).
Meanwhile, promoter sequence analysis identified diverse
stress‐ and hormone‐responsive cis‐acting elements within
their respective promoter regions (Figure S2B). To investigate
whether TaERF109s are responsive to drought, other abiotic
stresses, and plant hormones, real‐time quantitative poly-
merase chain reaction (RT‐qPCR) analyses were performed
using specific primers for the 10 TaERF109s in “Chinese
Spring”. Transcription of TaERF109A1, TaERF109A2,
TaERF109B1, TaERF109B2, TaERF109D1, TaERF109D2,
and TaERF109D3 was strongly induced after 5 min of
drought treatment. This reached peak induction levels of 200‐
to 500‐fold 30min before returning to basal levels (Figure 1B).
The drought‐responsive TaERF109s also displayed
rapid transcriptional activation in response to cytokinin
6‐benzylaminopurine (6‐BA) treatment (Figure S3A).
TaERF109A2, TaERF109B1, and TaERF109B2 transcripts
were significantly upregulated after 4 h of heat stress (Figure
S3B). Meanwhile, TaERF109A2 responded rapidly to NaCl
treatment with a transient 30min induction (Figure S3C).
Minimal changes in expression were observed following
auxin (IAA), methyl jasmonate (MeJA), and ABA treatments
(Figure S3D–F). Under normal conditions, TaERF109s exhibit
relatively low expression levels across various tissues without
tissue specificity (Figure S4). Consistent with the RT‐qPCR
results, RNA in situ hybridization analysis further confirmed
the drought‐responsive expression of TaERF109A2 in tissues
with high cell proliferation activity, including young leaves,
shoot apical meristems, tiller buds, and root meristems,
following drought stress (Figure 1C–H).

TaERF109 contains a single AP2 domain near its
C‐terminal region. To assess their transcriptional activation
potential, full‐length TaERF109A2 and its N/C‐terminal trun-
cations were fused to the GAL4 DNA‐binding domain and
expressed in the yeast strain Y2HGold (Figure S5A). Both full‐
length TaERF109A2 and the C‐terminal fragment containing
the AP2 domain activated the reporter gene expression, con-
firming their transcriptional activation activity (Figure S5B).
Subcellular localization studies were performed by generating
a TaERF109A2‐GFP fusion construct that was transiently ex-
pressed in wheat leaf protoplasts. Confocal microscopy
showed the exclusive co‐localization of TaERF109A2‐GFP
with the nuclear marker Early heading date 4 (EHD4)‐mCherry
(Figure S5C–F), indicating that TaERF109A2 functioned in the
nucleus. These results support the notion that TaERF109A2 is
a nuclear‐localized protein that likely functions as a tran-
scriptional activator.

Tandem gene duplication events of ERF109 may have
occurred during Triticeae diversification
Genome scanning and phylogenetic analyses showed two
orthologous ERF109 loci in barley (Hordeum vulgare) and
four orthologous loci in Aegilops tauschii, all organized in
tandem arrays. In contrast, single‐copy ERF109 orthologs
have been identified in other monocotyledonous species,
including Oryza sativa, Zea mays, Sorghum bicolor, Setaria
italica, and Brachypodium distachyon (Figure S6). Phylo-
genetic classification of the ten hexaploid wheat
TaERF109s resolved two major clades. Group I contained
seven TaERF109s (TaERF109A1–A2, TaERF109B1–B2,
TaERF109D1–D3), and Group II contained three
TaERF109s (TaERF109A3, TaERF109B3, TaERF109D4). All
drought‐responsive members identified through ex-
pression profiling clustered within Group I and were further
subdivided into small subgroups. To further trace the
evolutionary history of tandemly duplicated TaERF109
homologs, we performed microcollinearity analysis of the
genomic segments containing ERF109 homologous copies
using Triticeae‐GeneTribe (Chen et al., 2020). Collinear
blocks containing 2 to 6 tandemly duplicated ERF109
genes were identified in the genomes of bread wheat and
11 other Triticeae species (Figure S7). In contrast, no such
collinear blocks were detected in B. distachyon, Oryza
sativa Japonica, S. bicolor, or Z. mays. These copy number
variations and chromosomal distributions suggest that
ERF109 clusters formed by tandem duplication events are
specific to the Triticeae lineage.

Overexpression of TaERF109A2 has a pleiotropic
effect on complex agronomic traits
To determine the biological functions of TaERF109s, we gen-
erated transgenic wheat lines overexpressing drought‐
responsive TaERF109A2 and drought‐unresponsive
TaERF109D4 under the control of the ubiquitin promoter in the
spring wheat cultivar, “Fielder”. Molecular characterization was
used to identify nine independent TaERF109A2‐overexpressing
(OE) lines and two TaERF109D4‐OE lines, showing over 1,000‐
fold induction compared to the negative control plants due to the
low basal expression of these genes (Figure S8A, B). Constitutive
expression of both genes induces dramatic pleiotropic effects on
plant architecture and reproductive development (Figure 2A, B).
At the seedling stage, the three homozygous T3 TaERF109A2‐OE
lines displayed stunted shoot and root growth, accompanied by
accelerated tiller bud outgrowth (Figure S8C–G). During the
heading stage, TaERF109A2‐OE lines exhibited >20‐d delayed
heading, significantly increased tiller number, and shortened and
thinner leaves compared to controls (Figure 2A, C). Mature plants
showed a prostrate growth habit with reduced plant height,
smaller spikes, and >4‐fold increase in tiller numbers (Figures
2D, E, S8H–J). Concomitantly, TaERF109A2‐OE lines had severe
reproductive defects, including extremely low seed‐setting rates
and inhibited grain filling, producing shriveled kernels (Figure
S8K–N). The overexpression of TaERF109D4 resulted in com-
plete sterility, with no viable seeds produced (Figure S8O).
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TaERF109s positively regulate drought tolerance and
post‐drought recovery in wheat
Drought assays were conducted using shallow containers to
evaluate drought resilience independent of the root archi-
tecture. While both TaERF109A2‐OE and control plants
exhibited severe wilting under dehydration, OE lines recov-
ered rapidly with enhanced tillering and leaf regrowth after
rehydration (Figure 2F–H) and showed higher survival rates
than control plants (Figure 2I). Biochemical analyses further
revealed that in TaERF109A2‐OE plants, the proline content
was significantly increased both before and after drought
treatment, while the contents of malondialdehyde (MDA),
hydrogen peroxide (H2O2), and superoxide (O2

−) were

significantly decreased after drought treatment (Figure S9).
To validate the stress‐regulatory roles of the TaERF109 gene
family, CRISPR/Cas9‐mediated genome editing was per-
formed using two guide RNAs targeting 23‐bp spaced sites
within the conserved AP2 domains of TaERF109 loci
(Figure S10A). After DNA sequencing with nine TaERF109
gene‐specific PCR primers, we isolated a homozygous
Taerf109s nonuple mutant with 1–43 bp deletions in all
TaERF109 homeologs (Figure S10B). Under normal growth
conditions, there were no significant differences in vegeta-
tive and reproductive growth between the Taerf109s mutant
and wild‐type (WT) plants (Figures 3A, S10C–L). However,
drought stress exacerbated the growth inhibition and ac-
celerated leaf rolling in the Taerf109s mutant (Figure 3B).
Two weeks after rewatering, WT plants fully recovered.
Meanwhile, Taerf109s mutants continued to wilt with sig-
nificantly reduced fresh and dry weights (Figure 3C–E). Bi-
ochemical analyses showed that drought‐stressed
Taerf109s accumulated higher MDA, H2O2, and O2

− levels
but a lower proline content, compared with WT plants
(Figure S11A–D). Under field drought conditions, Taerf109s
exhibited a slight reduction in tiller number, along with sig-
nificant decreases in the number of fertile florets per spike,
grain number per spike, and 1,000‐grain weight compared
to WT (Figure 3F–L).

TaMADS56s act as downstream effectors of
TaERF109A2 to regulate vegetative growth and
post‐drought recovery in wheat
To dissect the regulatory mechanisms underlying
TaERF109A2‐mediated morphological changes and drought
resilience, RNA sequencing (RNA‐seq) was performed on six‐
week‐old young leaves from control and TaERF109A2‐
overexpressing seedlings. We identified 8,942 DEGs, com-
prising 4,607 upregulated and 4,335 downregulated genes.
Among the most significantly upregulated genes (Log2(fold
change) >10) was TaMADS56‐7D, an ortholog of the heading
date regulator SOC1 in Arabidopsis (Table S2). Two other
TaMADS56 homologous genes were also upregulated.
Meanwhile, one MADS18 homolog, one MADS15 homolog,
and two wheat FLOWERING LOCUS T (FT) genes (TaFT1/
TaFT2) were strongly repressed (Table S2). RT‐qPCR vali-
dation confirmed the RNA‐seq results, showing 1,195‐fold
and 207‐fold induction of TaMADS56‐7D and TaMADS56‐7A,
respectively, and 592‐fold and 145‐fold repression of TaFT1
and TaFT2 in TaERF109A2‐OE plants compared to the con-
trols (Figure 4A–D).

Given the conserved roles of SOC1‐like genes in coordinating
vegetative development and flowering time across plant taxa, we
hypothesized that TaMADS56s act as a downstream effector of
TaERF109A2 in the regulation of wheat heading date and shoot
architecture. To test this hypothesis, we generated transgenic
wheat lines overexpressing TaMADS56‐7D in “Fielder”. Molec-
ular characterization was used to identify seven independent
TaMADS56‐7D‐overexpressing (56‐OE) lines. Three of these
were selected for detailed analysis based on their expression

Figure 2. Phenotypic characterization of the TaERF109A2‐OE
plants
(A, B) Comparison of TaERF109A2‐OE (A2‐OE2, A2‐OE3, and A2‐OE6)
and negative control plant at the tillering stage (A) and grain‐filling stage
(B). Scale bar= 10 cm. In (B), control plants were sown 20 d later than
TaERF109A2‐OE plants to synchronize developmental stages.
(C–E) Comparison of flowering time (C), plant height (D), and tiller number
(E) between control and TaERF109A2‐OE plants. (F–H) Physiological
responses of seedlings affected by drought treatments and the water
recovery period. Scale bar= 8 cm. (I) Statistical analysis of seedling sur-
vival rate between control and TaERF109A2‐OE plants. Data are shown as
means± SD from three independent replicates. Significant differences
were determined by a two‐tailed Student's t‐test (**P< 0.01).
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levels (Figure S12A). Phenotypic analysis showed the dose‐
dependent effects of TaMADS56‐7D overexpression on de-
velopmental processes (Figure 4E, F). Under controlled long‐
day (LD, 14 h light/10 h dark) and natural long‐day (NLD)
conditions, 56‐OE1 (40‐fold induction) delayed heading by 2 d
(LD) and 5 d (NLD). Meanwhile, 56‐OE2 (196‐fold) and 56‐OE4
(164‐fold) exhibited 8.5/13.7 d (LD/NLD) and 7/12 d (LD/NLD)
delays, respectively (Figure 4G). The tiller number showed
more pronounced responses, increasing by 47.9%–81.9%
(LD) and 44.3%–109.4% (NLD) across all 56‐OE lines (Figure
4H). Although plant height, grains per spike, and 1,000‐grain
weight decreased in OE plants, the yield outcomes diverged
based on the expression levels (Figure 4I–K). 56‐OE1 achieved
a 16.70% yield increase compared to the control due to
compensatory tillering (Figure 4L). Meanwhile, 56‐OE2 and
56‐OE4 showed yield parity with the controls despite extreme
tiller proliferation, likely due to severely reduced grain number
and size (Figure S12B). No significant differences in root ar-
chitecture were observed between 56‐OE lines and controls
(Figure S12C–F).

As TaMADS56 genes showed no transcriptional activation in
yeast (Figure S13), we propose that they function as transcrip-
tional repressors that negatively regulate TaMADS18,
TaMADS15, and TaFT expression in wheat. To determine this,
the transcript levels of these genes were evaluated using
RT‐qPCR 15 and 50 d after germination (DAG). At the seedling

stage (15 DAG), all the detected genes showed low basal ex-
pression in both TaMADS56‐OE and control plants. During the
reproductive transition stage (50 DAG), the expression levels of
the detected genes significantly increased in control plants and
were significantly higher than those in TaMADS56‐OE plants
(Figure S14A–D). This has demonstrated that TaMADS56 acts
upstream of TaMADS15, TaMADS18, and two TaFT in wheat
heading regulation.

The enhanced vegetative growth observed in TaMADS56‐OE
plants prompted us to investigate whether TaMADS56 positively
affects drought stress tolerance. We evaluated the drought tol-
erance of TaMADS56‐OE and control plants during vegetative
growth. After withholding water for two weeks, similar drought
symptoms, such as leaf rolling and wilting, appeared in both
TaMADS56‐OE lines and control plants. However, after
two weeks of rewatering, the 56‐OE2 and 56‐OE4 plants recov-
ered more rapidly from water stress, exhibiting significantly
higher fresh and dry weights compared to controls (Figures
4M–O, S15). These findings suggest that TaERF109s modulate
vegetative growth and post‐drought recovery in wheat via
TaMADS56‐mediated pathways.

TaERF109A2 directly activates TaIPT8 to promote CK
biosynthesis in wheat
To elucidate the molecular mechanisms by which TaERF109s
regulate root morphology, Kyoto Encyclopedia of Genes and

Figure 3. Drought tolerance phenotypes of Taerf109s mutant
(A–C) Phenotypes of Taerf109s and WT plants under normal growth and drought conditions. (D, E) Fresh weight (D) and dry weight (E) of Taerf109s and WT
plants after water recovery. Data are shown as means± SD from three independent replicates (n= 9). Significant differences were determined by a two‐
tailed Student's t‐test (**P< 0.01). (F–H) Plant architecture (F), spikes (G), and 500 seeds (H) of WT and Taerf109s plants under drought conditions in the
field. (I–L) Tiller number (I), fertile floret number per spike (J), grain number per spike (K), and 1,000‐grain weight (L) of WT and Taerf109s plants under
drought stress in the field. Data are shown as means± SD (n= 12). Significant differences were determined by two‐tailed Student's t‐test (0.01< *P < 0.05,
**P< 0.01). Scale bar = 10 cm (A–C), 20 cm (F), 3 cm (G), and 4 cm (H).
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Figure 4. Overexpression of TaMADS56 enhances vegetative growth and post‐drought recovery in wheat
(A–D) RT‐qPCR analysis of TaMADS56‐7A (A), TaMADS56‐7D (B), TaFT1 (C), and TaFT2 (D) in control and TaERF109A2‐OE (A2‐OE2, A2‐OE3, and
A2‐OE6) plants. The TaActin gene was used as an internal control. The data represent the means± SD of three independent biological replicates.
(E, F) Comparison of TaMADS56‐OE (56‐OE1, 56‐OE2, and 56‐OE4) and control plant at the tillering stage (E) and maturity stage (F) under natural long‐day
(NLD) field conditions. (G, H) Flowering time (G) and tiller number (H) of control and TaMADS56‐OE plants under NLD and long‐day (LD) conditions
(14 h light/10 h dark). (I–L) Plant height (I), grain number per spike (J), 1,000‐grain weight (K), and yield per plant (L) of control and TaMADS56‐OE plants in
the field. Data are shown as means±SD (n= 12). Significant differences were determined by two‐tailed Student's t‐test (0.01< *P< 0.05, **P< 0.01).
(M–O) Phenotypes of control and TaMADS56‐OE plants under normal growth (M), drought stress (N), and post‐rehydration (O) conditions.
Scale bar= 30 cm (E), 20 cm (F), and 8 cm (M–O).
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Genomes (KEGG) pathway analyses were performed to clas-
sify and characterize the biological functions of DEGs from
RNA‐seq data. DEGs associated with zeatin biosynthesis were
significantly upregulated in TaERF109A‐OE plants (Figure
S16). Among these, TaIPT8‐5B and TaIPT8‐5D, two iso-
pentenyltransferase genes encoding rate‐limiting enzymes in
CK biosynthesis, were upregulated in the RNA‐seq data, a
finding that was validated by RT‐qPCR (Figure 5A). In contrast,
TaIPT3 and TaIPT6 were downregulated in TaERF109A2‐OE
plants (Figure 5B).

To determine whether TaERF109A2 directly activates
TaIPT8s by binding to their promoters, we analyzed the 2‐kb
upstream regulatory regions of TaIPT8‐5B and TaIPT8‐5D
and identified two GCC‐box motifs (5′‐AGCCGCC‐3′) in
each promoter (Figure 5C). Electrophoretic mobility shift
assays (EMSA) were conducted using biotin‐labeled probes
encompassing these core sequences. As shown in Figure
5D, the recombinant TaERF109A2 protein induced a

mobility shift in the labeled probes, and this binding was
competitively reduced by excess unlabeled fragments,
confirming specific in vitro interactions. Transient luciferase
(LUC) reporter assays were performed using the TaIPT8‐5A,
TaIPT8‐5B, and TaIPT8‐5D. Co‐expression with 35S:
TaERF109A2 significantly increased luciferase activity
driven by the TaIPT8‐5B and TaIPT8‐5D promoters com-
pared to the vector controls (Figure 5E, F).

Isopentenyladenine (iP)‐ and trans‐zeatin (tZ)‐type CKs are
the dominant active CK species in plants, while the gluco-
sylation pathway serves as a key mechanism for plants to
prevent the overaccumulation of CKs (Chen et al., 2021). As
TaIPT8 expression levels increased in TaERF109A2‐OE
plants, the levels of iP‐ and tZ‐type CKs, including their glu-
cosylated forms, trans‐zeatin 9‐glucoside (tZ9G), and iso-
pentenyladenine 9‐glucoside (iP9G), were significantly ele-
vated (Figure 6A). To confirm that TaIPT8‐5B and TaIPT8‐5D
act as downstream targets of TaERF109, we generated

Figure 5. TaERF109A2 directly regulates TaIPT8‐5B/5D expression
(A, B) RT‐qPCR analysis of TaIPT8 (A) and other TaIPT family genes (B) in control and TaERF109A2‐OE (A2‐OE2 and A2‐OE3) plants. The TaActin gene was
used as an internal control. The data represent the means± SD of three independent biological replicates. (C) The schematic illustration of the locations of
GCC‐boxes cis‐elements in the promoter of TaIPT8‐5A/5B/5D. Probes P1, P2, and P3 span the predicted TaERF109A2 binding sites for the EMSA assays.
(D) TaERF109A2‐dependent mobility shifts were detected using EMSA. Biotin‐labeled probes were incubated with maltose‐binding protein (GST) or GST‐
TaERF109A2 proteins. Unlabeled probes were used as competitors. (E, F) The transcriptional activation of TaERF109A2 on the TaIPT8 promoter was
analyzed using luciferase reporter assays. Quantification of LUC activities in the leaves is shown in (E). Asterisks indicate significant differences in the LUC/
REN ratio between reporter constructs co‐infiltrated with an empty vector (EV) and the 1305‐TaERF109A2 vector. Values indicate means±SD (n= 8).
Significant differences were determined by a two‐tailed Student's t‐test (**P< 0.01).
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TaIPT8‐5A/5B/5D triple‐mutant plants (TaIPT8‐M1) and
crossed them with the TaERF109A2‐OE line (A2‐OE3) by in-
troducing the Ubi‐TaERF109A2 transgene into the mutant
background (Figure 6B, C). Whereas A2‐OE seedlings dis-
played a short root and shoot phenotype due to enhanced
CK biosynthesis, the TaIPT8‐M1 × A2‐OE progeny exhibited
a restored long root morphology similar to TaIPT8‐M1 (Figure
6D–F). This genetic complementation shows that the
TaERF109‐mediated regulation of root length occurs pri-
marily through TaIPT8‐dependent CK biosynthesis.

TaERF109A2 overexpression enhances iron toxicity
tolerance and drought tolerance via upregulation of
NAS expression
To identify the molecular determinants and metabolic pathways
underlying drought responses in TaERF109A2‐OE plants, we
performed gene ontology (GO) enrichment analysis and

observed significant upregulation of transcripts associated with
NA biosynthetic processes, NAS enzyme activity, heme binding,
and iron ion binding (Figure S17A). Among these, 20 DEGs en-
coding NAS, the key enzyme catalyzing NA biosynthesis (Higuchi
et al., 1999) were upregulated in TaERF109A2‐OE lines (Figure
S17B). As a non‐proteinogenic amino acid, NA forms complexes
with iron (II) and other divalent transition metal ions, such as Zn
(II), Mn (II), and Cu (II). Its overaccumulation is linked to elevated
intracellular metal ion concentrations. Consistent with this,
measurements of NA and metal ion content in transgenic seed-
lings showed significantly higher levels of NA, Fe, Zn, Cu, andMn
in TaERF109A2‐OE plants than in the control plants (Figure
7A–E). A recent study on Arabidopsis showed that AtERF109
regulates iron homeostasis by modulating iron‐responsive genes,
including NAS4 (Yang et al., 2022), suggesting an orthologous
role for its wheat homolog. To investigate whether increased NA
biosynthesis in wheat could alleviate iron toxicity, we subjected

Figure 6. TaERF109A2 acts upstream of TaIPT8 to regulate cytokinin (CK) biosynthesis in wheat
(A) Cytokinin CK content in 30d‐old shoots of control and TaERF109A2‐OE (A2‐OE3) plants. Values are the means±SD of three independent biological replicates.
(B) Construct the TaERF109A2 overexpression line (A2‐OE3) in the Taipt8‐M1 background. The sequences and sequencing chromatograms corresponding to the
WT, Taipt8‐M1, A2‐OE3, and A2‐OE3/Taipt8‐M1 plants at target sites are shown; “−” indicates deletion of nucleotides; PAMmotifs are highlighted in red; Red arrow
indicates the start of translation. (C) RT‐qPCR analysis of TaERF109A2 in WT, Taipt8‐M1, A2‐OE3, and A2‐OE3/Taipt8‐M1 plants. The TaActin gene was used as an
internal reference. The data represent the means±SD of three independent biological replicates. (D–F) Root phenotypes (D), root length (E), and shoot length (F) of
WT, Taipt8‐M1, A2‐OE3, and Taipt8‐M1/A2‐OE3 seedlings grown hydroponically in liquid culture. Scale bar= 5 cm (D). Data are shown as means±SD (n= 8).
Significant differences were determined by two‐tailed Student's t‐test (0.01< *P< 0.05, **P< 0.01).
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TaERF109A2‐OE and control seedlings to hydroponic cultures
with 0, 20, 500, and 1,000 μM FeEDTA. Under normal iron con-
ditions (20 μM FeEDTA), TaERF109A2‐OE seedlings showed
fewer adventitious roots and shorter primary roots and shoots
compared to the controls. However, when exposed to high
FeEDTA concentrations (500 and 1,000 μM), the control seed-
lings exhibited more pronounced inhibition of shoot and root

growth. Notably, TaERF109A2‐OE maintained comparable root
architecture (length and adventitious root number) to controls
under iron stress, while its shoot length was even longer than that
of the controls (Figure 7F–I).

Previous studies have shown that NAS‐mediated NA ac-
cumulation significantly enhances drought tolerance in rice.
To elucidate NAS gene functions in wheat responses to iron

Figure 7. Overexpression of TaERF109A2 enhanced nicotianamine (NA) biosynthesis and iron toxicity tolerance in wheat seedlings
(A–E) Quantification of nicotianamine NA and metal ion concentrations in shoots of control and TaERF109A2‐OE (A2‐OE2 and A2‐OE3) plants. The data
represent the means±SD of three independent biological replications. Significant differences were determined by two‐tailed Student's t‐test
(0.01< *P< 0.05, **P< 0.01). (F) Phenotypic comparison of control and TaERF109A2‐OE (A2‐OE2 and A2‐OE3) seedlings grown hydroponically in nu-
trient solutions with varying Fe concentrations (0, 20, 500, 1,000 μM) for 7 d. Scale bar= 4 cm. (G–I) Shoot length (G), root length (H), and adventitious root
number (I) of control and TaERF109A2‐OE (A2‐OE2 and A2‐OE3) seedlings grown hydroponically with different Fe concentrations. Data are shown as
means± SD (n= 10). Different letters above bar graphs indicate significance between groups at P< 0.05, according to Tukey's test.
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toxicity and drought stress, we generated wheat over-
expression lines of TaNAS6B (TraesCS6B02G425200), the
most highly upregulated NAS gene in TaERF109A2‐OE plants
(Data S3). Hydroponic assays with 20, 500, and 1,000 μM
FeEDTA revealed that TaNAS6B‐OE lines had similar root
lengths to controls under high iron conditions, but markedly
longer shoots (Figure 8A–D). We subsequently selected two
TaNAS6B‐OE lines (NAS‐OE2 and NAS‐OE3) with relatively
high expression levels for drought stress experiments. The
results confirmed that TaNAS6B‐OE lines are comparable to
control plants under normal conditions but exhibit greater
tolerance to drought stress, characterized by significantly
reduced leaf rolling and wilting (Figure 8E–H), as well
as higher fresh and dry weights following rewatering
(Figure 8I, J). These results indicate that TaERF109A2 confers
enhanced tolerance to both iron toxicity and drought stress
by mediating NAS‐catalyzed NA accumulation.

DISCUSSION

TDG often encodes proteins involved in abiotic and biotic
stress responses and plays pivotal roles in plant evolution
and adaptation to environmental changes (Lynch and
Conery, 2000; Hanada et al., 2008). In diverse plant taxa,
ERF109 homologs are rapidly upregulated in response to
phytohormones and abiotic stresses, functioning in drought,
salt, and cold tolerance pathways. We identified 10
TaERF109 homologous genes in hexaploid wheat, seven of
which were significantly induced by both drought and cyto-
kinin treatments (Figures 1B, S3A). Functional analyses
showed that TaERF109A2 overexpression enhanced post‐
drought recovery rates and drought tolerance. Meanwhile,
Taerf109s mutants had stunted growth and reduced grain
yield under drought (Figures 2F–H, 3A–L). This confirmed that
TaERF109 is a positive regulator of drought tolerance and
resilience in wheat. Tandem replication events of a gene
family are common across species and tend to be function-
ally conserved. Only ~10% of mammalian tandem arrays are
species‐specific, compared to > 20% in non‐mammals (Pan
and Zhang, 2008). Such lineage‐specific duplications often
drive the evolution of adaptive traits, enabling species to
thrive in a niche environment (Yu et al., 2014). The genome of
hexaploid wheat is composed of three subgenomes (Mar-
cussen et al., 2014), each derived from a distinct diploid
progenitor species. In these diploid ancestors, the ERF109
gene exists as 2–4 tandem duplicates, which eventually leads
to 9–10 copies in different hexaploid wheat accessions
(Figure S7). Phylogenetic and microcollinearity analysis of
publicly available genomes showed that ERF109 tandem
duplication events occurred exclusively in Triticeae
(Figures S6, S7). The evolutionary retention of ERF109
tandem copies in Triticeae crops may have facilitated their
enhanced tolerance to recurrent abiotic stress through
functional diversification or dosage effects.

Also designated as Redox‐Responsive Transcription
Factor 1 (RRTF1), ERF109 orchestrates diverse physiological
and biochemical processes, including salt tolerance
(Bahieldin et al., 2016), drought (Yu et al., 2017), cold (Wang
et al., 2019), acclimation to high light intensity (Vogel et al.,
2014), maintenance of redox (Khandelwal et al.,
2008; Matsuo et al., 2015) and iron homeostasis (Yang et al.,
2022), maintenance of root stem cells (Kong et al., 2018), and
lateral root formation (Cai et al., 2014). Although phylogenetic
analysis showed that TaERF109 homologs in wheat were
most closely related to those in barley and A. tauschii, their
functions in wheat remain unclear. Given their low basal ex-
pression and membership in tandem‐arrayed gene families,
functional characterization was achieved through over-
expression studies. TaERF109A2‐OE seedlings showed en-
hanced tiller production under both control and post‐
rehydration conditions, deepening our understanding of their
rapid drought recovery mechanisms (Figure 2A–I).

TaMADS56‐7D expression was upregulated over 1,195‐fold
in TaERF109A2‐OE plants (Figure 4B). TaMADS56‐7D‐OE lines
recapitulated the key phenotypes of TaERF109A2‐OE plants,
including delayed flowering, increased tiller number, and im-
proved drought recovery (Figure 4E–O). This suggests that
TaMADS56 acts as a genetic downstream effector in the regu-
lation of heading date and tillering. No GCC‐box cis‐elements
were identified in the 2.5‐kb upstream genomic region of
TaMADS56. Given that TaMADS56 genes contain large introns
(29–40 kb) that may harbor enhancer elements or alternative
promoters for spatial regulation, whether TaMADS56 is a direct
transcriptional target of TaERF109A2 requires further validation.
Furthermore, a total of 14 upregulated transcription factors
containing the GCC‐box were identified in TaERF109A2‐OE
RNA‐seq data (Table S3), suggesting that TaERF109 homologs
may additionally modulate TaMADS56 gene expression indirectly
by initiating a TaERF109‐dependent transcriptional cascade.

TaMADS56 proteins are homologs of Arabidopsis SOC1.
SOC1‐like genes that regulate floral development and flow-
ering time have been widely studied in many plant taxa.
However, none of these genes have been implicated in the
control of tiller or branch numbers. Some AP1/FUL‐like
MADS‐box genes play crucial roles not only in flowering time
and floral organ regulation, but also in tillering coordination in
rice. Transgenic rice lines overexpressing OsMADS14,
OsMADS15, and OsMADS18 flowered early, inhibited axillary
bud growth, and reduced tiller numbers. Meanwhile,
OsMADS18 knockout mutants produced more tillers than the
WT (Lu et al., 2012; Yin et al., 2019). In this study, TaMADS56
overexpression lines exhibited accelerated tillering at the
seedling stage. However, the expression levels of TaMADS18
and TaMADS15 were significantly suppressed at this stage in
both the control and TaMADS56‐OE lines (Figure S14C–D).
TaMADS15 and TaMADS18 may only be involved in the
TaMADS56‐mediated regulation of the heading stage.
Meanwhile, the molecular mechanism by which TaMADS56
regulates wheat tillering requires further validation.
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Figure 8. Overexpression of TaNAS6B enhanced iron toxicity and drought tolerance in wheat seedlings
(A) Phenotypic comparison of control and TaNAS6B‐OE (NAS‐OE1, NAS‐OE2, and NAS‐OE3) seedlings grown hydroponically in nutrient solutions with
varying Fe concentrations (20, 500, 1,000 μM) for 10 d. Scale bar= 4 cm. (B) RT‐qPCR analysis of TaNAS6B in control and TaNAS6B‐OE (NAS‐OE1, NAS‐
OE2, and NAS‐OE3) plants. The TaActin gene was used as an internal control. The data represent the means± SD of three independent biological
replicates. (C, D) Root length (C) and shoot length (D) of control and TaNAS6B‐OE (NAS‐OE1, NAS‐OE2, and NAS‐OE3) seedlings grown hydroponically
with different Fe concentrations. Data are shown as means± SD (n= 10). Different letters above bar graphs indicate significance between groups at
P< 0.05, according to Tukey's test. (E–H) TaNAS6B‐OE (NAS‐OE2 and NAS‐OE3) and control seedlings grown for 14 d (E) were subjected to drought
stress for 7 d (F) or 14 d (G) and then allowed to recover for 12 d (H). Scale bar= 8 cm. (I, J) Fresh weight (I) and dry weight (J) of control and TaNAS6B‐OE
(NAS‐OE2 and NAS‐OE3) plants after water recovery. Data are shown as means±SD from three independent replicates (n= 9). Significant differences were
determined by a two‐tailed Student's t‐test (*P< 0.05).
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Hydroponic experiments showed that root length was
unaffected in TaMADS56‐OE plants, indicating that in-
creased TaMADS56 expression could not explain the root
growth inhibition observed in TaERF109A2‐OE lines (Figure
S12C). Phytohormones are major endogenous regulators
of root growth. In Arabidopsis, AtERF109 mediates the
crosstalk between jasmonic acid and auxin during lateral
root formation. Meanwhile, in rice, OsERF109 negatively
affects ethylene biosynthesis and drought tolerance (Cai
et al., 2014; Yu et al., 2017). In wheat, the CK‐responsive
transcription factor TaERF109A2 directly binds to the
GCC‐box motifs in the promoters of TaIPT8B and TaIPT8D,
thereby rapidly regulating CK biosynthesis (Figures
5D, 6A). TaIPT8 expression spiked within 0.5–1 h of
drought treatment before returning to basal levels, mir-
roring the kinetics of TaERF109A2 induction (Wang et al.,
2023). Root elongation was completely arrested in
TaERF109A2‐OE plants, and the short root phenotype of
TaERF109A2‐OE plants was largely rescued in TaIPT8
knockout backgrounds (Figure 6D–F). These findings sug-
gested that TaERF109A2 acts upstream of TaIPT8 to
modulate CK biosynthesis during the early stages of
drought stress, uncoupling the root growth‐regulatory role
of TaMADS56‐mediated tillering pathways.

RNA‐seq analysis identified 20 NAS genes that were up-
regulated in TaERF109A2‐OE plants (Figure S17B). As key
enzymes in NA biosynthesis, NAS proteins catalyze the
production of these non‐proteinogenic amino acids, which
act as endogenous chelators of divalent metal ions to help
maintain cellular ion homeostasis in plants. The chelation of
Fe2+ by NA reduces its oxidative reactivity, mitigating Fe2‐
induced cytotoxicity (Schuler et al., 2012). Consistent with
previous reports in Arabidopsis, rice, and wheat (Ergen et al.,
2009; Shaik and Ramakrishna, 2013), NAS expression was
upregulated under drought conditions. In rice, OsNAC6‐
mediated NAS upregulation increases NA biosynthesis, pro-
moting sequestration of excess Fe2+ and suppressing hy-
droxyl radical production to enhance drought resistance (Lee
et al., 2017). Similarly, elevated NAS expression in
TaERF109A2‐OE plants was correlated with increased NA
content, which was associated with improved tolerance to
both high iron concentrations and drought stress in wheat
(Figures 7F–H, 8A–J). These findings suggest that
TaERF109A2 may mitigate drought‐induced oxidative stress
in wheat by rapidly upregulating NAS‐dependent NA accu-
mulation, which in turn buffers metal ion toxicity and main-
tains the redox balance under water‐limited conditions.

Tandemly duplicated TaERF109 gene family members
function as molecular switches to coordinate stress re-
sponses and developmental programs in wheat by in-
tegrating hormonal signaling and metabolite biosynthesis to
balance growth and stress resilience (Figure 9). These find-
ings deepen our understanding of the functional diversifica-
tion of duplicated genes in polyploid crops and provide val-
uable genetic resources to enhance drought tolerance in
wheat breeding programs.

MATERIALS AND METHODS

Construction of overexpression and CRISPR/Cas9
gene editing vectors
To generate Taerf109s mutants, two sgRNA target se-
quences were designed within the conserved exon regions of
nine TaERF109 homologs: TraesCS1A02G370400, TraesCS
1A02G370600, TraesCS1A02G370700, TraesCS1B02G38
9700, TraesCS1B02G389900, TraesCS1D02G376500, Traes
CS1D02G376600, TraesCS1D02G376700, and TraesCS1D
02G376800, using CRISPR‐P 2.0 (http://crispr.hzau.edu.cn/
CRISPR2/). The wheat TaU3 promoter was amplified from the
pCBC‐MT1T2 vector using primers incorporating the de-
signed sgRNAs (Table S4) and then cloned into the pBUE411
vector via Golden Gate assembly with BsaI digestion and T4
DNA ligase (TransGen Biotech). The transgenic wheat (cv.
‘Fielder’) was generated via Agrobacterium‐mediated trans-
formation (Wang et al., 2017). Genomic DNA of transgenic
wheat plants was extracted from leaves, and the regions
spanning the two target sites were amplified using nine
TaERF109‐specific PCR primers, purified, and sequenced.

To generate wheat overexpression lines, the full‐length
coding regions (CDS) of TaERF109A2, TaERF109D4,
TaMADS56‐7D, and TaNAS6B were amplified from wild‐type

Figure 9. A proposed model illustrating TaERF109 homologs
regulating drought tolerance and water recovery in wheat
When subjected to drought stress, the expression levels of seven
TaERF109 genes, TaERF109A1, TaERF109A2, TaERF109D1,
TaERF109D2, TaERF109D3, TaERF109B1, and TaERF109B2, are rapidly
induced. These genes enhance wheat drought tolerance by upregulating
TaIPT8 and TaNAS expression to promote CK and NA synthesis. Addi-
tionally, they improve plant recovery ability after drought rewatering by
upregulating TaMADS56 expression. Solid lines indicate direct regulation
and dashed lines indicate indirect regulation. This figure was created using
Adobe Illustrator (Adobe Inc., San Jose, CA, USA).
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cDNA using DNA polymerase KOD FX (Toyobo, Osaka,
Japan). They were then cloned into the pMWB110 vector (Liu
et al., 2020) using an In‐Fusion Advantage PCR cloning kit
(Clontech Laboratories, Takara). The recombinant plasmids
were transformed into the spring wheat cultivar “Fielder”
using Agrobacterium‐mediated gene transformation (Wang
et al., 2017). All primer sequences used in this study are listed
in Table S4.

Protein domain and motif prediction of TaERF109
genes
To investigate cis‐acting elements in the promoter regions
of 10 TaERF109 genes, 2 kb upstream promoter sequences
relative to the translational start site were retrieved for each
gene from Ensembl Plants (http://plants.ensembl.org).
These promoter sequences were then submitted to the
PlantCARE database (http://bioinformatics.psb.ugent.be/
webtools/plantcare/html/) for analysis (Lescot 2002). After
data standardization and organization, cis‐acting elements
in the promoters were visualized using TBtools‐II (Chen
et al., 2023). For analyzing the conserved and divergent
characteristics of TaERF109 protein domains, domain an-
notation files of the 10 genes were acquired from NCBI
(https://www.ncbi.nlm.nih.gov/), followed by visual com-
parative analysis of the protein domains via TBtools‐II
(Chen et al., 2023).

Growth conditions and drought treatments
For the phenotypic observation, control and transgenic wheat
were planted in plastic pots filled with peat soil under controlled
phytotron conditions: 14/10 h light/dark photoperiod, 70% rel-
ative humidity, and 25°C/22°C Day/Night temperatures. To
ensure uniform soil moisture across genotypes, the control and
transgenic seeds were germinated and grown in the same pots
(1:1 ratio). For drought tolerance analysis, three‐week‐old
seedlings were subjected to progressive soil drying by with-
holding irrigation. When differences in leaf wilting
(approximately 14 d, soil water content < 8% w/w) were ob-
served between transgenic and control plants, all plants were
rehydrated. Phenotypic recovery was scored 7 d after rehy-
dration. All drought treatments were repeated three times in-
dependently. For RNA in situ hybridization and subcellular lo-
calization analysis, plants were grown in a hydroponic growth
box containing Hoagland solution in controlled greenhouses.

RNA extraction and RT‐qPCR analyses
Three‐week‐old seedlings grown under well‐watered con-
ditions were subjected to rapid dehydration by placement on
dry filter paper. Leaf samples were harvested at 0, 5, 15, 30,
60, 120, 240, and 480min post‐treatment and immediately
snap‐frozen in liquid nitrogen and stored at −80°C before
RNA extraction. Total RNA was extracted from the tissues
using a FastPure Universal Plant Total RNA Isolation Kit
(Vazyme Biotech, Nanjing, China) according to the manu-
facturer's instructions. The first strand of cDNA was synthe-
sized using the HiScript III 1st Strand cDNA Synthesis Kit

(Vazyme Biotech, Nanjing, China). RT‐qPCR was performed
using gene‐specific primers (Table S4) and Taq Pro Universal
SYBR qPCR Master Mix (Vazyme Biotech, Nanjing, China) on
an ABI 7500 Fast Real‐Time PCR system (Applied Bio-
systems, Foster City, CA, USA). Wheat TaActin was used as
an internal control. PCR was performed in triplicate for each
sample, with three independent biological replicates.

RNA in situ hybridization
RNA in situ hybridization was performed as previously de-
scribed (Bradley et al., 1993). A 345 bp TaERF109A2 specific
coding region was subcloned into the pGEM‐T Easy vector
(Promega, Madison, Wisconsin, USA) and used as a template
to generate both antisense (for target detection) and sense
(negative control) RNA probes. Shoot apexes of WT wheat
seedlings at the 3rd leaf stage before and after 0.5 h drought
treatments were excised and immediately fixed in RNase‐free
formalin‐acetic acid‐alcohol (FAA) solution (50% ethanol, 5%
acetic acid, 3.7% formaldehyde in DEPC‐treated water) at
4°C for 24 h. They were then embedded in paraffin (Leica
Microsystems, Germany). Serial longitudinal sections (8 μM
thickness) were prepared with a Leica RM2245 rotary mi-
crotome. Digoxigenin‐labeled RNA probes were prepared
using the DIG Northern Starter Kit (Roche, Mannheim, Ger-
many) according to the manufacturer's instructions. After
hybridization, the labeled probe was detected using an anti‐
DIG antibody coupled to alkaline phosphatase and
4‐nitroblue tetrazolium chloride/5‐bromo‐4‐chloro‐3‐indolyl‐
phosphate (NBT/BCIP; Roche, Mannheim, Germany). Slides
were observed under a bright field using a Leica DMR mi-
croscope.

Subcellular localization analysis
The CDS of TaERF109A2 was amplified using SpeI/XbaI re-
striction sites and cloned into the pAN580 vector (CaMV 35S
promoter‐driven) in‐frame with the N‐terminus of green fluo-
rescent protein (GFP), generating the 35S: TaERF109A2‐GFP
construct. Wheat mesophyll protoplasts were isolated from
two‐week‐old seedlings (cv. ‘Fielder’). The TaERF109A2‐GFP
fusion protein and the nuclear marker EHD4‐mCherry (Gao
et al., 2013) were co‐transformed into wheat leaf protoplasts
for instantaneous expression using the polyethylene glycol
4000‐mediated method. A Leica TCS‐SP4 confocal micro-
scope was used for fluorescence analysis.

Transient luciferase assay in tobacco
The 1.5 kb promoter regions of TaIPT8‐5A (TraesCS
5A02G460000), TaIPT8‐5B (TraesCS5B02G469600), and
TaIPT8‐5D (TraesCS5D02G471100) were amplified from
wheat genomic DNA and cloned into the pGreenII‐0800‐LUC
reporter vector containing Renilla luciferase (REN) as an in-
ternal control. The CDS of wheat TaERF109A2 was cloned
into pCAMBIA 1305.1, replacing the GUS reporter gene with
the CaMV 35S. The constructed effector and reporter
plasmids were co‐transfected into four‐week‐old Nicotiana
benthamiana leaves via Agrobacterium‐mediated gene
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transformation. Infiltrated plants were incubated at 23°C in the
dark for 12 h, followed by 24 h under a 16/8 h light/dark cycle.
LUC and REN activities were detected separately using a dual‐
luciferase reporter assay system (Promega, Madison, Wis-
consin, USA). Data were collected as the LUC/REN ratios. All
transient expression experiments were repeated three times.

Preparation of fusion protein and EMSA assay
The CDS of TaERF109A2 was cloned into a pGEX‐4T‐1 vector.
GST‐TaERF109A2 and GST fusion proteins were induced in
Escherichia coli Transseta (DE3) with 0.1mM isopropyl‐β‐d‐
thiogalactoside at 20°C for 16 h and purified using glutathione‐
Sepharose 4B beads (Pharmacia, GE Healthcare, Sweden) ac-
cording to the manufacturer's protocol. The biotin‐labeled
probes were heated at 95°C for 10min, annealed at room tem-
perature, and diluted to final concentrations of 50 fmol/μL. EMSA
was performed using the Light‐Shift Chemiluminescent EMSA
Kit (Thermo Fisher Scientific, Waltham, MA, USA); 500 ng puri-
fied fusion protein GST‐TaERF109A2 or GST protein and
100 fmol probe were added to the reaction mixture, and the
binding reaction was performed at 25°C for 30min. DNA was
isolated on a 6.5% polyacrylamide gel and transferred onto
nylon membranes (Millipore, Milford, MA, USA). Signals were
detected using the Immobilon Western horseradish peroxidase
substrate (Millipore, Milford, MA, USA).

Measurement of endogenous CK
Fresh third‐leaf samples of WT and transgenic seedlings
were harvested 30 d after germination, immediately frozen in
liquid nitrogen, ground to powder, and stored at −80°C until
analysis. CK concentrations were extracted and measured at
the National Centre for Plant Gene Research (Beijing), In-
stitute of Genetics and Developmental Biology, Chinese
Academy of Sciences (Beijing, China), according to a pre-
viously described method (Du et al., 2017).

Analysis of NA and metal levels
Liquid chromatography (LC) with tandem mass spectrometry
analysis was performed using an ultra‐performance liquid
chromatography (UPLC) system coupled with a triple quad-
rupole mass spectrometer (EXPEC 5210, PuYu Technology
Development Co., Ltd., China). LC separation was performed
using a BEH C18 column (1.7 μM, 100 × 2.1mm; Waters, UK),
with mobile phase A (0.1% formic acid in water) and B
(methanol). The gradient was initially set to 20% B, which was
increased to 80% B within 5min. NA was detected in multiple
reaction monitoring mode with transitions, and the transitions
were as follows: 304→ 185, 304→ 114. Three biological
replicates were analyzed for each treatment group.

For metals content determination, leaf samples from each
replicate were dried (at 70°C for 48 h) and digested in nitric
(HNO3) and perchloric acids (HClO4). The total concentrations
of Fe, Zn, Gu, and Mn in the digests were determined using an
inductively coupled plasma mass spectroscopy (ICP‐MS) in-
strument (Agilent Technologies 7700x, Santa Clara, CA, USA)
as previously described (Banakar et al., 2017).

RNA sequencing and analysis
Total RNA was extracted from the second top leaves of
control and TaERF109A2‐OE3 plants at 50 DAF. Libraries
were constructed using the VAHTS Universal V6 RNA‐seq
Library Prep Kit (Vazyme Biotech, Nanjing, China) according
to the manufacturer's instructions. Transcriptome se-
quencing and analyses were conducted by OE Biotech Co.,
Ltd. (Shanghai, China). The libraries were sequenced on an
Illumina NovaSeq. 6000 platform, and 150 bp paired‐end
reads were generated. The clean data were filtered from the
raw data using FASTP (Chen et al., 2018) and aligned to the
Triticum aestivum reference genome using HISAT2 (Kim
et al., 2015). The FPKM (Roberts et al., 2011) of each gene
was calculated, and the read counts of each gene were ob-
tained using HTSeq‐count (Anders et al., 2015). Differentially
expressed genes were screened using DESeq. 2 (Love et al.,
2014), where genes that met the thresholds of fold‐change
≥ 2 and P‐value≤ 0.05 were defined as DEGs.

Based on the hypergeometric distribution and GO and
KEGG pathways, enrichment analysis of DEGs was per-
formed to screen for significantly enriched terms using
R (v 3.2.0). All raw reads were submitted to the National
Center for Biotechnology Information (NCBI).

Data availability statement
RNA‐seq data from this article can be found in the GenBank
data libraries under accession numbers: SRP071191,
SRR31770812, SRR31770813, SRR31770814, SRR3177
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