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ABSTRACT
Drought is a major environmental stress limiting
global wheat (Triticum aestivum) production. Ex-
ploring drought tolerance genes is important for
improving drought adaptation in this crop. Here, we
cloned and characterized TaTIP41, a novel drought
tolerance gene in wheat. TaTIP41 is a putative
conserved component of target of rapamycin (TOR)
signaling, and the TaTIP41 homoeologs were ex-
pressed in response to drought stress and abscisic

acid (ABA). The overexpression of TaTIP41 en-
hanced drought tolerance and the ABA response,
including ABA‐induced stomatal closure, while its
downregulation using RNA interference (RNAi) had
the opposite effect. Furthermore, TaTIP41 physi-
cally interacted with TaTAP46, another conserved
component of TOR signaling. Like TaTIP41,
TaTAP46 positively regulated drought tolerance.
Furthermore, TaTIP41 and TaTAP46 interacted with
type‐2A protein phosphatase (PP2A) catalytic
subunits, such as TaPP2A‐2, and inhibited their
enzymatic activities. Silencing TaPP2A‐2 improved
drought tolerance in wheat. Together, our findings
provide new insights into the roles of TaTIP41 and
TaTAP46 in the drought tolerance and ABA re-
sponse in wheat, and their potential application in
improving wheat environmental adaptability.
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INTRODUCTION

Wheat (Triticum aestivum) is one of the most important
staple crops for global food security. As wheat is mainly

grown in arid and semi‐arid areas, drought is a major factor
limiting its production—>40% of the world's wheat fields are
subject to drought stress (Lan et al., 2022). Moreover, due to
global climate change, drought stress is becoming increas-
ingly frequent and more extreme, leading to severe wheat
yield losses; therefore, identifying and utilizing potential
drought tolerance genes is of great significance in improving

the adaptability of this essential crop. Many drought toler-
ance genes have been characterized in plants through a
combination of genetic, biochemical, and physiological
approaches. In wheat, drought tolerance genes are widely
involved in the regulation of multiple biological processes,
including root development, stomatal aperture, and water
use efficiency. TaNAC071‐A was selected as a candidate
gene involved in wheat drought tolerance using a genome‐
wide association study. Further analysis revealed that a
108‐bp insertion in the promoter of TaNAC071‐A, which can
be bound and activated by TaMYBL1, enhances its
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expression, and the wheat plants overexpressing TaNAC071‐A
or carrying the 108‐bp insertion allele showed higher drought
tolerance through improved water use efficiency (Mao et al.,
2022a). Moreover, a wheat DREB transcription factor gene
(TaDTG6‐B) was identified as a positive regulator of drought
tolerance. A 26‐bp gain‐of‐function deletion in the TaDTG6‐B
coding region resulted in its stronger transcriptional activation,
protein interactions, DNA binding activity, and ultimately a
greater drought tolerance in wheat seedlings (Mei et al., 2022).
As a complex quantitative trait, drought tolerance is controlled
by numerous genes, and many genetic components and mo-
lecular mechanisms involved in wheat drought tolerance have
yet to be investigated.

Abscisic acid (ABA) is one of the most important phyto-
hormones involved in environmental stress responses
(Nakashima and Yamaguchi‐Shinozaki, 2013). The Pyr-
abactin Resistance 1/PYR1‐like/Regulatory Components of
ABA Receptors (PYR1/PYL/RCAR) proteins (PYLs), type‐2C
protein phosphatases (PP2Cs), and SNF1‐related protein
kinases 2 (SnRK2s) are the core components of ABA sig-
naling (Cutler et al., 2010). The ABA signaling pathway plays a
key role in plant drought tolerance by inducing stomatal
closure and reducing water loss (Munemasa et al., 2015). In
wheat, the overexpression (OE) of TaPYL1‐1B exhibited en-
hanced ABA sensitivity and higher drought tolerance. A fa-
vorable allele, TaPYL1‐1BIn‐442, carrying a MYB recognition
site insertion in its promoter, increased drought tolerance in
wheat germplasm (Mao et al., 2022b). The ectopic ex-
pression of TaSnRK2.10 also conferred drought tolerance by
decreasing water loss (Zhang et al., 2023). Other compo-
nents such as transcription factors and signaling proteins
also participate in linking ABA signals to their responses in
plant cells. Despite their importance, very few ABA signaling
components have been characterized in regard to their
drought tolerance roles in wheat, and the molecular network
linking ABA signaling and the drought response remains to
be elucidated.

The target of rapamycin (TOR) is a typical Ser/Thr protein
kinase belonging to the phosphoinositide 3‐kinase‐related
kinase family and is structurally and functionally conserved
among eukaryotes (Dobrenel et al., 2016). Recently, plant
TOR signaling has emerged as a central regulatory hub that
integrates diverse internal and external cues to regulate
growth, development, and stress responses (Dobrenel et al.,
2016; Liu and Xiong, 2022). In yeast, one of the major
channels for TOR signaling is type 2A phosphatase‐
associated protein 42 kDa (TAP42) (Huber et al., 2009). The
plant ortholog of TAP42, TAP46, is a positive downstream
effector of the TOR signaling pathway in Arabidopsis thaliana
and Nicotiana tabacum (Ahn et al., 2011, 2015). Furthermore,
the TAP42‐interacting protein of 41 kDa (TIP41), first identi-
fied as a TAP42 binding protein, acts as an inhibitor of the
TOR signaling pathway by antagonizing TAP42 in yeast
(Jacinto et al., 2001). Furthermore, yeast TIP41 can interact
with the PP2A, PP4, and PP6 catalytic subunits (Gingras
et al., 2005). TIPRL, the mammalian TIP41 ortholog, also

demonstrates a similar ability to bind to α4 (the mammalian
TAP42 ortholog) and the PP2A, PP4, and PP6 catalytic
subunits (Nakashima and Tanimura‐Ito, Oshiro, et al., 2013).
The A. thaliana TIP41 protein showed a conserved interaction
with the catalytic subunit of PP2A, but not with TAP46, in
yeast two‐hybrid assays (Punzo et al., 2018a). Interestingly,
both TAP46 and TIP41 are involved in the ABA response in
plants. TAP46 can interact with the ABA‐regulated tran-
scription factor ABA INSENSITIVE5 (ABI5), preventing PP2A
protein phosphatases from dephosphorylating ABI5 and
positively regulating the ABA response (Hu et al., 2014), while
TIP41 directly interacts with PP2A and modulates the ABA
response in A. thaliana (Punzo et al., 2018a). ABA signaling
thus shows crosstalk with TOR signaling, and the compo-
nents of TOR signaling may modulate the ABA response and
drought tolerance.

In this study, we aimed to explore the functions of
TaTIP41 and TaTAP46, two conserved components of the
TOR signaling pathway, in drought tolerance regulation and
the ABA response in wheat. We characterized TaTIP41 ho-
moeologs and demonstrated that the OE and RNA interfer-
ence (RNAi)‐mediated silencing of TaTIP41 significantly al-
tered drought tolerance and ABA‐induced stomatal closure,
indicating that TaTIP41 is a positive regulator of drought
tolerance and the ABA response in wheat. Next, we con-
firmed that TaTIP41 physically interacts with TaTAP46 in vivo,
and our transgenic assays indicated that TaTAP46 positively
regulated drought tolerance and the ABA response in a
manner similar to TaTIP41. Finally, we showed that both
TaTIP41 and TaTAP46 interacted with the PP2A catalytic
subunits to inhibit PP2A enzymatic activity and that silencing
TaPP2A‐2 improved drought tolerance in wheat. Our findings
provide new insights into the roles of TaTIP41 and TaTAP46
in drought tolerance and their potential application in the
improvement of stress resistance in wheat.

RESULTS

Isolation and characterization of TaTIP41 homoeologs
in wheat
We isolated potential homoeologs of TIP41, a conserved
component of TOR signaling, using a genome‐wide bio-
informatics analysis of T. aestivum cDNA sequences obtained
from Ensembl plants (IWGSC, 2018). TaTIP41 homoeologs
located on chromosomes 5A, 5B, and 5D were identified as
close homologs of the yeast and A. thaliana TIP41 genes
(Table S1). When we constructed a neighbor‐joining phyloge-
netic tree by aligning the full‐length TIP41 protein sequences
from 21 plant species, TIP41 genes were clustered into three
subgroups: dicotyledons, monocotyledons, and green algae
(Figure S1A). In particular, the conserved TIP41 domain shows
high sequence and structural similarities among the eukar-
yotes, including mammals, plants, and yeast (Figure S1B, C),
confirming that the TIP41 family is an evolutionarily conserved
component of TOR signaling.
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To characterize the TaTIP41 homoeologs, we first inves-
tigated their subcellular localization patterns in wheat proto-
plasts or onion (Allium cepa) epidermal cells. The coding
sequences (CDSs) of the TaTIP41 homoeologs were fused in‐
frame with the gene encoding green fluorescent protein
(GFP), and the resulting constructs were introduced into
wheat protoplasts using the polyethylene glycol (PEG)
method or into onion epidermal cells through particle bom-
bardment (Li et al., 2016; Liu et al., 2020). The TaTIP41 ho-
moeologs exhibited similar subcellular localization patterns;
the GFP fluorescence of the TaTIP41‐5A, ‐5B, and ‐5D fusion
proteins was distributed throughout the cytoplasm and nu-
cleus of the wheat protoplasts or onion epidermal cells
(Figures 1A, S2).

Next, we examined the spatial and temporal expression
patterns of the TaTIP41 homoeologs using quantitative real‐
time PCR (qRT‐PCR). The homoeologs exhibited similar ex-
pression patterns and were constitutively expressed in various
wheat tissues at different developmental stages, but showed
higher expression levels in young developing spikes

(Figure 1B). To test whether TaTIP41 expression is responsive
to drought stress and ABA, we analyzed the expression of the
TaTIP41 homoeologs in seedling leaves over time in response
to treatment with PEG and ABA. Compared with the control
(0 h), both the PEG and ABA treatments induced higher ex-
pression of TaTIP41 homoeologs (Figure 1C, D). After 48 h, the
PEG treatment resulted in a two‐fold increase in TaTIP41‐5A
expression (Figure 1C), while the ABA treatment induced its
expression even more strongly (Figure 1D). By contrast,
TaTIP41‐5D exhibited slower and more durable responses to
both treatments (Figure 1C, D). These PEG‐ and ABA‐induced
expression patterns suggested that TaTIP41 might participate
in drought response and ABA signaling.

TaTIP41 acts as a positive regulator of wheat drought
tolerance
To explore the biological functions of TaTIP41 in wheat, we
generated TaTIP41‐5D OE and RNAi transgenic lines in
the hexaploid wheat cultivar Fielder using Agrobacterium
tumefaciens‐mediated transformation (Wang et al., 2017).

Figure 1. Characterization of TaTIP41 homoeologs
(A) Subcellular localization of TaTIP41 homoeologs in wheat protoplasts. Bars, 10 µm. (B) Spatial and temporal expression patterns of the TaTIP41
homoeologs in wheat. SR, seedling roots; SS, seedling stems; SL, seedling leaves; ER, roots at elongation stage; ES, stems at elongation stage; EL, leaves
at elongation stage; FL, flag leaves at heading stage; 1–5YS, young spikes of 1–5 cm in length; 5D–20D, grains at 5–20 d post anthesis. The values are
presented as means± SD. (C, D) The relative expression levels of TaTIP41 homoeologs in wheat seedling leaves under PEG (C) and ABA (D) treatments.
Wheat seedlings were treated with 15% PEG‐6000 or 100 µM ABA for the indicated times. The values are presented as means± SD.
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Our analysis of the TaTIP41 expression in the seedling leaves
of the wild type (WT) control, OE, and RNAi transgenic lines
using qRT‐PCR demonstrated its upregulation in all three
representative OE lines and downregulation in the three in-
dependent RNAi lines compared with the WT (P< 0.01 in
both cases, Figure S3A, B).

Under normal growth conditions, we did not observe any
obvious developmental differences among the WT, TaTIP41
OE, and RNAi lines (data not shown); however, because
TaTIP41 expression is induced by PEG and ABA, it may
be involved in regulating wheat drought tolerance. To test this
possibility, we assayed WT and transgenic plants at the three‐
leaf stage for drought tolerance. Three representative TaTIP41
OE lines, three representative RNAi lines, and WT plants were
planted in one soil‐containing pot to maintain the same drought

stress conditions, and the soil relative water content (RWC)
was measured at each point to evaluate drought conditions. All
plants were grown to the three‐leaf stage under well‐watered
conditions and then subjected to drought stress without wa-
tering. After 25 d of no watering (soil RWC= 43%), most leaves
of the RNAi lines wilted, whereas only a few leaves of the OE
lines and WT plants showed slight wilting (Figure 2A). After 35 d
without watering (soil RWC= 36%), RNAi lines and WT plants
showed severe dehydration, whereas only the OE lines showed
a moderate dehydration phenotype (Figure 2A). After 5 d of
rewatering (soil RWC= 85%), most OE plants resumed normal
growth, and their survival rates were significantly higher than
those of the WT plants; in contrast, the survival rates of the
three RNAi lines were significantly lower than those of the WT
plants (Figure 2B).

Figure 2. TaTIP41 is a positive regulator of drought tolerance in wheat
(A) Drought tolerance phenotypes of the wild type (WT), three TaTIP41 overexpressing (OE‐L1–L3) lines, and three TaTIP41 RNAi (RI‐L1–L3) lines. Wheat
seedlings at the three‐leaf stage were not watered for 0, 25, and 35 d, after which they were rewatered for 5 d. (B) Survival rates of the WT, TaTIP41 OE‐L1–
L3, and RI‐L1–L3 after drought stress. The values are presented as means± SD. **P< 0.01, indicating significant differences from the WT (analysis of
variance [ANOVA]). (C, D) Malondialdehyde (MDA) content (C) and proline content (D) of WT, TaTIP41 OE‐L1–L3, and RI‐L1–L3 after drought stress. FW,
fresh weight. The values are presented as means± SD. *P< 0.05; **P< 0.01, indicating significant differences from the WT (ANOVA).
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In addition, the altered drought tolerance of the TaTIP41
transgenic lines was correlated with changes in their ma-
londialdehyde (MDA) and proline contents, two important
parameters related to plant drought tolerance. Before
drought stress, the MDA and proline contents showed no
significant differences among the WT, OE, and RNAi lines
(Figure 2C, D). After drought stress, the MDA content was
higher in the RNAi lines but lower in the OE lines than in the
WT (P< 0.01; Figure 2C). In contrast, the proline content was
lower in the RNAi lines but significantly higher in the OE lines
than in the WT under drought stress (P< 0.01; Figure 2D).
Our results indicated that TaTIP41 positively regulates
drought tolerance in wheat.

TaTIP41 positively regulates the ABA response
to promote ABA‐mediated stomatal closure
The rate of leaf water loss is a key factor determining plant
drought tolerance. The water loss rate was measured using

leaves from three representative TaTIP41 OE lines, three
representative RNAi lines, and WT plants. The OE lines lost
water significantly more slowly than the WT leaves, while the
RNAi lines showed faster water loss than the WT (Figure 3A).
Due to the close relationship between ABA‐mediated sto-
matal movement and the water loss rate under drought
stress, we next observed stomatal movement in detached
leaves of the RNAi line (RI‐L1), OE line (OE‐L1), and WT plants
treated with different concentrations of ABA (0, 10, and 20
μM). There were no significant differences in stomatal aper-
tures between the RI‐L1, OE‐L1, and WT plants under the 0
μM ABA treatment (Figure 3B, C), but with increasing ABA
concentrations, the differences became evident. Under 20
μM ABA, the mean stomatal apertures of RI‐L1 were ap-
proximately 1.5‐fold and 3‐fold higher than those of the WT
and OE‐L1, respectively (Figure 3B, C). These results in-
dicated that TaTIP41 promoted ABA‐mediated stomatal
closure.

Figure 3. TaTIP41 positively regulates the ABA response in wheat
(A) Water loss rates of detached leaves from the wild type (WT), TaTIP41 overexpressing (OE‐L1–L3) lines, and TaTIP41 RNAi lines (RI‐L1–L3) at different
time points. (B) ABA‐induced stomatal closure in WT, OE‐L1, and RI‐L1. Stomata were observed in leaf epidermis treated with 0, 10, or 20 µM ABA. Bars,
50 μm. (C) Stomatal aperture (width/length) of WT, OE‐L1, and RI‐L1 treated with 0, 10, or 20 µM ABA. The values are presented as means±SD. *P< 0.05;
**P< 0.01, indicating significant differences from the WT (analysis of variance [ANOVA]). (D–F) Comparison of ABA‐responsive gene expression levels
among WT, TaTIP41 OE‐L1–L3, and RI‐L1–L3 in response to treatment with 100 µM ABA. The values are presented as means±SD. *P< 0.05; **P< 0.01,
indicating significant differences from the WT (ANOVA).
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We further examined the expression levels of
some ABA‐responsive genes, including TaSnRK2.4,
TaSnRK2.5, and TaSnRK2.8 (Ma et al., 2022), in the
seedling leaves of three TaTIP41 OE lines, three RNAi
lines, and WT plants. Before an ABA (100 μM) treatment (0
h), none of the three genes was differentially expressed
among the different genotypes; however, after 12 h of
ABA treatment, all three showed significantly higher ex-
pression levels in the OE lines and lower expression levels
in the RNAi lines than in the WT plants (Figure 3D–F).
These results indicate that TaTIP41 positively regulates
the ABA response, possibly by enhancing the expression
of ABA‐responsive genes.

TaTIP41 interacts with TaTAP46 in plant cells
In yeast, TIP41 participates in TOR signaling by interacting with
the PP2A regulatory subunit TAP42 (Jacinto et al., 2001). As the
plant TIP41/TAP46 and yeast TIP41/TAP42 proteins are con-
served, we speculated that TIP41 could also interact with TAP46
in plants. To confirm the interaction between TaTIP41
(TraesCS5D02G407600) and TaTAP46 (TraesCS5D02G142100),
we performed a firefly luciferase complementation imaging (LCI)
assay and bimolecular fluorescence complementation (BiFC)
assay in tobacco (Nicotiana benthamiana) leaves. The LCI assay
revealed luciferase luminescence following the co‐infiltration of
the leaves with TaTIP41‐nLUC and cLUC‐TaTAP46 (Figure 4A),
indicating a strong interaction between TaTIP41 and TaTAP46 in

Figure 4. TaTIP41 physically interacts with TaTAP46
(A) Luciferase complementation imaging (LCI) assay showing physical interaction of TaTIP41 with TaTAP46 in Nicotiana benthamiana leaves. nLUC, N‐
terminal of LUC; cLUC, C‐terminal of LUC. (B) Bimolecular fluorescence complementation (BiFC) assay showing the interaction between TaTIP41 and
TaTAP46 in N. benthamiana leaf epidermal cells. nYFP, N‐terminal portion of YFP; cYFP, C‐terminal portion of YFP. Bars, 20 µm. (C) Co‐
immunoprecipitation (Co‐IP) assay in N. benthamiana leaves showing the in vivo interaction between TaTIP41 and TaTAP46. TaTIP41‐GFP and Flag‐
TaTAP46 were immunoprecipitated with agarose‐conjugated anti‐GFP monoclonal antibodies, and the immunoblots were detected with anti‐GFP or anti‐
Flag antibodies. The GFP empty vector was used as a negative control.
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plant cells. Similar results were obtained using the BiFC assay: A
strong YFP signal was detected in the cytoplasm and cell
membrane of tobacco leaf cells co‐infiltrated with TaTIP41‐nYFP
and TaTAP46‐cYFP (Figure 4B), whereas the YFP signal
was negligible in the negative controls. In addition, a co‐
immunoprecipitation (Co‐IP) assay showed that the Flag‐
TaTAP46 protein could be co‐precipitated with TaTIP41‐GFP
protein, but not the GFP control (Figure 4C), further confirming
the interaction between TaTIP41 and TaTAP46 in vivo. These
results suggest that TaTIP41 physically interacts with TaTAP46
in plant cells.

TaTAP46 positively regulates wheat drought tolerance
As a TaTIP41‐interacting partner, TaTAP46 might also be
involved in the regulation of wheat drought tolerance. To test
this hypothesis, we first determined whether TaTAP46 ex-
pression is responsive to drought stress and ABA. As ex-
pected, both PEG and ABA induced the expression of
TaTAP46 (Figure S4A, B). Next, we generated TaTAP46‐5D

OE and RNAi lines in the hexaploid wheat cultivar Fielder
using a similar method as for TaTIP41 and verified TaTAP46
expression levels in three independent TaTAP46 OE and
RNAi lines (Figure S5A, B). To evaluate drought tolerance, we
subjected WT and transgenic plants at the three‐leaf stage to
a water deficit treatment, as described earlier. After 22 d
without watering (soil RWC= 45%), the RNAi lines showed
obvious water stress, with most leaves rolled, whereas WT
and OE plants remained green with limited rolling and wilting
(Figure 5A). After 30 d without watering (soil RWC= 37%), the
RNAi lines showed more severe dehydration, while the OE
lines showed less dehydration compared with the WT (Figure
5A). After 5 d of rewatering (soil RWC= 79%), most RNAi
plants failed to recover, resulting in an approximate 29%–
41% survival rate, which was significantly lower than that of
the WT (77% survival rate); by contrast, more than 90% of the
OE plants survived and recovered normal growth (Figure 5B).
In addition, the MDA and proline contents were consistent
with the phenotype and survival rates. After drought stress,

Figure 5. TaTAP46 is a positive regulator of drought tolerance in wheat
(A) Drought tolerance phenotypes of the wild type (WT), three TaTAP46 overexpressing lines (OE‐L1–L3), and three TaTAP46 RNAi (RI‐L1–L3) lines. Wheat
seedlings at the three‐leaf stage were not watered for 0, 22, and 30 d, and then rewatered for 5 d. (B) Survival rates of the WT, TaTAP46 OE‐L1–L3, and RI‐
L1–L3 after drought stress. The values are presented as means± SD. *P< 0.05; **P< 0.01, indicating significant differences from the WT (analysis of
variance [ANOVA]). (C, D) Malondialdehyde (MDA) content (C) and proline content (D) of the WT, TaTAP46 OE‐L1–L3, and RI‐L1–L3 after drought stress.
The values are presented as means± SD. *P < 0.05; **P< 0.01, indicating significant differences from the WT (ANOVA).
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the RNAi lines had significantly higher MDA and lower proline
contents, whereas the OE lines had significantly lower MDA
and higher proline contents than the WT plants (Figure 5C, D).
These results suggest that TaTAP46 is a positive regulator of
wheat drought tolerance, similar to TaTIP41.

TaTAP46 positively regulates the ABA response like
TaTIP41
To test whether TaTAP46 is involved in the ABA response like
TaTIP41, we compared the stomatal movement of detached
leaves from the TaTAP46 RNAi line (RI‐L1), OE line (OE‐L1),
and WT plants treated with different concentrations of ABA
(0, 10, and 20 μM). Under the 10 and 20 μM ABA treatments,
the RI‐L1 plants exhibited larger stomatal apertures than the
WT, while the OE‐L1 plants had narrower stomatal apertures
(Figure 6A, B). We also investigated the expression levels of
the ABA‐responsive genes TaSnRK2.4, TaSnRK2.5, and
TaSnRK2.8 in the seedling leaves of the various genotypes

under an ABA (100 μM) treatment. After 12 h of ABA treat-
ment, all three genes showed significantly higher expression
levels in the OE lines and lower expression levels in the RNAi
lines than in the WT (Figure 6D–F). These results indicate that
TaTAP46 positively regulates the ABA response, like
TaTIP41, by promoting ABA‐mediated stomatal closure and
enhancing the expression of ABA‐responsive genes.

Both TaTIP41 and TaTAP46 inhibit PP2A activity via
their interaction with PP2A catalytic subunits
Previous studies have indicated that TAP46 and TIP41 are
PP2A‐associated proteins in plants (Ahn et al., 2011; Punzo
et al., 2018a). To validate the interaction between PP2As and
TaTIP41 or TaTAP46, we cloned three representative
PP2A catalytic subunits, TaPP2A‐1 (TraesCS7D02G358600),
TaPP2A‐2 (TraesCS5D02G465400), and TaPP2A‐3 (TraesCS
6D02G171400), and used them in a protein–protein interaction
assay. The LCI assays showed that all three TaPP2As could

Figure 6. TaTAP46 positively regulates the ABA response in wheat
(A) ABA‐induced stomatal closure in the wild type (WT), TaTAP46 overexpressing (OE‐L1) line, and Ta‐TAP46 RNAi (RI‐L1) line. Stomata were observed in
the leaf epidermis treated with 0, 10, or 20 µM ABA. Bars, 50 μm. (B) Stomatal aperture (width/length) of the WT, OE‐L1, and RI‐L1 treated with 0, 10, or
20 µM ABA. The values are presented as means±SD. *P< 0.05; **P< 0.01, indicating significant differences from the WT (analysis of variance [ANOVA]).
(C–E) Comparison of the expression levels of the ABA‐responsive genes (TaSNRK2.4, TaSNRK2.5, and TaSNRK2.8, respectively) among the WT, TaTAP46
OE‐L1–L3, and RI‐L1–L3 lines in response to treatment with 100 µM ABA. The values are presented as means± SD. **P< 0.01, indicating significant
differences from the WT (ANOVA).
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interact with TaTIP41 and TaTAP46 (Figures 7A, B, S6A–D).
Co‐infiltration of TaTIP41‐nLUC and cLUC‐TaPP2A‐2 or
TaPP2A‐2‐nLUC and cLUC‐TaTIP41 resulted in effective lu-
minescence generated by the complemented luciferase (Figure
7A, B). Further evidence was obtained through BiFC assays,
which revealed YFP signals in the tobacco leaf cells co‐
infiltrated with TaPP2As‐nYFP and TaTIP41‐cYFP or TaTAP46‐
cYFP (Figures 7C, S6E), indicating that both TaTIP41 and
TaTAP46 interacted with the TaPP2As in plant cells. To further
map the interaction regions of TaPP2As with TaTIP41 and
TaTAP46, we divided the full‐length TaPP2A‐2 protein into two
parts: the N‐terminal region (residues 1–192) and the C‐terminal
region (residues 170–307) (Figure 7D). LCI assays using these
two truncated TaPP2A‐2 constructs revealed that the
N‐terminal and C‐terminal regions mediated the interaction
with TaTAP46 and TaTIP41, respectively (Figure 7E, F). Thus,

TaPP2As might interact with TaTIP41 and TaTAP46 simulta-
neously due to their different interactive regions.

As PP2A interaction partners, TIP41 and TAP46 modulate
PP2A activity in plants (Ahn et al., 2011; Hu et al.,
2014; Punzo et al., 2018a); therefore, we examined the total
PP2A activity in the WT and the TaTIP41 and TaTAP46
transgenic lines. Under normal conditions, the total PP2A
activity was slightly reduced in the TaTIP41 and TaTAP46 OE
lines, but significantly increased in the TaTIP41 and TaTAP46
RNAi lines compared with the WT control (Figure 8A). After
the drought treatment, the total PP2A activity was reduced in
all WT, TaTIP41, and TaTAP46 transgenic lines; however, the
TaTIP41 and TaTAP46 OE lines had significantly lower PP2A
activity, while the RNAi lines had significantly higher PP2A
activity compared with the WT control (Figure 8A). The neg-
ative correlation between PP2A activity and TaTIP41 or

Figure 7. Both TaTIP41 and TaTAP46 physically interact with TaPP2A‐2
(A, B) Luciferase complementation imaging (LCI) assays showing that TaPP2A‐2 interacts with both TaTIP41 (A) and TaTAP46 (B) in Nicotiana benthamiana
leaves. (C) Bimolecular fluorescence complementation (BiFC) assay showing the interaction between TaPP2A‐2 and TaTIP41 or TaTAP46 in N. ben-
thamiana leaf epidermal cells. Bars, 20 µm. (D) Schematic diagrams representing the full‐length and truncated TaPP2A‐2 proteins. (E, F) LCI assays
showing that the C‐terminal region of TaPP2A‐2 interacts with TaTIP41 (E) and the N‐terminal region of TaPP2A‐2 interacts with TaTAP46 (F) in N.
benthamiana leaves.
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TaTAP46 expression levels suggested that both TaTIP41 and
TaTAP46 act as repressors of PP2A activity via interactions
with the PP2A catalytic subunits.

Silencing TaPP2A‐2 in wheat increases drought
tolerance
To further explore the function of the PP2A catalytic subunits
in drought tolerance, we used a virus‐induced gene silencing
system based on the barley stripe mosaic virus (BSMV‐VIGS)
to silence TaPP2A‐2 in wheat seedlings. To control the
drought conditions, control (1× FES buffer), negative control
(BSMV::γ0), and TaPP2A‐2‐silenced (BSMV::TaPP2A‐2)
plants were planted in one pot. After the positive control
plants (BSMV::TaPDS) showed severe photobleaching, all
the plants were subjected to drought stress by discontinuing
watering for 15 d and then rewatered for 5 d (Figure S7A, B).
The phenotypic comparisons and survival rates demon-
strated that silencing TaPP2A‐2 improved drought tolerance
in wheat (Figure S7B, C). Consistent with these results, the
TaPP2A‐2 expression level and the total PP2A enzymatic
activity were significantly reduced in the BSMV::TaPP2A‐2
plants compared with the other controls before and after
drought stress (Figure S7D, E). TaPP2A‐2 expression and the
total PP2A enzymatic activity were downregulated by
drought stress (Figure S7D, E). In addition, we examined the
expression of the ABA‐responsive genes TaSnRK2.4,
TaSnRK2.5, and TaSnRK2.8 and found that their relative
expression levels were all significantly higher in the BSMV::
TaPP2A‐2 plants than in the control plants after drought

stress (Figure S7F). These data indicate that TaPP2A‐2 neg-
atively regulates wheat drought tolerance.

DISCUSSION

TaTIP41 and TaTAP46 are two novel positive
regulators of drought tolerance in wheat
In yeast, TIP41 was identified as a TAP42 binding protein that
antagonizes TAP42 in TOR signaling (Jacinto et al., 2001).
Although TIP41 is highly conserved among eukaryotes, in-
cluding mammals, plants, and yeast (Figure S1), plant TIP41
was originally used as a reference gene in expression assays
because of its ubiquitous expression (Czechowski et al.,
2005). Recent studies in A. thaliana have indicated that TIP41
is involved in the ABA response (Punzo et al., 2018a, b);
however, information on TIP41 functions under environ-
mental stresses, such as drought, is limited. In this study, we
first characterized TaTIP41 homoeologs in wheat and dem-
onstrated that their expression was induced by PEG and ABA
treatments (Figure 1A–D), implying that TaTIP41 might have a
role in wheat drought tolerance. We therefore generated
TaTIP41 OE and RNAi transgenic lines, which were more and
less drought tolerant than the WT, respectively (Figure 2A–D).
We inferred that TaTIP41 is a novel positive regulator of
drought tolerance in wheat. ABA‐mediated stomatal closure
is central to water loss rate and drought tolerance in plants
(Mao et al., 2022b). In our study, TaTIP41 OE promoted ABA‐
mediated stomatal closure, whereas TaTIP41 RNAi had the

Figure 8. Both TaTIP41 and TaTAP46 inhibit PP2A activity in wheat
(A) Measurement of the total PP2A activity in seedlings of the wild type (WT), TaTIP41 overexpressing (OE), TaTIP41 RNAi (RI), TaTAP46 OE, and TaTAP46
RI lines before and after drought stress. The values are presented as means± SD. *P< 0.05; **P< 0.01, indicating significant differences from the WT
(analysis of variance). (B) A proposed working model for the functions of TaTIP41 and TaTAP46 in drought tolerance. The line with a bar indicates negative
regulation, and arrows indicate positive regulation. Drought can induce the expression of TaTIP41 and TaTAP46; TaTIP41, TaTAP46, and TaPP2A may form
a heterotrimer due to their mutual interactions with each other. Both TaTIP41 and TaTAP46 inhibit PP2A activity, and their inhibitory effects on PP2A activity
may enhance the ABA response and drought tolerance in wheat.
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opposite effect (Figure 3B, C). Moreover, some ABA‐
responsive genes had higher expression levels in the TaTIP41
OE lines than in the WT and RNAi lines following an ABA
treatment (Figure 3D–F). Taken together, these results in-
dicate that TaTIP41 positively regulates drought tolerance in
wheat, mainly by promoting the ABA response.

A previous study failed to confirm an interaction between
TIP41 and TAP46 in A. thaliana using yeast two‐hybrid assays
(Punzo et al., 2018a). To rule out possible false‐negative re-
sults in this yeast system, we performed LCI, BiFC, and Co‐IP
assays in tobacco leaves to determine whether TaTIP41 as-
sociates with TaTAP46 in vivo. Indeed, all three assays
pointed to a strong interaction between TaTIP41 and
TaTAP46 in plant cells (Figure 4A–C), providing the first evi-
dence of such an interaction in plants. We also generated
TaTAP46 OE and RNAi transgenic lines and investigated their
drought tolerance phenotypes, revealing stronger and
weaker drought tolerances than the WT to drought stress,
respectively (Figure 5A–D). Consistent with this, TaTAP46 OE
showed a stronger ABA response than the WT and RNAi lines
(Figure 6A–E). These results demonstrated that TaTAP46 also
acts as a positive regulator of drought tolerance and the ABA
response in wheat. Interestingly, TaTIP41 and TaTAP46 have
similar functions in drought tolerance, notwithstanding their
antagonistic roles in TOR signaling (Jacinto et al., 2001).
Collectively, these results led us to infer that the relationship
between TaTIP41 and TaTAP46 is likely to vary between
environmental conditions and signaling pathways; however,
further studies are required to elucidate the mechanisms
underlying the complex relationship between TaTIP41 and
TaTAP46.

TaTIP41 and TaTAP46 are both conserved PP2A
interaction partners and modulate PP2A activity
in wheat
PP2A, a major member of the Ser/Thr phosphatase family,
plays a crucial role in plant development and stress re-
sponses (Janssens and Goris, 2001; Li et al., 2019). PP2As
are heterotrimeric holoenzyme complexes comprising scaf-
folding, regulatory, and catalytic subunits. Accumulating
evidence has revealed complicated roles for these proteins in
ABA signaling. In A. thaliana, the PP2A catalytic subunit
PP2Ac‐2 is a negative regulator of ABA signaling, as the
pp2ac‐2 mutant loses water more slowly than the WT due to
its increased ABA sensitivity (Pernas et al., 2007). In contrast,
several PP2A‐type regulatory subunits interact with SnRK2‐
type protein kinases, positively regulating ABA signaling in
seed germination and stomatal closure and negatively regu-
lating ABA signaling in root growth (Waadt et al., 2015). Thus,
the exact regulatory mechanisms of the PP2As in ABA sig-
naling have yet to be fully elucidated (Yang et al., 2017).

As a conserved PP2A interaction partner, TIP41 interacts
with PP2A catalytic subunits in yeast, mammals, and plants
(Gingras et al., 2005; Nakashima and Tanimura‐Ito, Oshiro,
et al., 2013; Punzo et al., 2018a). TAP46 is a regulatory
subunit of PP2A and interacts with multiple PP2A catalytic

subunits in plants (Ahn et al., 2011). In this study, we con-
firmed that both TaTIP41 and TaTAP46 physically interact
with PP2A catalytic subunits in wheat, including TaPP2A‐1,
TaPP2A‐2, and TaPP2A‐3 (Figures 7A–C, S6A–D), indicating
a conserved mutual interaction between the TaTIP41,
TaTAP46, and PP2A catalytic subunits. In addition, the total
PP2A activity was significantly increased in the TaTIP41 and
TaTAP46 RNAi lines, and decreased in TaTIP41 and
TaTAP46 OE lines, especially after drought stress (Figure 8A).
Consequently, both TaTIP41 and TaTAP46 might inhibit
PP2A activity via interaction with PP2A catalytic subunits.
Interestingly, the N‐terminal and C‐terminal regions of
TaPP2A‐2 interacted with TaTAP46 and TaTIP41, re-
spectively (Figure 7E, F), suggesting that TaTIP41, TaTAP46,
and TaPP2A‐2 might form a complex. In mammals, the PP2A
catalytic subunit forms a heterotrimer with TIPRL (ortholog of
yeast TIP41) and α4 (ortholog of yeast TAP42), and TIPRL
directly inhibits PP2Ac activity in vitro (Smetana and Zanchin,
2007). In A. thaliana, TAP46 represses PP2A activity and
positively regulates ABA signaling by preventing PP2A‐
mediated dephosphorylation of ABI5 (Hu et al., 2014). Con-
sistent with its negative effect on ABA signaling, silencing
TaPP2A‐2 improved the drought tolerance and ABA re-
sponse of wheat seedlings (Figure S4); we therefore inferred
that TaTIP41 and TaTAP46 might interact with the PP2A
catalytic subunits and inhibit PP2A activity to positively affect
ABA signaling and drought tolerance in wheat.

Based on our findings, we propose a working model for
the roles of TaTIP41 and TaTAP46 in the regulation of wheat
drought tolerance (Figure 8B). Mutual interactions exist
among TaTIP41, TaTAP46, and the TaPP2As, possibly
forming a heterotrimer complex to fine‐tune TaPP2A activity.
ABA signaling or drought stress induces both TaTIP41 and
TaTAP46, which repress the activity of TaPP2As to promote
the ABA response and increase drought tolerance in wheat.
This model provides insights into a novel regulatory module
for drought tolerance; however, further genetic evidence is
needed.

TOR signaling is an important pathway in
environmental adaptation but is not fully
exploited in crops
TOR signaling plays a pivotal role in sensing and responding
to nutrient availability, cellular energy status, and stress and
growth stimuli in all eukaryotes (Wullschleger et al., 2006; Liu
and Xiong, 2022). Despite the high conservation of the core
components of TOR signaling, the plant TOR signaling net-
work evolves specific functions on sensing light, phyto-
hormones, and inorganic nutrients for adaptation to plant‐
specific biological processes (Liu and Xiong, 2022). Recently,
previously unknown plant TOR targets have been identified,
such as the BZR1 and EIN2 transcription factors, which are
involved in the regulation of plant growth and stress re-
sponses (Zhang et al., 2016; Fu et al., 2021). Furthermore,
plant TOR signals can be activated or inhibited by many
abiotic and biotic stresses, and TOR signaling shows a wide
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interaction with stress‐related phytohormones, including
ABA, salicylic acid, jasmonic acid, and ethylene, indicative of
its key role in environmental adaptation (Liu and Xiong, 2022).
Expanding the TOR signaling network in the plant responses
to stress may uncover novel regulatory mechanisms for plant
sensing and stress tolerance to modulate their growth and
development. Unfortunately, TOR signaling has not been well
exploited in crops, and little information is available on its
involvement in the resistance to various environmental
stresses, such as drought, salinity, and heat.

Due to the lack of molecular and biochemical assays for
TOR signaling in crops, previous studies mainly focused on
the TOR kinase rather than other components of the process.
TaTIP41 and TaTAP46 were regarded as two putative evo-
lutionarily conserved components of TOR signaling based on
their high sequence and structure similarities among eukar-
yotes (Figure S1). Here, we showed that TaTIP41 and
TaTAP46 are positive regulators of wheat drought tolerance
and the ABA response (Figures 2, 5), indicating a role for TOR
signaling in drought tolerance. Further studies will be needed
to reveal the relationship between other components of TOR
signaling and drought tolerance in wheat. In addition, a pre-
vious study has shown that TaTAP46 is a positive regulator of
grain weight in wheat and that the favorable TaTAP46‐5A
haplotype is associated with higher grain weights (Zhang
et al., 2021); thus, TOR signaling also contributes to grain
development and yield traits. Taking into consideration its
fundamental role in plant growth, development, and the re-
sponse to environmental stresses, the study of TOR signaling
in crops may facilitate its potential application in crop im-
provement for yield enhancement and environmental adapt-
ability.

MATERIALS AND METHODS

Plant materials and treatments
Two common wheat (Triticum aestivum L.) accessions, cv.
Chinese Spring (CS) and cv. Fielder, were used in this study.
CS was used for the gene isolation and expression analysis,
while Fielder was used for the genetic transformation ex-
periments. For the PEG and ABA treatments, the germinated
CS seeds were cultivated in Hoagland solution in a growth
chamber at 20°C (day) and 15°C (night) in a 16‐h light/8‐h
dark photoperiod. At the two‐leaf stage, the seedlings were
transferred into Hoagland solution containing 15% PEG‐6000
or 100 μM ABA. The leaf tissues of treated plants were col-
lected at the indicated time points, immediately frozen in
liquid nitrogen, and stored at –80°C until further use.

RNA extraction and qRT‐PCR
Total RNA was extracted from various wheat tissues using
the RNAprep Pure Plant Kit (Tiangen Biotech, Beijing, China),
and cDNA was synthesized using a FastQuant RT Kit
(Tiangen Biotech). The qRT‐PCR was carried out on an Ap-
plied Biosystems 7500 Real‐time PCR system (Thermo Fisher

Scientific, USA) using SYBR Premix Ex Taq (Takara Bio,
Japan), as described by Liu et al. (2020). The wheat Tubulin
gene was used as the internal reference (Ma et al., 2022). The
relative expression level of each gene was calculated as a
fold‐change value using the comparative CT method (Livak
and Schmittgen, 2001). All assays were performed in tripli-
cate in independent experiments. The primers used in this
study are listed in Table S1.

Subcellular localization
The full‐length CDSs of the TaTIP41 homoeologs were am-
plified from CS cDNA samples and cloned into the pJIT163‐
GFP vector, as previously described (Liu et al., 2020). The
resulting constructs and the control vector were introduced
into wheat mesophyll protoplasts via a PEG‐mediated
method (Liu et al., 2020) or into onion epidermal cells by
particle bombardment (Li et al., 2016). After a 16‐h in-
cubation, the GFP fluorescence was observed using an
LSM880 confocal laser‐scanning microscope (Carl Zeiss,
Germany).

Vector construction and plant transformation
To construct the TaTIP41 OE vector, the full‐length CDS of
TaTIP41‐5D (TraesCS5D02G407600) was amplified from a
CS seedling cDNA sample and cloned into a modified
pCAMBIA3301 vector under the control of the maize Ubi
promoter (Liu et al., 2020). For the TaTIP41 RNAi construct, a
379‐bp sequence derived from the TaTIP41‐5D CDS (nu-
cleotides 122–500) was amplified and sequentially cloned
into the BamHI/KpnI and SacI/SpeI sites of the pWMB006
vector. The resulting construct was double‐digested using
HindIII and EcoRI and then cloned into the corresponding
sites of the pCAMBIA3301 vector to generate the TaTIP41
RNAi construct. Similarly, the full‐length CDS of TaTAP46‐5D
(TraesCS5D02G142100) and a 405‐bp sequence from the
TaTAP46‐5D CDS (nucleotides 612–1,016) were used to
generate the TaTAP46 OE and RNAi constructs, respectively.
All constructs were introduced into the Agrobacterium tu-
mefaciens strain EHA105 and transformed into cv. Fielder,
following a modified A. tumefaciens‐mediated transformation
method (Wang et al., 2017). The T3 generations of the
transgenic lines were used for the phenotypic assessment.

Assays of drought tolerance and water loss rate
The transgenic lines and the WT control were planted in a
single plastic box (43.0 cm × 19.0 cm × 14.0 cm) filled with
soil in a growth chamber at 20°C (day) and 15°C (night) in a
16‐h light/8‐h dark photoperiod. For the drought tolerance
assay, seedlings at the three‐leaf stage were not watered for
approximately 30 d and then rewatered for 5 d. The soil RWC
was measured to evaluate drought conditions following a
previously described method (Ma et al., 2022). Phenotypes
before and after the drought treatment were surveyed and
photographed. The surviving plants of each line were
counted, and the survival rate was determined. For the leaf
water loss assay, detached leaves from 30‐d‐old wheat
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plants were exposed to air, dehydrated at room temperature,
and weighed at the indicated times to calculate the rate of
water loss (Mao et al., 2022b). All experiments were repeated
three times, and representative results are shown.

Measurements of the proline and MDA contents
To measure the proline content, approximately 0.3 g wheat
leaf was homogenized using 3% (w/v) sulfosalicylic acid, and
the homogenate was centrifuged at 10,000 g for 5min. The
supernatant (2 mL) was mixed with 2mL glacial acetic acid
and 2mL acid ninhydrin, and the mixture was incubated in
boiling water for 1 h. Then, 4mL toluene was added to the
mixture, and its absorbance at 520 nm was measured using a
UV spectrometer (UV‐2600; Shimadzu, Japan). A calibration
curve was used to determine the proline content (Bates et al.,
1973). For measurements of the MDA content, approximately
0.3 g wheat leaf was homogenized using 5mL phosphate
buffer (pH 7.8) and then centrifuged at 10,000 g for 20min at
4°C to obtain the supernatant. A mixture of 2mL supernatant
and 5mL 0.5% thiobarbituric acid was incubated in boiling
water for 15 h and then centrifuged at 4,000 g. The MDA
content was calculated using the absorption values at
600, 532, and 450 nm, as described previously (Zheng
et al., 2008).

Stomatal aperture analysis
The stomatal apertures were measured as previously de-
scribed (Ma et al., 2022). In brief, wheat leaves were placed in
a stomatal‐opening solution (50mM KNO3, 10mM MES, 50
µM CaCl2, pH 6.15) for 3 h under a high‐intensity light and
then transferred to a solution containing 0, 10, and 20 μM
ABA for 2 h. The epidermis was detached for stoma ob-
servation using an Axioskop 40 microscope (Carl Zeiss).

LCI and BiFC assays
LCI assays for the interactions between TaTIP41, TaTAP46,
and the TaPP2As were performed in N. benthamiana leaves,
as described previously (Liu et al., 2020). Full‐length TaTIP41
and TaTAP46 CDSs were fused to the N‐terminal and
C‐terminal regions of the LUC reporter gene, respectively
(TaTIP41‐nLUC and cLUC‐TaTAP46). Similarly, full‐length
TaPP2A CDSs were used to generate TaPP2As‐nLUC and
cLUC‐TaPP2As constructs. All nLUC and cLUC derivative
constructs were transformed into A. tumefaciens strain
GV3101 and then co‐infiltrated into N. benthamiana leaves.
LUC activity was imaged and analyzed 48–72 h after infiltra-
tion using the NightSHADE LB 985 Plant Imaging System
(Berthold Technologies, Germany).

For the BiFC assays, the TaTIP41 CDS was cloned into
the pCAMBIA1300‐nYFP and pCAMBIA1300‐cYFP vec-
tors to generate the TaTIP41‐nYFP and TaTIP41‐cYFP
constructs, respectively. Similarly, the TaTAP46 CDS was
used to generate the TaTAP46‐cYFP construct, and the
TaPP2As CDSs were used to generate TaPP2As‐nYFP
constructs. The A. tumefaciens strain GV3101 cells har-
boring the nYFP and cYFP derivative constructs were

co‐infiltrated into N. benthamiana leaves, and YFP fluo-
rescence signals were observed 72 h after infiltration
under an LSM880 confocal laser‐scanning microscope
(Carl Zeiss).

Co‐IP assay
To explore the interaction between TaTIP41 and TaTAP46 in
vivo, the full‐length TaTIP41 CDS was cloned into p1300‐
35S‐GFP to generate the TaTIP41‐GFP construct, and the
full‐length TaTAP46 CDS was cloned into p1300‐35S‐Flag to
generate the Flag‐TaTAP46 construct. The Flag‐TaTAP46
and TaTIP41‐GFP or GFP control constructs were trans-
formed into A. tumefaciens strain GV3101 and then co‐
infiltrated into N. benthamiana leaves, which were harvested
72 h after infiltration. A Co‐IP assay was performed as de-
scribed previously (Li et al., 2023). In brief, the total proteins
were extracted using the lysis buffer comprising 50mM Tris‐
HCl (pH 7.5), 150mM NaCl, 10% glycerol, 1% NP‐40, 1mM
DTT, and 1× protease inhibitor cocktail. Anti‐GFP‐conjugated
magnetic agarose beads (MBL, Japan) were used for the
immunoprecipitation, and anti‐GFP and anti‐Flag antibodies
(1:4,000 dilutions; ABclonal, China) were used for immuno-
blotting analysis.

PP2A activity assay
Wheat seedling leaves (three‐leaf stage) were harvested from
WT and TaTIP41 and TaTAP46 transgenic plants, ground in
liquid nitrogen, and homogenized in an ice‐cold sample
buffer (50mM Tris‐HCl, pH 7.5, 1 mM EGTA, 0.02% β‐
mercaptoethanol, and protease inhibitor cocktail), as pre-
viously described (Ahn et al., 2011). Cell debris was removed
by filtration through Miracloth (Calbiochem, USA), followed
by centrifugation at 20,000 g at 4°C for 1 h. The protein
concentration in the supernatant was determined using a
Bradford protein assay kit (Zomanbio, China). PP2A activity
was measured using the Ser/Thr Phosphatase Assay
System (Promega, USA) according to the manufacturer's
instructions.

VIGS‐induced TaPP2A‐2 silencing
The BSMV‐VIGS method was used to silence TaPP2A‐2
(TraesCS5D02G465400), following the protocol described
previously (Ma et al., 2022). A 173‐bp sequence derived
from the TaPP2A‐2 CDS (nucleotides 669–841) was cloned
into the silencing vector (BSMV::TaPP2A‐2). Wheat seed-
lings at the two‐leaf stage were infected with BSMV::
TaPDS (positive control), 1× FES buffer (control check),
BSMV::γ0 (negative control), and BSMV::TaPP2A‐2, fol-
lowing the method described by Hein et al. (2005). After
infection, the wheat seedlings were sprayed with nuclease‐
free water and wrapped with a plastic film for high hu-
midity. The wheat seedlings were placed in a growth
chamber at 25°C in the dark for 24 h, after which a 16‐h
light/8‐h dark photoperiod was maintained. After severe
photobleaching was observed in the positive control
plants, the growth conditions were set to a 16‐h light/8‐h
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dark photoperiod at a 300 μmol/m2/s light intensity and
temperatures of 20°C (day) and 15°C (night).
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