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ABSTRACT
Counteracting plant RNA silencing ensures successful viral infection. The P25 protein encoded by potato virus X (PVX) is a mul-
tifunctional protein that acts as a viral RNA silencing suppressor (VSR). In this study, we screened out a potato type I protease 
inhibitor (PI) in Nicotiana benthamiana (NbPI) that interacts with P25. Silencing of NbPI by tobacco rattle virus (TRV)-mediated 
virus-induced gene silencing (VIGS) promoted the infection of PVX. Overexpression of NbPI in transgenic plants conferred re-
sistance to PVX infection. Moreover, transient expression of NbPI impaired the VSR activity and cell-to-cell movement comple-
mentation ability of P25. Further experiments showed that P25 protein degradation was through the combination of autophagy 
and the ubiquitin-26S proteasome system (UPS), leading to impairment of P25. Taken together, we have identified NbPI as a new 
host factor that compromises PVX infection by targeting and degrading the VSR P25.

1   |   Introduction

RNA silencing is one of the main mechanisms by which plants 
defend themselves from pathogens, including viruses (Ding 
et al. 2004; Voinnet 2001; Wang and Metzlaff 2005). However, 
plant viruses have counterdefence virus proteins, known as 
RNA silencing virus suppressors (VSRs), that counteract this 
defence mechanism and ensure successful systemic infec-
tion in the plant (Baulcombe  2002; Ding et  al.  2004; Qu and 
Morris  2005). One way that VSRs function is by binding to 
long double-stranded RNA (dsRNA) or small interfering RNA 
(siRNA) duplexes, subsequently inhibiting siRNA biogenesis 
or RNA-induced silencing complex (RISC) formation (Lakatos 

et  al.  2006). Another way is by binding to components of the 
RNA silencing machinery and inhibiting their normal func-
tion (Lakatos et  al.  2006). The earliest identified VSR protein 
was 2b of cucumber mosaic virus (CMV; Cucumovirus CMV), 
which has a dsRNA binding domain and an AGO interaction 
domain (Duan et  al.  2012). The P19 protein of tomato bushy 
stunt virus (TBSV; Tombusvirus lycopersici) acts as a VSR by 
binding to 21-nucleotide (nt) siRNAs, helping viral infection of 
host plants (Jiang, Lu, et al. 2021; Jiang, Zheng, et al. 2021; Li 
et  al.  2019). Plants have various countermeasures to such at-
tacks from plant viruses. For example, autophagy in plants tar-
gets and degrades several VSRs, such as CMV 2b (Diaz-Pendon 
et al. 2007), rice stripe virus (RSV; Tenuivirus oryzaclavatae) P3 
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(Jiang, Lu, et al. 2021; Jiang, Zheng, et al. 2021) and brassica yel-
lows virus (BrYV; Polerovirus TUYV) P0 (Li et al. 2019). Recent 
reports have identified a protein arginine methyltransferase 6 
(PRMT6) that methylates the key arginine residue of TBSV P19 
to inhibit its dimerisation and small RNA binding activity (Zhu 
et al. 2024).

Potato virus X (PVX; Potexvirus ecspotati, family 
Alphaflexiviridae) has a single-stranded (ss)RNA genome that 
encodes five proteins, of which the three triple gene block 
(TGB) proteins and coat protein (CP) are all involved in viral 
cell-to-cell and systemic movement (Verchot  2022). TGBp1 
(P25) is a multifunctional protein that is also a decisive factor 
in PVX pathogenicity (Verchot 2022; Wu et al. 2019). P25 has 
RNA helicase activity (Atabekov et  al.  2007) and ATPase ac-
tivity (Leshchiner et  al.  2006). Furthermore, it plays a crucial 
role in suppressing host RNA silencing (Voinnet et al. 2000) and 
facilitating the systemic movement of PVX through its interac-
tion with TGBp2/3 (Tilsner et al. 2012). Furthermore, the P25 
protein has been reported to interact with Argonaute1 (AGO1) 
and to mediate the degradation of AGO1 via the proteasome 
pathway (Chiu et  al.  2010). P25 can target chloroplast protein 
ferredoxin 1 (FD1), interfere with the accumulation of callose 
mediated by plant hormones, and promote the infection of PVX 
(Yang, Lu, et al. 2020).

Protease inhibitors (PIs) are a large and complex group of inhib-
itors that play various roles in development and metabolism by 
binding to proteases and controlling their activity (Mitsumori 
et al. 1994; Grudkowska and Zagdańska 2004; Sin et al. 2006; 
Sawano et al. 2008). Many studies have shown that mechanical 
damage and chewing by herbivorous insects cause the accumu-
lation of PIs in plants, while the expression of PIs is regulated 
by plant hormones such as jasmonic acid (JA), ethylene (ET), 
and abscisic acid (ABA) (Tamayo et  al.  2000). PIs can inhibit 
the activity of protease enzymes produced by fungi and bacteria 
in the apoplast and play a defensive role in plants by fighting 
against pathogen infections (Kim et al. 2005; Kim et al. 2006; 
Sels et al. 2008; Tsybina et al. 2001). There are also several re-
ports that endogenous PIs may provide resistance to plant vi-
ruses. The constitutive expression of rice cysteine proteinase 
inhibitors in tobacco has been found to be potentially associated 
with resistance to tobacco etch virus (TEV; Potyvirus nicoti-
anainsculpentis) and potato virus Y (PVY; Potyvirus yituberosi) 
(Gutierrez-Campos et  al.  1999). Additionally, recent findings 
have shown that StAPI5 in potato (Solanum tuberosum) has 
the potential to defend against multiple virus infections, act-
ing against both PVY and potato virus A (Potyvirus atuberosi) 
(Osmani et  al.  2022). Furthermore, the CmPI identified from 
Cucumis metuliferus plays an important role in resistance to po-
tato virus infection in C. metuliferus and Nicotiana benthami-
ana (Lin et al. 2015).

Here, we found that a potato type I protease inhibitor in N. 
benthamiana, named NbPI, interacted with PVX P25. In 
the NbPI-silenced plants, infection by PVX resulted in seri-
ous viral symptoms and greater accumulation of viral RNAs. 
Plants overexpressing NbPI had compromised symptoms 
of PVX infection. Further studies demonstrated that the ex-
pression of NbPI induced degradation of P25 and suppressed 
the function of P25 as a suppressor of RNA silencing. Taken 

together, these results demonstrate a strategy in which NbPI 
participates in viral defence against PVX infection by target-
ing the VSR.

2   |   Results

2.1   |   PVX P25 Interacts With a Potato Type I 
Protease Inhibitor

PVX P25 is multifunctional, acting as a suppressor of plant 
RNA silencing and playing a significant role in viral move-
ment (Voinnet et al. 2000; Bayne et al. 2005). Here, by using 
yeast two-hybrid assays, we identified an N. benthamiana pro-
tein interacting with P25 (Figure 1A). The complete nucleotide 
sequence of the protein was cloned, and BLAST showed that 
it encoded a potato type I protease inhibitor in N. benthami-
ana (NbPI). To verify the interaction between P25 and NbPI, 
a bimolecular fluorescence complementation (BiFC) assay 
and co-immunoprecipitation (Co-IP) experiments were then 
performed. We cloned the NbPI gene into the split-YFP vec-
tor pCV-nYFP-C and P25 into pCV-cYFP-C, then transiently 
expressed them in N. benthamiana plants. Co-expression 
of NbPI-nYFP and P25-cYFP produced YFP fluorescence at 
2 days post-infiltration (dpi), confirming an interaction be-
tween these two proteins, whereas co-expression of NbPI-
nYFP with a control GUS-cYFP did not (Figure 1B). In a Co-IP 
assay, plasmids encoding NbPI-Myc (C-terminal Myc tag) and 
P25-GFP (C-terminal GFP tag) were transiently expressed in 
N. benthamiana plants, with GUS600-Myc (β-glucuronidase 
gene with a size of 600 bp, GUS) used as a noninteracting 
(negative) control. Leaf lysates were immunoprecipitated with 
anti-Myc beads, and any coprecipitated protein was detected 
using an anti-GFP antibody (Figure 1C). These experimental 
outcomes all suggest that NbPI interacts with P25.

2.2   |   Overexpression of NbPI Alleviates PVX 
Infection

Virus-induced gene silencing (VIGS) is a potent approach for 
studying the loss-of-function of plant genes. The system based 
on the TRV vector has been well developed and extensively ap-
plied (Velásquez et al. 2009). Silencing of the endogenous phy-
toene desaturase (PDS) gene with photobleaching symptoms is 
used as a control. We therefore used this system to investigate 
the role of NbPI in PVX infection. At 10 dpi of TRV:PDS, the sys-
temic (newly emerged) leaf showed a marked leaf bleaching phe-
nomenon (Figure S1A). There was no difference in phenotype 
between the NbPI-silenced and the control plants (Figure S1B), 
and reverse transcription-quantitative PCR (RT-qPCR) results 
showed that the expression level of NbPI was significantly re-
duced, indicating that NbPI had been silenced successfully 
(Figure S1C). When NbPI silencing was established by TRV:NbPI 
at 10 dpi, PVX-GFP was inoculated onto the plants, and GFP 
fluorescence was monitored. GFP fluorescence appeared on the 
systemic leaves of both NbPI-silenced and non-silenced plants 
at 6 dpi, but the intensity of fluorescence was greater in the 
NbPI-silenced plants (Figure  2A). Additionally, the accumula-
tion of PVX CP was greater at both the protein and RNA levels 
in the plants with silenced NbPI compared to the control plants 
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(Figure  2B,C). Taken together, these findings suggest that si-
lencing of NbPI enhances the susceptibility of N. benthamiana 
to PVX infection.

The higher accumulation of PVX in NbPI-silenced plants led 
us to postulate that NbPI might play a defensive role during 
PVX infection. To test the hypothesis, we first transiently 
overexpressed NbPI and then inoculated the plants with 
PVX. The fluorescence of PVX-GFP in the patch with the 
overexpression of NbPI was weaker than that in the control 

(Figure  S2A). Western blotting revealed that the accumula-
tion of CP was decreased in the patches transiently expressing 
NbPI (Figure S2B).

To further validate the effect of overexpressing NbPI on PVX 
infection, the leaf disc transformation method was employed 
to obtain transgenic tobacco lines expressing NbPI-RFP (C-
terminal RFP tag). Through confocal microscopy observa-
tion of RFP fluorescence in transgenic progeny of each line, 
three homozygous lines (1/3/26#NbPI-OE) were identified 
(Figure  S3A,B). Agrobacteria harbouring PVX-GFP were 
infiltrated onto similar-sized patches of leaves of either the 
transgenic plants overexpressing NbPI or wild-type plants 
(control) at 3 weeks of age. At 6 dpi, the GFP fluorescence 
intensity on the systemic leaves of the NbPI-overexpressing 
plants was significantly lower than that of the wild-type N. 
benthamiana plants (Figure  2D,E). Western blotting results 
also showed that the accumulation of PVX CP and P25 in 
plants overexpressing NbPI was less than that in the control 
plants (Figure 2F). Furthermore, the results of RT-qPCR indi-
cated that there was less virus RNA in the systemic leaves of 
NbPI-OE(s) lines than in the control plants (Figure 2G). At the 
same time, RT-qPCR analysis confirmed that these three plant 
lines were overexpressing NbPI (Figure S4). This further con-
firms that NbPI plays a defensive role in PVX infection, and 
that overexpression of NbPI in N. benthamiana plants compro-
mised PVX infection.

2.3   |   NbPI Affects the Function of PVX P25

To investigate whether the defensive role of NbPI results from 
impairing the VSR function of P25, GFP-expressing transgenic 
N. benthamiana (16c) plants were used to analyse the effect of 
NbPI on the function of P25 as a suppressor. 16c plants were 
infiltrated with agrobacteria expressing GFP to increase the 
expression of GFP but then initiate post-transcriptional gene 
silencing to subsequently degrade GFP mRNAs and abolish 
GFP fluorescence. The leaves of 16c plants were also infil-
trated with agrobacteria expressing PVX P25 with NbPI-RFP 
(C-terminal RFP tag) or Mock-RFP (Figure 3A). At 5 dpi, green 
fluorescence was almost absent in patches without NbPI, ap-
pearing as a red rim, showing that silencing of the GFP gene 
had occurred (Figure  3A). Patches co-expressing NbPI-RFP, 
P25, and mGFP were still green, but the GFP fluorescence 
was weaker than in the positive control (Mock-RFP, P25 and 
mGFP) (Figure 3A). The supplementary experiments showed 
that NbPI had no effect on mGFP accumulation (Figure S5). 
In the patches expressing NbPI, the accumulation of GFP was 
decreased compared with the positive control, showing that 
the expression of NbPI impaired the function of P25 as a VSR 
(Figure 3B).

In addition to being a suppressor of RNA silencing, P25 also acts 
together with the other TGBs (TGBp2 and TGBp3) as a move-
ment protein for PVX cell-to-cell movement and systemic move-
ment (Verchot-Lubicz et al. 2007). Because we had shown that 
the expression of NbPI impaired the suppressor function of P25, 
we then examined whether the expression of NbPI affects the 
movement function of P25, using PVXΔP25-GFP to analyse the 
effect of NbPI on the ability of P25 to recover movement-deficient 

FIGURE 1    |    PVX P25 interacts with a potato type I protease in-
hibitor. (A) Using nuclear yeast two-hybrid analysis, it was confirmed 
that P25 interacts with NbPI. (B) In order to confirm the interaction 
between NbPI and PVX P25 in Nicotiana benthamiana leaves, bimo-
lecular fluorescence complementation assay was conducted in N. ben-
thamiana. Photographs were taken 2 days after Agrobacterium infiltra-
tion. The YFP region, bright field, and their overlay are shown. Scale 
bar = 100 μm. (C) The results of co-immunoprecipitation analysis show 
that NbPI can interact with PVX P25 to form a complex in N. benth-
amiana cells. Different cell lysates were immunoprecipitated with anti-
Myc magnetic beads, separated by SDS-PAGE, and detected by anti-Myc 
monoclonal antibody or anti-GFP monoclonal antibody by western blot.
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PVX. We co-infiltrated PVXΔP25-GFP, P25 with NbPI-RFP or 
Mock-RFP into different regions of N. benthamiana leaves via 
Agrobacterium infiltration. At 4 dpi, the GFP fluorescence in-
tensity and density in the experimental group (NbPI-RFP) were 

significantly weaker than those in the control group (Mock-
RFP), a phenomenon observable under a handheld UV lamp 
(Figure 3C). Similarly, confocal microscopy revealed that GFP 
fluorescence was widely distributed in many cells in the control 

FIGURE 2    |     Legend on next page.
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FIGURE 2    |    Overexpression of NbPI alleviates PVX infection. (A) The GFP fluorescence phenotypes of the systemic leaves at 6 days post-
inoculation (dpi) after PVX-GFP infection were analysed under natural light and ultraviolet light. Scale bar = 1 cm. (B) Western blot analysis showing 
the accumulation levels of PVX coat protein (CP) and P25 proteins in the systemic leaves at 6 dpi after PVX-GFP infection. (C) Reverse transcription-
quantitative PCR (RT-qPCR) analysis showing the PVX RNA levels in the systemic leaves at 6 dpi after PVX-GFP infection. Actin II was used as an 
internal control. Statistical analysis was conducted using the t test (*p < 0.05). (D) and (E) GFP fluorescence of systemic leaves in transgenic plants 
overexpressing NbPI and wild-type Nicotiana benthamiana plants after infiltration with PVX-GFP at 6 dpi. Scale bar = 1 cm. (F) Western blot results 
showing the accumulation of PVX CP and P25 in systemic leaves of the wild-type and transgenic plants overexpressing NbPI in (D) and (E). (G) RT-
qPCR analysis showing the PVX RNA levels in systemic leaves of the wild-type and transgenic plants overexpressing NbPI in (D) and (E). Actin II 
was used as an internal control. Statistical analysis was conducted using the t test (*p < 0.05, **p < 0.01).

FIGURE 3    |    NbPI affected the function of PVX P25. (A) mGFP was expressed alone or in combination with P25 on transgenic Nicotiana benthami-
ana 16c, and the plants were co-infiltrated with Mock-RFP or NbPI-RFP. The GFP fluorescence phenotype of the plants was observed under a handheld 
UV lamp at 6 days post-infiltration (dpi). Scale bar = 1 cm. (B) Total proteins were extracted from leaves of the same size in the four regions of (A), and the 
protein accumulation level of mGFP was analysed. (C) PVXΔP25-GFP and P25 were co-infiltrated with Mock-RFP or NbPI-RFP. The GFP fluorescence 
phenotype of the plants was observed under a handheld UV lamp at 3 dpi. Scale bar = 1 cm. (D) Confocal microscopy images in (C) illustrate the distribu-
tion and accumulation patterns of GFP fluorescence, RFP fluorescence and their merged fluorescence. Scale bar = 100 μm. (E) Western blot assay of the 
expression of NbPI-RFP and Mock-RFP.



6 of 10 Molecular Plant Pathology, 2025

group, while in the experimental group, GFP fluorescence was 
restricted to a few cells (Figure 3D). Confocal microscopy and 
western blot assays confirmed the expression of NbPI-RFP and 
Mock-RFP (Figure 3D,E). These results were consistent with the 
observations under UV light and indicate that NbPI interferes 
with the normal movement function of P25.

2.4   |   NbPI Participates in the Degradation 
of PVX P25

To further investigate how NbPI affects the function of P25, 
we co-infiltrated P25-GFP with NbPI-RFP or Mock-RFP (con-
trol) and monitored the subcellular localisation and intensity 
of fluorescence. At 60 h after infiltration, confocal fluorescence 
observation showed that when P25-GFP and NbPI-RFP were co-
expressed, the fluorescence of GFP was significantly less than 
that of the control group (Figure 4A). Western blotting showed 
that significantly less P25 accumulated in the NbPI group than 
in the control group (Figure 4B).

Autophagy and the UPS are the main protein degradation path-
ways in eukaryotic cells (Varshavsky 2017). To investigate which 
pathway was involved in the degradation of P25 by NbPI, we co-
expressed the P25-GFP and NbPI-RFP for 48 hpi and then added 
cycloheximide (CHX, a protein synthesis inhibitor) along with 
3-methyladenine (3-MA, an inhibitor of autophagy) or MG132 (an 
inhibitor of the 26S proteasome pathway). Through confocal ob-
servation, we found that when NbPI and P25 were treated with 
3-MA or MG132 alone, the GFP fluorescence intensity of P25 was 
not affected compared with the control group (Figure  S6A,C). 
Western blot analysis of P25 protein accumulation showed no 
significant difference between 3-MA or MG132 treatment alone, 
but compared with the control group (Mock-RFP), the accumu-
lation of P25 protein was significantly reduced (Figure  S6B,D). 
Previous studies have shown that when the proteasome is inhib-
ited by chemical or genetic defects, autophagy can affect the deg-
radation pathway of the 26S proteasome and remove excessive or 
damaged proteasomes (Marshall et al. 2021), indicating that the 
UPS and autophagy can complement each other to manage the 
nutrient cycle and alleviate protein toxic stress. Therefore, we de-
cided to combine the 3-MA and MG132 treatments and then de-
tect the accumulation of P25 protein co-expressed with NbPI-RFP 
or Mock-RFP in the same leaf. Compared with the control group 
(the co-expression group of NbPI and P25 treated only with CHX), 
the experimental group (the co-expression group of NbPI and P25 
treated with CHX, 3-MA and MG132 simultaneously) showed a 
significant increase in the GFP fluorescence of P25 and a greater 
accumulation of the protein (Figure  4C,D). The treatment of 
MG132 plus 3-MA did not significantly affect the P25 fluorescence 
intensity and protein accumulation in the Mock-RFP group, but 
these were significantly greater than those in the NbPI-RFP group 
(Figure 4C,D). In conclusion, NbPI may inhibit the accumulation 
of P25 through the combination of autophagy and UPS, thereby 
affecting the important role of P25 in the PVX infection process.

3   |   Discussion

PIs play a crucial role in various biochemical processes by spe-
cifically binding to proteases and modulating their activities 

and thus have multiple roles in plant development, metabolism, 
and pest resistance (Tamayo et al. 2000; Mitsumori et al. 1994; 
Grudkowska and Zagdańska  2004). PIs have been extensively 
studied for their significant role as natural insecticides in plants 
(Zhu-Salzman and Zeng  2015). They inhibit the proteases se-
creted by insects, thereby preventing insects from obtaining es-
sential amino acids, and directly or indirectly cause the death 
of insects or difficulties in their development and reproduction 
(Premachandran et al. 2021). PIs also play a role in combating 
plant viruses. The expression of rice cysteine protease inhibitor 
in tobacco provides potential resistance to both TEV and PVY 
(Gutierrez-Campos et al. 1999). In addition, StAPI5 (identified in 
potato) and CmPI (identified in C. metuliferus) both have resis-
tance effects against multiple potato viruses (Osmani et al. 2022; 
Lin et al. 2015). Here, the NbPI identified in our study as a potato 
type I protease inhibitor has also been confirmed to provide re-
sistance to PVX infection. NbPI not only interacts with the P25 
protein of PVX but also inhibits its function as a viral silencing 
suppressor. Mutation analysis has demonstrated that the sup-
pressor function of P25 is necessary for its movement function 
in a previous study (Bayne et al. 2005). Hence, this also restricts 
the movement of PVX between cells, consistent with the fact 
that PVX movement between cells depends on interference with 
plant RNAs.

The autophagy and UPS, which are responsible for the quality 
control and degradation of target proteins, jointly regulate the 
internal homeostasis of eukaryotic cells (Yu and Hua 2023). The 
two processes are interconnected and can to some extent com-
pensate for each other's functions (Raffeiner et al. 2023). In addi-
tion, both autophagy and UPS play crucial roles in plant antiviral 
defence by degrading viral proteins (Jiang, Lu, et al. 2021; Haxim 
et al. 2017; Vogel et al. 2007). In our study, co-expression of PVX 
P25 with Agrobacterium harbouring pCV-NbPI-RFP resulted 
in a significant reduction in the accumulation of PVX P25 pro-
tein. However, western blot analysis revealed that co-expression 
of pCV-P25-GFP and pCV-NbPI-RFP using Agrobacterium 
did not alter the accumulation of P25 protein upon treatment 
with either MG132 or 3-MA. When autophagy inhibitors and 
proteasome inhibitors were applied simultaneously, the accu-
mulation of P25 protein was increased in the presence of NbPI, 
indicating the involvement of both autophagy and the UPS. In a 
previous study, the effect of NbALY916 on the accumulation of 
P25 was also through both autophagy and the UPS (Yang, Tian, 
et al. 2020). This suggests that the degradation of P25 induced by 
host factors is mediated by autophagy and ubiquitin-proteasome 
pathways, either directly or indirectly. Thus, NbPI participates 
in plant defence against PVX by mediating the degradation of 
P25, although the precise mechanism by which this degradation 
occurs requires further investigation.

4   |   Experimental Procedures

4.1   |   Plant Materials and Growth Conditions

Wild-type N. benthamiana and transgenic lines expressing 
green fluorescent protein (GFP) (line 16c) or NbPIOE were 
grown in pots under constant 60% relative humidity and a 
16 h:8 h light:dark photoperiod. To achieve the transgenic 
overexpression of the NbPI gene, the full-length gene of NbPI 
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was cloned into the pCV vector (Lu et al. 2011). Subsequently, 
Agrobacterium-mediated transformation of N. benthamiana 
plants was conducted following a standard protocol (Horsch 
et al. 1985). The RFP (543/593–636 nm) fluorescence signal in 
transgenic progeny overexpressing NbPI was observed under 
an A1R HD25 confocal microscope (Nikon) and confirmed as 
a homozygous line.

4.2   |   Plasmid Construction

The gene sequence was amplified via PCR using KOD FX neo DNA 
polymerase (Toyobo) (primers are listed in Table  S1). Ligation-
independent cloning (LIC) technology was used to construct all 
expression vectors for plant research (Wendrich et al. 2015). The 
full-length sequence of PVX P25 was obtained from PVX-infected 

FIGURE 4    |    NbPI participates in the degradation of PVX P25. (A) Confocal microscopy images of Nicotiana benthamiana leaves co-infiltrated 
with P25-GFP and either Mock-RFP or NbPI-RFP. Images were captured at 60 h after co-infiltration (hpi). The images show the GFP region, the RFP 
region, and their overlay. Scale bar = 750 μm. (B) Western blot analysis of the accumulation level of P25 protein in (A). (C) Upper panel: Transient 
expression of Mock-RFP and P25-GFP in two regions of the same leaf at 48 hpi, followed by treatment with cycloheximide (CHX), MG132 and 
3-methyladenine (3-MA) in the experimental group and treatment with CHX alone in the control group at 9 hpi. Confocal microscopy images at 9 
hpi. Lower panel: Transient expression of NbPI-RFP and P25-GFP in two regions of the same leaf at 48 hpi, followed by treatment with CHX, MG132 
and 3-MA in the experimental group and treatment with CHX alone in the control group at 9 hpi. Confocal microscopy images at 9 hpi. The images 
show the GFP region and the RFP region. Scale bar = 200 μm. (D) Western blot analysis of the accumulation level of P25 protein in (C).
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N. benthamiana cDNA clones, while the full-length sequence 
of NbPI was obtained from N. benthamiana cDNA clones. For 
yeast two-hybrid analysis, the genes were ligated to pGBKT7 
and pGADT7 to generate pGBK-P25 and pGAD-NbPI. The genes 
were ligated to pCV-LIC-nYFP-C and pCV-LIC-cYFP-C (with 
yellow fluorescent protein [YFP] as the C-terminal fusion pro-
tein added), and pCV-NbPI-nYFP and pCV-P25-cYFP were con-
structed. Plasmids pCV-GUS-cYFP were as previously described 
(Fang et al. 2024). Confocal fluorescence observation and subcel-
lular localisation analysis were conducted using pCV-LIC-GFP 
(C-terminal green fluorescent protein) and pCV-LIC-RFP (C-
terminal red fluorescent protein), and pCV-P25-GFP and pCV-
NbPI-RFP were constructed. To achieve the transient expression 
of proteins with C-terminal Myc tags in plants, the recombinant 
plasmid pCV-NbPI-Myc was constructed using the pCV-LIC-Myc 
vector carrying a C-terminal Myc protein tag. All the constructed 
vectors were validated by DNA sequencing.

4.3   |   VIGS

To conduct VIGS experiments, the tobacco rattle virus (TRV) vec-
tor was introduced into A. tumefaciens GV3101 (Liu et al. 2002). 
Agrobacteria carrying vectors derived from TRV1 or TRV2 were 
resuspended in infiltration buffer (10 mM MgCl2, 10 mM MES, 
200 mM acetosyringone) and mixed in a 1:1 ratio. After incubation 
at room temperature for 3 h, the mixed culture was infiltrated into 
N. benthamiana plants at the six-leaf stage. The silencing pheno-
type appeared in the upper leaves 10 days post-infiltration.

4.4   |   Yeast Two-Hybrid Experiments

The pGBK-P25 and pGAD-NbPI vectors were transformed into 
Saccharomyces cerevisiae Y2HGold. After transformation, cells 
were inoculated into SD/–Leu–Trp medium (a synthetic glucose-
based medium without leucine and tryptophan) to verify the 
successful co-transformation of the two and then diluted in a 
concentration gradient into SD/–Leu–Trp–His–Ade medium (a 
synthetic glucose-based medium without leucine, tryptophan, ad-
enine, and histidine) to verify the protein–protein interactions.

4.5   |   BiFC

The plasmids pCV-NbPI-nYFP and pCV-P25-cYFP were in-
troduced into different regions of N. benthamiana leaves by 
Agrobacterium infiltration, with pCV-GUS-cYFP as the control. 
The OD600 value of Agrobacterium was 0.05. The YFP fluorescence 
was observed by confocal microscopy at 2 days post-infiltration.

4.6   |   Co-Immunoprecipitation Assay

The examined genes were fused with a GFP or Myc tag and 
agroinfiltrated into N. benthamiana leaves. At 2 days post-
infiltration, proteins were extracted from leaf samples (eight 
discs) in cold GTEN extraction buffer (10% glycerol, 25 mM Tris–
HCl, pH 7.5, 1 mM EDTA, 150 mM NaCl), 10 mM dithiothreitol, 
1 mM phenylmethylsulfonyl fluoride (PMSF), 0.15% Nonidet 
P40, and 1× protease inhibitor cocktail (Roche). Subsequently, 

the leaf lysate was mixed with GFP-Trap magnetic beads 
(ChromoTek), thoroughly shaken, and then incubated gently 
at 4°C for 2 h. The beads were collected using a magnet and 
washed nine times with washing buffer (GTEN buffer contain-
ing 1 mM PMSF and 1× protease inhibitor cocktail, freshly pre-
pared). The bound complexes were eluted by boiling in protein 
loading buffer for 10 min and then separated by SDS-PAGE on 
a 12% polyacrylamide gel and detected with anti-Myc and anti-
GFP antibodies.

4.7   |   Western Blotting

Total proteins of plants were extracted with lysis buffer (100 mM 
Tris–HCl, pH 8.8, 60% SDS, 2% β-mercaptoethanol). Proteins 
were separated in a 12% SDS-PAGE gel, transferred onto polyvi-
nylidene fluoride (Millipore) by wet electroblotting, and detected 
with primary antibody and anti-mouse or -rabbit (TransGen) 
secondary antibody. The antigen–antibody complexes were vi-
sualised using Immoblion Western Chemiluminescent HRP 
Substrate (Millipore) under standard conditions. The large 
subunit of RuBisCO protein served as the loading control. 
Quantitative analysis of the western blot digital images was per-
formed using ImageJ software.

4.8   |   RNA Extraction and RT-qPCR

Total RNA was extracted with TRIzol according to the man-
ufacturer's instructions (Invitrogen). The first-strand cDNA 
was synthesised using the TransScript All-in-One First-Strand 
cDNA Synthesis SuperMix with gDNA remover kit (TransGen). 
The expression levels of NbPI in NbPIOE, the expression level 
of PVX CP after infection, and the silencing efficiency of NbPI 
were detected by RT-qPCR using the primers listed in Table S1. 
qPCR was performed on a QuantStudio Real-Time Fluorescence 
Quantitative PCR System (Thermo Fisher Scientific) using the 
SYBR Green PCR Master Mix Kit (Vazyme), and data were an-
alysed by the 2−ΔΔC

t method (Livak and Schmittgen 2001). The 
specificity of the qPCR primers was verified by pooled cDNA 
samples (melting curve). Actin II of N. benthamiana was selected 
as an internal reference gene (Fang et al. 2024).

4.9   |   Confocal Microscopy

The agroinfiltrated leaf tissues of N. benthamiana were observed 
at 48–72 h post-agroinfiltration on an A1R HD25 confocal micro-
scope (Nikon). Fluorescence signals (excitation/emission wave-
length) for GFP (488/496–518 nm), YFP (514/529–550 nm) and 
mRFP (543/593–636 nm) were detected. Sequential scanning was 
used to avoid any interference between fluorescence channels.

4.10   |   Data Analysis

Statistical graphs were generated using GraphPad Prism (v. 9.0) 
software. Data are presented as means ± SD, and statistical 
significance was analysed by Student's t test. At least three in-
dependent experiments (each with five biological or three tech-
nical repeats) were applied unless otherwise noted. ImageJ was 
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used to quantify average integrated density values of bands on 
immunoblots.

4.11   |   Chemical Treatments

A total of 100 μM cycloheximide (Sigma) and water as a control 
were infiltrated into the leaves that had been pre-agroinfiltrated 
with targeted proteins to inhibit protein biosynthesis. A total 
of 10 mM 3-methyladenine (Sigma), 100 μM Z-Leu-Leu-Leu-al 
(MG132; Sigma), or an equal volume of dimethyl sulphoxide or 
water as control was used to inhibit the autophagy and 26S pro-
teasome, respectively, as previously described.
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