
Wen et al. Phytopathology Research            (2025) 7:46  
https://doi.org/10.1186/s42483-025-00332-6

RESEARCH Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

Phytopathology Research

The Puccinia triticina effector Pt3372 
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Abstract 

Puccinia triticina (Pt) is an obligate parasitic fungus that absorbs nutrients through haustoria during infection 
and secretes a repertoire of effector proteins into the host cells to regulate the immune response of the host. Here, we 
identify an effector protein Pt3372 from the transcriptome data of interaction between the Pt race JHKT and the sus-
ceptible wheat cultivar Thatcher. Pt3372 was highly induced at the early stages in TcLr2a and TcLr18 infected by JHKT. 
The effector inhibited cell death induced by BAX (Bcl2-associated X) and INF1 (Phytophthora infestans INF1) in Nico-
tiana benthamiana, as well as cell death induced by Pseudomonas syringae pv. tomato DC3000 in wheat. Pt3372 
was proved to be localized in the cell membrane and nucleus of N. benthamiana. When transiently expressed 
in TcLr2a and TcLr18 through the bacterial type III secretion system, Pt3372 inhibited callose deposition and reactive 
oxygen species accumulation and suppressed the expression of wheat pathogenesis-related genes PR1 and PR2. 
Silencing Pt3372 by host-induced gene silencing reduced the Pt race JHKT virulence on TcLr2a and TcLr18. While it 
was enhanced by the overexpression of Pt3372 in transgenic wheat, which had a down-regulated expression of TaPR2 
and glutathione reductase TaGR. Moreover, Pt3372 targets the elicitor-responsive protein TaERP3. Altogether, our 
results demonstrate that the effector Pt3372 suppresses the expression of TaPR1 and TaPR2 and the innate immunity 
by targeting the TaERP3.
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Background
Naturally, many plants exhibit a remarkable level of resist-
ance towards a wide array of pathogens. However, certain 
pathogenic microbes can cause serious diseases. Plant 
defense mechanisms include constitutive preformed and 
induced defense responses, which provide multiple lay-
ers of protection against pathogen invasion (Anderson 
et  al. 2010). The detection of conserved pathogen-asso-
ciated molecular patterns (PAMPs) by membrane-local-
ized pattern recognition receptors (PRRs) triggers the 
first layer of host inducible immunity known as PAMP-
triggered immunity (PTI) (Boller and Felix 2009). Plants 
transmit downstream immune signals through cytoplas-
mic receptor kinase BIK1 (Botrytis-induced kinase 1), 
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MAPK cascade, and CDPKs (Calcium-dependent protein 
kinases), which induce the bursting of reactive oxygen 
species, callose deposition, stomatal closure, and expres-
sion of defense-related genes, thereby inhibiting patho-
gen growth and proliferation (Kunze et  al. 2004; Miya 
et al. 2007; Shimizu et al. 2010; Kadota et al. 2015; Gupta 
et al. 2020). In order to overcome the host PTI, pathogens 
secrete a repertoire of effector proteins into plant cells 
that will suppress the host immune responses. However, 
plants evolved intracellular nucleotide-binding leucine-
rich repeat (NLR) immune receptors that specifically 
recognize effector proteins and trigger a second layer of 
defense response known as effector-triggered immunity 
(ETI), which is associated with hypersensitive response 
(HR) in host cells (Jones and Dangl 2006).

Wheat leaf rust caused by Puccinia triticina (Pt) is an 
important disease on wheat around the world, which 
seriously threatens the food security of wheat. In severe 
cases, it can cause a loss of 15–40%, and in areas with a 
suitable environment, it can cause a loss of 75% (Kolmer 
2005; Huerta-Espino et al. 2011; Savary et al. 2019; Abebe 
2021). Long-term monoculture of resistant wheat culti-
vars and the emergence of new physiological races are the 
main reasons for the loss of resistance in wheat cultivars. 
The physiological race 4 of Pt was first discovered in the 
1970s, and it became the dominant race in 1986, result-
ing in a large area of leaf rust (Zhang et al. 2019; Zhang 
et  al. 2020a, b). In recent years, the dominant races of 
Pt in China have gradually changed, with physiological 
races such as THTT and PHTT being dominant every 
year. Leaf rust has gradually overcome the main wheat 
leaf rust resistance genes such as Lr1, Lr10, Lr26, Lr2a, 
and Lr18 in China (Zhang et al. 2019; Zhang et al. 2020a, 
b). It has exerted great pressure on wheat leaf rust resist-
ance breeding, rust prevention, and control through 
the deployment of disease-resistant cultivars in China. 
Therefore, it is important to understand the mecha-
nisms underlying the interaction between Pt and how 
the pathogen overcomes wheat disease resistance genes. 
This will aid in developing new targets for wheat leaf rust 
prevention and control, unraveling new ways of durable 
resistance to wheat leaf rust, and solving the resistance 
breeding bottleneck of limited durable leaf rust disease 
resistance breeding resources.

The effector protein is a favorable ‘weapon’ for patho-
gen infection, which interferes with the host’s immune 
system in a variety of ways. For example, the LysM effec-
tor protein Ecp6 of Cladosporium fulvum can bind to 
chitin oligosaccharides to prevent the recognition of chi-
tin polymers by host surface receptors, thereby inhibiting 
the activation of host chitin-triggered immunity (de Jonge 
et  al. 2010). The Phytophthora infestans RXLR effector 
SF15 suppresses host immunity by interacting with CaM, 

which interferes with immune signaling components 
(Zheng et al. 2018). Puccinia striiformis f. sp. tritici (Pst) 
glycine-serine-rich effector protein PstGSRE4 without 
m9-like motif modulates wheat immunity by inhibit-
ing the enzyme activity of TaCZSOD2, a wheat copper-
zinc superoxide dismutase (Liu et  al. 2022). Pst_12806 
enhances pathogen virulence by targeting the Rieske 
domain of TaISP to reduce the rate of photosynthesis and 
inhibits ROS accumulation (Xu et al. 2019). PNPi inhib-
its multiple wheat defense responses by interacting with 
the pathogenicity-related protein TaPR1a in the apoplast 
(Bi et al. 2020). Pst18363 promotes pathogen infection by 
targeting and stabilizing TaNUDX23, which inhibits the 
accumulation of ROS (Yang et al. 2020). The effector pro-
tein PstCFEM1, containing an extracellular membrane 
domain, inhibits the wheat defense response by suppress-
ing ROS accumulation (Bai et al. 2022). Pst27791 inhibits 
ROS accumulation and salicylic acid-dependent defense 
response by targeting wheat Raf-like kinase TaRaf46 
(Wan et al. 2022). Furthermore, Pst effectors PSTha5a23 
(Cheng et al. 2017), Pst_8713 (Zhao et al. 2018), PSEC2, 
PSEC17, and PSEC45 (Su et al. 2021) enhance pathogen 
virulence by suppressing host PTI response.

Pt effectors suppress multiple wheat defense responses. 
Nevertheless, the research on Pt effector proteins is still 
lagging behind that of other rust fungi. There are few 
reports on the molecular mechanisms underlying the 
regulation of wheat immunity by Pt effector proteins. For 
instance, two secreted proteins were found to induce the 
transient expression of β-glucuronidase in wheat near-
isogenic lines containing Lr9, Lr24, and Lr26 (Segovia 
et  al. 2016). Pt_21 inhibits leaf rust resistance in wheat 
by interacting with TaTLP1 (Wang et al. 2023). Pt13024 
(Qi et  al. 2023), AvrLr15 (Cui et  al. 2024), and Pt1641 
(Chang et  al. 2024a) are avirulent effectors to TcLr30, 
TcLr15 and TcLr1, respectively. Pt9226 was reported to 
be virulent to TcLr15 (Wang et  al. 2024). Pt9029 sup-
presses wheat resistance and promotes the pathogenicity 
of Pt by targeting TaRCA (Chang et al. 2024b). Further-
more, Pt1234 modulates wheat immunity by interacting 
with the TaNAC069 transcription factor through its C 
subdomain (Geng et  al. 2024). Altogether, these studies 
demonstrate that Pt effectors can manipulate the activ-
ity of their targets in wheat or inhibit the wheat immune 
defense responses by acting as enzymes or other roles. 
However, the mechanisms by which Pt effector proteins 
interact with their host targets are still unclear.

Herein, the effector Pt3372 was obtained from the 
RNA-seq library constructed by Zhang et  al (2020a, 
b) (https://​datav​iew.​ncbi.​nlm.​nih.​gov/​object/​PRJNA​
609405?​revie​wer=​j2png​1bo7u​3jlpp​6h3amhk0jfm) and 
was highly expressed in the early stage of wheat leaf rust 
infection. When tested in 11 wheat leaf rust-resistant 
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near-isogenic lines, Pt3372 could inhibit the accumula-
tion of callose in TcLr2a and TcLr18. Therefore, to bet-
ter understand the molecular mechanisms underlying 
the role of Pt3372 during Pt infection, it was successfully 
cloned and functionally characterized. qRT-PCR analy-
sis found that Pt3372 was highly expressed at 6  h after 
inoculation in TcLr18 and TcLr2a. Subcellular locali-
zation and inhibition of cell death induced by BAX and 
INF1 of Pt3372 were analyzed using the transient expres-
sion system in Nicotiana benthamiana. A bacterial type 
III secretion system (T3SS) was used to analyze the abil-
ity of Pt3372 to inhibit callose deposition, ROS accumu-
lation, and the expression of pathogenesis-related (PR) 
genes in wheat near-isogenic lines TcLr2a and TcLr18. 
Silencing Pt3372 by host-induced gene silencing reduced 
the Pt race JHKT virulence on TcLr2a and TcLr18, and 
overexpression of Pt3372 in transgenic wheat enhanced 
Pt virulence and down regulated the expression of TaPR2 
and glutathione reductase TaGR. All those demonstrated 
that the function of Pt3372 during infection was virulent 
to TcLr2a and TcLr18. Yeast two-hybrid, bimolecular 
fluorescence complementation (BiFC), and co-immuno-
precipitation (Co-IP) assays were employed and showed 
that Pt3372 targeted TaERP3. We concluded that Pt3372 
suppresses the immunity of TcLr2a or TcLr18 by target-
ing TaERP3. This work unravels new insights into the 

molecular mechanisms of Pt effectors in regulating wheat 
immunity.

Results
Pt3372 is a secreted protein and is highly expressed 
during the early stages of Pt (JHKT) infection
The gDNA of Pt3372 is 602  bp, with two introns and 
three exons. The CDS is 420  bp and encodes a small 
protein with 139 amino acids (aa) (Fig. 1a), and the first 
24 aa (Fig.  1a) of N-terminal presented as a predicted 
signal peptide and had a hydrophobic structure, but no 
transmembrane domain. Pt3372 was highly expressed in 
the early stage of JHKT infection in TcLr2a and TcLr18, 
and compared with non-germinated urediospores, the 
expression level reached its peak at 6 hpi (Fig.  1b, c, 
respectively). These results indicated that Pt3372 is a 
secreted effector protein. National Center for Biotech-
nology Information (NCBI) blast showed that Pt3372 
was a hypothetical protein and had 100% homology with 
the putative protein PTTG_25108 of BBBD in Pt. The 
SOPMA analysis showed that there were 42.45% α-helix, 
11.51% β-turn, 16.55% extended chain, and 29.5% ran-
dom coil in the secondary structure of Pt3372. In order 
to detect whether Pt3372 is species-specific among dif-
ferent Pt isolates, we compared the amino acid sequences 
of 9 Pt races with different virulence. The results showed 

Fig. 1  The structural and expression analysis of Pt3372 in wheat infected by Puccinia triticina. a The structure of Pt3372,.SP: the signal peptide. b, 
c The expression patterns of Pt3372 in wheat near isogenic lines; TcLr2a and TcLr18 infected by physiological race JHKT of wheat leaf rust. The 
relative gene expression was calculated by the comparative Ct method with Pt endogenous gene PtActin as an internal standard and was relative 
to that of US. US: Urediniospores; Three technical and biological replicates for each treatment were analyzed. The signifcant diference was calculated 
by t-test, Asterisks indicate significant differences (** p < 0.01)
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that Pt3372 had neither amino acid in/del no SNPs in dif-
ferent Pt physiological races, indicating that Pt3372 is a 
conservative effector among Pt races.

The signal peptide of Pt3372 has a secretory function
The yeast signal peptide trap screen (Jacobs et al. 1997) 
and 2,3,5-triphenyltetrazolium chloride (TTC) assays 
were used to identify whether the Pt3372 signal pep-
tide has a secretory function. The results showed that 
the yeast transformants of the recombinant vector 
pSUC2-SP3372, negative control pSUC2-Mg87, and 
positive control pSUC2-Avr1b had tryptophan oper-
ons. Different concentrations of yeast could grow on 
SD/-Trp medium, but wild-type YTK12 could not grow 
on the medium due to the lack of operons. In YPRAA 
medium, pSUC2-SP3372 and positive control pSUC2-
Avr1b could grow in three different concentrations of 
yeast solution. On the contrary, negative control pSUC2-
Mg87 and wild-type strain YTK12 could not grow nor-
mally on YPRAA medium due to a lack of signal peptide 
sequence. Compared with pSUC2-SP3372 and posi-
tive control pSUC2-Avr1b, the growth of pSUC2-Mg87 

and YTK12 was significantly inhibited (Fig. 2a). YTK12, 
which carries pSUC2-Pt3372 and pSUC2-Avr1b, secretes 
sucrase, which could hydrolyze sucrose into mono-
saccharides. The monosaccharides reacted with TTC 
to produce water-insoluble triphenylformazan (TPF), 
which appeared red. YTK12, pSUC2-Mg87, and pSUC2-
Pt3372ΔSP yeast strains could not secrete sucrase to cause 
a reaction with TTC (Fig. 2b). These results demonstrate 
that the putative N-terminal signal peptide of Pt3372 has 
a secretory function.

Pt3372 is localized in the nucleus and cell membrane
In order to clarify the subcellular localization of Pt3372, 
we transformed the Pt3372:GFP fusion protein into Agro-
bacterium GV3101 and infiltrated it into N. benthamiana 
leaves. After 48–72  h of dark growth, the fluorescence 
expression of the leaves was observed under a fluores-
cence microscope. It was found that Pt3372-GFP and 
GFP were successfully expressed in tobacco leaves, and 
the control GFP showed fluorescence in the whole cell. 
The fusion protein Pt3372-GFP emitted fluorescence sig-
nals in the nucleus and cell membrane, indicating that it 

Fig. 2  Pt3372 signal peptide has a secretory function. Functional validation of the putative N-terminal signal peptide of Pt3372 was carried 
out using the yeast invertase secretion assay and with 2,3,5-triphenyltetrazoliu chloride (TTC). a The recombinant vector pSUC2-SP3372 carrying 
Pt3372 signal peptide was transferred into YPRAA. pSUC2-SP3372 showed that only the signal peptide had secretory function could grow 
normally in YPRAA. b The Pt3372 ORF sequence and the ORF sequence without the signal peptide were fused in-frame to the invertase sequence 
in the pSUC2 vector. The pSUC2-Pt3372 and pSUC2-Pt3372ΔSP were used to indicate that only the yeast strain capable of secreting invertase could 
react with 2,3,5-triphenyl tetrazolium chloride (TTC) and reduce it to insoluble red 1,3,5-triphenyl formazan (TPF)
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is localized in the nucleus and cell membrane (Fig.  3a). 
Western blot (WB)  showed that the fusion protein 
Pt3372-GFP could be expressed normally in N. bentha-
miana (Fig. 3b).

Pt3372 inhibits programmed cell death in N. benthamiana 
and wheat
BAX (pro-death protein of the Bcl-2 family in mice) 
(Lacomme and Santa 1999), and INF1 (PAMP factor 
from Phytophthora infestans) (Kamoun et al. 1998) could 
trigger programmed cell death (PCD) when expressed in 
tobacco. To clarify the virulence function of Pt3372, we 
used the Agrobacterium-mediated PVX expression sys-
tem (pGR107 vector) to express the recombinant vector 
PVX:Pt3372 and the negative control PVX:GFP in N. 
benthamiana. GV3101 strains carrying PVX:BAX was 
infiltrated into N. benthamiana at the same site 24 h post 
infiltration of PVX:Pt3372. The phenotype was observed 
5 d later. The results showed that the bacterial suspen-
sion carrying PVX:GFP and PVX:Pt3372 did not induce 
cell death, but an obvious necrotic spot appeared at the 
PVX:BAX site. On the contrary, no obvious necrotic 
spots were found at the site of infiltration of PVX:Pt3372 
and PVX:BAX, indicating that Pt3372 can inhibit the 
necrosis induced by BAX (Fig.  4a). Subsequently, we 
used the same method and observed that it can inhibit 
the necrosis induced by INF1 (Fig.  4b). Altogether, the 
results demonstrate that Pt3372 has a virulent function.

The T3SS is an important ‘weapon’ for most Gram-
negative pathogenic bacteria for successful coloniza-
tion of their host (Thomas et al. 2009). Our goal was to 
deliver a putative suppressor using P. fluorescens EtHAn 
and defense-inducing effectors using Pst DC3000, the 
bacterium that causes tomato speck. However, when a 
syringae is inserted into wheat, Pst DC3000 produces a 
hypersensitive reaction (HR) (Yin and Hulbert. 2011). 
In order to clarify the function of Pt3372 in pathogenic-
ity, Pt3372 was transiently expressed in wheat cultivar 
Thatcher by bacterial T3SS. The results showed that Pst 
DC3000 induced HR on Thatcher, but pEDV6-Pt3372 
and pEDV6 could not (Fig. 4c). HR reaction occurred at 
the infiltration site of pEDV6 & Pst DC3000, which was 
consistent with the symptoms of Pst DC3000 infiltration 
alone, while HR did not occur at the co-infiltration site of 
pEDV6-Pt3372 & Pst DC3000. These results clearly dem-
onstrate that Pt3372 inhibits the cell death induced by Pst 
DC3000 and plays a toxic role in wheat.

Pt3372 decreases the callose deposition, ROS 
accumulation, and expression of defense‑related genes 
in TcLr2a and TcLr18
It was reported that P. fluorescens strain EtHAn can 
promote callose deposition in wheat and trigger the 
PTI reaction (Yin and Hulbert 2011). The empty vec-
tor pEDV6 was used as a negative control, and sam-
ples were collected at 24 and 48 hpi, respectively. 
We found that the EtHAn:pEDV6 induced callose 

Fig. 3  The effector protein Pt3372 is localized in the nucleus and cell membrane. a The GFP and Pt3372-GFP fusion constructs were transformed 
into Agrobacterium and infiltrated into tobacco leaf tissues at 4–6 weeks of age. Scale bar: 25 µm. The epidermis of N. benthamiana leaves 
was removed and soaked in 0.8 M mannitol to achieve the purpose of plasmolysis. Fluorescence microscope (Leica, Germany) was used to observe 
the expression level and localization of effector proteins. b Pt3372 could be expressed in tobacco cells, which was detected by Western Blot. The 
protein concentration in the first lane was 50 µg. The protein concentration in the second lane was 10 µg
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deposition in wheat near-isogenic lines TcLr2a and 
TcLr18 (Fig.  5), which gradually increased with time, 
indicating that pEDV6 does not affect the role of 
EtHAn. EtHAn:Pt3372 also induced callose deposition 
in TcLr2a (Fig. 5a, b) and TcLr18 (Fig. 5c, d). However, 
compared with pEDV6, Pt3372 significantly inhib-
ited callose deposition in TcLr2a (Fig.  5b) and TcLr18 
(Fig. 5d).

qPCR was used to detect whether transient expres-
sion of Pt3372 could inhibit the expression of TaPR1 and 
TaPR2 genes related to wheat immune response. The 
results showed that the transient expression of Pt3372 
suppressed the expression of TaPR1 and TaPR2 in TcLr2a 
(Additional file 1: Figure S1a, b) and TcLr18 (Additional 
file 1: Figure S1c, d). We also further analyzed the effect 
of JHKT inoculation on ROS accumulation in wheat. 
The results showed that EtHAn:Pt3372 significantly 
suppressed H2O2 accumulation in TcLr2a (Fig.  5e, f ) 
and TcLr18 at 24  h and 48  h post-inoculation (Fig.  5g, 
h). These findings demonstrate that Pt3372 inhibited 

callose deposition, ROS accumulation, and expression of 
defense-related genes in TcLr2a and TcLr18.

Pt3372 silencing reduces Pt virulence in TcLr2a and TcLr18
Pt3372 was silenced by the BMSV-mediated HIGS 
approach (Cheng et  al. 2017). The primers (Additional 
file  2: Table  S1) were designed to select 250–300  bp as 
the silencing target (Additional file  1: Figure. S2a). The 
Agrobacteria carrying all the constructs were infiltration 
into N. benthamiana leaves. After the ‘mosaic’ virus spot 
appeared (Additional file 1: Figure S2b), the leaves were 
ground into homogenate, and the wheat near-isogenic 
lines TcLr2a and TcLr18 were inoculated. Mild yellowing 
symptoms were observed 14 d after inoculation (Addi-
tional file 1: Figure S2d–f). After that, Pt race JHKT was 
inoculated on the third leaf of wheat, and the pheno-
type was observed and photographed after 12 d (Fig. 6a, 
b). Phenotypic observations showed that after silencing 
Pt3372, the pathogenicity of JHKT in TcLr2a and TcLr18 
was significantly reduced compared to the control 

Fig. 4  Pt3372 inhibits programmed cell death (PCD) induced by BAX, INF, and Pst DC3000. a, b Agrobacterium tumefaciens GV3101 carrying 
PVX:Pt3372 and PVX:GFP was infiltrated into tobacco leaves, and PVX:BAX or PVX:INF1 was infiltrated at the same position 24 h later. BAX 
and INF1 caused cell death 24 h after infiltration of A. tumefaciens carrying PVX:Pt3372. c Pt3372 was transferred into two-leaf wheat Thatcher 
by Pseudomonas fluorescens EtHAn, which could not cause necrosis in wheat but could inhibit the necrosis induced by Pst DC3000. pEDV6 was used 
as a control. Photographs were taken 5 d post infiltration
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Fig. 5  Pt3372 inhibits callose deposition and reactive oxygen species in wheat TcLr2a and TcLr18. a–d The second leaf of TcLr2a and TcLr18 were 
inoculated with EtHAn carrying pEDV6-Pt3372 and pEDV6. At 24 and 48 hpi, the wheat leaves were stained with 0.5% aniline blue, and callose 
deposition was observed by fluorescence microscope. The software Image-Pro Plus 6.0 was used to calculate the average callose deposition 
per mm2 in wheat leaves. e–h The average amount of H2O2 accumulation in wheat leaves inoculated with pEDV6-Pt3372 and pEDV6 per μm2 at 24 
and 48 hpi. The bar chart represents the mean (± SE) of three independent biological replicates, with 15 per unit area per replicate. Differences were 
detected using the unpaired two-tailored Student’s t-test.Asterisks indicated significant difference (** p < 0.01, * p < 0.05), Scale bar: 20 µm

Fig. 6  Silencing of Pt3372 reduced JHKT virulence. a, b Phenotypes of the three leaves of TcLr2a and TcLr18 of silencing Pt3372 inoculated with Pt 
race JHKT at 14 dpi. c–k Histological observation of Pt JHKT inoculated on wheat TcLr2a and TcLr18 after BSMV infection, BSMV:00 represents 
the control group (empty vector-inoculated plants), while BSMV:Pt3372 denotes the experimental group with targeted Pt3372 gene silencing. (AP: 
appressorium; IH: primary mycelium; SV: substomatal vesicle; HMC: haustorial mother cell; H: haustorium; SH: secondary hyphae; NC: necrotic cells; 
Scale bar: 30 µm)
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(infection type ‘3’). Infection types were recorded accord-
ing to the 6-level grading method of Roelfs (1984), which 
included 0, 1, 2, 3, 4. 0–2 is low infection type, 3–4 is high 
infection type.  In TcLr2a, the necrosis occurred accom-
panied by uredinium pile formation, and the infection 
type was ‘1’ (Fig. 6a). TcLr18 showed necrosis only after 
inoculation with BSMV:Pt3372 and JHKT, with infection 
type ‘;’ (Fig. 6b). Furthermore, qPCR was used to analyze 
Pt3372 expression level at 120 hpi with Pt. Compared 
with the control (BSMV:00), Pt3372 expression was sig-
nificantly decreased in TcLr2a and TcLr18 inoculated 
with BSMV:Pt3372 (Additional file  1: Figure S2g), indi-
cating the effective silencing of Pt3372 in TcLr2a and 
TcLr18 plants.

The growth and development of Pt and host HR after 
inoculation with the virus were observed under a laser 
confocal microscope. Pt uredospores germinated to form 
appressorium, substomatal vesicle, primary hyphae, and 
haustorial mother cells in BSMV:00 at 24  hpi (Fig.  6c); 
however, it germinated to form appressorium, substoma-
tal vesicle, primary hyphae, and haustorial mother cells, 
and necrosis occurred in BSMV:Pt3372 (TcLr2a) and 
BSMV:Pt3372 (TcLr18) (Fig. 6d, e) at the same time. At 
48 hpi, Pt continued to grow, forming secondary hyphae 
and haustoria in BSMV:00 treatment (Fig.  6f ), while 
forming only appressorium, substomatal vesicle, pri-
mary hyphae, and haustoria mother cells with necrosis 
in BSMV:Pt3372 (TcLr2a) and BSMV:Pt3372 (TcLr18) 
treatment (Fig. 6g, h). At 120 hpi, the hyphae continued 
to expand in BSMV:00 (Fig. 6i). At this time, secondary 
hyphae and haustorium were formed in BSMV:Pt3372 
(TcLr2a), and accompanied by a large amount of necro-
sis at the haustorium (Fig.  6j). However, fungal hyphae 
growth was still the same as that at 24 and 48 hpi and had 
only appressorium, substomatal vesicle, primary hyphae, 
and haustorium mother cells with green necrosis (Fig. 6k) 
in BSMV:Pt3372 (TcLr18). Based on the phenotypic and 
histopathological observation, it was speculated that 
Pt3372 silencing may inhibit the growth and develop-
ment of fungal hyphae. We therefore concluded that 
Pt3372 plays a virulence role during the Pt infection in 
TcLr2a and TcLr18.

Overexpression of Pt3372 suppresses wheat resistance 
to leaf rust
To further confirm the role of Pt3372 during leaf rust 
infection, we generated Pt3372 overexpressing (Pt3372-
6E) transgenic plants with spring wheat cv. Fielder and 
selected positive lines in T1 generation for disease resist-
ance identification. PCR detection showed that both 
transgenic lines L1 and L7 contained the Pt3372 gene 
(Fig. 7a). Pt race JHKT was inoculated on two-leave stage 
transgenic plants, and samples were collected at 24 and 

48 hpi for RT-PCR. The results showed that the overex-
pression lines L1 and L7 had uredinium on the leaves, 
accompanied by necrosis or chlorosis around the uredin-
ium, showing susceptibility (Fig. 7b). However, the wild-
type wheat (WT, Fielder) showed resistance to JHKT, and 
no obvious infection court and necrosis appeared on the 
leaves (Fig. 7b). These results demonstrated that overex-
pression of Pt3372 attenuated the resistance of Fielder 
to leaf rust; thus, Pt3372 presented a virulence function. 
In addition, qPCR results showed that in the overexpres-
sion lines L1 and L7, wheat pathogenesis-related gene 
TaPR2 (Fig. 7c) and glutathione reductase TaGR (Fig. 7f ) 
were downregulated, while wheat superoxide dismutase 
TaSOD (Fig. 7d) and catalase genes TaCAT​ (Fig. 7e) were 
upregulated, indicating that Pt3372 could promote Pt 
infection by interfering with the expression of wheat PR 
and protective enzymes encoding genes.

Pt3372 targets wheat elicitor responsive protein 3 (TaERP3)
To identify wheat proteins that interact with Pt3372, 
Pt3372 without signal peptide sequence was used as a 
bait to screen a yeast-two-hybrid (Y2H) library con-
structed from wheat leaves infected by Pt from which 
several candidate target proteins were identified, includ-
ing Elicitor-responsive protein 3 (TaERP3). Sequence 
analysis showed that TaERP3 contains a C2 domain 
(Additional file  1: Figure S3a). By blasting the TaERP3 
sequence against the hexaploid wheat genome data-
base (http://​plants.​ensem​bl.​org/​index.​html), three cop-
ies of TaERP3 located on chromosomes 2A, 2B, and 2D, 
respectively, were matched (Additional file  1: Figure 
S3b). In this study, the TaERP3 sequence was located on 
chromosome 2D in the wheat cultivar Thatcher. TaERP3 
was induced in the early stage of Pt infection (Additional 
file 1: Figure S4a, b) and was localized in the nucleus and 
cell membrane (Additional file 1: Figure S4c). WB detec-
tion showed that TaERP3—GFP protein could be nor-
mally expressed (Additional file 1: Figure S4d).

The coding sequence of Pt3372 and the open reading 
frame of TaERP3 were cloned into the vectors pGBKT7 
and pGADT7, respectively, to confirm the interaction 
between Pt3372 and TaERP3. pGBKT7-Lam & pGADT7-
T, and pGBKT7-53 & pGADT7-T were used as negative 
and positive controls, respectively. The results showed 
that pGBKT7-Pt3372 & pGADT7-TaERP3 can grow 
normally on SD/-Trp/-Leu/-His/-Ade medium contain-
ing X-α-gal (Fig. 8a), and the interaction between Pt3372 
and TaERP3 was further confirmed by BiFC (Fig. 8b) and 
Co-IP assays (Fig. 8c).

To further clarify the regions essential for the inter-
action of Pt3372 with TaERP3, we generated a Pt3372 
mutant (Additional file 1: Figure S5a) and three TaERP3 
deletion mutants (Additional file 1: Figure S5b) by amino 

http://plants.ensembl.org/index.html
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acid deletion approach. The results showed that the 
Pt3372ΔSP mutant lacking 20 aa at the N-terminal could 
not interact with TaERP3, Pt3372 could interact with 
TaERP3, and TaERP3 mutant 3 (1–60 aa) lacking 60 aa 
at the N-terminus of C2 structure could not interact with 
Pt3372 (Additional file 1: Figure S6). Mutants 1 and 2 that 
only retain the C2 domain and the N-terminal deletion of 
30 aa of the C2 structure interacted with Pt3372. There-
fore, it was inferred that 1–20 aa adjacent to the signal 
peptide at the N-terminal of Pt3372 interacts with the C2 
domain of TaERP3, with the 30–60 aa of the C2 domain 
being critical for the interaction.

Discussion
Pt3372 is a virulence effector
Plant pathogens, including bacteria, oomycetes, 
and fungi, secrete various proteinaceous and 

non-proteinaceous effectors to suppress the host immune 
system and facilitate colonization. Effector proteins are 
very small in size (less than 300 aa), rich in cysteine, have 
no transmembrane domain and no known conserved 
Pfam domain, and are highly expressed in the haustoria 
or infection cycle (Catanzariti et  al. 2007; Jaswal et  al. 
2020; Xu et al. 2020; Pradhan et al. 2021; Waheed et al. 
2022; Zhang et al. 2022). The N-terminal of the effector 
proteins PSTha5a23 and Pst_8713 from stripe rust with 
typical signal peptides, which were rich in cysteine and 
highly expressed in the early stage of infection, and play 
virulence functions in the infection process of stripe 
rust (Cheng et al. 2017; Zhao et al. 2018). In this study, 
we identified a Pt effector, Pt3372, which is a small pro-
tein possessing a signal peptide with a secretory function. 
Pt3372 showed virulence on the plant with inhibition of 
the BAX/INF1-induced PCD in N. benthamiana (Fig. 4a, 

Fig. 7  Effect of overexpression of Pt3372 on disease resistance of wheat. a PCR identification of T1 generation Pt3372 overexpressing 
transgenic plants, with the recombinant vector pANIC6E-Pt3372 as the positivity control (CK), Wild Fielder was used as a negative control (F). 
b Phenotypic identification of transgenic plants after inoculation with JHKT, and phenotypic observation and photographing were performed 
14 dpi after inoculation. c–f The transcription levels of TaPR2, TaSOD, TaCAT​, and TaGR, respectively, in transgenic materials at 24 h and 48 h 
after inoculation, and the values were the mean ± SE of the three independent samples (*: p < 0.05; * *: p < 0.01)
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b) and PCD induced by Pst DC3000 in wheat (Fig.  4c). 
Pt3372 also inhibited callose deposition and ROS accu-
mulation (Fig. 5) in TcLr2a and TcLr18.

The use of an Agrobacterium-mediated genetic trans-
formation system to generate transgenic materials con-
taining pathogenic factors is a robust means to study the 
function of effector proteins. For example, PstGSRE4 
transgenic wheat reduced wheat resistance to stripe rust, 
significantly increased the number of urediospores of 
stripe rust and inhibited ROS accumulation and callose 
deposition (Liu et al. 2022). Furthermore, Pst27791 trans-
genic wheat enhanced pathogen virulence and reduced 
wheat resistance to Pst. Obvious urediospores on wheat 
leaves were observed, and it suppressed ROS accumula-
tion and expression of wheat defense-related genes (Wan 
et al. 2022). To verify the virulence of Pt3372 on wheat, 
a Pt3372 transgenic line was generated, and obvious 

uredinium appeared on wheat leaves after Pt inoculation, 
which downregulated the expression of wheat defense-
related genes TaPR2 and glutathione reductase TaGR 
(Fig.  7f ), while wheat superoxide dismutase and cata-
lase genes TaSOD (Fig.  7d) and TaCAT​ (Fig.  7e) were 
upregulated. TaPR2 encodes β-1,3-glucan endonuclease, 
with enzymatic activity, which can weaken and digest 
the fungal cell wall. As an important member of antioxi-
dant enzymes in plants, glutathione reductase TaGR can 
reduce oxidized glutathione disulfide (GSSG) to reduced 
glutathione (GSH), thus providing reducing power for the 
removal of ROS, protecting plants from harm. TaPR2 and 
glutathione reductase TaGR were downregulated indicat-
ing that Pt3372 plays a virulence role during the process 
of Pt infection (Fig.  7). At the same time, wheat super-
oxide dismutase and catalase genes TaSOD (Fig. 7d) and 
TaCAT​ (Fig.  7e) were upregulated in Pt3372 transgenic 

Fig. 8  Pt3372 interacts with TaERP3. a The interaction between Pt3372 and TaERP3 was verified by yeast two-hybrid. The recombinant 
plasmids pGBKT7-Pt3372 and pGADT7-TaERP3 were co-transformed into Y2Hgold, and the clones were sampled and diluted to 10–1,10–2,10–3, 
and 10–4, respectively. The clones were cultured on the selective medium SD/-Trp/-Leu, SD/-Trp/-Leu/-His, and SD/-Trp/-Leu/-His/-Ade/-X-α-gal, 
with pGBKT7-Lam & pGADT7-T and pGBKT7-53 & pGADT7-T as negative and positive controls, and photographed after 3 d of culture. b The 
interaction between pGBKT7-Pt3372 and pGADT7-TaERP3 was detected by BiFC assay. Pt3372 and TaERP3 were constructed into vectors 
pEarleyGate201-YN and pEarleyGate202-YC, respectively. YN-Pt3372 & YC-TaERP3, YN-Pt3372 & YC, YC-TaERP3 & YN and YC & YN were mixed in a ratio 
of 1: 1 and infiltrated into tobacco. After 3 d of culture, laser confocal microscope observation was used, Scale bars: 25 µm. c Co-IP was used 
to verify the interaction between pGBKT7-Pt3372 and pGADT7-TaERP3 in vivo. The leaf proteins of N. benthamiana, which simultaneously expressed 
Pt3372-HA and TaERP3-Flag, were extracted for co-immunoprecipitation (Co-IP). Pt3372-HA and TaERP3-Flag were detected by HA antibody 
and Flag antibody Western blot, respectively
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line, indicating an increased ability to remove ROS. These 
results once again demonstrate that overexpression of 
Pt3372 enhanced Pt virulence and suppressed wheat 
immunity.

Pt3372 is virulent in TcLr2a and TcLr18
The accumulation of reactive oxygen species is one of the 
early features of plant defense response and plays a key 
role in the immune system (Coll et al. 2011). Inhibition of 
ROS accumulation is an important strategy for success-
ful infection and colonization of obligate parasitic patho-
gens (Liu et al. 2022). For instance, the effector proteins 
Pst18363, PstCFEM1, and Pst_8713 inhibited callose 
deposition and ROS accumulation in wheat and pro-
moted pathogen infection (Zhao et  al. 2018; Yang et  al. 
2020; Bai et al. 2022). Herein, we confirmed that Pt3372 
can inhibit callose deposition and ROS accumulation in 
TcLr2a and TcLr18, and promotes Pt infection, demon-
strating that it is a key virulence factor.

HIGS, an RNA interference (RNAi)-based approach, 
has been developed for functional analysis and character-
ization of biotrophic fungal genes using BSMV in wheat 
(Yin and Hulbert 2011; Panwar et al. 2018). HIGS induced 
by BSMV-VIGS (virus-induced gene silencing) was 
established to be a robust, high-throughput approach for 
the functional analysis and validation of rust fungi candi-
date genes involved in pathogenicity through quantitative 
estimation of infection-related traits (Panwar et al. 2018; 
Yin and Hulbert 2018). BSMV-mediated HIGS silenc-
ing of the Pt effector Pt13024 in wheat near-isogenic line 
TcLr30 enhanced Pt infection, indicating that Pt13024 
plays an avirulent function on TcLr30 (Qi et al. 2023). In 
this study, BSMV-mediated HIGS silencing of Pt3372 in 
both TcLr2a and TcLr18 reduced the pathogenicity of Pt 
race JHKT, confirming that Pt3372 played a virulent role 
in TcLr2a and TcLr18 (Fig.  6). We will further explore 
the molecular mechanism of Pt3372 confers virulence to 
Lr2a and Lr18.

Pt3372 interacts with TaERP3
In this study, TaERP3 was identified as the target pro-
tein of Pt3372 (Fig.  8). TaERP3 is a plant C2 domain 
protein. The C2 domain of TaERP3 consists of 1–103 
amino acids at the N-terminal and contains five aspartic 
acid (D) binding sites. C2 domain proteins are involved 
in plant growth, development, senescence, membrane 
localization, and abiotic and biotic stress responses, and 
play an important role in signal transduction and mem-
brane transport pathways (Nalefski and Falke 1996; Kim 
et al. 2003; Schapire et al. 2008; Yokotani et al. 2009; Silva 
et al. 2011). The rice C2 domain gene OsERG1 is involved 
in defense response and membrane translocation in a 

Ca2+-dependent manner (Kim et  al. 2003). Arabidop-
sis BAP and BON proteins negatively regulate disease-
resistance gene-mediated defense responses and can also 
inhibit PCD (Yang et  al. 2007). Brassica IPG-1 partici-
pates in host PCD in a Ca2+-dependent manner (Wang 
et  al. 2009). Therefore, we speculated that TaERP3 may 
bind to Ca2+ and participate in host defense responses. 
It was found that wheat elicitor responsive gene 3 
(TaERG3) was highly induced during the compatible and 
incompatible interaction between wheat and stripe rust 
(Zhang et al. 2013). It was also established that it is local-
ized in the plasma membrane and nucleus of onion epi-
dermal cells and may participate in the defense response 
of wheat to stripe rust through ABA-dependent signaling 
pathways (Zhang et al. 2013). TaERP3, the Pt3372 target 
protein obtained in this study, was highly expressed in 
the early stage of the compatible and incompatible inter-
actions between Pt and wheat (Additional file  1: Figure 
S4a, b). It was found to be localized throughout the whole 
cell of tobacco (Additional file 1: Figure S4c), so we spec-
ulated that it may also be involved in ABA-dependent 
signaling pathways. However, the detailed function of 
TaERP3 will be further explored.

The interaction between Pt3372 and TaERP3 was con-
firmed using the amino acid deletion method (Addi-
tional file 1: Figure S6). Silencing Pt3372 through HIGS 
effectively reduced Pt virulence, indicating a positive 
correlation between the interaction target and disease 
resistance. Therefore, overexpressing interaction targets 
can be utilized to modify the interaction site of wheat 
TaERP via gene editing, thereby preventing Pt invasion. 
This approach has the potential to develop durable wheat 
leaf rust-resistant cultivars; however, further research 
is required to investigate the functional aspects of this 
target. It should be noted that there is a high similarity 
(99.54%) in TaERP3 protein sequence among 2A, 2B, 
and 2D, and there are differences in 15 aa and 130 aa 
(Additional file 1: Figure S3c). The identified interaction 
domain between Pt3372 and TaERP3 corresponds to the 
30–60 aa of the C2 domain. Hence, we speculated that 
different alleles of TaERP3 may have varying effects on 
the regulation of wheat immunity, which warrants future 
investigation.

Conclusion
Pt3372 is a Pt effector protein of 139 aa, with a signal 
peptide of 1–24 aa at the N-terminal. It showed viru-
lence by inhibiting PCD induced by BAX and INF1 in N. 
benthamiana and Pst DC3000 in wheat. Pt3372 can sup-
press callose deposition and ROS accumulation in wheat 
near-isogenic lines TcLr2a and TcLr18 by interacting 
with wheat TaERP3 on chromosome 2D. Overexpres-
sion of Pt3372 increased pathogen virulence and reduced 
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wheat resistance to Pt JHKT, whilst silencing Pt3372 
reduced pathogen virulence in TcLr2a and TcLr18. Alto-
gether, our results indicate that Pt3372 suppresses wheat 
immunity by targeting TaERP3 in TcLr2a and TcLr18.

Methods
Plant materials and strains
Wheat near-isogenic lines TcLr2a and TcLr18 were used 
to quantitatively analyze and observe callose deposi-
tion and ROS accumulation, and Pt3372 pathogenicity 
function analysis by HIGS. The common wheat cultivar 
Zhengzhou 5389 was used for the propagation of leaf 
rust fungus, and Fielder was used for the generation of 
transgenic lines. Nicotiana benthamiana and Agrobac-
terium GV3101 were used for the transient expression 
of Pt3372. Wheat and N. benthamiana were sowed and 
maintained in a greenhouse at 22 ± 2 °C with 16 h of light 
and 8  h of darkness. Transient expression analysis was 
performed using N. benthamiana plants aged 4–6 weeks. 
Pseudomonas fluorescens EthAn (effector-to-host ana-
lyzer) and Pseudomonas syringae pv. tomato DC3000 
(Pst DC3000) were used for T3SS-mediated overexpres-
sion of Pt3372. Yeast strain YTK12 was used for valida-
tion of signal peptide secretory function, and Y2H Gold 
was used for yeast two-hybrid assay. High virulent Pt race 
JHKT (13-5-28-1) was used for HIGS and Pt3372 overex-
pression analysis.

Bioinformatic analysis of Pt3372
To analyze whether Pt3372 is a secretory effector protein 
(SEP), online server such as SignalPv4.1 (http://​www.​cbs.​
dtu.​dk/​servi​ces/​Signa​lP/), TargetPv1.1 (http://​www.​cbs.​
dtu.​dk/​servi​ces/​Targe​tP/), TMHMMv2.0 (transmem-
brane prediction using hidden Markov models) (http://​
www.​cbs.​dtu.​dk/​servi​ces/​TMHMM/), Pfam (http://​pfam.​
xfam.​org/), SOPMA (self-optimized prediction method 
with alignment) (http://​npsa-​pbil.​ibcp.​fr/​cgi-​bin/​npsa_​
autom​at.​pl?​Page=​npSA_​sopma.​html) were used to ana-
lyze the Pt3372 sequence (Qi et  al. 2023), and UniProt 
(https://​www.​unipr​ot.​org/​blast) was used to analyze the 
TaERP3 protein domain.

qRT‑PCR analysis of Pt3372
Wheat leaves were collected at 0 (urediniospores, US), 6, 
12, 18, 24, 36, 72, 96, 120, 144, 216, and 288 h post inocu-
lation (hpi) with JHKT. Total RNA was extracted from all 
samples using the UNlQ-10 Column Trizol Total RNA 
Isolation Kit (Biotechnology China, Shanghai, B511321). 
Single-stranded cDNA was synthesized by reverse tran-
scription using 5 × All-In-One RT MasterMix (ABM, 
China, Shanghai, G490). After dilution, 1 µL of the syn-
thesized cDNA was used for qRT-PCR, and the specific 

primers used are shown in Additional file  2: Table  S1. 
PtActin was used as the internal reference gene for the 
expression analysis of related genes in Pt. The relative 
expression of the gene was calculated according to the 2−

ΔΔCT method (Livak and Schmittgen 2001), and repeated 
three times. Student’s t-test was used to evaluate the sta-
tistical significance.

Secretory function analysis of Pt3372 signal peptide
The yeast secretion trap systems and 2,3,5-triph-
enyltetrazonium chloride (TTC) color reaction were 
used to verify the secretory function of the Pt3372 sig-
nal peptide (Jacobs et al. 1997; Oh et al. 2009; Yin et al. 
2018). Pt3372 signal peptide was cloned into the vec-
tor pSUC2T7M13ORI (pSUC2) using specific primers 
indicated in Additional file 2: Table S1 and transformed 
into the invertase mutant yeast strain YTK12. The posi-
tive transformants were screened on SD/-Trp (Shaanxi 
Puind Bioengineering Co., Ltd., China, Shaanxi, PT1050). 
The positive transformants and the negative and posi-
tive controls were then diluted according to the ratio of 
1:1, 1:10, 1:100, and spot cultured on YPRAA medium 
(1% yeast extract, 2% peptone, 2% raffinose, 2 µg/L anti-
mycin A, and 2% agar), YPDA (1% yeast, 2% peptone, 2% 
glucose, 0.003% adenine sulfate, 2% agar and SD/-Trp, 
respectively (Zhao et al. 2018). The enzyme activity of the 
invertase was detected through its ability to reduce TTC 
to insoluble red 1,3,5-triphenylformic acid (TPF).

Agrobacterium‑mediated transient assay
The A. tumefaciens strain GV3101 carrying vectors was 
grown overnight in Luria–Bertani (LB) medium sup-
plemented with 50  µg/mL kanamycin and 50  µg/mL 
rifampicin. The subcellular localization and toxicity anal-
ysis of Pt3372 in tobacco was performed as described by 
Qi et al. (2023).

Bacterial T3SS‑mediated Pt3372 overexpression in wheat
According to the method by Qi et al. (2023), the EtHAn 
(carrying an empty vector pEDV6 and pEDV6-Pt3372) 
were cultured, infiltrated into wheat, and samples were 
collected to detect callose deposition. For reactive oxygen 
species accumulation detection, wheat leaves were placed 
in 0.01% 3,3′-Diaminobenzidine (DAB) staining solution, 
irradiated under strong light for 8  h, and then decolor-
ized with 95% ethanol until the leaves became white. The 
ROS were observed under a microscope (bright field) 
and photographed. The callose deposition and reactive 
oxygen species accumulation were statistically analyzed 
using ImageJ software. Subsequently, qRT-PCR was used 
to analyze the expression patterns of TaPR1, TaPR2, 
TaSOD, TaCAT​, and TaGR in wheat, using TaGAPDH as 
the internal reference gene. For phenotypic observations, 

http://www.cbs.dtu.dk/services/SignalP/
http://www.cbs.dtu.dk/services/SignalP/
http://www.cbs.dtu.dk/services/TargetP/
http://www.cbs.dtu.dk/services/TargetP/
http://www.cbs.dtu.dk/services/TMHMM/
http://www.cbs.dtu.dk/services/TMHMM/
http://pfam.xfam.org/
http://pfam.xfam.org/
http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?Page=npSA_sopma.html
http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?Page=npSA_sopma.html
https://www.uniprot.org/blast
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the collected EtHAn (pEDV6 and pEDV6-Pt3372) were 
diluted to OD600 = 1.0, Pst DC3000 strain OD600 = 0.4, 
and Pst DC3000 strain was co-infiltrated into the sec-
ond leaf of wheat in a ratio of 1:1, this experiment was 
repeated three times, and the phenotype was observed 
and photographed after 3–5 days (Xu et al. 2019).

Barley stripe mosaic virus (BSMV)‑mediated gene silencing
The specific fragment of Pt3372 was ligated into the 
BSMV-γ vector to construct the recombinant vector 
BSMV:Pt3372, which was then transformed into Agro-
bacterium EHA105 according to the method by Qi 
et  al. (2023). BSMV infected tobacco leaves were har-
vested and ground in 1% celite in 0.1  M  PB buffer (pH 
7.4) (Coolaber), and gently rubbed with gloved fingers 
onto the second leaf of the wheat seedlings. The virus-
treated seedlings were maintained at 22 ± 2 °C for 15 d in 
the greenhouse. The fresh Pt race JHKT was inoculated 
using the smearing method. After 16  h of darkness and 
100% moisture retention, it was transferred to a 22 ± 2 °C 
light greenhouse for normal culture. Leaf samples were 
collected at 24, 48, and 120  hpi for RNA extraction. 
The silencing efficiency of BSMV-Pt3372 was detected 
by qRT-PCR, and histopathological observation of the 
growth and development of Pt after silencing Pt3372 was 
observed under a microscope. The phenotype of the third 
leaf was observed and photographed after 14 d, according 
to Qi et al. (2023).

Overexpression of Pt3372 in fielder
The Pt3372 ORF was constructed into the wheat trans-
genic vector pANIC6E by Gateway technology, and the 
recombinant vector pANIC6E-Pt3372 was transformed 
into EHA105. The positive monoclonal was sent to 
the transgenic platform of the Key Laboratory of Crop 
Adversity Biology in Arid Areas of Northwest A & F Uni-
versity. The exogenous gene Pt3372 was introduced into 
wheat Fielder to obtain the wheat transgenic line Pt3372-
6E. The inserted fragments were detected by PCR to 
screen positive transgenic plants. When the Pt3372-6E 
T1 generation grew to the second leaf, it was inoculated 
with Pt race JHKT, and RNA samples were collected at 
24  h and 48  h for the analysis of disease-related gene 
expression. The phenotype was recorded on 14 dpi.

Yeast two‑hybrid test
The cDNA library was constructed from the leaves of 
wheat Thatcher infected with Pt race JHKT at 0, 6, 12, 24, 
36, 48, 72, 96, 120, 144, and 216 hpi, respectively. Using 
pGBKT7-Pt3372 as the bait, the interaction protein of 
Pt3372 was screened according to Liu et  al. (2022). In 
order to clarify the interaction region between Pt3372 

and  TaERP3, the mutants of Pt3372 and  TaERP3 were 
constructed by the amino acid deletion method, and the 
interaction was verified by co-transformation.

Co‑IP and BiFC assay
The GV3101 strain carrying YN-Pt3372 and YC-TaREP3 
was cultured overnight at 28  °C, and the OD600 was 
adjusted to 0.5, mixed in a ratio of 1:1, and the mixture 
was infiltrated into 4-weeks-old N. benthamiana leaves. 
After 48 h, samples were collected, and 100 µL of co-infil-
trated protein was extracted as a control (Input). 10  μL 
anti-HA-tag magnetic beads were added to the remain-
ing extract, mixed upside down, incubated at 4 °C for 3 h, 
centrifuged at 5000  g for 30  s, and the supernatant was 
removed. The beads in the washing buffer with a volume 
of 60  μL were mixed with 20  µL of the loading buffer 
and heated at 100 °C for 5 min. The precipitated protein 
and crude protein (Input) were hybridized with anti-HA 
(Abcom, ab1424) and anti-Flag (Sihma, F1804) antibod-
ies, respectively. After 2–3  d, the cells were observed 
under a laser confocal FV1000 microscope, and three 
biological replicates were set.

Western blotting
Proteins were separated by sodium dodecyl-sulfate pol-
yacrylamide gel electrophoresis (SDS-PAGE). The gel 
was transferred to polyvinylidene difluoride (PVDF) 
membrane (PALL, BSP0161) by wet transfer method. 
The PVDF membrane was immersed in a blocking solu-
tion (TBST, 5% skimmed milk powder), incubated for 
1 h at room temperature, and then washed three times. 
Anti-HA and anti-flag antibodies were diluted to 1:1000 
added to the PVDF membrane, and incubated at room 
temperature for 3  h. After washing four times, the sec-
ondary antibody goat anti-mouse (1:10,000) was added to 
the PVDF membrane and incubated at room temperature 
for 1  h. After washing four times, the fluorescent sub-
strate was added to react for 5 min and then exposed and 
photographed.

Statistical analysis of data
Statistical analysis was performed using IBM SPSS Statis-
tics 23 (IBM SPSS Statistics, IBM Corporation, Armonk, 
New York, USA) software.
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