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HIGHLIGHTS

o TaWAKS is associated with wheat
detached-leaf water loss rate.

« TaWAKS5 perceives drought-induced
pectin fragments (OGs), triggering
stomatal closure.

o Promoter SNP-947
affects TaWAK5 expression and
transcription factor TaPAN binding.
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ABSTRACT

Introduction: Numerous studies have elucidated plants’ drought response, yet how plant leaves perceive
this stress remains unclear.

Objectives: This study aims to deepen the understanding of how leaves perceive and respond to water
loss.

Methods: Detached-leaf water loss rate was detected, which can effectively eliminate the effects of water
absorption and water transport. Subsequently, a genome-wide association study (GWAS) was carried out
on the detached-leaf water loss rate.

Results: There was a significant association between the TaWAK5 (cell wall-associated kinase) gene and the
detached-leaf water loss rate. Phenotypic analyses of overexpression and CRISPR/Cas9-based knockout
lines revealed the function of TaWAKS5 in wheat response to drought stress. Subsequent study exhibited
that drought induced the degradation of pectin into oligogalacturonides (OGs), and OGs have a higher
affinity for TaWAKS5 than pectin does. OGs can activate TaWAK5 kinase, leading to stomatal closure.
Additionally, TaWAKS5 phosphorylates TaSLAC1 (slow anion channel-associated 1), a key component reg-
ulating stomatal movement. A single nucleotide polymorphism site SNP-947 (G/A), at 947 bp of the cis-
element in the TaWAK5 promoter region, is significantly associated with TaWAK5 expression, detached-
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leaf water loss rate and canopy temperature, and leads to the bZIP transcription factor TaPAN
(PERIANTHIA) functioning as a transcriptional activator in haplotype Hap3/4, but not in Hap1/2 of

TaWAKS.

Conclusion: This study suggests that TaWAK5 perceives OGs to activate drought responses in wheat,

highlighting a potential target for enhancing the drought tolerance of wheat.
© 2026 The Author(s). Published by Elsevier B.V. on behalf of Cairo University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Wheat (Triticum aestivum L.) holds the distinction of being the
most extensively grown crop across the globe. It supplies approx-
imately 19% of the total calories that people consume worldwide
[1,2]. As the global demand for food keeps rising and abiotic stres-
ses like drought become more severe, it is urgent to explore the
stress tolerance mechanisms in wheat in order to breed new culti-
vars with high and stable yields [3-5].

Plant cell walls are closely associated with stress responses,
which comprise a variety of polymer compounds, including cellu-
lose, hemicellulose, and pectin [6-8]. Among them, pectin is a
complex polygalacturonic acid, which is mainly composed of 300
to 1000 galacturonic acid units (oligogalacturonides, OGs) con-
nected by a1 — 4 linkages [9]. The characteristics of pectin mole-
cules, including length and degree of esterification, are of vital
importance in numerous biological processes. These processes
span from plant growth and pathogen defense responses to sensing
high salinity-induced disruptions [10-13]. Moreover, both experi-
mental data and computational modelling have demonstrated that
the status of pectin also significantly influences the guard cell’s
stomatal development and movement [14,15]. For instance, in
POLYGALACTURONASE INVOLVED IN EXPANSION3 overexpression
plants, pectin degradation enhances its fluidity, leading to acceler-
ated stomatal movement [16]. Observations of stomata in Ara-
bidopsis thaliana mutants lacking normal pectin have revealed
that reducing pectin molecular mass results in enhanced stomatal
opening [17]. Pectin degradation underlines stomatal pore forma-
tion [18]. Additionally, the methylesterification of pectin at the
polar region modulates cell wall stiffness and limits the opening
of maize stomata [19].

Cell wall-associated kinases (WAKs) belong to the receptor-like
protein kinase family, which is composed of three parts: cytoplas-
mic serine/threonine kinase domain, transmembrane domain and
extracellular domain connected to the pectin fraction of the cell
wall [20,21]. WAKs were initially characterized by their strong
affinity for the cross linked pectin component within the cell wall
[22]. Subsequent studies have indicated the affinity of WAKs for
OGs is significantly higher compared to that for longer pectin poly-
mers [23-25]. WAKs not only regulate cell expansion in various
developmental processes, but also get involved in defending
against pathogens through sensing various pectin states [26-31].
Additionally, several studies have indicated WAKs participate in
responding to wounding, aluminum stress, salt stress and dehydra-
tion [32-36]. WAKs have been detected in diverse plant species,
such as Arabidopsis, Brachypodium, rice, maize, barley and cotton
[37-45]. In wheat, TaWAK2A-800 and TaWAK7 participate in the
pathogen response [46,47]. Nonetheless, the role that WAKs play
in the drought response of wheat is still mostly unclear [48].

Maintaining an appropriate water balance is essential for plants
to function optimally [49]. The water balance process mainly con-
sists of the water uptake, transport and transpiration. In this study,
we analyzed the detached-leaf water loss rate of wheat varieties.
On the premise of eliminating the impacts of water absorption
and water transport, we achieved an in-depth understanding of
how plants sense and cope with water loss.

Results

Genome-wide association study (GWAS) revealed that TaWAKS5 is
associated with detached-leaf water loss rate

A wheat panel comprising 323 accessions was employed to
assess the detached-leaf water loss rate at various time points fol-
lowing leaf detachment. The average detached-leaf water loss rate
was 0.835 times of dry weight at 2 h, 1.99 times at 6 h, 3.27 times
at 12 h, and 5.11 times at 24 h (Fig. S1). The detached-leaf water
loss rates at different time intervals exhibited a significant positive
correlation, with Pearson correlation coefficients ranging from
0.815 to 0.978 (Fig. 1A). The detached-leaf water loss rate was sub-
sequently utilized as the phenotype for genetic analysis (Table S1).
Through GWAS, several peaks where phenotypes were signifi-
cantly correlated with genotypes were identified. Remarkably, a
SNP on chromosome 5A was significantly associated with
detached-leaf water loss rate at 6 h, 12 h, and 24 h (Fig. 1B).

The SNP that showed a significant association was located in the
intron region of TraesCS5A02G043600 (Fig. 1C). This gene encodes a
wall-associated kinase (WAK) that is highly homologous to Ara-
bidopsis WAK5. Consequently, the wheat gene is henceforth desig-
nated as TaWAKS5 (Fig. S2). WAKs were reported to participate in
various stress responses [30]. This suggests that TaWAK5 is a can-
didate gene regulating detached-leaf water loss.

TaWAKS5 is involved in wheat drought tolerance

To confirm TaWAK5's function, TaWAK5 overexpression and
knockout lines were created. Two high TaWAK5 expression lines
(OE3 and OES6, Fig. S3), and two CRISPR/Cas9-based TaWAK5 knock-
out lines which were edited only in genome A (tawak5-1 and
tawak5-2, Fig. S4) were chosen for analysis. The survival rates of
these seedlings under drought condition were examined. After
withholding water for 25 days followed by 5 days of re-watering,
the survival rates of tawak5-1 and tawak5-2 seedlings were 13.3%
and 10.7%, respectively, compared with 26.7% for wild-type Fielder
and 53.9% and 60.0% for overexpression lines, respectively (Fig. 2A,
B). Moreover, the detached-leaf water loss rate was the highest in
tawak5-1, tawak5-2 lines, and higher in Fielder compared with that
in OE3 and OE6 (Fig. 2C). Correspondingly, following 14 days of
drought treatment, the stomatal aperture on the leaf abaxial epi-
dermis of tawak5-1, tawak5-2 seedlings at the three-leaf stage
was the largest, and larger in Fielder compared with that of the
OEs (Fig. 2D). Under drought stress condition, the 1000-grain
weight of OE lines was the highest, and that of tawak5-1 and
tawak5-2 lines was the lowest compared with Fielder (Fig. 2E).
However, no significant difference was observed in other yield-
related traits, such as spike number per plant, grain number per
spike under well-watered or drought stress conditions (Fig. S5).

TaWAKS5 activity is regulated by OGs in response to drought treatment
Previous studies proposed WAKs establish a connection

between the cytoplasm and the extracellular matrix [36,50]. To
investigate the protein localization of TaWAKS5, we constructed a
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Fig. 1. GWAS identified a locus on chromosome 5A showing a significant association with detached-leaf water loss rate. (A) Correlation and frequency distributions of the
detached-leaf water loss rate. The X axis and Y axis represent the detached-leaf water loss rate. The bottom left section depicts scatter plots of detached-leaf water loss rate in
323 accessions. The upper right section depicts the correlation coefficients of detached-leaf water loss rate at different time points. The diagonal panels display frequency
distribution plots. D2h, D6h, D12h, D24h represent the detached-leaf water loss rate at 2 h, 6 h, 12 h and 24 h post leaf detachment, respectively. ***, P < 0.001. (B) GWAS
results for the detached-leaf water loss rate based on the mixed linear model (MLM). Numbers 1, 2, 3, and 4 indicate the GWAS results at time points 2 h, 6 h, 12 h, and 24 h,
respectively. The significance threshold adjusted by the Bonferroni method is denoted by gray circular lines. It is set at P = 2.53 x 105, which is equivalent to 1 divided by
395,675. Red rectangle indicates the focused locus in this study. (C) Manhattan plot of the region around the TaWAK5 genomic locus (38.7 - 41.4 Mbp). The SNPs detected at
various time points are shown by colored dots. The peak SNP is located in the TaWAK5 intron region. The arrows indicate the Gene models (IWGSC_v1.1). The red arrow
indicates the location of TaWAKS5 (TraesCS5A02G043600).
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Fig. 2. Phenotypic characteristics of TaWAK5 overexpression and knockout lines. (A) The seedlings of wild type Fielder, OE3, OE6, tawak5-1 and tawak5-2 before drought, and
after drought followed by re-watering treatments. Three-leaf stage seedlings underwent a 25-day drought treatment and subsequently re-watered. Photo was taken on the
fifth day following re-watering. (B) Seedling survival rates after re-watering. Survival rate is the percentage of seedlings that grow new leaves after rehydration relative to the
total number of seedlings prior to the drought treatment. (C) Detached-leaf water loss rate. Leaves from three seedlings were collected and weighed at predetermined time
intervals. (D) Stomatal aperture was measured on the abaxial epidermis of the second fully expanded leaf before and after a 14-day drought treatment. A minimum of 30
stomata were assessed per replicate, and all experiments were conducted in triplicate. (E) Thousand grain weight comparison. Plants were cultivated under both well-
watered (WW) and drought stress (DS) conditions in two growing seasons of 2022 and 2023. Error bars, + SE. *, t-test with P < 0.05. **, t-test with P < 0.01. ***, t-test with
P < 0.001.

TaWAKS5-GFP fusion protein. Fluorescence signals were observed rescence was restricted to the cytoplasm and plasma membrane.
at the cell boundaries in Nicotiana benthamiana leaves expressing These results indicate TaWAKS5 localizes to the plasma membrane,
TaWAKS5-GFP (Fig. 3A). Following plasmolysis, fluorescence signals cell wall and extracellular matrix, and it has the potential to bind
were localized to the plasma membrane, cell wall and extracellular to extracellular molecules, and may be involved in signaling cellu-
matrix (Fig. 3B). However, in cells expressing the GFP alone, fluo- lar events.
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Fig. 3. TaWAK5 responds to drought treatment and its activity is regulated by OGs. (A, B) Subcellular localization of TaWAKS5 in tobacco leaves. (A) Photos of cells before
mannitol treatment. (B) Photos of plasmolysed cells. Images were taken following a 10 min incubation of the samples in a 0.8 M mannitol solution. Red arrows denote the
plasma membrane of plasmolysed cell. Bars, 20 pum. (C) Molecular mass profile of pectin in Fielder leaves at the three-leaf stage under detached or drought stress treatments.
D6h represents samples detached for 6 h, while DOh represents the original state of detached samples. DS (drought-stressed) represents samples treated by water deprivation
for 2 weeks, and WW (well-watered) represents samples cultivated under well-watered conditions. The mean * SE was obtained from three replicates. (D) OGs levels with
degrees of polymerization (DP, ranging from 2 to 6) in wheat samples under different treatments were analyzed by MALDI-TOF mass spectrometry. The X-axis represents the
mass-to-charge ratio (m/z) corresponding to DP 2-6. The Y-axis indicates the peak area. (E) ELISA assay of recombinant TaWAK5 N-terminal domain interacting with pectin
and OGs. The OD 450 nm reflects the TaWAK5-N domain remaining attached to the coated pectin or OGs, as detected using an anti-GST antibody. The mean + SE was obtained
from three replicates. (F) Autophosphorylation assays of TaWAKS5 protein under pectin or OGs treatment. The upper anti-GFP Western blot analysis of the Phos-tag
polyacrylamide gel showed the autophosphorylated and non-autophosphorylated TaWAK5-GFP. The lower anti-GFP Western blot analysis of polyacrylamide gel indicated
that a similar amount of TaWAK5-GFP protein was utilized. (G) Stomatal aperture of the abaxial epidermis of the second fully expanded leaf either before or under 1 h
treatment with OGs. A minimum of 30 stomata were assessed per replicate, and all experiments were conducted in triplicate. Error bars, * SE. Statistical significance was

determined by a two-sided t-test, * P < 0.05, ** P < 0.01, *** P < 0.001.

Plants infected with pathogen can release OGs from the cell
walls, and these OGs can then trigger defense responses [51]. Addi-
tionally, mechanical stimuli, such as touch, can also modulate the
molecular mass of pectin polymers [11]. Therefore, the effect of
drought on the pectin molecular mass was examined using fast
protein liquid chromatography. The peak of the pectin polymers
in detached 6-hour (D6h) leaves of Fielder seedlings appeared at
fraction #24. In contrast, the peak in leaves detached for 0 h
(DOh) occurred at fraction #21 (Fig. 3C). This suggests that the
molecular mass of pectin was decreased by the detached treat-
ment. Furthermore, the polymers peak of the leaves of the three-
leaf seedlings treated with water deprivation (drought-stressed,
DS) for 2 weeks was observed at fraction #23, while that of the
leaves of the seedlings with well-watered (WW) appeared at frac-
tion #20 (Fig. 3C), indicating that the molecular mass of pectin in
the leaves decreases due to drought treatment. OGs levels were
further quantified by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF). The contents of
0Gs with degrees of polymerization (DP) ranging from 2 to 6 in
D6h leaves were significantly higher than that in DOh leaves
(Fig. 3D). Similarly, OGs levels were elevated in DS leaves com-
pared to WW counterparts (Fig. S6). These results suggest that
drought can induce pectin degradation and the release of OGs.

Previous studies suggested the N-terminal of WAKs can bind
pectin, but its affinity with OGs is stronger than that of pectin
[23-25]. We expressed and purified TaWAK5 N-terminal in vitro
(Fig. S7). Binding of the TaWAK5 N-terminal to pectin or OGs
was examined through enzyme-linked immunosorbent assay

(ELISA) [23,38]. The results showed that TaWAKS5 exhibited dose-
dependent interactions with pectin and OGs. Moreover, TaWAK5
displayed a much higher binding affinity for OGs compared with
pectin (Fig. 3E).

OGs can activate the WAK kinase activity and trigger the patho-
gen defense response in plants [52,53]. Hence, we investigated
whether the protein kinase activity of TaWAKS5 is regulated by
0OGs. Tobacco leaves expressing TaWAK5-GFP were treated with
OGs or pectin, and subsequently, the TaWAK5 protein was
detected using an anti-GFP antibody. Upon treatment with OGs,
autophosphorylated TaWAK5 was detected. In contrast, almost
no autophosphorylated TaWAK5 was observed after treatment
with pectin (Fig. 3F). This indicated that OGs enhance the kinase
activity of TaWAK5. Compared with Fielder treated with OGs for
1 h, the stomatal aperture in the abaxial epidermis of the
tawak5-1 and tawak5-2 lines significantly increased, while that of
OEs significantly decreased (Fig. 3G). The results showed that
exogenous OGs can induce stomatal closure in wheat, with the
most pronounced effect on TaWAK5 overexpression lines and the
least effect on knockout lines, suggesting TaWAK5 responds to
the OGs treatment.

TaWAKS5 interacts with and phosphorylates TaSLAC1

As shown in Fig. 2D, TaWAKS5 exerts a significant influence on
the stomatal aperture under drought conditions. Consequently,
we examined the interaction of TaWAK5 with several known
ABA signaling components, including TaPYL4, TaPP2C158,
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TaSnRK2.10 and TaAREB3, aiming to identify the phosphorylation
substrate of TaWAK5 via the bimolecular fluorescence comple-
mentation (BiFC) assay [54-58]. The results demonstrated a robust
YFP signal when TaSLAC1-YCE and TaWAK5-YNE were co-
expressed (Fig. 4A), suggesting that TaWAK5 could interact with
TaSLAC1 (SLOW ANION CHANNEL-ASSOCIATED1), which is an S-
type anion channel as a key component in regulating stomatal
movement, and its knockdown lines slowed down the reduction
of stomata apertures following drought stress [59-61]. The interac-
tion between TaWAK5 and TaSLAC1 was further verified through
Co-immunoprecipitation (CoIP) assay (Fig. 4B). The proteins
TaWAKS5-C (consisting of amino acids 381-715), TaSLAC1-N (con-
sisting of amino acids 1-194) and TaSLAC1-C (comprising amino
acids 509-575) were purified from Escherichia coli for in vitro phos-
phorylation assay and Phos-tag mobility shift assay. The results
showed that only TaSLAC1-N was phosphorylated when co-
incubated with TaWAK5-C and ATP (Fig. 4C). These results sug-
gested that TaWAK5-C can interact with and phosphorylate
TaSLAC1-N, rather than with TaSLAC1-C.

TaPAN regulates the expression of TaWAKS5 via binding to the
promoter region of Hap3/4

To further explore whether genetic variation in TaWAKS5 is corre-
lated with differences in the detached-leaf water loss rate, we
extracted the TaWAK5 sequence (a 16.1 kb genomic region encom-
passing the promoter and coding region) from 36 chromosome-
assembled wheat accessions sourced from the WheatOmics website
and then analyzed the sequence polymorphism [62,63]. A total of
102 polymorphic loci were identified. Based on 2 polymorphic loci,
i.e. the SNP at —947 bp (A/G, for which a dCAPS molecular marker
was designed) and the SNP at 12,580 bp (C/T, AX-109929811 of
Wheat 660 K SNP Array), the natural population consisting of 323
wheat accessions was categorized into 4 haplotypes (Fig. 5A,
Fig. S8, Table S2). Notably, genotypes carrying haplotype Hap1 and
Hap2 with SNP-947-G exhibited significantly higher detached-leaf
water loss rates compared to those carrying haplotype of Hap3
and Hap4 with SNP-947-A (Fig. 5B). Considering that SNP-947 is sit-
uated within the promoter region of TaWAK5, we speculated that it
might influence the expression of TaWAKS5. The test results demon-
strated that the expression of TaWAK5 in SNP-947-A genotypes was
significantly higher than those in SNP-947-G genotypes (Fig. 5C),
indicating that the SNP-947 affects the expression of TaWAK5.

Through the Plant Transcription Factor Database (https://plant-
tfdb.cbi.pku.edu.cn/), we identified cis-element variations among
the four haplotypes. A PAN (PERIANTHIA) protein binding site
(AAGAAT) was detected at 947 bp upstream of the ATG translation
start site in Hap3/4. In contrast, this binding site was not present in
Hap1/2 because of the A to G variation (Hap1/2: AGGAAT, Hap-3/4:
AAGAAT) (Fig. 5D). PAN, a gene that encodes a bZIP-transcription fac-
tor, was reported to modulate redox homeostasis or responses [64].

Yeast one-hybrid assays were performed to verify whether
TaPAN binds to the promoter region of TaWAK5. The TaPAN was
fused into the pB42AD vector. Hap1/2 and Hap3/4 fragments from
the TaWAK5 promoter region of Fielder and Chinese Spring were
cloned into pLacZi, respectively (Fig. 5D). TaPAN was found to bind
and activate the LacZ reporter gene when the TaWAK5 promoter
region from Hap3/4 is present, but not when the TaWAK5 promoter
region from Hap1/2 is present (Fig. 5E). The results suggested that
TaPAN specifically binds to the Hap3/4 promoter rather than the
Hap1/2 promoter, which can be attributed to the difference in cis-
elements (SNP-947). This difference might result in varying expres-
sion levels of TaWAK5 haplotypes. Furthermore, dual luciferase
(LUC) assay demonstrated that in the presence of the TaPAN effec-
tor, the LUC activity with the TaWAK5 Hap3/4 promoter reporter
constructs was higher than that with Hap1/2 constructs (Fig. 5F).

Journal of Advanced Research xxx (xXxx) xxXx

These findings imply that TaPAN functions only as a transcriptional
activator for TaWAK5 from Hap3/4 and not for that from Hap1/2.
The previous studies have shown that SNP-947 has a significant
effect on detached-leaf water loss rate, so we further investigated
its effects on the relevant physiological traits of the wheat panel
of 323 accessions. As depicted in Fig. 5G, the canopy temperature
of wheat accessions with SNP-947-A was significantly lower than
that of accessions with SNP-947-G in 13 out of 20 environments.

Discussion

Stomatal transpiration is the main way of water loss in plant
leaves. The detached-leaf water loss rate assay provides a straight-
forward method to evaluate the water retention capacity of the
leaves by measuring the weight of detached leaves. This method
eliminates the need to consider variations in water absorption
and transport within plants. GWAS has revealed that TaWAKS5 is
highly associated with the detached-leaf water loss rate. It was dis-
covered that drought can induce the production of low-molecular-
0Gs, and TaWAKS5 exhibits a higher affinity with OGs compared to
longer pectin polymers, and these OGs can activate TaWAKS5 kinase
activity and prompt stomatal closure.

Challenges in identifying primary drought stress sensors

Drought can directly cause numerous physical and chemical alter-
ations in biomolecules within plant cells, initiating a series of stress
responses [65,66]. Therefore, identifying the primary drought stress
sensors is highly challenging. Multiple methods have been employed
to uncover the primary sensors of drought stress [67,68]. A compre-
hensive review has summarized both membrane macromolecules
(such as nuclei, plasma membranes, endoplasmic reticulum) and
membraneless macromolecules (such as stress granules, speckles,
and those involved in liquid-liquid phase separations) that have the
ability to sense and signal abiotic stress [69-71]. Previous studies
mainly focused on how roots sense water shortage in the soil and then
transfer this signal to the above-ground tissues to trigger drought tol-
erance [72-79]. Our results suggest that OGs from plant leaf cell walls
could be considered as a potential signaling molecule of drought stress.

Role of OGs as signaling molecules

During pathogen infection or wounding, OGs can be released
from the cell wall, perceived by WAKs, and activate plant immunity
or mechanical wounding responses, thus serving as plant damaged-
associated signaling components [33,52,80,81]. Short OGs have also
been regarded as a type of dark-related signal for regulating the
elongation of hypocotyl in plant during photomorphogenesis [82].
Additionally, an interaction between FERONIA (FER) and pectin
was observed in Arabidopsis, indicating that FER might be able to
detect cell-wall properties, and pectin fragments (potentially OGs)
could act as sensors during salt stress [13]. Our study demonstrated
that OGs can induce stomatal closure in wheat leaves, suggesting
OGs play a universal role as signaling molecules. However, it
remains to be investigated how plants distinguish these various
stresses and trigger different responses through OGs [83]. One
potential explanation is that different receptors might recognize
varying lengths of OGs, leading to distinct responses.

Pectin dynamics in drought adaptation

Pectin status plays a fundamental role in plant drought responses.
Pectin characteristics, including polymer length and esterification
degree, influence guard cell development and movement [14-18].
Recent studies reveal that polar-enriched methylesterified pectin
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modulates wall stiffness and limits maize stomatal opening [19]. Evo-
lutionarily, increased pectin concentration enhances leaf drought tol-
erance by improving cell wall flexibility in dry forests [84]. Our
findings add another dimension: drought-induced pectin degradation
produces OGs that activate TaWAK5 signaling for stomatal closure.
Thus, pectin dynamics, such as polymer length, methylesterification
status, evolutionary concentration, or degradation products, may all
contribute to plant drought adaptation.

Relationship between Ca®* and OGs signaling

In addition to being recognized as a drought stress signaling mole-
cule, Ca®* has also been proven to be involved in pectin-related pro-
cesses [68,72]. The binding of Ca?* ions with the pectin backbone
promotes the formation of calcium bridges (known as “egg box”
structure) [85]. Additionally, through Ca®* signaling, FER has been
observed to interact with pectin to sense high salinity stress [13].
The interaction between WAKs and cell wall pectin is dependent on
Ca2* [23]. Therefore, the relationship between Ca?* and OGs signaling,
and how they crosstalk with each other requires further study.

Conclusion

Overall, our findings suggest that TaWAKS5 is of significant
importance in wheat leaf sensing drought stress. Through its extra-
cellular domain, TaWAK5 is capable of sensing the dynamic
changes occurring in the cell wall and delivering this signal into
the cell through the cytoplasmic kinase domain.

Materials and methods
Growth conditions and detached-leaf water loss rate assay

The wheat plants were cultivated in containers
(80 cm x 40 cm x 20 cm, length x width x height) under a

removable rain-off shelter until three-leaf stage, as described
previously [56]. All leaves were cut from 3 seedlings of each
accession and placed on weighing paper. The leaves were placed
at room temperature and under 30% relative humidity, and then
weighed at predetermined time intervals. The percentage of leaf
water loss relative to leaf dry weight was calculated as
detached-leaf water loss rate [86]. Three biological replicates
were performed.

GWAS of detached-leaf water loss rate

A wheat panel of 323 accessions, previously genotyped using
the Wheat 660 K SNP Array, was used for GWAS of detached-leaf
water loss rate [87,88]. GWAS between genotype and phenotype
was performed as previously described using TASSEL 5.0 software
based on the mixed linear model (MLM) combined with the kin-
ship (K) and population structure (Q), using the best linear unbi-
ased prediction (BLUP) approach.

Phylogenetic tree construction for WAK

The full-length amino acid sequence of TaWAK5-A was utilized
as a query. By conducting a BLAST search of proteins in the NCBI
database, members of the WAK family were identified across
diverse plant species. Homologous WAKs were then aligned with
the aid of DNAMAN. To construct a phylogenetic tree, the full-
length proteins were processed using the maximum likelihood
method implemented in the Molecular Evolutionary Genetics
Analysis (MEGA) software, version 5.2.

Analysis of TaWAK5 protein structure
Transmembrane region in the TaWAK5 protein was predicted

through DeepTMHMM (https://services.healthtech.dtu.dk/ser-
vices/DeepTMHMM-1.0/).
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a two-sided t-test, * P < 0.05, ** P < 0.01, *** P < 0.001.

Generation of transgenic wheat

For gene overexpression lines, the coding sequence of TaWAK5
was synthesized in its entirety (Sangon Biotech, China) and then
inserted into the pWMB110 vector, which harbors the ubiquitin
promoter. For gene knockout mutants, four primers were designed
for the TaWAK5 gene. Each primer contained two 19 bp specific
sequences. Subsequently, the pCBC-MTI1T2 fragments were
inserted into the CRISPR/Cas9 vector pBUE414, with two guide
RNAs for targeted modification. The immature embryos of the
spring bread wheat cultivar Fielder were utilized for transforma-
tion, mediated by Agrobacterium tumefaciens EHA105, of the con-
structed vectors. Transgenic To, T; and T, wheat seedlings were
screened using QuickStix Kit for PAT/bar. For real-time PCR detect-
ing gene expression, the three-leaf wheat seedlings of TaWAK5
overexpressed T3 homozygous lines were employed. The targeting
sites of TaWAK5 knockout T; homozygous lines were identified
through PCR and sequencing. Homozygous transgenic lines were
chosen to conduct phenotypic observation. Primers are listed in
Table S3.

Physiological experiments, OGs treatment and yield-related trait
analysis

Seedling survival rate evaluation under drought conditions,
stomatal aperture and yield-related traits were measured as
described before [56]. Briefly, the seedlings at the three-leaf stage
were deprived of water for 25 days. Survival rate was examined on

the fifth day after re-watering. Using the seedlings before and after
2-week water deprivation as the plant materials, Arabic gum was
applied on the abaxial epidermis of the second fully expanded leaf
to observe stomata. The stomatal aperture was photographed
under a microscope and measured by Image ] software. Addition-
ally, wild type, overexpression and knockout seedlings were
sprayed with 200 pg-ml~! OGs. Before and after 1 h treatment,
stomatal aperture was detected through applying Arabic gum.
For yield-related trait analysis, plants were cultivated in the field
within a removable rain-off shelter for the drought stress (DS)
treatment and in the corresponding well-watered (WW) plots in
two growing seasons of 2022 and 2023. After the harvest, the num-
bers of spikes per plant, the number of grains per spike, and the
thousand-grain weight were documented.

Subcellular localization

The coding sequence of TaWAK5 was integrated into the pCAM-
BIA1300 vector, which harbors the CaMV 35S promoter and a GFP
tag, via seamless DNA cloning at restriction enzyme sites of Xba |
and Kpn 1 using In-Fusion® Snap Assembly Master Mix (638947,
Takara, USA). The construct vector and empty GFP vector were
transformed into Agrobacterium GV3101 and then infiltrated into
4-week-old tobacco leaves, separately. After a 48 h incubation,
the GFP fluorescence signal was visualized using a Zeiss LSM880
confocal microscope. For plasmolysis, the samples were immersed
in 0.8 M mannitol solution for 10 min, and then the plasmolysis
was observed with the microscope. Primers are listed in Table S3.
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Protopectin (water-insoluble pectin) extraction, fractionation and
content detection

Protopectin extraction and content detection were performed
according to the manufacturer’s protopectin content assay kit instruc-
tion (BC3685, Solarbio, China). Briefly, 1 g of sample was pulverized
into a fine powder using liquid nitrogen. The obtained powder was
suspended in 1 ml of extraction buffer I and incubated at 95°C for
20 min. The cell wall residue was harvested through centrifugation,
re-suspended in 1.5 ml extraction buffer I twice, then in 100% acetone
twice. Starch was removed by treatment with 1 ml extraction buffer II
for 15 h with rotation. After discarding the supernatant, the precipi-
tate was incubated with 1 ml extraction buffer IIl. After centrifuga-
tion, the supernatant is the extracted protopectin.

The protopectin sample was first filtered with a 0.22 pm filter
and then separated using a Superdex 75 10/300 GL (GE Healthcare)
gel filtration column (FPLC) [11]. Gel media were pre-equilibrated
using 0.1 M sodium acetate buffer. Subsequently, each sample was
applied to a 24 ml column and subjected to elution at a flow rate
of 0.5 ml/min. A total of forty-eight fractions, with each fraction con-
taining 500 pu of elution, were harvested and assayed for protopectin
content. A molecular weight size standard kit (SigmaAldrich,
MWGF200) was employed to estimate the molecular mass.

Protopectin content was determined also according to pro-
topectin content assay kit instruction (BC3685, Solarbio, China).
Briefly, 25 pl of each fraction was combined with 200 pl detection
solution I, treated at 90°C for 10 min, and cooled to room temper-
ature. For the background absorbance control, each sample was
combined with 25 pl detection solution II, while each sample
was combined with 25 pl detection solution IIl as measured frac-
tion. All samples were kept at room temperature for 30 min, after
which the absorbance at 530 nm was determined. A series of con-
centrations of galacturonic acid was employed to generate a stan-
dard curve for calculating the sample content. The experiment was
repeated three times.

OGs extraction and content determination

Endogenous OGs from cell wall material were isolated and
quantified as previously described [23,38]. For matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) analysis, OGs were mixed with 2,5-
dihydroxybenzoic acid (DHB) matrix at a ratio of 1:1 (v/v). The
experiment was performed using a Bruker ultrafleXtreme instru-
ment at the Institute of Biophysics, Chinese Academy of Sciences
in Beijing. Data were collected and analyzed using FlexAnalysis
software.

Protein expression and purification

The TaWAKS5 N-terminal and C-terminal were fused into pGEX-
4T1 vector carrying a GST tag via seamless DNA cloning at an EcoR
and Sal I restriction site, respectively. Briefly, proteins were
induced in Transetta strains. Specifically, 0.5 mM IPTG was added,
and the strains were cultured at 16°C and 75 rpm for 8 h. Subse-
quently, the culture was harvested by centrifugation at 6000 g
for 10 min at 4°C. The resulting pellet was resuspended in PBS sup-
plemented with PMSF and a protease inhibitor cocktail and then
subjected to sonication for 10 min. Following centrifugation, the
supernatant was subjected to an incubation process with Glu-
tathione Resin (L00206, GenScript, China) at 4°C for 2 h. After the
resin was washed three times with PBS, the bound proteins were
eluted from the resin using a GSH buffer (composed of 50 mM
Tris-HCI, pH 8.0, and 10 mM GSH).

The TaSLAC1 N-terminal and C-terminal were fused into pMAL-
c5X vector carrying MBP tag via seamless DNA cloning at a Not |
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and EcoR [ restriction site, separately. Briefly, proteins were
expressed in BL21 (DE3) strains with 0.5 mM IPTG for 8 h at
28°C, 100 rpm. The culture was collected by centrifugation at
6000 g for 10 min at 4°C, re-suspended in PBS (with PMSF and
cocktail) and sonicated for 10 min. After centrifugation, the super-
natant was incubated with Anti-MBP Magnetic Beads (E8037S,
NEB, China) for 2 h at 4°C. After being rinsed three times with
PBS, the proteins were purified from the resin using a 10 mM mal-
tose elution buffer. The concentration of the purified protein was
determined at a wavelength of 595 nm using the Quick Start Brad-
ford Dye Reagent (5000205, Bio-Rad, USA). BSA was employed to
generate a standard curve for the measurement. Primers are listed
in Table S3.

Interaction analysis of protein with pectin and OGs

Oligogalacturonides were obtained from 1% polygalacturonic
acid (P3850, Sigma, USA) according to the protocol reported in pre-
vious studies [38,89]. WAK-pectin/OGs interactions were analyzed
through a modified enzyme-linked immunosorbent assay (ELISA)
as described previously following the manufacturer’s ELISA kit
instruction (SEKF-105, Solarbio, China) [23,38]. Briefly, microplates
were pre-treated with polylysine-HBr for 1 h. Pectin or oligogalac-
turonides (OGs) at concentrations of 1, 5, and 10 pg, which were
dissolved in coating buffer, were added to each well. The plates
were then incubated overnight at 4°C to coat the wells. After that,
the wells were blocked with blocking buffer. Next, 250 ng of
recombinant TaWAK5 N-terminal protein was added to the wells.
Subsequently, the wells were thoroughly washed three times to
eliminate unbound protein. Afterward, a GST tag antibody
(CW0084, CWBIO, China) was used as the primary antibody at a
1:1000 dilution, and goat anti-mouse horseradish peroxidase
(HRP) (A21010, Abbkine, China) was employed as the secondary
antibody at a 1:5,000 dilution. These antibodies were applied to
detect the proteins that remained bound to the polysaccharides.
Finally, the HRP substrate reagent and terminal reagent were uti-
lized to measure the absorbance at 450 nm, aiming to quantify
the protein bound to the polysaccharide.

Bimolecular fluorescence complementation (BiFC) assay

The CDS of TaSLAC1 and TaWAK5 was fused into the YCE or YNE
vector at Pac I and Spe I restriction sites via seamless DNA cloning
technology, and separately introduced into GV3101. These distinct
constructs were combined and infiltrated into 4-week-old tobacco
leaves. Approximately 48 h after infiltration, YFP signals were
detected under a confocal laser-scanning microscope (Zeiss
LSM880, Germany). Primers are listed in Table S3.

Co-immunoprecipitation (ColP) assay

The CDS of TaSLAC1 was fused into the pCAMBIA1300 vector,
which contains the CaMV 35S promoter and a Flag tag, through
seamless DNA cloning at Xba I and Sal I sites. The construct was
introduced into GV3101 and distinct combinations were injected
into tobacco leaves, separately. ColP was carried out following
the protocol described in a previous study [56]. Primers are listed
in Table S3.

Kinase activity assay, in vitro phosphorylation assay and Phos-tag
mobility shift assay

For protein kinase assays, 200 pg-ml~™' OGs or pectin was
sprayed on 4-week-old tobacco leaves expressing the TaWAK5-
GFP construct. Proteins were extracted 1 h post-treatment and sep-
arated on polyacrylamide gel and Phos-tag polyacrylamide gel.
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Anti-GFP (dilute at 1:2000, AE030, ABclonal, USA) was used for
detection of TaWAK5-GFP. In vitro phosphorylation assays were
carried out as follows. The MBP-tagged TaSLAC1-N or TaSLAC1-C
protein was incubated together with GST-tagged TaWAK5-C pro-
tein in a kinase reaction buffer. The total volume of the reaction
system was 30 pl, and the reaction was conducted at 30°C for
60 min, either in the presence or absence of ATP. The reaction
was terminated by the addition of an equal volume of 2 x SDS sam-
ple loading buffer. Once boiled at 95°C for 5 min, the proteins were
resolved on polyacrylamide gel and Phos-tag polyacrylamide gel.
The Phos-tag mobility shift assays were executed in accordance
with the manufacturer’s guidelines (AAL-10, Wako, Japan). The
10% Phos-tag gels were prepared with 50 mM Phos-tag and
50 mM MnCl,. The polyacrylamide gel was stained using Coomas-
sie brilliant blue R250. For the immunoblotting detection of the
Phos-tag polyacrylamide gel, anti-MBP antibodies (diluted at
1:3000, CW0288, CWBIO, China) were employed.

TaWAK5 gene expression analysis

To detect effects of SNP-947 (G/A) at 947 bp of the TaWAKS5 pro-
moter region on expression level of TaWAK5, ten randomly
selected accessions’ leaves at the three-leaf stage were harvested
for each haplotype. Total RNA was extracted and real-time PCR
was performed. The TaGAPDH and Tubulin genes were used as
internal controls to normalize the data. Total RNA was isolated,
and real-time PCR was conducted. The TaGAPDH and Tubulin genes
served as internal reference genes to standardize the data.

Marker development

Based on the SNP-947 in the TaWAK5 promoter region, a dCAPS
marker was developed that contains a mismatched nucleotide to
produce a restriction endonuclease site for Xho 1. The first-round
PCR product using genome-specific primers was used as the tem-
plate for the second round of PCR. The second round PCR products
were digested with restriction enzyme Xho I and separated by elec-
trophoresis on 4% agarose gel. Primers are listed in Table S3.

Yeast one-hybrid assays

Yeast one-hybrid assays were performed to check the binding of
bZIP transcription factor TaPAN to the TaWAK5 promoter region. The
CDS of TaPAN was integrated into the pB42AD vector via seamless
DNA cloning at EcoR 1. Hap1/2 (from cv. Fielder) or Hap3/4 (from
cv. Chinese Spring) promoter region of TaWAK5 was fused into
placZi to serve as the reporter gene plasmid. The pB42AD vector
with or without TaPAN was co-introduced along with the reporter
gene constructs into yeast strain EGY48 following standard yeast
transformation protocols. The transformed yeast cells were cultured
on a medium deficient in Ura and Leu and supplemented with x-o.-
gal. The interaction between TaPAN and TaWAK5 promoter was
assessed by LacZ staining [90]. Primers are listed in Table S3.

Dual-luciferase assay of transformed tobacco leaves

The CDS of TaPAN was fused into the effector vector pCAM-
BIA1300, where its expression was driven by the CaMV 35S pro-
moter. Hap1/2 (from Fielder) and Hap3/4 (from Chinese Spring)
promoter regions of TaWAK5 were ligated into the reporter vector
pGreen I 0800-LUC, respectively. The effector and reporter con-
structs were introduced together into GV3101 along with the
pSoup helper plasmid. Forty-eight hours after infiltration, the
activities of firefly luciferase (LUC) and Renilla luciferase (REN)
were determined using the Dual-Glo® Luciferase Assay System
(E2920, Promega) on a multimode reader (TriStar?> S LB942). Pro-
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moter activity was calculated as the ratio of LUC to REN. The
LUC-REN ratio in tobacco plants transformed with the empty vec-
tor (pCAMBIA1300/pGreen II 0800-LUC) was standardized to 1. Pri-
mers are listed in Table S3.

Canopy temperature of wheat

The whole wheat panel was cultivated across 20 distinct envi-
ronments, which were defined by the combinations of year, loca-
tion and treatment. These environments were established at two
sites in Beijing: Changping (40°13’N, 116°13'E) and Shunyi
(40°23'N, 116°56’E). The cultivation spanned two growing seasons
from 2014 to 2016. The treatments included two water regimes:
drought-stressed (DS) and well-watered (WW), either with or
without heat stress (HS). Canopy temperature was measured at
the jointing (J) and grain filling (G) stages [56].

Gene IDs

The sequence data in this article can be found in the Whea-
tOmics database. Gene IDs are TaWAKS5, TraesCS5A02G043600;
TaSLAC1, TraesCS2A02G398000; TaPAN, TraesCS7A02G207100.
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