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TaPPR13, a Pentatricopeptide Repeat Protein Gene
Activated by TaBZR2, Confers Drought Stress Tolerance by
Enhancing the Antioxidant Defense System and Promoting
Retrograde Signaling in Wheat (Triticum aestivum)

Ze-Hao Hou, Wei-Jun Zheng, Lei Zheng, Jing-Yue Wang, Shuang-Xi Zhang, Ji-Tong Wei,
Shu-Hui Yang, Yuan-Chen Jiao, Wen-Jing Cheng, Tai-Fei Yu, Xiao-Fei Ma, Jing-Na Ru,
Yong-Wei Liu, Xin-You Cao, Jun Chen, Yong-Bin Zhou, Ming Chen, Li-Hui Li, You-Zhi Ma,
Xiao-Jun Nie,* and Zhao-Shi Xu*

The wheat (Triticum aestivum) brassinazole-resistant 2 (TaBZR2) gene is
identified as significantly associated with drought tolerance by genome-wide
association study (GWAS), and a chloroplast pentatricopeptide repeat (PPR)
protein gene TaPPR13 functioned as a positive drought stress regulator
downstream of TaBZR2. Overexpression of TaPPR13 enhanced the
antioxidative defense system, whereas knockdown of TaPPR13 led to the
accumulation of reactive oxygen species (ROS) and caused abnormalities in
chloroplast thylakoids under drought stress conditions. RNA-seq analysis
showed that overexpression of TaPPR13 significantly upregulated the
expression of nuclear-encoded genes involved in ROS scavenging and the
abscisic acid (ABA) signaling pathway. Furthermore, TaPPR13 interacted with
TaAOR1 and TaSIG5 to facilitate detoxification and regulate chloroplast gene
expression, thereby enhancing drought tolerance. Overexpression of TaPPR13
and TaAOR1 mediated stomatal closure to reduce water loss, improving
photosynthetic capacity and conferring a yield advantage under drought
stress. These findings show that TaPPR13 promotes retrograde signaling to
alter nuclear gene expression, with the TaBZR2-TaPPR13-TaAOR1/TaSIG5
module representing a novel signaling pathway that likely plays a pivotal role
in drought stress response.
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1. Introduction

Wheat is cultivated globally, particularly
in arid and semiarid regions.[1,2] Conse-
quently, drought stress is themost common
environmental factor limiting wheat cul-
tivation and productivity.[3,4] Plants have
evolved various mechanisms to detect
stress signals and adjust to unfavorable
circumstances,[5,6] with increasing evidence
that chloroplasts play a critical role in stress
response and adaptation.[7–9] Under adverse
conditions, reactive oxygen species (ROS)
are produced in the chloroplasts,[9,10] where
they function as a retrograde signal to
alter the transcriptome network, enabling
adaptation to extreme stress.[5,9] ROS
signaling boosts antioxidative defense by
inducing expression of genes that encode
antioxidant enzymes and abiotic stress
response proteins.[9–13] ROS also serves
as a secondary messenger to participate
in abscisic acid (ABA) signaling.[12,14,15]

AtGPX3, a glutathione peroxidase 3 protein
in Arabidopsis functions as a general ROS
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scavenger and redox transducer in ABA and drought stress
signaling.[15,16] AtCPK8, a calcium-dependent protein kinase 8, is
induced by drought stress and functions in ABA-mediated stom-
atal regulation through phosphorylating AtCAT3 andmodulating
its activity.[17,18]

Pentatricopeptide repeat (PPR) proteins, which constitute one
of the largest protein families in plants,[19–21] participate in
a number of biological processes,[22–24] such as posttranscrip-
tional gene regulation,[24,25] chloroplast development,[23,26] male
fertility,[27,28] and retrograde signaling.[29,30] An increasing num-
ber of studies has highlighted the role of PPR proteins in re-
sponse to abiotic stress.[31–33] The chloroplast-localized PPR pro-
tein GUN1 regulates gene expression and function as an inte-
grator of retrograde signals.[29,30] Loss of function in the mito-
chondrially localized PPR protein PGN caused increased ROS
production and hypersensitivity to salt stress.[31] Overexpression
ofGmPPR4 conferred drought tolerance by enhancing ROS scav-
enging in soybean,[34] whereas knockdown of PPR protein gene
PPS1 increased ROS production and showed hypersensitivity to
abiotic stress.[21]

Although previous analyses indicated the importance of PPR
proteins in response to abiotic stress, little is known about
their functions in wheat under water deficit conditions. In
this study, TaBZR2, a positive drought stress tolerance tran-
scription factor (TF), was identified by genome-wide associa-
tion study (GWAS). TaPPR13 was activated by TaBZR2 and en-
hanced drought tolerance by facilitating ABA-mediated stom-
atal movement. Additionally, we demonstrate that TaAOR1 and
TaSIG5, interact with TaPPR13 to enhance ROS scavenging
by altering the expression of chloroplast genes. These find-
ings provide new insights for modulating wheat drought toler-
ance through the TaBZR2-TaPPR13-TaAOR1/TaSIG5 regulatory
module.

2. Results

2.1. TaBZR2, a Positive Drought Tolerance TF, Promotes
Expression of TaPPR13

We determined the drought tolerance of 282 lines comprising a
panel of 198 accessions introduced from the International Cen-
ter for Research in Dryland Agriculture (ICARDA) and 84 geno-
types from the Chinese Wheat Mini-core Collection (Table S1,
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Supporting Information). The wheat 660K SNP array was used
to identify genetic loci underlying tolerance drought stress. We
noticed that TaBZR2 (TraesCS3D02G139300), a positive drought
tolerance TF gene identified in our previous study,[35] was sig-
nificantly associated with drought tolerance (Figure 1a,b). We
analyzed natural variation in the genomic region of TaBZR2
to further explore its functional significance. We found an In-
Del (insertion-deletion) in the 3′ UTR of the gene, and identi-
fied six haplotypes: Hap I and Hap II alleles were the most fre-
quent haplotypes, whereas Hap III, Hap IV, Hap V, and Hap
VI occurred at relatively lower frequencies (Figure S1a, Sup-
porting Information). Further examination of the association be-
tween the major haplotypes (Hap I and Hap II) showed that
total root length, aboveground fresh weight, root fresh weight,
and total fresh weight of accessions carrying Hap II were signif-
icantly higher than those of accessions carrying Hap I (Figure
S1b–e, Supporting Information). Furthermore, RT-qPCR anal-
ysis showed that genotypes with TaBZR2-Hap II had relatively
higher expression levels than those with TaBZR2-Hap I (Figure
S1f, Supporting Information), suggesting that higher expression
levels of TaBZR2 contributed to increased wheat drought stress
tolerance. TaBZR2-OE plants, which were generated in our previ-
ous study,[35] were subjected to standard field conditions to inves-
tigate the genetic effects of TaBZR2. Under water-limited condi-
tions, the water use efficiency (WUE) and plant agronomic traits
in TaBZR2-OE plants were greater than those of wild-type (WT)
plants (Figure 1c–e; Figure S2, Supporting Information). These
data suggested that TaBZR2 play an important role in tolerance
to drought stress, and indicated that the molecular mechanism
by which TaBZR2 controls drought tolerance should be further
investigated. Transcriptome analysis showed that expression of
TaPPR13 was up-regulated in TaBZR2-OE plants under drought
stress,[35] and comparative transcriptome analysis[36] indicated
that the TaPPR13 gene was induced by drought stress, and ABA
and BR treatments (Figure S3a,b, Supporting Information). We
hypothesized that the expression of TaPPR13 gene might be reg-
ulated by TaBZR2. Transcript factor binding site analysis revealed
eight E-box cis-elements on the promoter of TaPPR13 (Figure S4,
Supporting Information). Though yeast one-hybrid (Y1H) assay,
we confirmed that TaBZR2 binds to the promoter of TaPPR13
(Figure 1f). Regulation of TaBZR2 on the TaPPR13 gene was fur-
ther validated through transient luciferase (LUC) reporter assays
in tobacco leaves. LUC activity driven by the TaPPR13 promoter
was markedly enhanced in the presence of the TaBZR2 pro-
tein (Figure 1g–i). Moreover, EMSA assays showed that TaBZR2
directly and specifically bound to biotin-labeled probes gener-
ated with TaPPR13 promoter fragments containing E-box cis-
elements (Figure 1j). These results indicated that TaBZR2 pos-
itively activates expression of TaPPR13 by binding to the E-box
cis-elements.
TaPPR13, consists of a single 1833 bp exon encoding a pu-

tative 68.3 kDa protein with 13 PPR motifs (Figure S3c,d, Sup-
porting Information). Phylogenetic analysis revealed that the
TaPPR13 protein is closely related to OsWSL5 (Figure S3e, Sup-
porting Information), a chloroplast-targeted PPR protein that
is crucial for chloroplast development.[37] Tissue-specific ex-
pression analysis showed that the TaPPR13 gene is highly ex-
pressed in leaves (Figure S5a, Supporting Information), and
RT-qPCR and GUS staining showed that the transcript level
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Figure 1. TaBZR2 was significantly associated with drought tolerance. (a) GWAS for drought tolerance in wheat seedlings. (b) Association mapping and
pairwise LD analysis of TaBZR2. (c) Phenotypes of WT and TaBZR2 transgenic wheat lines under drought stress in the field. (d) Water use efficiency of
TaBZR2-OE and WT plants under drought stress conditions. Values are means ± SD (p < 0.05, n = 12, one-way ANOVA, Tukey’s HSD test). (e) Grain
length and width phenotypes of transgenic lines and WT plants. (f) Yeast one-hybrid assay verifying interaction between TaBZR2 protein and TaPPR13
promoter. (g–i) Transient luciferase (LUC) reporter assay showing that LUC activity driven by the TaPPR13 promoter was markedly increased by the
presence of TaBZR2 protein in tobacco leaves. Values are means ± SD (p < 0.05, n = 4, Student’s t-test). (j) EMSA assay showing that TaBZR2 can
specifically bind to the TaPPR13 promoter in vitro.

of TaPPR13 was induced by PEG6000, BR and ABA treat-
ments (Figure S5b–e, Supporting Information). Subcellular lo-
calization assays showed that the TaPPR13-GFP fusion pro-
tein was localized in the chloroplast (Figure S5f, Supporting
Information).

2.2. TaPPR13 Positively Regulates Drought Stress Tolerance in
Wheat

To verify the function of TaPPR13 on drought stress toler-
ance, we generated TaPPR13-overexpression (OE) and TaPPR13-
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Figure 2. TaPPR13 positively enhances tolerance to drought stress. (a) Phenotypes of TaPPR13-OE, WT, and TaPPR13-KD plants under water deficit
conditions. (b) DAB and NBT staining of TaPPR13-OE, WT, and TaPPR13-KD plants. (c) Relative water content (RWC) of plants grown under drought
stress. Values are means ± SD (p < 0.05, n = 3, one-way ANOVA, Tukey’s HSD test). (d,e) POD and CAT activities of different plants under drought
stress. Values are means ± SD (p < 0.05, n = 3, one-way ANOVA, Tukey’s HSD test). (f) MDA content of plants under drought stress. Values are means
± SD (p < 0.05, n = 3, one-way ANOVA, Tukey’s HSD test). (g,h) H2O2 and O2

•- content of plants under drought stress. Values are means ± SD (p <

0.05, n = 3, one-way ANOVA, Tukey’s HSD test). (i) WT and transgenic wheat grown under drought stress conditions in the field. (j–l) Photosynthetic
rate (j), transpiration rate, (k) and water use efficiency (l) of WT and transgenic wheat under drought stress conditions. Values are means ± SD (p <

0.05, n = 12, one-way ANOVA, Tukey’s HSD test).

knockdown (KD) transgenic lines in Fielder (Figure S6a–f, Sup-
porting Information) and treated the transgenic seedlings with
25% PEG6000 to induce water deficit conditions. After PEG6000
treatment, aerial biomass and root length were increased in the
TaPPR13-OE lines comparedwith theWT andTaPPR13-KD lines
(Figure S5g–i, Supporting Information), whereas there were no
differences under normal conditions (Figure S6g–i, Supporting
Information). These findings suggested that TaPPR13 positively
regulates drought stress tolerance in wheat.
To further investigate the function of TaPPR13 in drought tol-

erance, we planted the transgenic and WT plants in pots con-
taining the same soil-mix and simultaneously subjected them to
water deficit stress (Figure 2a). DAB and NBT staining demon-
strated that TaPPR13-OE plants exhibited reduced ROS produc-
tion compared to WT and TaPPR13-KD plants under drought
stress conditions (Figure 2b). The TaPPR13-KD plants exhib-
ited lower relative water content (RWC) in their leaves compared
with WT and TaPPR13-OE plants (Figure 2c). Physiological in-

dices revealed that the TaPPR13-KD plants showed lower CAT
and POD activities under drought stress conditions (Figure 2d,e),
whereas there were no differences between WT and transgenic
plants under normal conditions (Figure S7a–g, Supporting Infor-
mation). TaPPR13-OE plants accumulated lower levels of MDA,
H2O2, and O2

•- compared with WT and TaPPR13-KD plants
(Figure 2f–g). The transgenic plants were grown in standard
field conditions to investigate the genetic effects of TaPPR13 dur-
ing flowering. Under water-limited conditions, the photosynthe-
sis rates, transpiration rates, and water use efficiency (WUE)
in TaPPR13-OE plants were greater than those of WT plants
(Figure 2i–l).

2.3. Suppression of TaPPR13 Resulted in Abnormal Chloroplast
Formation Under Drought Stress

Transcriptome analysis carried out to elucidate the molecu-
lar mechanism of TaPPR13-meditated tolerance to drought
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Figure 3. Effects of TaPPR13 on chloroplast formation and expression of abiotic-stress responsive genes. (a) Numbers of differentially expressed genes
(DEGs) between TaPPR13-OE, WT, and TaPPR13-KD plants subjected to drought stress. (b) Heat map representation of DEGs involved in ROS scaveng-
ing and abiotic-stress response based on RNA-seq analysis. (c) TEM images of chloroplast ultrastructure in WT and transgenic plants. (d,e) Chlorophyll
a and b contents in TaPPR13-OE, WT, and TaPPR13-KD plants grown under drought stress. Values are means ± SD (p < 0.05, n = 3, one-way ANOVA,
Tukey’s HSD test). (f–k) RT-qPCR analysis of abiotic-stress responsive genes identified from RNA-seq data from plants grown under drought stress
conditions. Values are means ± SD (p < 0.05, n = 4, one-way ANOVA, Tukey’s HSD test).

stress (Figure S8a, Supporting Information) indicated 1141
up-regulated and 1,480 down-regulated DEGs in TaPPR13-OE
plants, whereas there were 800 up-regulated and 1450 down-
regulated DEGs in the TaPPR13-KD line (Figure 3a). GO en-
richment analysis showed that the DEGs that responded to wa-
ter deprivation, heat, and oxidative stress were significantly up-
regulated in the TaPPR13-OE line under drought stress com-
pared to WT plants (Figure S8b, Supporting Information). In ad-
dition, genes involved in stress response and ROS scavenging,
including TaCAT1, TaGSTs, TaPOD54, TaHSF2, and TaHSP18.6,
were up-regulated in the TaPPR13-OE plants, and down-
regulated in TaPPR13-KD plants, compared with WT plants un-
der drought stress conditions (Figure 3b). Notably, DEGs related
to the chloroplast envelope were significantly up-regulated in
the TaPPR13-OE line under drought stress (Figure S8b, Sup-
porting Information). Since excessive ROS generation causes ox-
idative stress and damages chloroplast ultrastructure,[7,9] TEM
was used to examine the chloroplast ultrastructure in WT and

transgenic plants. Under drought stress, TaPPR13-KD plants
exhibited fractured thylakoid membranes (Figure 3c), whereas
TaPPR13-OE plants maintained higher chlorophyll a and b con-
tents than WT plants (Figure 3d,e). Furthermore, RT-qPCR anal-
ysis was conducted to investigate the variation in expression
patterns of abiotic stress-responsive genes influenced by the
TaPPR13 gene. The results showed that several key genes were
up-regulated following the increased expression of TaPPR13
under drought stress. These included ROS scavenging-related
genes (TaCAT1, TaPOD54, and TaGSTU1), essential ion trans-
porter gene TaHKT4, proline biosynthesis gene TaP5CS2, and
molecular chaperone gene TaHSP4. (Figure 3f–k)

2.4. TaPPR13 Modulates ABA Sensitivity

The ABA transduction pathway plays a role in response to abiotic
stress.[38–40] Transcriptome analysis showed that DEGs known
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Figure 4. TaPPR13 increases ABA sensitivity and reduces water loss in wheat. (a) Heat map representation of DEGs involved in the ABA biosynthesis
and signaling pathways, based on RNA-seq analysis. (b) Phenotypes of TaPPR13-OE, WT, and TaPPR13-KD seedlings after ABA treatment. (c,d) Seedling
height (c) and total root length (d) of TaPPR13-OE, WT, and TaPPR13-KD seedlings. Values are means ± SD (p < 0.05, n = 8, one-way ANOVA, Tukey’s
HSD test). (e–g) Stomatal aperture of TaPPR13-OE, WT, and TaPPR13-KD plant leaves in response to drought stress and ABA treatment. Values are
means ± SD (p < 0.05, n = 15, one-way ANOVA, Tukey’s HSD test). (h) Water loss rate of TaPPR13-OE, WT, and TaPPR13-KD plant. Values are means
± SD (p < 0.05, n = 3, one-way ANOVA, Tukey’s HSD test).

to responded to the ABA signal pathway were significantly en-
riched in TaPPR13-OE plants under drought stress conditions
(Figure S8b, Supporting Information). Additionally, ABA biosyn-
thesis genes (TaNCEDs), SnRK2 genes (TaSAPKs), and key TF
genes in the ABA signal pathway (TaABFs and TaABIs) were
significantly induced in TaPPR13-OE plants compared to WT
plants (Figure 4a). Furthermore, comparison of ABA sensitivity
between TaPPR13-OE, WT and TaPPR13-KD plants (Figure 4b)
showed that seedling height and root length of TaPPR13-OE
plants were significantly more inhibited by ABA than those of
WT and TaPPR13-KD plants (Figure 4c,d). ABA and PEG6000
applied to the leaves indicated increased stomatal closure in
TaPPR13-OE plants compared with WT and TaPPR13-KD plants
(Figure 4e–g), and rate of water loss in TaPPR13-OE lines was re-
duced relative to WT plants (Figure 4h). These results indicated
that TaPPR13 improved resistance to drought stress by enhanc-
ing ABA sensitivity and mediating the ABA signaling pathway.

2.5. TaPPR13 Interacts with TaAOR1 to Enhance Detoxification
Processes

Y2H assays were carried out using TaPPR13 protein as bait to
identify other components of TaPPR13-medited drought stress

response. TaAOR1, a nuclear-encoded chloroplast localized alke-
nal/one oxidoreductase, was identified as the interacting protein
of TaPPR13 (Figure 5a; Figure S9a, Supporting Information).
Through pull-down assays, we confirmed that the TaPPR13-His
protein directly interacts with TaAOR1-GST in vitro (Figure 5b).
Interaction between the TaPPR13 and TaAOR1 proteins was
also confirmed by bimolecular fluorescence complementation
(Figure 5c) and luciferase complementation (Figure 5d) assays.
RT-qPCR analysis to investigate whether TaAOR1 responded

to drought stress showed that the expression level of TaAOR1
was markedly induced under drought stress (Figure S9b,c, Sup-
porting Information), and alignment analysis showed that the
TaAOR1 protein is closely related to AtAOR1 (Figure S9d, Sup-
porting Information). Previous research showed that chloroplas-
tic AtAOR1 contributes to the detoxification under oxidative
stress.[41] To verify the function of TaAOR1 on drought stress
tolerance, we generated TaAOR1-OE transgenic lines in Fielder
(Figure S9e,f, Supporting Information). NBT and DAB stain-
ing indicated that TaAOR1-OE plants exhibited reduced ROS
production compared to WT plants under water deficit stress
(Figure 6b). Furthermore, in vitro degradation assays were per-
formed to check the abundance of TaAOR1-GST protein in leaf-
protein extracts of TaPPR13-OE, WT, and TaPPR13-KD plants.
Our results showed that TaAOR1 abundance was decreased
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Figure 5. Interaction between TaPPR13 and TaAOR1. (a) Verification of protein interaction of TaPPR13 and TaAOR1 by yeast two-hybrid assay. (b) Pull-
down assay demonstrating that TaPPR13 interacts with TaAOR1 in vitro. (c,d) BiFC and LCI assay revealing the interaction between TaPPR13 and TaAOR1
in tobacco leaves.

significantly in TaPPR13-KD plants under drought stress,
whereas TaPPR13-OE plants could stabilize TaAOR1 under
drought stress (Figure 6c).
Under drought stress condition, TaAOR1-OE plants also

exhibited higher RWC in leaves compared with WT plants
(Figure 6d), whereas the WT plants accumulated more O2

•- and
H2O2 than TaAOR1-OE lines (Figure 6e,f). In contrast to the
WT plants, TaAOR1-OE lines showed higher CAT and POD ac-
tivities, but reduced accumulation of MDA (Figure 6g–i). Pho-
tosynthesis and transpiration rates, and WUE of TaAOR1-OE
plants subjected to water deficit at flowering stage were higher
than those of WT controls (Figure 6j–m). Furthermore, TEM

showed that WT plants had abnormal chloroplasts with fractured
thylakoid membranes (Figure S10a, Supporting Information),
whereas the TaAOR1-OE lines maintained thylakoid structure
and had higher chlorophyll a and b contents than theWT (Figure
S10b,c, Supporting Information). RT-qPCR analysis showed that
the expression of abiotic stress-responsive genes wasmore highly
induced in TaAOR1-OE lines than inWT plants when exposed to
drought stress (Figure S10d–i, Supporting Information). Addi-
tionally, ABA sensitivity experiments demonstrated that seedling
height and root length in TaAOR1-OE lines were reduced rela-
tive to WT following application (Figure 7a–c), and both ABA
and PEG6000 increased stomatal closure of TaAOR1-OE lines
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Figure 6. TaAOR1 enhances drought stress tolerance in wheat. (a) Phenotypes of TaAOR1-OE andWT plants under water deficit conditions. (b) DAB and
NBT staining. (c) TaPPR13 stabilizes TaAOR1 under drought stress. In vitro, degradation assays the degradation of TaAOR1-GST in leaf-protein extracts
of TaPPR13-OE, WT, and TaPPR13-KD plants. Ten-day-old plants of TaPPR13-OE, WT, and TaPPR13-KD were treated with or without 20% PEG6000 for 2
days. Immunoblots were probed with anti-GST antibody. Rubisco was used as a loading control. (d) Relative water content (RWC) of TaAOR1-OE andWT
plants under drought stress. Values are means ± SD (p < 0.05, n = 3, one-way ANOVA, Tukey’s HSD test). (e,f) Measurement of H2O2 and O2

•- levels
in different plants under drought stress. Values are means ± SD (p < 0.05, n = 3, one-way ANOVA, Tukey’s HSD test). (g,h) CAT and POD activities in
plants under drought stress. (i) MDA content of different lines under drought stress. Values are means ± SD (p < 0.05, n = 3, one-way ANOVA, Tukey’s
HSD test). (j) Phenotypes of WT and transgenic wheat under drought stress condition in the field. (k–m) Photosynthetic rate, transpiration rate, and
water use efficiency of WT and transgenic wheat grown under drought stress conditions. Values are means ± SD (p < 0.05, n = 12, one-way ANOVA,
Tukey’s HSD test).

comparedwithWTplants (Figure 7d–f), whereas the rate of water
loss in TaAOR1-OE lines was reduced compared with WT plants
(Figure 7g).

2.6. TaPPR13 Interacts with TaSIG5 and Regulate Chloroplast
Gene Expression

TaSIG5, a chloroplast localized sigma factor, was identified
as the interacting protein of TaPPR13 by Y2H assay (Figure
S11a,b, Supporting Information). BiFC assays further showed
that TaPPR13 physically interacts with TaSIG5 within the chloro-
plasts (Figure 8a). Alignment analysis showed that the TaSIG5

protein is closely related to OsSIG5 and AtSIG5 (Figure S11c,
Supporting Information). Previous research showed that SIG5
functioned as a multiple-stress responsive sigma factor that
protected plants from stress by enhancing repair mechanisms
in the PSII reaction center.[42,43] RT-qPCR analysis to investi-
gate whether TaSIG5 responds to drought stress indicated that
the expression level of TaSIG5 was markedly induced under
drought stress (Figure S11d,e, Supporting Information). The
VIGS assay in cultivar Pubingzi300 showed that TaSIG5-silenced
plants had severely wilted leaves and lower chlorophyll con-
tent compared with the control plants under drought stress
(Figure 8b,c; Figure S11f, Supporting Information), and TEM
showed that TaSIG5-silenced plants had abnormal chloroplasts

Adv. Sci. 2025, e02984 e02984 (8 of 16) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 7. TaAOR1 increases ABA sensitivity and reduces water loss in wheat. (a) Phenotypes of TaAOR1-OE and WT plants after ABA treatment; Bar =
1 cm. (b,c) Seedling height (b) and total root length (c) of TaAOR1-OE and WT seedlings. Values are means ± SD (p < 0.05, n = 8, one-way ANOVA,
Tukey’s HSD test). (d–f) Stomatal apertures in leaves of TaAOR1-OE and WT plant following drought stress and ABA treatments. Values are means ±
SD (p < 0.05, n = 15, one-way ANOVA, Tukey’s HSD test). (g) Water loss rate of TaAOR1-OE and WT plant. Values are means ± SD (p < 0.05, n = 3,
one-way ANOVA, Tukey’s HSD test).

with fractured thylakoid membranes (Figure 8d). Expression of
chloroplast genes in TaSIG5-silenced plants measured by RT-
qPCR showed that plastid-encoded polymerase (PEP)-dependent
chloroplast genes (such as psbB, psbC, psbD, and psbZ) were
markedly suppressed in TaSIG5-silenced plants (Figure 8e). In
vitro degradation assays were performed to check the abundance
of TaSIG5-GST protein in leaf-protein extracts of TaPPR13-OE,
WT, and TaPPR13-KD plants. The results showed that TaSIG5
abundance was decreased significantly in TaPPR13-KD plants
under drought stress, whereas TaPPR13-OE plants stabilized
TaSIG5 under drought stress (Figure 8f). Furthermore, RT-qPCR
analysis showed that the PEP-dependent chloroplast genes were
markedly suppressed in TaPPR13-KD plants, but were upregu-
lated in TaPPR13-OE lines compared with control plants grown
under drought stress conditions (Figure 8g).

2.7. TaPPR13 and TaAOR1 Enhanced Yield Performance

Transgenic plants were grown in standard field conditions to
investigate the genetic effects of TaPPR13 and TaAOR1 during
the reproductive stages. Under well-watered conditions, no dif-
ference was observed between the WT and transgenic plants in
terms of effective tiller number, spike length, grain size, and
grain weight (Figure S12 and Table S2, Supporting Informa-
tion). Under drought stress, no difference was observed between
the WT and transgenic plants for effective tiller number and
spike length (Figure 9b–e and Table S2, Supporting Information).

However, TaPPR13-OE and TaAOR1-OE plants produced higher
grain numbers and grain kernel weights, whereas TaPPR13-KD
plants showed smaller grain size and produced lower grain num-
bers and thousand-grain weight than WT plants (Figure 9f–m
and Table S2, Supporting Information). Moreover, the TaPPR13-
OE and TaAOR1-OE lines displayed 4.5–8.2% and 7.9–10.7%
higher grain yield per plant, respectively, than WT plants under
drought stress (Figure 9n,o).

3. Discussion

BES/BZRs, as core TFs of the BR signaling pathway, have
been implicated in plant responses to abiotic stresses, includ-
ing heat,[44,45] drought,[35] freezing,[46] and salinity.[47,48] In this
study, we determined that TaBZR2 was significantly associated
with drought tolerance, and the WUE and agronomic traits
in TaBZR2-OE plants were better than those of WT plants
(Figure 1). Our previous study showed that TaBZR2 enhanced
drought stress tolerance in wheat by activating the TaGST1 gene
and scavenging of O2

•-.[35] Previous studies showed that TaBZR1
interacted with TaHAG1 (histone acetyltransferase) to induce the
expression of TaSAMT1 (methyltransferase) and modulated the
salicylic acid (SA) pathway during freezing stress,[46] while Yang
et al.[49] elucidated that TaBZR1 conferred salinity stress toler-
ance by activating the expression of ABA biosynthesis and ROS
scavenging genes. Previous studies reported that early short-term
BR signal activation was linked to ABA-mediated abiotic stress
tolerance,[50–52] and BZR1 enhanced tomato chilling tolerance via
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Figure 8. TaPPR13 interacts with TaSIG5 and modifies chloroplast gene expression. (a) BiFC assay demonstrates that TaPPR13 interacts with TaAOR1
in tobacco leaves. (b) Phenotypes of TaSIG5 knockdown plants grown under drought stress conditions. (c) Chlorophyll contents of TaSIG5 knockdown
and empty vector control plants under drought stress. (d) TEM images of chloroplast ultrastructure in BSMV:00 and BSMV:TaSIG5 plants. (e) RT-qPCR
analysis of expression patterns of PEP-dependent genes in TaSIG5 knockdown and empty vector control plants grown under water deficit conditions.
Values are means ± SD (p < 0.05, n = 4, Student’s t-test). (f) In vitro, degradation assays the degradation of TaSIG5-GST in leaf-protein extracts of
TaPPR13-OE, WT, and TaPPR13-KD plants. Ten-day-old plants of TaPPR13-OE, WT, and TaPPR13-KD were treated with or without 20% PEG6000 for
2 days. Immunoblots were probed with anti-GST antibody. Rubisco was used as a loading control. (g) RT-qPCR analysis of expression patterns of
chloroplast-encoded genes in TaPPR13-OE, WT, and TaPPR13-KD plants grown under water deficit conditions; bars indicate the log2 ratio of expression
levels in transgenic plants compared with the WT.
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Figure 9. TaPPR13 and TaAOR1 enhanced yield performance. (a) Grain length and width phenotypes of transgenic wheat andWT plants. (b–e) Statistical
data for effective tiller number (b,c) and spike length (d,e) of WT and transgenic wheat plants grown under drought stress conditions in the field. Values
are means ± SD (p < 0.05, n = 8, one-way ANOVA, Tukey’s HSD test). (f–o) Statistical data for grain number per spike (f,g), grain length (h,i), grain
width (j,k), thousand kernel weight (l,m), and yield per plant (n,o) of WT and transgenic wheat plants grown under drought stress conditions in the field.
Values are means ± SD from three independent experiments (n > 30, p < 0.05, one-way ANOVA, Tukey’s HSD test).

ABA biosynthesis.[53] In this study, TaBZR2 positively activated
expression of TaPPR13 by binding to its E-box cis-elements, and
overexpression of TaPPR13 improved drought stress tolerance
by retrograde signaling to alter nuclear-encoded ABA biosynthe-
sis and signal pathway genes (Figure 10). Furthermore, TaPPR13
was identified as a key factor influencing the response of wheat
to ABA signaling. Sensitivity of TaPPR13-OE plants to ABA is
significantly enhanced, whereas the sensitivity of TaPPR13-KD
transformed wheat lines to ABA is markedly reduced. These re-
sults suggested that TaBZR2 might function in synergistic inter-
play of ABA and BR signals in regulating adaptation to abiotic
stress.
Our present results demonstrated that overexpression of the

TaPPR13 gene enhanced drought tolerance in wheat by modulat-
ing chloroplastic ROS homeostasis and maintaining chloroplast
structure (Figure 3). Additionally, the expression of ABA biosyn-
thesis and signaling pathway genes was significantly downreg-
ulated in TaPPR13-KD transgenic wheat plants under drought
stress (Figure 4). Recent studies found that PPR proteins are in-

volved in environmental response.[54–57] The PPR protein SOAR1
is positively involved in response to drought and salt stress
by influencing ABA signaling.[32,33] Loss function of PPR pro-
tein SOP10 suppressed O2

•- accumulation and enhanced cold
stress tolerance in rice.[58] Knockdown of PPR protein gene
PPS1 in rice effected the ABA and ROS signaling pathways
and exerted hypersensitivity to abiotic stress.[21] The Arabidop-
sis PPR protein POCO1 functions in ABA-dependent drought
signal transduction.[59] These findings suggest that PPR pro-
teins function in a highly complicated mechanism to control
the ROS homeostasis and play a role in ABA signaling and
stress response.[30,32] Under adverse circumstances, chloroplasts
overproduce ROS causing oxidative damage,[7,9,60] and increased
ROS levels in plants lead to the accumulation of reactive car-
bonyl species (RCS), which can mediate ROS signals to pro-
teins in response to oxidative stress.[61,62] Plants have developed
a highly efficient antioxidant system to maintain a balance be-
tween production and removal of ROS and RCS within indi-
vidual cellular compartments.[61,63] Previous research showed
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Figure 10. Model of TaPPR13-mediated drought response in wheat plants. TaPPR13 functions as a positive regulator downstream of TaBZR2, further
strengthening drought tolerance by interacting with TaAOR1 and TaSIG5 to improve the antioxidant defense and regulate chloroplast gene expression.

that overexpression of ROS scavenging enzymes and RCS scav-
enger enzymes is often associated with increased plant stress
tolerance.[41,62,64,65] Overexpression of the aldehyde dehydroge-
nase (ALDH) ScALDH21 gene from Syntrichia caninervis in to-
bacco and cotton resulted in higher activities of ROS scaveng-
ing enzymes, stronger photosynthetic capacity, and higher yield
under drought stress.[66,67] Wheat TaWD40-4B.1C interacted with
canonical catalases to avoid ROS over-accumulation and en-
hanced grain yield under water-withheld conditions.[68] In the
present study, TaAOR1 interacts with TaPPR13, and TaPPR13-
OE stabilized TaAOR1 to reduce the accumulation of MDA and
ROS under drought stress conditions (Figure 6). These results
showed that TaPPR13 and TaAOR1 positively enhance the an-
tioxidant defense system to protect chloroplast structure. More-
over, enhanced TaPPR13 and TaAOR1 expression improved pho-

tosynthetic efficiency to enhance productivity under water deficit
conditions (Figure 9). Similar benefits of antioxidant defense
in increasing yield have been reported in genetically modi-
fied drought-tolerant rice,[69] wheat,[68] maize,[70] and soybean[71]

genotypes.
ROS-mediated retrograde signaling is a communication

mechanism that allows organelles to signal to the nucleus to
regulate gene expression,[72–75] and is an important aspect of
plant response to abiotic stress.[73,76,77] Arabidopsis PPR40 pro-
tein responds to oxidative stress by altering ROShomeostasis and
stress-responsive gene expression.[78] Mitochondrion-localized
PPR ABO5 proteins regulate the expression of stress-inducible
genes (such as ABF2 and RD29A) impacting ABA signaling.[79]

Expression ofABI5was significantly downregulated in plant with
ppr96 and poco1mutant alleles.[59,80] ABF and ABI5 transcription
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factors serve asmaster regulators of ABA signaling in response to
drought stress.[38,81] Under drought stress conditions, rapid ABA
and ROS accumulation leads to stomatal closure to reduce water
loss.[82–85] Stomatal transpiration accounts for ≈95% of total wa-
ter loss in plants,[86,87] and reduction of water loss through sto-
mates is an effective adaptation strategy in improving drought
stress tolerance.[88–91] Maize ZmCPK35/37 regulate stomatal clo-
sure to retain more water in leaves and enhance maize yield
under drought stress.[92] OsASR5 and TaNAC48 confer drought
stress tolerance through a stomatal closure pathway by increased
endogenous ABA biosynthesis.[90,93] Mutant of lysine deacety-
lase TaSRT1 displayed lower transpiration levels, less water loss,
higher net photosynthetic rate, and water use efficiency under
drought stress conditions.[94] In this study, the expression levels
of genes involved in ABA biosynthesis and signaling pathways,
including TaNCED3, TaNCED4, TaABF1/2, and TaABI5, were
significantly upregulated in TaPPR13-OE lines and downregu-
lated in TaPPR13-KD plants (Figure 4). Moreover, overexpression
of the TaPPR13 and TaAOR1 genes increased stomatal closure
to mitigate leaf water loss (Figures 4 and 7). Furthermore, our re-
sults showed that TaPPR13 functions in regulation of chloroplast
gene expression by interacting with TaSIG5 (Figure 8), leading
to enhanced rates of photosynthesis and transpiration, and in-
creased photosynthetic rate and water use efficiency in TaPPR13-
OE plants (Figure 2). Previous studies showed that sigma fac-
tors (SIGs) function in retrograde signaling to control nuclear
gene expression.[42,43,95] For instance, SIG5 functions in chloro-
plast transcriptional response to abiotic stress,[43,96] and SIG2 and
SIG6 have partially redundant roles in retrograde signaling to
regulate nuclear gene expression.[95]

In conclusion, we identified a PPR protein family gene,
TaPPR13, in wheat that is activated by TaBZR2 to enhance
drought stress tolerance and photosynthetic capacity. It achieves
this by interacting with TaAOR1 and TaSIG5 to improve an-
tioxidant defense and regulate chloroplast gene expression
(Figure 10).

4. Experimental Section
Plant Materials and Treatments: All plants were grown in an LEDR-

1000 plant growth chamber (Yanghui, Ningbo, China) with 70% relative
humidity and 25/20 °C day/night temperatures. For analysis of gene ex-
pression patterns, 7-day-old hydroponically grown seedlings were sub-
jected to treatments with PEG6000, ABA, and BR. Leaves for RNA isola-
tion were harvested at different time points (0, 2, 4, 8, 12, and 24 h) and
immediately frozen in liquid nitrogen, and stored at −80 °C. The 3-day-
old seedlings were exposed to 25% PEG6000 for 5 days to simulate wa-
ter stress treatment. For the drought stress phenotyping, wheat seedlings
were grown in the pots containing the same soil mix. For drought tests
under field conditions, wheat lines were grown in an experimental field
at Beijing (40°13′52″ N, 116°33′52″ E) as previously described.[6] The
plant leaf photosynthesis rates (PS) and transpiration rates (TR) weremea-
sured using a LI-COR LI6800 portable photosynthesis system as described
previously.[4] Water use efficiency (WUE) was calculated as the ratio of PS
to TR according to themethod outlined byWang et al.[97] Agronomic traits,
including effective tiller number per plant, spike length, grain number per
spike, and grain yield per plant, were measured following harvest. Grain
length, grain width, and grain kernel weight were analyzed using the SC-G
automatic seeds test system (Wanshen Ltd., Hangzhou, China). Stress-
tolerant wheat varieties (including wheat cv. Pubingzi300, Pinyu8012, Xi-
nong877, Zhengmai1860, Jimai60, Jinhe991 and Ningmai58) were se-

lected for gene cloning. No variation in the coding sequences (CDS) of
TaPPR13 was detected.

Physiological Measurement: For physiological characteristics, wheat
leaves were harvested after treatment according to methods described
previously.[6] The relative water content (RWC) of leaves was calculated
using the published formula.[40] Chlorophyll a, chlorophyll b, malondialde-
hyde (MDA), hydrogen peroxide (H2O2), and superoxide radical (O2

•-)
contents, along with catalase (CAT) and peroxidase (POD) activities were
determined using physiological assay kits from Solarbio (Beijing). For
3,3′-diaminobenzidine (DAB) and nitro blue tetrazolium (NBT) staining,
the DAB (1 mg mL−1, pH3.8, Coolaber) and NBT (0.5 mg mL−1, pH7.8,
Coolaber) solution were prepared according to themanufacturer’s instruc-
tions.

RNA Isolation, Transcriptome Analysis and RT-qPCR: Total RNA for tran-
scriptome analysis was isolated using an RNA Easy Fast Plant Tissue Kit
(Tiangen), and RNA-seq was carried out by Tiangen Biotech Co. Ltd (Bei-
jing). Differentially expressed genes (DEGs) were identified by DESeq2
with |log2(FoldChange)| > 1 and p-value < 0.05, and the raw reads were
submitted to the NCBI Sequence Read Archive (SRA) under Bioproject ID:
PRJNA1056048. First-strand cDNA for RT-qPCR analysis was synthesized
using a FastKing RT Kit with gDNase (Tiangen) according to the manufac-
turer’s instructions. RT-qPCR conducted on the TGreat Real qPCR system
(OSE-R96) using Talent qPCR PreMix (SYBR Green) followed the manu-
facturer’s protocol. All primers used in this study are listed in Table S3
(Supporting Information), and the expression levels were calculated us-
ing the 2-ΔΔCT method.[98]

ABA Sensitivity Assays: Germinating seedlings at two days postwetting
were treated with Hoagland’s solution containing 10 μmol L−1 ABA for 5
days for determination seedling height and root length. Seedling height
was measured using a ruler, while total root length was measured us-
ing a WinRHIZO root scanning equipment and imaging system (Regent
Instruments Inc., Canada) coupled with an Epson Expression 10000XL
Pro scanner. The water loss rate was measured according to published
method.[93,99]

StomatalMeasurement: Leaves from15-day-old TaPPR13 and TaAOR1
transgenic and WT seedlings were incubated in MES solution buffer (10
mmol L−1 MES, 10 mmol L−1 KCl, 50 μmol L−1 CaCl2, pH 6.15) for 2 h to
induce stomatal opening.[100] After incubation, the leaves were transferred
to a MES buffer solution containing 10% PEG6000 or 10 μmol L−1 ABA for
an additional 2 h. Stomatal observations were made using an OLYMPUS
BX51 microscope (Tokyo, Japan) and stomatal apertures were measured
as previously described.[3]

Transmission Electron Microscope (TEM) Analysis: Leaves from WT,
TaPPR13, and TaAOR1 transgenic plants, BSMV:00 and BSMV:TaSIG5 for
chloroplast ultrastructure analysis were collected and fixed using electron
microscope fixative solution (Servicebio, Wuhan). The chloroplast ultra-
structure was viewed using a Hitachi TEM system (Tokyo).

Yeast Hybrid Assay: To identify transcription factors regulating
TaPPR13 expression a 2-kb promoter of TaPPR13 was cloned into the
pHis2 vector and a Y1H screen assay was carried out using a Y187-pHis2
Yeast One-Hybrid Library Screening kit (Coolaber) following the manufac-
turer’s protocol. For Y2H assays, the coding sequence of TaPPR13 was
cloned into the pGBKT7 vector, and the full-length sequences of TaAOR1
and TaSIG5 were cloned into the pGADT7 vector. The Y2H assay was per-
formed using an AH109-GAL4 Yeast Two-Hybrid interaction kit (Coolaber)
following the manufacturer’s protocol.

Subcellular Localization, BiFC, LCI, and LUC Assay: The 35S::TaPPR13-
GFP, 35S::TaAOR1-GFP, and 35S::TaSIG5-GFP vectors for subcellular anal-
yses were constructed and injected into tobacco leaves using Agrobac-
terium tumefaciens strain GV3101-mediated transformation. Additionally,
35S::TaPPR13-nYFP, 35S::TaAOR1-cYFP, and 35S::TaSIG5-cYFP vectors
were constructed for bimolecular fluorescence complementation (BiFC)
assays, and the 35S::TaPPR13-nLUC and 35S::TaAOR1-cLUC vectors were
constructed for luciferase complementation imaging (LCI) assays follow-
ing previously described protocols.[39] The co-injection of constructed vec-
tors (TaPPR13-nYFP and TaAOR1-cYFP, TaPPR13-nYFP and TaSIG5-cYFP,
TaPPR13-nLUC and TaAOR1-cLUC) were performed in tobacco leaves as
previously described.[101] GFP and YFP fluorescence were visualized using
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a LSM900 confocal laser scanning microscope (Zeiss, Germany), and lu-
ciferase activity was detected using a Rocel In Vivo Plant Imaging system
(BIOCOVER, Beijing). For LUC assays, the TaPPR13 promoter was cloned
into the pGreenII0800 vector to serve as the reporter and the 35S::TaBZR2-
GFP vector was used as an effector. LUC signals were detected using the
Rocel In Vivo Plant Imaging system, and the LUC/REN ratio was quantified
with using a Luciferase Assay Kit (Yeasen, Shanghai).

Pull-Down, EMSA and In Vitro Degradation Assays: Pull-down assays
were carried out to investigate interaction between TaPPR13 and TaAOR1.
The recombinant fusion proteins TaPPR13-His, TaAOR1-GST, and TaSIG5-
GST were expressed in Transetta (DE3) cells (TransGen, Beijing) and
purified using Ni-NTA Resin (TransGen) and GST Resin (TransGen)
beads, respectively. The pull-down assay was then performed as previ-
ously described.[102] TaBZR2-GST recombinant fusion protein for EMSA
assays was expressed and purified according to the manufacturer’s in-
structions. DNAprobes containing E-box cis-elements were incubatedwith
the TaBZR2-GST protein in EMSA buffer and EMSAwas carried out using a
LightShift EMSA kit (ThermoScientific, USA) following the manufacturer’s
protocol. Leaf-proteins were extracted using plant total protein extract kit
(BestBio, Shanghai) following the manufacturer’s protocol, and in vitro
degradation assays were carried out as previously described.[6] For degra-
dation assays of TaAOR1 and TaSIG5, equal amounts (c. 1 μg) of puri-
fied TaAOR1-GST and TaSIG5-GST were incubated in 20 μL total proteins
(c. 350 μg) of WT, TaPPR13-OE or TaPPR13-KD plants. The mixtures were
incubated at 25 °C for 30 min, and protein abundances of TaAOR1 and
TaSIG5 were determined using immunoblot and anti-GST antibody.

Statistical Analysis: Statistical analyses were conducted using Mi-
crosoft Excel, wheremean values and standard deviations (SD) were calcu-
lated. The significance of differences between two groups was determined
using the Student’s t-test. Statistical comparisons among themean values
were performed using one-way analysis of variance (ANOVA), followed by
Tukey’s multiple range test. p-value of < 0.05 was considered statistically
significant.
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Supporting Information is available from the Wiley Online Library or from
the author.
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