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ABSTRACT
Wheat leaf rust, caused by Puccinia triticina (Pt), threatens global wheat production, with yield losses further exacerbated by the 
pathogen's evolving virulence. Although Syg1/Pho81/Xpr1 (SPX) domain-containing proteins are known regulators of phosphate 
homeostasis, their involvement in plant–pathogen interactions remains largely unexplored. We demonstrated that TaSPX3, a 
wheat SPX family gene, is rapidly induced during early Pt infection and flg22 treatment. Genetic evidence indicates that TaSPX3 
is a positive regulator of rust resistance, with knockdown lines showing increased susceptibility and overexpression lines exhibit-
ing enhanced resistance. Using yeast two-hybrid screening, we identified TaDi19-1D, a zinc finger transcription factor, as a direct 
TaSPX3 interactor. TaDi19-1D functions as a negative immune regulator by suppressing the expression of pathogenesis-related 
(PR) genes (TaPR1, TaPR2, TaPR5) through direct promoter binding. TaSPX3 counteracts this repression by physically interact-
ing with TaDi19-1D, thereby derepressing PR gene expression and boosting wheat resistance to Pt. Our findings revealed a novel 
TaSPX3–TaDi19 regulatory module that fine-tunes TaPRs expression, providing mechanistic insights into pattern-triggered im-
munity (PTI) and potential genetic targets for breeding durable broad-spectrum disease-resistant wheat varieties.

1   |   Introduction

Wheat leaf rust, caused by the obligate biotrophic fungus 
Puccinia triticina (Pt), remains a major constraint to global 
wheat production, causing annual yield losses of approximately 
5%–15% globally (Ali et al. 2022; Gultyaeva et al. 2023; Hassan 
et al. 2022). Although resistant cultivars offer the most sustain-
able control strategies (Zhao and Kang 2023), the effectiveness 
of race-specific resistance genes is frequently overcome through 
pathogen evolution (Kumar et al. 2024; Zhang et al. 2020). This 

highlights the urgent need to identify novel resistance mecha-
nisms, particularly those involving broad-spectrum immune 
components, which are less vulnerable to pathogen adaptation 
(Li et al. 2019; Sun et al. 2024; Wang et al. 2022).

SPX domain-containing proteins, named after the conserved 
Syg1/Pho81/Xpr1 domain, play pivotal roles in phosphate ho-
meostasis across eukaryotes (Legati et al. 2015; Wild et al. 2016). 
In plants, these proteins that contain only the SPX domain reg-
ulate phosphorus signalling primarily through interactions 
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with PHR transcription factors (Hu et al. 2019; Shi et al. 2014). 
Emerging evidence suggests that SPX proteins may also func-
tion in biotic stress responses, with rice SPX proteins modulat-
ing the trade-off between growth and blast disease resistance 
(He et  al.  2024; Kong et  al.  2021). Notably, fungal pathogens 
have evolved mechanisms to subvert SPX-mediated defences, 
as demonstrated by Magnaporthe's Nudix effectors that disrupt 
SPX–PHR interactions (McCombe et al. 2025; Qiu et al. 2025). 
Despite these advances, the immunological functions of the SPX 
proteins in wheat remain unknown.

Plant immunity against biotrophic pathogens involves a sophis-
ticated two-layered defence system. Pattern-triggered immunity 
(PTI), which is activated upon recognition of pathogen-associated 
molecular patterns (PAMPs), provides broad-spectrum resis-
tance through conserved signalling networks (Ngou et al. 2024; 
Wang and Kawano  2024; Yu et  al.  2024). Key PTI responses 
include the induction of pathogenesis-related (PR) genes en-
coding antimicrobial proteins such as CAP-domain proteins 
(PR1), β-1,3-glucanases (PR2), thaumatin-like (PR5) (Couto and 
Zipfel 2016; Li et al. 2024; Liu and Ekramoddoullah 2006). The 
expression of these defence genes is tightly controlled by tran-
scriptional regulators; for instance, phosphorylation of TGA3 
enhances its association with NPR1 to activate PR genes (Han 
et al. 2022), whereas negative regulators such as TaPsIPK1 sup-
press PTI responses in wheat (Wang et al. 2022). However, the 
mechanism by which PR gene expression is modulated during 
wheat–rust interactions remains poorly understood.

In the present study, we identified TaSPX3 as a novel positive 
regulator of leaf rust resistance in wheat. We demonstrated that 
TaSPX3 physically interacts with TaDi19-1D, a zinc finger tran-
scription factor that represses TaPR gene expression. Our results 
revealed a previously unknown immune regulatory module in 
which TaSPX3 counteracts TaDi19-mediated transcriptional 
repression to activate PTI responses. These findings not only 
advance our understanding of wheat immunity but also pro-
vide valuable genetic resources for developing durable broad-
spectrum resistant wheat varieties through molecular breeding 
approaches.

2   |   Results

2.1   |   TaSPX3 Is Strongly Induced by Pt Infection 
and flg22 Treatment

Based on our previous identification of TaSPX3 as a wheat ho-
mologue of AtSPX3 (Liu et  al.  2018) and its role in rust resis-
tance (Na et  al.  2024; Zhang et  al.  2021), we investigated the 
transcriptional regulation of TaSPX3 during pathogen infection. 
Quantitative reverse transcription polymerase chain reaction 
(qRT-PCR) analysis revealed striking induction patterns in 
both compatible (CS, Chinese Spring; Fielder) and incompatible 
(YM34, Yunmai 34) interactions with Pt15.

In the incompatible interaction, TaSPX3 expression peaked dra-
matically at 12 h post inoculation (hpi), showing approximately 
21-fold induction compared to that in the mock-treated controls 
(0 hpi), followed by sustained approximately 2-fold upregula-
tion at 24 and 48 hpi (Figure  1A). The compatible interaction 

exhibited a more moderate but consistent induction pattern, 
with a < 6-fold upregulation observed at all time points exam-
ined (12, 24, 48 hpi) in CS and Fielder (Figure 1A). These results 
demonstrate that TaSPX3 responds to Pt infection in both resis-
tant and susceptible wheat lines.

To determine whether TaSPX3 participates in PTI, we analysed 
its expression after treatment with flg22, a well-characterised 
PAMP. Notably, TaSPX3 transcript levels were significantly el-
evated from 6 to 12 h post-treatment (hpt) in all three genetic 
backgrounds (Figure 1B). This sustained upregulation suggests 
that TaSPX3 is not only involved in specific resistance responses 
but may also play a role in broader PAMP-triggered defence 
signalling.

2.2   |   TaSPX3 Modulates Wheat Resistance to Pt 
Through Defence Gene Regulation

To elucidate the functional significance of TaSPX3 in wheat 
defence against Pt, we established stable RNAi transgenic 
lines of the wheat cultivar Fielder. Three TaSPX3-RNAi lines 
(RNAi-L3, RNAi-L7, RNAi-L18) with confirmed TaSPX3 
knockdown (Figure S1) were subjected to a pathogen challenge. 
Complementary gain-of-function studies were conducted using 
three independent overexpression lines (OE-L16, OE-L29, OE-
L30; Figure S2).

In the loss-of-function studies, three independent TaSPX3-RNAi 
lines (L3/7/18) exhibited compromised resistance, showing sig-
nificantly larger uredinia (Figure  1C,D) and increased fungal 
biomass (Figure 1E) compared to those of the wild-type (WT) 
Fielder at 12 days post inoculation (dpi) with Pt15. Conversely, 
gain-of-function analysis using overexpression lines (OE-
L16/29/30) revealed enhanced resistance, with markedly smaller 
infection areas and reduced pathogen biomass (Figure  1C–E). 
Microscopic examination of fungal development showed strik-
ing contrasts: RNAi plants supported longer hyphae (24 hpi) and 
expanded colonisation (48–120 hpi), whereas OE lines restricted 
hyphal growth and infection spread (Figure 1F–I).

Phenotypic differences correlated precisely with defence gene 
expression patterns. TaSPX3 silencing significantly attenuated 
Pt-induced expression of the PR genes TaPR1/2/5, whereas over-
expression boosted their basal and Pt-induced transcript levels 
(Figure  1J–L). Notably, the defence gene expression changes 
preceded visible symptom differences, suggesting TaSPX3 oper-
ates early in immune signalling. These complementary genetic 
approaches established that TaSPX3 positively regulates wheat 
resistance to leaf rust, likely by modulating PR gene-mediated 
defence pathways.

2.3   |   TaSPX3 Confers Broad-Spectrum Disease 
Resistance in Wheat Without Affecting 
Agronomic Traits

To evaluate the role of TaSPX3 in wheat growth and disease 
resistance, we compared the agronomic traits between TaSPX3 
transgenic lines and WT Fielder under controlled greenhouse 
conditions. No significant differences were observed in the 
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FIGURE 1    |     Legend on next page.
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measured growth parameters between transgenic and WT 
plants (Figures S1E–J and S2E–J), indicating that TaSPX3 ma-
nipulation did not affect normal wheat development.

To investigate whether TaSPX3 mediates PTI-like broad-
spectrum resistance, we challenged plants with two additional 
Pt isolates (Pt23 and Pt24), together with two Blumeria gram-
inis f. sp. tritici isolates (JZ-WLQ-3 and SQ-YCS-3). Silencing of 
TaSPX3 increased susceptibility to leaf rust, whereas OE lines 
showed significantly enhanced resistance compared to that of 
the WT controls (Figure S3). Consistent with the PTI character-
istics, TaSPX3 overexpression also conferred resistance against 
both tested powdery mildew isolates (Figure S4). These findings 
demonstrate that TaSPX3 functions as a positive regulator of 
broad-spectrum disease resistance in wheat while maintaining 
normal agronomic performance.

2.4   |   TaSPX3 Physically Interacts With 
Transcription Factor TaDi19-1D

To elucidate the molecular mechanisms underlying TaSPX3-
mediated immune responses, we performed a yeast two-hybrid 
screen using a cDNA library derived from Pt-infected wheat leaves. 
This screening identified 18 potential TaSPX3-interacting proteins 
(Table S1), including TaDi19-1D (TraesFLD1D01G441100), a zinc 
finger transcription factor known to regulate PR gene expression 
in response to both biotic and abiotic stresses (Liu et al. 2013; Zhu 
et  al.  2024). Subsequent validation through pairwise yeast two-
hybrid assays confirmed the physical interaction between TaSPX3 
and TaDi19-1D in yeast cells, as evidenced by the growth of co-
transformed Y2HGold strains on selective media (Figure  2A). 
Among the tested homoeologs, TaDi19-1B, but not TaDi19-1A, 
exhibited similar binding activity to TaSPX3 (Figure S5).

This interaction was further substantiated using multiple ex-
perimental approaches. In vitro pull-down assays demonstrated 
specific binding between MBP-tagged TaDi19-1D and Myc-
tagged TaSPX3, whereas control assays with MBP alone showed 
no interaction (Figure  2B). Subcellular localisation studies in 
Nicotiana benthamiana epidermal cells revealed that both pro-
teins were localised in the cytoplasm and nucleus (Figure S6). 
Bimolecular fluorescence complementation assays showed that 
the interaction occurred specifically in the nucleus, with the YFP 
fluorescence signals detected exclusively in the nuclei of cells 
co-expressing nYFP-TaSPX3 and cYFP-TaDi19-1D (Figure 2C). 
Additional confirmation was obtained from split-luciferase com-
plementation assays, which further verified this interaction in 

planta (Figure 2D). These comprehensive analyses demonstrate 
that TaSPX3 specifically interacts with TaDi19-1D both in vitro 
and in vivo. Nuclear localisation of this interaction suggests po-
tential transcriptional regulatory functions in plant immunity, 
providing mechanistic insights into TaSPX3-mediated defense 
responses against wheat leaf rust.

2.5   |   TaDi19 Expression in Wheat Is Dynamically 
Modulated by Pt Infection and flg22 Perception

To characterise the involvement of TaDi19 in wheat defence 
responses, we performed comprehensive expression profiling 
under both compatible and incompatible Pt infections, as well as 
flg22 treatment. The qRT-PCR analysis revealed distinct expres-
sion patterns during compatible and incompatible interactions 
with Pt. In susceptible (compatible) interactions, TaDi19 tran-
script levels showed progressive upregulation, reaching > 4-fold 
induction at 48 hpi in CS and 24 hpi in Fielder (Figure 3A). This 
induction pattern was completely absent in the resistant (incom-
patible) interactions, in which TaDi19 expression remained sta-
tistically unchanged throughout the course of infection.

The response to flg22 treatment exhibits an even more complex 
temporal regulation. Both interaction types displayed an initial 
suppression phase with significant downregulation observed at 2 
hpt. However, a dramatic divergence emerged at 12 hpt, where in-
compatible interactions showed an approximately 12-fold increase 
in TaDi19 expression compared to that at baseline levels. This ro-
bust induction contrasted sharply with the modest approximately 
2-fold increase observed in CS and no significant change in Fielder 
(Figure 3B). Collectively, these results demonstrated that TaDi19 
expression in wheat is dynamically modulated by Pt infection and 
flg22 perception. The temporal precision and interaction-specific 
nature of these expression changes strongly implicate TaDi19 in 
the regulation of wheat immune responses.

2.6   |   Silencing TaDi19 Enhances Wheat Resistance 
Against Pt

To explore the role of TaDi19 in wheat resistance to leaf rust, we per-
formed virus-induced gene silencing (VIGS) targeting TaDi19 (all 
three homologues) in two wheat cultivars, Fielder and Zhengmai 
9023 (ZM9023), using barley stripe mosaic virus (BSMV). Control 
experiments with BSMV:TaPDS plants showed expected pho-
tobleaching phenotypes (Figure  3C and Figure  S7A). qRT-PCR 
analysis verified a significant reduction in TaDi19 transcript levels 

FIGURE 1    |    TaSPX3 positively regulates wheat leaf rust resistance. (A, B) Expression patterns of TaSPX3 in wheat leaves during Puccinia triticina 
(Pt) infection (A) and flg22 treatment (B). Samples from CS, Fielder (compatible interaction), YM34 (incompatible interaction) following inoculation 
with Pt15 were collected at 0, 12, 24, 48 hpi. qRT-PCR was used to test relative expression levels from three biological replicates. Asterisks indicate sig-
nificant differences between the column and 0 hpi of the corresponding variety using Student's t-test (*p < 0.05, **p < 0.01). (C, D) Disease symptoms 
and spore coverage quantification of TaSPX3-OE, WT, TaSPX3-RNAi plants infected with Pt15 at 12 dpi. (E) Fungal biomass in (C) estimated using 
qPCR. (F) Pt development in OE, WT, RNAi plants. Wheat leaves inoculated with Pt15 were sampled at 24, 48, and 120 hpi. Infection structures of Pt 
were stained with wheat germ agglutinin conjugated to Alexa-488. HMC, haustorial mother cell; IH, infection hypha; SV, substomatal vesicle. Scale 
bar, 20 μm. (G–I) Hyphal length at 24 hpi (G) and infection areas at 48 (H) and 120 hpi (I). Data are represented as the mean ± SD from at least 30 sites 
of three replicates. Scale bars, 20 μm. (J–L) Relative expression of TaPR1, TaPR2, TaPR5 in OE, WT, RNAi plants. Leaves inoculated with Pt15 were 
sampled at 24 hpi. In D, E, G–L, distinct letters indicate significant differences (one-way ANOVA, Tukey's HSD test).
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in the silenced plants (Figure 3D and Figure S7B). Upon inocula-
tion with Pt15, TaDi19-silenced plants exhibited significantly en-
hanced resistance compared to that of BSMV:γ controls. At 10 dpi, 
the silenced plants developed smaller urediniospore pustules, 
with more pronounced chlorosis surrounding the infection sites 
(Figure  3C and Figure  S7A). Fungal biomass quantification re-
vealed a marked decrease in Pt15 colonisation in both Fielder and 
ZM9023 backgrounds (Figure  3E and Figure  S7C). Microscopic 
examination further supported these observations, showing de-
layed hyphal growth and reduced infection area in the silenced 
plants (Figure 3F–H and Figure S7D,E). Transcriptional profiling 
demonstrated that TaPR1, TaPR2 and TaPR5 were significantly 
upregulated in TaDi19-silenced plants even prior to pathogen 
challenge (0 hpi), with further induction at 24 hpi (Figure  3I–K 
and Figure  S7F–H). These findings establish TaDi19 as a nega-
tive regulator of wheat immunity against Pt, whose suppression 
primes defence responses through the constitutive activation of PR 
genes. The consistent resistance phenotype across cultivars sug-
gests a conserved regulatory role for TaDi19 in wheat–pathogen 
interactions.

2.7   |   TaSPX3 Antagonises TaDi19-1D-Mediated 
Transcriptional Repression of PRPR Genes

Previous studies have established that the Di19 family of 
zinc-finger transcription factors recognises the conserved 
TACA(A/G)T (DIBS) motif (Liu et al. 2013). We first confirmed 

the transcriptional activation capacity of TaDi19-1D using a yeast 
two-hybrid assay (Figure  S8). Bioinformatics analysis identi-
fied multiple DIBS elements within the 2 kb promoter regions of 
TaPR1, TaPR2, TaPR5 (designated TaPR1-pro, TaPR2-pro, TaPR5-
pro; Table S2), suggesting their potential regulation by TaDi19-1D. 
Using yeast one-hybrid assays, we demonstrated that TaDi19-1D 
physically associates with all three TaPR promoters, as evidenced 
by colony growth on selective media and intense β-galactosidase 
activity (Figure 4A). Electrophoretic mobility shift assays further 
confirmed the specific in vitro binding of recombinant TaDi19-1D 
to biotin-labelled TaPR promoter probes. These interactions were 
competitively inhibited by unlabelled WT probes but not by mu-
tated variants (Figure 4B–D), establishing TaDi19-1D as a direct 
transcriptional regulator of these defence genes.

Dual-luciferase reporter assays in N. benthamiana revealed that 
TaDi19-1D strongly suppressed TaPR-pro:LUC expression and 
dramatically reduced luciferase activity compared to that of 
empty vector controls. Notably, this repression was significantly 
attenuated when TaSPX3 was co-expressed with TaDi19-1D 
(Figure  5A–D). Mechanistic studies using β-galactosidase as-
says in yeast showed that, while TaDi19-1D alone enhanced 
TaPR-pro:LacZ reporter activity approximately 2–3-fold, co-
expression of TaSPX3 significantly diminished this activation 
(Figure 5E–G), indicating TaSPX3 interferes with TaDi19-1D's 
DNA-binding capacity. Taken together, our data demonstrate 
that TaSPX3 physically interacts with TaDi19-1D and alleviates 
the transcriptional repression of TaPR1, TaPR2, TaPR5.

FIGURE 2    |    TaSPX3 interacts with TaDi19-1D. (A) TaSPX3 interaction with TaDi19-1D in yeast two-hybrid assays. pGADT7 vector (AD-EV) and 
pGBKT7 vector (BD-EV) serve as negative controls, whereas AtAGL20/AtAGL14 are positive controls. (B) Pull-down assay showing the interaction 
between TaSPX3 and TaDi19-1D. Western blot analysis was executed on the recombinant protein mixture eluted from MBP beads, using anti-Myc 
and anti-MBP antibodies for detection. (C) Bimolecular fluorescence complementation assay detects interaction between TaSPX3 and TaDi19-1D in 
Nicotiana benthamiana leaves. DAPI staining was used to visualise the nuclei, with a scale bar representing 20 μm. (D) Luciferase complementation 
validation of TaSPX3 and TaDi19-1D interaction. GUS-nLUC and cLUC-GUS were used to establish negative controls.
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FIGURE 3    |     Legend on next page.
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2.8   |   Mechanistic Model of the TaSPX3–TaDi19–
TaPRs Regulatory Network in Wheat Immunity

Our findings establish a comprehensive model in which the dy-
namic interplay between TaSPX3 and TaDi19 fine-tunes wheat 
resistance to leaf rust by modulating the expression of PR genes 
(Figure  6). Upon Pt infection, pathogen recognition triggers 
coordinated changes in TaSPX3 and TaDi19 expression, creat-
ing a balance that is critical for defence regulation. In TaSPX3-
overexpressing plants, the increased abundance of TaSPX3 
leads to the sequestration of TaDi19 through physical interac-
tions, thereby reducing the pool of unbound TaDi19 available for 
transcriptional repression. This molecular interaction alleviates 

TaDi19-mediated suppression of TaPR1, TaPR2, TaPR5, result-
ing in their constitutive activation and enhanced resistance. 
Mechanistically, TaSPX3 interferes with TaDi19's binding to 
DIBS motifs in TaPR promoters, preventing transcriptional re-
pression. Conversely, in TaSPX3-silenced plants, a reduction in 
TaSPX3 levels leads to the accumulation of free TaDi19, which 
intensifies its repressive effect on TaPR promoters. The resulting 
suppression of PR gene expression renders plants more suscepti-
ble to fungal infections.

This regulatory module operates through multiple inte-
grated mechanisms: TaSPX3 post-translationally controls 
TaDi19's DNA-binding activity, whereas pathogen-induced 

FIGURE 3    |    TaDi19 silencing increases wheat resistance to leaf rust in Fielder. (A, B) Expression patterns of TaDi19 in wheat leaves during Pt 
infection (A) and flg22 treatment (B). Leaf samples from CS, Fielder (compatible interaction), YM34 (incompatible interaction) following inoculation 
with Pt15 were collected at 0, 12, 24, 48 hpi. qRT-PCR was used to test the relative expression levels from three biological replicates. Asterisks indi-
cate significant differences between the column and 0 hpi of the corresponding variety using Student's t-test (*p < 0.05, **p < 0.01). (C) BSMV-induced 
transient silencing of TaDi19 increases resistance to leaf rust in Fielder. Disease symptoms were observed at 10 dpi. (D) Relative expression of TaDi19 
in the inoculated leaves at 0 hpi was assessed using qRT-PCR with Ta26S as the internal control. (E) The fungal biomass in (C) was estimated using 
qPCR. (F) Inhibited Pt growth in TaDi19-silenced leaves at 24 and 48 hpi. Scale bar, 20 μm. (G, H) Hyphal length at 24 hpi and infection areas at 48 hpi 
were evaluated using Image J software. Means ± SD were calculated from 30 infection sites of three independent biological repeats. (I–K) The relative 
expression levels of TaPRs in BSMV:γ and BSMV:TaDi19 leaves at 0 and 24 hpi were determined. All data are presented as means ± SD. Asterisks 
above the connecting columns indicate significant differences in the figures (*p < 0.05, **p < 0.01, Student's t-test).

FIGURE 4    |    TaDi19-1D targets the TaPRs promoter. (A) Yeast one-hybrid assays showing the interaction between TaDi19-1D and the TaPRs pro-
moter. Negative controls were established using empty vectors (pB42AD-EV/placZi-EV). (B–D) Gel-shift assay indicating the binding of TaDi19-1D 
to TaPRs-pro in vitro. The formation of a DNA–protein complex is evidenced by the band shift caused by TaDi19-1D binding to the biotin-labelled 
probe of TaPRs-pro. A competitive protein–DNA binding assay was performed using unlabeled WT probe and unlabeled mutant probe (5× and 25×).
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transcriptional changes in both components ensure dynamic 
immune responses. The relative abundance of TaSPX3 and 
TaDi19, along with their interaction strength, functions as a mo-
lecular rheostat to calibrate defense gene expression according 
to the infection status.

3   |   Discussion

SPX domain-containing proteins, which are well characterised 
in phosphorus homeostasis in model plants, such as Arabidopsis 
thaliana and Oryza sativa (Liu et al. 2016; Yang et al. 2024), have 
recently emerged as important regulators of plant immunity (He 
et al. 2024). Our study provides the first comprehensive evidence 

that TaSPX3 positively regulates wheat resistance to Pt through 
a novel TaSPX3–TaDi19–TaPRs regulatory module, expanding 
our understanding of SPX protein functions in plant–pathogen 
interactions.

The induction of TaSPX3 expression by both Pt infection and 
flg22 treatment suggested its involvement in wheat–Pt inter-
actions and PAMP-triggered immunity (Figure  1A,B). This is 
further supported by genetic evidence showing that TaSPX3 
overexpression enhances resistance, whereas its silencing 
increases susceptibility to leaf rust (Figure  1C–E). TaSPX3 
confers broad-spectrum resistance to various Pt isolates and 
two powdery mildew isolates (Figures  S3 and S4). Notably, 
TaSPX3 overexpression enhanced both the constitutive and 

FIGURE 5    |    TaSPX3 suppresses TaDi19-1D activity on TaPRs promoters. (A–D) Dual-luciferase reporter assay demonstrating TaDi19-1D re-
presses the TaPRs promoter in N. benthamiana leaves. For quantitative measurements, all infiltrated regions of tobacco leaves were harvested. When 
two distinct infiltration zones were present, the tissues were combined before processing. The ratio of LUC/REN represents the activity of the TaPR1 
(B), TaPR2 (C), TaPR5 (D) promoters in the absence/presence of TaDi19-1D and TaSPX3. (E–G) Quantification of the transcriptional activity assay 
reveals that TaDi19-1D binds to the TaPRs promoter in yeast. β-galactosidase activity represents TaDi19-1D binding ability to the promoter of TaPR1 
(E), TaPR2 (F), TaPR5 (G) in the absence/presence of TaDi19-1D/TaSPX3 and was measured using ONPG as substrate.
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pathogen-induced expression of TaPR1, TaPR2, TaPR5, indicat-
ing that TaSPX3 primes the defense system for faster activation. 
In silenced plants, the absence of a significant reduction in the 
basal TaPRs expression suggests that functional redundancy, 
possibly through other SPX members or related transcription 
factors, helps maintain baseline defense without incurring fit-
ness costs, as observed in other systems (Li et al.  2025; Liang 
et al. 2022). The positive correlation between TaSPX3 levels and 
TaPR1/2/5 expression indicates that TaSPX3-mediated resis-
tance operates, at least in part, through the activation of these 
PR genes (Figure 1G–L).

Our findings reveal an intriguing duality in Di19 protein func-
tion. Although previous studies have established Di19 proteins 
as positive regulators of stress responses (Liu et  al.  2013; Zhu 
et  al.  2024), their negative roles in plant development (Dong 
et al. 2024) and abiotic stress (Du et al. 2023; Yang et al. 2023) 
responses have also been discovered. We first demonstrated that 
TaDi19 acts as a transcriptional repressor of defense genes in 
wheat (Figures 3 and 4) and that this repressive activity is coun-
terbalanced by TaSPX3, which physically interacts with TaDi19 
to alleviate its suppression of TaPRs (Figures 2 and 5). The dis-
covery of this antagonistic relationship provides a mechanistic 
explanation of how plants fine-tune their defense responses 
through competitive protein interactions.

The TaSPX3–TaDi19 module represents a sophisticated reg-
ulatory mechanism that integrates pathogen perception with 
defence gene expression: (1) TaDi19 directly binds to TaPR pro-
moters to suppress their expression; (2) TaSPX3 interferes with 

this binding through physical interactions; (3) the relative abun-
dance of these proteins determines the amplitude of defence re-
sponses. This regulatory circuit allows the dynamic adjustment 
of immunity based on pathogen challenges and environmental 
conditions.

Notably, our findings contrast with recent reports showing that 
SPX proteins are involved in jasmonic acid signalling in rice 
blast resistance (He et  al.  2024; Kong et  al.  2021), suggesting 
a possible evolutionary divergence in SPX-mediated defence 
mechanisms among cereals. The TaSPX3–TaDi19 pathway ap-
pears to represent a distinct strategy for regulating basal immu-
nity through PR gene modulation.

From an applied perspective, our results have important im-
plications for wheat improvement. The conservation of PR 
proteins across plants (Breen et al. 2017; Han et al. 2023; Li 
et  al.  2024) suggests that manipulating the TaSPX3–TaDi19 
module could confer broad-spectrum resistance. Second, the 
dual roles of SPX and Di19 proteins in both biotic and abiotic 
stress responses (Kong et al. 2021; Liu et al. 2025, 2024; Zhu 
et  al.  2024) indicate their potential for developing climate-
resilient varieties. A recent study has demonstrated that 
pathogenic fungi hijack SPX-PHR signalling through PP-
InsP hydrolysis to promote disease development (McCombe 
et  al.  2025). Our identification of TaSPX3 as a positive im-
mune regulator suggests functional convergence in SPX-
mediated defence. Future studies should investigate whether 
this TaSPX3–TaDi19 module integrates with broader stress-
response networks.

FIGURE 6    |    Mechanistic model of TaSPX3–TaDi19-mediated TaPRs expression conferring wheat resistance to leaf rust. In wheat, Pt infection 
triggers coordinated expression of TaSPX3 and TaDi19, and the abundance of TaSPX3 and TaDi19 balances TaPRs expression to defend against the 
pathogen. In TaSPX3-OE plants, a high level of TaSPX3 facilitates the formation of the TaSPX3–TaDi19 complex. A relatively lower abundance of 
TaDi19 alleviates its suppression on the downstream TaPRs, thereby increasing the enrichment of TaPRs and wheat resistance to leaf rust. By con-
trast, in TaSPX3-RNAi plants, a lower level of TaSPX3 contributes to high TaDi19 abundance, intensifying its repression of TaPRs and exacerbating 
the wheat leaf rust.
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In conclusion, our work elucidates a previously unrecognised 
mechanism of wheat immunity involving the competitive regula-
tion of defence genes by TaSPX3 and TaDi19. These findings not 
only advance our fundamental understanding of plant–pathogen 
interactions but also provide valuable targets for the molecular 
breeding of durable and broad-spectrum disease-resistant wheat 
varieties. The discovery of this regulatory module opens new ave-
nues for investigating how nutrient signalling molecules, such as 
SPX proteins, integrate with immune responses in crops.

4   |   Experimental Procedures

4.1   |   Plant Materials and Growth Conditions

YM34, ZM9023, CS are Chinese wheat cultivars with high re-
sistance, moderate resistance, high susceptibility to P. triticina 
isolate Pt15, respectively. YM34, CS, Fielder were used to es-
timate the gene transcript levels in response to Pt infection. 
Fielder was employed to generate the TaSPX3 overexpression 
lines (TaSPX3-OE) and knockdown lines (TaSPX3-RNAi). The 
Fielder and ZM9023 cultivars were used for transient silencing 
experiments in wheat. All plants were cultivated in a green-
house at 21°C with 16 h of light and 8 h of dark. For tillering and 
seed collection, the plants were grown at 28°C with 16 h of light 
and at 25°C with 8 h of dark. Nicotiana benthamiana was grown 
at 25°C under 16 h light/8 h dark.

4.2   |   Construction of Transgenic Wheat Lines

To construct the TaSPX3-overexpression vector, the full-length 
coding sequence (CDS) of TaSPX3 was amplified and in-
serted into the pCUB vector with a His-tag at the C-terminus 
(pCUB:TaSPX3-His), using a one-step method for recombi-
nant cloning (C115-01, Vazyme, Nanjing, China). To generate 
an RNAi construct targeting TaSPX3, a 169-bp gene-specific 
fragment was amplified via PCR using the primers detailed 
in Table S3 and subsequently integrated into the RNAi vector 
as inverted repeats (pUbi:TaSPX3-RNAi). The construct was 
then transformed into wheat cv. Fielder using Agrobacterium-
mediated transformation, with assistance from the State Key 
Laboratory for Crop Stress Resistance and High-Efficiency 
Production at Northwest A&F University, China. Transgenic 
wheat lines were confirmed through genome- and transcript-
level validation using PCR and qRT-PCR, respectively. The plas-
mid was used as a positive control and WT (Fielder) was used as 
a negative control.

4.3   |   Pathogen Inoculation on Wheat Leaves

Pt isolates, Pt15, Pt23, Pt24, were used to evaluate the leaf rust re-
sistance of Fielder and TaSPX3 transgenic lines. For gene expres-
sion profiling, Pt15 was inoculated onto the second leaf of wheat 
seedlings (cv. YM34, CS and Fielder), using an engineered fluid-
suspended uredospore method (Sorensen et al. 2016). Transgenic 
lines and non-transformed controls were challenged at the two-
leaf stage (14-day-old plants), and inoculated leaves were collected 
at 0, 24, 48, 120 hpi for RNA extraction or histological observation. 
The disease phenotype was monitored, and fungal biomass was 

measured at 12 dpi. For the transient silencing assay, plants were 
inoculated with Pt15 14 days after BSMV infection. The inocu-
lated plants were subsequently maintained in an incubator (24 h 
dark at 21°C, relative humidity of 90%) and then placed in a green-
house at 21°C with 16 h of light/8 h of dark cycle.

Bgt isolates JZ-WLQ-3 and SQ-YCS-3 were collected from Henan 
Province. The seedlings of Fielder and OE lines were inoculated 
with Bgt isolates and maintained at 22°C, 16 h light/8 h dark cycle 
with 90% relative humidity in an incubator (Ma et al. 2024). The 
disease phenotype was determined at 7 dpi.

4.4   |   PCR and Quantitative Real-Time PCR (qPCR)

The cetyltrimethylammonium bromide (CTAB) method (Healey 
et al. 2014) was used for genomic DNA extraction from wheat leaf 
samples. Fungal biomass measurement in Pt-inoculated leaves 
was performed through absolute qPCR targeting the PtRTP1 
relative to TaEF1α as described previously (Panwar et al. 2017). 
The total RNA from various tissues was extracted using the 
Trizol method (DP424, TIANGEN, Beijing, China) (Kiefer 
et al. 2000) and served as the template for RT-PCR, wherein 1 μg 
of RNA was reverse-transcribed using PrimeScript II Reverse 
Transcriptase (TaKaRa, Beijing, China) under manufacturer-
specified conditions. The qRT-PCR was performed using SYBR 
Premix Ex Taq kit (TaKaRa) within a Real-Time PCR instru-
ment (Bio-Rad). The Ta26S gene was used as an internal control. 
All experiments were performed in triplicates.

4.5   |   BSMV-Induced Gene Silencing

To explore the role of TaDi19 in wheat–Pt interactions, we used 
BSMV-induced gene silencing to target TaDi19. A specific frag-
ment of TaDi19/TaPDS was inserted into the BSMV:γ vector, 
generating BSMV:TaDi19 and BSMV:TaPDS constructs, respec-
tively. BSMV:γ served as the negative control. Linearised plas-
mids (BSMV:TaDi19, BSMV:TaPDS, BSMV:γ) were transcribed 
in  vitro using T7 RNA polymerase (P1300, Promega, USA) to 
generate infectious RNAs. The second leaves of two-leaf-stage 
wheat seedlings were mechanically inoculated with viral RNA 
mixtures as described previously (Lee et al. 2012). The seedlings 
were subjected to 90% relative humidity in darkness for 24 h and 
then grown in the greenhouse at 21°C with 16 h of light/8 h of 
dark. When plants treated with BSMV:TaPDS exhibited a pho-
tobleaching phenotype, the fourth leaf was inoculated with 
freshly harvested urediniospores of Pt15. Pt-inoculated leaves 
were sampled at 0, 24, 48 hpi for RNA extraction and histological 
observations. At 10 dpi, we photographed the disease phenotype 
and detected fungal biomass. Each inoculation experiment was 
performed in replicates.

4.6   |   Microscopic Analysis of Pathogen Infection

To monitor Pt development in the varying genotypes, the inoc-
ulated leaf samples were stained with wheatgerm agglutinin 
conjugated to Alexa-488 (WGA, Amresco, USA), as previously 
described (Ayliffe et  al.  2011). The substomatal vesicles (SV) 
and infection hyphae (IH) of Pt were visualised using a positive 
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fluorescence microscope (ECLIPSE Ni-U, Nikon). Ten infection 
sites were counted in two randomly selected leaf segments for 
each experiment. Three independent biological replicates were 
used for each experiment.

4.7   |   Yeast Two-Hybrid Assays

The full-length CDS of TaSPX3 was cloned into the pGBKT7 
vector as bait for screening potential interacting proteins from 
a cDNA plasmid library derived from Pt-infected wheat leaves. 
Candidate-interacting proteins were subsequently integrated 
into the pGADT7 vector as prey and co-transformed into the 
yeast strain Y2HGold with pGBKT7-TaSPX3. AD-AtAGL20/BD-
AtAGL14 were constructed as positive controls (Gan et al. 2012). 
Transformants were cultured in a synthetic dropout medium 
lacking Leu and Trp (SD/-Leu/-Trp). Individual clones were di-
luted with stroke-physiological saline solution and introduced 
onto SD/-Ade/-His/-Leu/-Trp medium supplemented with X-α-
Gal. Images were captured after a 4-day incubation at 30°C.

4.8   |   Split-Luciferase Complementation Assay

Split-luciferase complementation assays were performed as 
described previously (Chen et  al.  2008; Song et  al.  2022). The 
full-length CDS of TaSPX3 and TaDi19-1D were inserted into 
the pCambia1300-nLUC and pCambia1300-cLUC vectors to 
generate TaSPX3-nLUC and cLUC-TaDi19-1D. GUS-nLUC and 
cLUC-GUS fusion constructs were used as negative controls. The 
constructs were individually transformed into Agrobacterium 
tumefaciens GV3101 and co-infiltrated into N. benthamiana 
leaves. The infiltrated plants were cultured in an incubator for 
48 h at 23°C. The infiltrated leaves were then treated with D-
luciferin (BDXB0116, Biodragon) and incubated for 10 min in 
the dark. Images were captured using a chemiluminescent im-
aging system (Tanon 5200, China).

4.9   |   Subcellular Localisation and Bimolecular 
Fluorescence Complementation (BiFC) Assays

To perform subcellular localisation in N. benthamiana leaves, 
the full-length CDS of TaSPX3 and TaDi19-1D were respec-
tively cloned into the pCambia1300 and pCambia1305 vectors. 
For the BiFC assay, TaSPX3 and TaDi19-1D CDS were fused to 
the pNC-BiFC-Enn and pNC-BiFC-Ecn vectors, respectively. 
Recombinant plasmids were infiltrated into N. benthamiana 
leaves via Agrobacterium-mediated transformation. The signals 
were observed under confocal microscope (A1HD25, Nikon).

4.10   |   In Vitro Pull-Down Assay

For the semi-pull-down assay, the full-length CDS of TaSPX3 
was cloned into the pSuper-Myc vector (TaSPX3-Myc) and trans-
formed into GV3101 for N. benthamiana inoculation. Following 
48 h post infiltration, total soluble proteins containing TaSPX3-
Myc were extracted using NP-40 protein lysis buffer (Beyotime, 
Shanghai, China). The full-length CDS of TaDi19-1D was ligated 
into the pMAL-c5X vector to generate the MBP-TaDi19-1D 

recombinant plasmid. The MBP-TaDi19-1D construct and an 
empty MBP vector (negative control) were transformed into 
Escherichia coli BL21 (DE3). Protein expression was induced 
with 0.3 mM isopropylthio-β-galactoside (IPTG) at 16°C with 
shaking at 150 rpm for 16 h. Protein purification was performed 
following the Dextrin beads protocol (Cat. No: SA077005, 
Smart-Lifesciences). Equal amounts of TaSPX3-Myc and MBP-
TaDi19-1D or MBP proteins were combined and incubated at 
4°C for 3 h with 50 μL dextrin beads. Proteins retained on the 
beads were separated using SDS-PAGE and detected with anti-
Myc (1:2000) and anti-MBP (1:2000) antibodies. Primers used 
are listed in Table S3.

4.11   |   Transcriptional Activity Assay

For the transcriptional activity assays, the CDS of TaDi19-1D was 
amplified and ligated into the yeast expression vector pGBKT7. 
BD-TaDi19-1D, BD-EV (negative control), BD-SPL12 (positive 
control) were individually transformed into yeast strain AH109. 
Transformants were selected on SD/-Trp medium (Coolaber, 
China). Then the monoclonal yeasts were transferred onto SD/-
His/-Trp medium supplemented with 3 mM 3-AT for 4 days at 
30°C. The transcriptional activity was assessed by growth on 
selective medium.

4.12   |   Yeast One-Hybrid

The promoter regions encompassing the TACA(A/G)T elements 
of TaPR1, TaPR2, TaPR5 were amplified and cloned into the 
pLacZi vector. The CDS of TaSPX3 and TaDi19-1D were inserted 
into the pLexA and pB42AD vectors, respectively (pLexA-
TaSPX3 and pB42AD-TaDi19-1D). In  vivo plate assay, these 
constructs or corresponding empty vectors were co-transformed 
into the yeast strain EGY48, which was subsequently incubated 
at 30°C on synthetic dropout medium lacking Trp and Urp. 
The monoclonal cells were then transferred onto selective me-
dium SD/-Trp/-Ura/Gal/Raf/X-Gal. Primers used are listed in 
Table S3.

To quantify TaDi19-1D transcriptional activity, liquid culture 
assays were performed to detect the LacZ activities using o-
nitrophenyl-β-D-galactopyranoside (ONPG; Solarbio) as the 
chromogenic substrate (Li et al. 2021). The fused plasmid or cor-
responding empty vector was co-transformed into the yeast strain 
EGY48. The transformants were selected on SD/-Ura-His-Trp 
medium at 30°C for 72 h. For enzymatic analysis, three individ-
ual colonies were inoculated into 1 mL of induction medium (SD/-
Ura-His-Trp supplemented with 2% galactose and 1% raffinose) 
and incubated at 30°C with shaking (200 rpm) for 24 h. Cells were 
pelleted using centrifugation (13 000 × g, 5 min), and the superna-
tant was collected to conduct ONPG quantitative assays.

4.13   |   Electrophoretic Mobility Shift Assays

The purified MBP-TaDi19-1D fusion protein and MBP 
were obtained as described above. Probes containing DIBS 
[TACA(A/G)T] derived from the target promoters were syn-
thesised by Tsingke Biotechnology (Zhengzhou, China), and 
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the sequences are listed in Table  S3. The probes were biotin-
labelled using the EMSA Probe Biotin Labelling Kit (GS008, 
Beyotime). MBP-TaDi19-1D or MBP (3 μg) and biotin-labelled 
probes were incubated together at 26°C, whereas unlabelled 
and mutant probes were used as competitors. The experiment 
was performed using the Chemiluminescent EMSA Kit (GS009, 
Beyotime) according to the manufacturer's instructions.

4.14   |   Dual-Luciferase Reporter Assay

For in vivo dual-luciferase reporter assays, the CDS of TaSPX3 
and TaDi19-1D were amplified and integrated into the ef-
fector construct pCambia1305 (TaSPX3-GFP and TaDi19-
1D-GFP), and the promoter segments (containing the 
TACA(A/G)T elements) of TaPR1, TaPR2, TaPR5 were cloned 
into the pGreenII0800-LUC vector (0800-TaPR1, 0800-TaPR2, 
0800-TaPR5). The plasmids were transferred to Agrobacterium 
GV3101 and then co-transformed into N. benthamiana. After 
2 days, total proteins from the inoculated leaves were extracted 
using Lysis Buffer, and luciferase activity was detected using the 
Dual Luciferase Reporter Gene Assay Kit (11402ES60, Yeasen). 
The experiments were repeated thrice. Primers used are listed 
in Table S3.

4.15   |   Statistics and Reproducibility

Multiple sequence alignments of the protein sequences were 
performed using Multalin (http://​multa​lin.​toulo​use.​inra.​fr/​
multa​lin/​) with the default parameters. All experimental data 
were analysed using GraphPad Prism 8.0 and presented as 
mean ± standard deviation (SD). Statistical analyses were con-
ducted using two-tailed Student's t-test or one-way ANOVA in 
SPSS 26.0. All experiments were performed two or more times 
with similar results.
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