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1  |  INTRODUC TION

The direct losses caused by plant viruses worldwide each year amount 
to tens of billions of dollars (Godfray et al., 2010). The interaction be-
tween virus and host proteins is the key to determine whether the 

virus can invade the host and effectively replicate and spread in the 
host (Pallas & García, 2011; Rothenburg & Brennan, 2020). Studies 
on the molecular mechanism of the interaction between virus and 
host plant are crucial for clarifying the process of virus infecting 
plants and finding efficient antiviral strategies.
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Abstract
Tomato chlorosis virus (ToCV) is a member of the genus Crinivirus in the family 
Closteroviridae. It has a wide host range and wide distribution, causing serious harm 
to the vegetable industry. The autophagy pathway plays an important role in plant 
resistance to virus infection. Viruses and plant hosts coevolve in defence and an-
tidefence processes around autophagy. In this study, the interaction between ToCV 
p22 and Nicotiana benthamiana B-cell lymphoma2-associated athanogenes5 Nicotiana 
benthamiana (NbBAG5) was examined. Through overexpression and down-regulation 
of NbBAG5, results showed that NbBAG5 could negatively regulate ToCV infection. 
NbBAG5 was found to be localized in mitochondria and can change the original lo-
calization of ToCV p22, which is colocalized in mitochondria. NbBAG5 inhibited the 
expression of mitophagy-related genes and the number of autophagosomes, thereby 
regulating viral infection by affecting mitophagy. In summary, this study demonstrated 
that ToCV p22 affects autophagy by interacting with NbBAG5, established the asso-
ciation between viral infection, BAG proteins family, and the autophagy pathway, and 
explained the molecular mechanism by which ToCV p22 interacts with NbBAG5 to 
inhibit autophagy to regulate viral infection.
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The process in which cells transport denatured proteins, ox-
idized lipids, and damaged and senescent organelles to lysosomes 
or vacuoles for digestion and degradation is autophagy, whereas 
the process of mitochondrial degradation that clears dysfunctional 
or redundant mitochondria and maintains mitochondrial balance in 
cells is mitophagy (Alers et al., 2012; Ng et al., 2014; Van Aken & 
Van Breusegem, 2015). In Arabidopsis, autophagy-related protein 1 
(ATG1) and ATG13 can form an ATG1-ATG13 kinase complex, which 
can initiate autophagy by linking metabolic and environmental signals 
to autophagic vesicles through changes in the phosphorylation sta-
tus of ATG1 and ATG13 (Mizushima, 2010; Suttangkakul et al., 2011). 
AtATG11 can be used as the main structural scaffold to connect the 
ATG1-ATG13 kinase complex with the autophagic mitochondria and 
autophagosome membrane to participate in the selective autophagy 
of mitochondria (Li & Vierstra, 2014). ATG1, ATG11, and membrane 
receptor-like proteins bind to ATG8-phosphatidylethanolamine-
modified autophagic vesicles to form autophagosomes, trigger-
ing mitochondrial degradation (Broda et al.,  2018; Li et al.,  2014). 
In addition, mitochondrial outer membrane protein hexokinase 1, 
translocases TOM20-2, TOM20-3, TOM20-4, and mitochondrial 
calcium uniporter proteins MCU1, MCU6 have been found to be as-
sociated with mitochondrial autophagy (Broda et al., 2018; Duncan 
et al., 2011; Teardo et al., 2017).

Virus infection triggers autophagy in host cells to form auto-
phagic vacuoles to engulf the virus and transport it to lysosomes 
for degradation, but, correspondingly, many viruses can successfully 
evade host autophagy degradation and even use autophagy for self-
replication (Clavel et al., 2017; Levine et al., 2011; Yang et al., 2020). 
After hepatitis C virus infects the host, it can stimulate the auto-
phagic response of host cells and use the autophagic membrane to 
replicate the virus and assemble and release virus particles (Ke & 
Chen,  2014). The unassembled capsid protein of cauliflower mo-
saic virus (CaMV) can be recognized by the host and degraded by 
selective autophagy, limiting virus replication (Hafrén et al., 2017). 
The key autophagy protein ATG8 in the plant autophagy pathway 
interacts with the virulence factor Bc1 of cotton leaf curl magno-
lia virus to inhibit virus infection (Haxim et al., 2017). The silencing 
suppressor HcPro of turnip mosaic virus can inhibit host cell auto-
phagy and promote virus infection (Hafrén et al., 2018). The γb pro-
tein of barley stripe mosaic virus disrupts the autophagy pathway 
by disrupting the ATG7-ATG8 interaction to promote viral infection 
(Yang et al., 2018). Autophagy resists cucumber mosaic virus infec-
tion by degrading the viral 2b protein (Shukla et al., 2022). Chinese 
wheat mosaic virus negatively regulates plant autophagy and pro-
motes virus infection by interacting with cytosolic glyceraldehyde-
3-phosphate dehydrogenase of host cells (Niu et al., 2022). Research 
on plant viruses and hosts around mitophagy is still in its infancy.

B-cell lymphoma2-associated athanogenes (BAGs) are a family of 
evolutionarily conserved proteins that are widely present in higher 
plants and are mainly involved in plant growth and stress response. 
BAG protein can interact with B-cell lymphoma 2 (Bcl-2) protein to 
enhance the anti-apoptotic effect of Bcl-2 and increase cell viabil-
ity (Takayama et al.,  1995). AtBAG5 can interact with calmodulin 

CaM and heat shock protein Hsc70 to form a signal complex, which 
dynamically regulates the senescence process of leaves (Li, Xing, 
et al.,  2016). Arabidopsis AtBAG7 is located on the endoplasmic 
reticulum and is translocated to the nucleus under heat stress, re-
sulting in heat tolerance (Li et al., 2017). In a study of plant disease 
resistance, transgenic banana plants overexpressing MusaBAG1 in-
creased resistance to banana wilt (Ghag et al., 2014). AtBAG6 can be 
cleaved under the regulation of aspartyl protease (APCB1). When in-
fected by Botrytis cinerea, the cleaved AtBAG6 regulates the defence 
response of plants to pathogen infection by inducing the autophagy 
of plant cells (Li, Kabbage, et al., 2016). Rice OsBAG4 can interact 
with E3 ubiquitin ligase and participate in rice immune regulation 
(You et al., 2016). However, little is known about the role of BAG 
proteins in viral infections.

In 1998, tomato chlorosis virus (ToCV), which can cause the 
yellowing of tomato leaves, was first discovered in Florida (Wisler 
et al., 1998). It has now been widely spread worldwide, causing seri-
ous losses to the vegetable industry (Fiallo-Olivé et al., 2011; Fiallo-
Olivé & Navas-Castillo, 2019; Martínez-Zubiaur et al., 2008). Studies 
have shown that the p22 protein encoded by ToCV has strong RNA 
silencing inhibitory activity and preferentially binds to long double-
stranded (ds) RNA to inhibit the production of small RNA (Cañizares 
et al., 2008; Landeo-Ríos et al., 2016b). A p22-deficient ToCV mutant 
reduced virus accumulation after infection of Nicotiana benthamiana 
(Landeo-Ríos et al., 2016a). The heterologous expression of p22 in 
plants aggravates the symptoms of plants after infection, leading to 
plant death (Cañizares et al., 2008; Landeo-Ríos et al., 2017). These 
reports indicate that p22 plays an important role in ToCV infection. A 
recent study found that ToCV p22 can interact with S-phase kinase-
associated protein 1 (SKP1) of N. benthamiana and interfere with the 
assembly of the SCFTIR1 complex (SKP1-Cullin-F-box) by binding to 
the C-terminus of SKP1, destroying the stability of SCFTIR1; as a re-
sult, auxin signal transduction is inhibited, thereby enhancing viral 
infection (Liu et al., 2021). However, the relationship between ToCV 
infection and autophagy has not been reported.

This study verified the interaction between ToCV p22 and BAG 
family proteins in N.  benthamiana and found that NbBAG5 can 
negatively regulate ToCV infection in N.  benthamiana. In addition, 
NbBAG5 was localized in mitochondria and regulated the expres-
sion of mitophagy-related genes, thereby regulating virus infection 
by affecting mitophagy.

2  |  RESULTS

2.1  |  Screening of interaction proteins of ToCV p22

ToCV p22 protein is a multifunctional viral protein that plays a key 
role in promoting viral infection (Cañizares et al.,  2008; Landeo-
Ríos et al.,  2016b; Liu et al.,  2021). To study further the mecha-
nism of ToCV p22 protein in virus infection, we constructed the 
BD-p22 recombinant plasmid for tomato nuclear yeast library 
screening and found that ToCV p22 could interact with tomato 
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protein SlBAG4. The interaction was further verified by cotransfec-
tion of recombinant plasmids BD-p22 and AD-SlBAG4 into yeast 
(Figure 1a). We cloned eight homologous NbBAG genes according 
to the existing sequences in the NCBI database, namely, NbBAG1 
to NbBAG8 (Figure S1a,b). The recombinant plasmids BD-p22 and 
AD-NbBAG1–8 were cotransformed into yeast, respectively. The re-
sults showed that ToCV p22 interacted with NbBAG3, NbBAG4, and 
NbBAG5 in yeast (Figure 1b,c).

2.2  |  ToCV p22 interacts with NbBAG5

We selected NbBAG5 (GenBank accession no. XM_016633002) for 
interaction verification with ToCV and began further research. ToCV 
p22 and NbBAG5 were connected to the N-terminus and C-terminus 
of the yellow fluorescent protein YFP, respectively, and transformed 
into Agrobacterium tumefaciens. The Agrobacterium solution with dif-
ferent fluorescent protein ends was combined in pairs to infiltrate the 
leaves of N. benthamiana. After 3 days of inoculation, the N. bentha-
miana leaf cells were observed by laser confocal microscopy. The 
results showed that the yellow fluorescence of the two inoculation 
combinations of p22 and NbBAG5 was distributed in the cytoplasm 
and formed some dot-like particles in the cells. The yellow fluores-
cence signal could not be observed in the negative control group 
(Figure 2a). Furthermore, ToCV p22 could interact with NbBAG5 in 
plants by bimolecular fluorescence complementation assay.

To verify further the interaction between ToCV p22 and 
NbBAG5 in plants, p22-3FLAG and NbBAG5-3Myc recombinant 

plasmids were constructed in this experiment. The combination 
of p22-3FLAG and GUS-3Myc was used as a negative control, and 
Agrobacterium infiltration was used to inoculate the N. benthamiana 
leaves. Three days later, the inoculated leaves were collected to ex-
tract the total plant protein. Western blot analysis showed that all 
the proteins were expressed normally in the leaves (Figure 2b). Co-
immunoprecipitation of the extracted total protein with anti-FLAG 
antibody magnetic beads revealed that ToCV p22 could interact with 
NbBAG5 in plants (Figure 2b).

In accordance with the prediction results of NbBAG5's sec-
ondary structure, tertiary structure, and main domain (Figure S1c), 
the following  deletion mutants of NbBAG5 were constructed: 
AD-NbBAG5Δ1 (1–48 amino acids), AD-NbBAG5Δ2 (49–156 
amino acids), and AD-NbBAG5Δ3 (157–203 amino acids). Yeast 
two-hybrid experiments showed that only the combination of AD-
NbBAG5Δ2 + BD-p22 could make yeast grow normally on SD/−
Leu/−Trp/−His/−Ade quadruple dropout medium (Figure  2c). This 
deletion mutant contains the BAG domain, indicating that the BAG 
domain (74–151 amino acids) is a key functional domain for the inter-
action between NbBAG5 and ToCV p22.

2.3  |  NbBAG5 negatively regulates ToCV infection

To study further the effect of NbBAG5 on ToCV infection, we used 
the Agrobacterium infiltration method to inoculate ToCV infectious 
clones on N. benthamiana. After 28 days, the symptoms of N. bentha-
miana were observed. Compared with healthy plants, diseased plants 

F I G U R E  1  Screening of interaction proteins of ToCV p22. (a) The interaction between ToCV p22 and SlBAG4 was verified by yeast 
two-hybrid assay. (b) The NbBAG proteins interacting with ToCV p22 were screened by yeast two-hybrid assay. (c) The interaction between 
ToCV p22 and NbBAG5 was verified by yeast two-hybrid assay.
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showed chlorotic and yellow spot symptoms (Figure S2a). Total RNA 
was extracted from the upper leaves for reverse transcription (RT)-
PCR detection (Figure S2b). The changes of NbBAG5 gene content 
after ToCV infection were examined by RT-quantitative PCR (RT-
qPCR). The results showed that the content of NbBAG5 gene in 
ToCV-infected plants increased to 2.12 times compared with healthy 
plants (Figure S2c). ToCV infection can promote the up-regulation 
of NbBAG5 gene expression. We found that the content of NbBAG5 
gene in N. benthamiana stably overexpressing ToCV p22 was 1.71 
times that of wild-type N.  benthamiana by RT-qPCR (Figure  S2d). 
Stable overexpression of ToCV p22 can also promote the up-
regulation of NbBAG5 gene expression.

The NbBAG5 gene sequence was silenced by TRV-NbBAG5, and 
the symptoms were observed after 8 days of inoculation. The leaves 
of TRV-PDS (phytoene desaturase)-inoculated plants were albino, 
and TRV-NbBAG5-inoculated plants had no significant phenotypic 
changes compared with TRV-GUS (β-glucuronidase) (Figure 3a). RT-
qPCR showed that the content of the NbBAG5 gene in TRV-NbBAG5 
inoculated plants was 0.57 times that of normal plants (Figure 3b). 
ToCV infectious clones were inoculated in NbBAG5-silenced N. ben-
thamiana (Figure 3c). After 28 days, total RNA was extracted from 
the upper leaves. RT-qPCR showed that the accumulation of ToCV 
coat protein (CP) in NbBAG5-silenced N.  benthamiana plants was 
2.72 times that of nonsilenced NbBAG5 plants (Figure 3d). The re-
sults showed that the gene silencing of NbBAG5 could increase the 
virus accumulation and promote the infection of ToCV.

To clarify the effect of NbBAG5 gene expression level on ToCV 
infection, the PVX vector pGR106 was used for a gene overexpres-
sion test. The constructed recombinant plasmid pGR106-NbBAG5 
was transferred into Agrobacterium and a pGR106 empty vector was 
used as control to infiltrate N. benthamiana leaves. The symptoms 
were observed 8 days after inoculation. The plants inoculated with 
pGR106 showed mosaic symptoms and the plants inoculated with 
pGR106-NbBAG5 showed lighter symptoms (Figure  3e). RT-qPCR 
showed that the gene content of NbBAG5 in N. benthamiana plants 
inoculated with pGR106-NbBAG5 was 6.09 times that of the con-
trol treatment (Figure 3f). ToCV infectious clones were inoculated 
in N. benthamiana plants overexpressing NbBAG5 (Figure 3g). After 
28 days, the upper leaves were collected for RT-qPCR to examine 
the change of ToCV CP systemic accumulation. The results showed 
that the ToCV CP accumulation of pGR106-NbBAG5 treatments 
plants was down-regulated to 0.47 times that of the control plants 
(Figure 3h). The results showed that overexpression of NbBAG5 gene 
could reduce virus accumulation after ToCV infection and overex-
pression of NbBAG5 could inhibit the infection of ToCV.

2.4  |  NbBAG5 and ToCV p22 colocalized in 
mitochondria

The diversity of BAG protein structure leads to different subcellu-
lar localizations, which is closely related to its function (Doukhanina 

F I G U R E  2  ToCV p22 interacts with NbBAG5. (a) The interaction between ToCV p22 and NbBAG5 was verified by bimolecular 
fluorescence complementation assay. From left to right, yellow fluorescent protein (YFP), bright-field of vision, combined fields of 
vision, scale 20 μm. YN and YC are empty vector controls. (b) The interaction between ToCV p22 and NbBAG5 was verified by co-
immunoprecipitation experiments. The asterisks indicate the position of the target band. (c) The interaction domain of NbBAG5 and ToCV 
p22 was verified by yeast two-hybrid assay.
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et al., 2006; Kabbage et al., 2016; Kabbage & Dickman, 2008). To 
explore the localization of NbBAG5 in plant cells, the NbBAG5-GFP 
(green fluorescent protein) recombinant plasmid was constructed 
in this experiment. The NbBAG5-GFP recombinant plasmid was in-
filtrated into N. benthamiana leaves by Agrobacterium alone or co-
infiltration with p22-mCherry. After 3 days, the fluorescent protein 
signal in leaf cells was observed by laser confocal microscopy. The 
results showed that NbBAG5 had special localization and formed 
many punctate particles in cells. The colocalization of NbBAG5 
and p22 could change the subcellular localization of p22. The red 

fluorescent protein signal of p22 alone was only distributed in the 
cytoplasm and nucleus. After colocalization with NbBAG5, some 
punctate particles were also formed in cells, indicating that NbBAG5 
interacted with p22 in plant cells and changed the subcellular locali-
zation of p22 (Figure 4a).

NbBAG5 was predicted to be a plant mitochondrial localization 
protein. To verify the special localization of NbBAG5, a mitochon-
drial localization marker COX4-mCherry was constructed. By laser 
confocal microscopy, NbBAG5 colocalized with the mitochondrial 
localization marker in mitochondria and NbBAG5 was identified as 

F I G U R E  3  NbBAG5 negatively regulates ToCV infection. (a) Phenotype of Nicotiana benthamiana after 8 days of Agrobacterium infection 
containing TRV modified vector. (b) The down-regulation of NbBAG5 in N. benthamiana was detected by reverse transcription-quantitative 
PCR (RT-qPCR) detection. (c) Phenotype of ToCV 28 days after inoculation on N. benthamiana infected with Agrobacterium containing TRV 
modified vector. (d) RT-qPCR detection of ToCV accumulation in N. benthamiana. (e) Phenotype of N. benthamiana 8 days after infection with 
Agrobacterium containing pGR106 modified vector. (f) RT-qPCR detection of NbBAG5 overexpression in N. benthamiana. (g) Phenotype of 
ToCV 28 days after inoculation on N. benthamiana infected with Agrobacterium containing pGR106 modified vector. (h) RT-qPCR detection 
of ToCV accumulation in N. benthamiana. Data were collected in three biological experiments, and the bar value represents the standard 
deviation. The statistical analysis was based on Student's t test, ***p < 0.001, ****p < 0.0001.

F I G U R E  4  NbBAG5 and ToCV p22 colocalized in mitochondria. (a) Subcellular colocalization of NbBAG5 and ToCV p22 was observed 
by laser confocal microscopy. (b) Subcellular colocalization of NbBAG5 and COX4 was observed by laser confocal microscopy. The scale is 
20 μm and the enlarged scale is 5 μm.
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a mitochondrial localization protein (Figure 4b). In combination with 
the colocalization results of NbBAG5 and p22, the results showed 
that NbBAG5 could change the subcellular localization of p22 by in-
teraction, so that p22 was also localized in mitochondria.

2.5  |  NbBAG5 inhibits autophagy induced by 
ToCV infection

The autophagy pathway is the focus of defence and antidefence 
between host and virus (Clavel et al., 2017; Dong & Levine, 2013; 
Yang et al.,  2020). According to the localization of NbBAG5, we 
used pGR106-NbBAG5 and virus-induced gene silencing of 
NbBAG5 treatments N.  benthamiana plants to detect the ex-
pression level of mitochondrial autophagy-related genes by RT-
qPCR. The results showed that compared with the control, the 
mitophagy-related genes ATG1, ATG8, ATG11, ATG13, and MCU6 
in NbBAG5 gene-silenced plants were up-regulated to 1.67, 2.16, 
2.03, 1.46, and 1.63 times, respectively, and Hxk1 had no signifi-
cant change (Figure 5a). The mitophagy-related genes ATG1, ATG8, 
ATG11, ATG13, and MCU6 in NbBAG5-overexpressing plants were 
down-regulated to 0.75, 0.76, 0.64, 0.48, and 0.47 times, respec-
tively, and Hxk1 did not change significantly (Figure  5b). These 
results indicate that NbBAG5 can regulate the expression level of 
mitophagy-related genes.

We extracted RNA from ToCV-infected and stably overexpress-
ing ToCV p22 protein N. benthamiana for RT-qPCR. Compared with 
the control, the results showed that the expression levels of ATG1, 
ATG11, ATG13, and Hxk1 in N.  benthamiana stably overexpressing 
ToCV p22 protein did not change significantly, while the expres-
sion levels of ATG8 and MCU6 increased by 1.15 and 4.74 times 
(Figure 5c). The expression levels of ATG1, ATG8, ATG11, ATG13, and 
MCU6 increased by 2.83, 3.01, 2.54, 2.59, 6.09, and 2.67 times in 
ToCV-infected N.  benthamiana (Figure  5d). This indicates that the 
level of autophagy increased slightly when ToCV p22 protein was 
stably overexpressed, while ToCV infection activated autophagy. 
We transiently overexpressed NbBAG5 in ToCV-infected N. benth-
amiana and performed RT-qPCR after 3 days. The results showed 
that the expression levels of ATG1, ATG8, ATG11, ATG13, Hxk1, and 
MCU6 were down-regulated to 0.59, 0.59, 0.66, 0.81, 0.31, and 0.40 
times in comparison with ToCV-infected N.  benthamiana, indicat-
ing that NbBAG5 can inhibit ToCV infection-induced autophagy 
(Figure 5e).

We constructed the pCa-ATG8-CFP (cyan  fluorescent  pro-
tein)  expression vector and carried out Agrobacterium infection of 
stable overexpression of ToCV p22 and ToCV-infected N.  benth-
amiana. After 3 days, the number of autophagosomes was observed 
by laser confocal microscopy. The results showed that the accu-
mulation of autophagosomes in tobacco leaves overexpression of 
ToCV p22 and infected with ToCV was more than that of wild-type 

F I G U R E  5  Effect of NbBAG5 on gene expression of autophagy pathway. (a) The effect of down-regulation of NbBAG5 on the expression 
of autophagy pathway genes was detected by reverse transcription-quantitative PCR (RT-qPCR) in Nicotiana benthamiana. (b) The effect of 
the overexpression of NbBAG5 on the expression of autophagy pathway genes was detected by RT-qPCR in N. benthamiana. (c) The effect 
of the overexpression of ToCV p22 on the expression of autophagy pathway genes was detected by RT-qPCR in N. benthamiana. (d) The 
effect of ToCV infection on the expression of autophagy pathway genes was detected by RT-qPCR in N. benthamiana. (e) The effect of the 
overexpression of NbBAG5 on the expression of autophagy pathway genes in ToCV-infected N. benthamiana was detected by RT-qPCR. Data 
were collected in three biological experiments and the bar value represents the standard deviation. The statistical analysis was based on 
Student's t test. The difference between a and b indicates a significant difference of at least p < 0.05.
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N. benthamiana (Figure 6a,b). NbBAG5 and ATG8-CFP were transiently 
overexpressed in N. benthamiana stably overexpressing ToCV p22. 
After 3 days, the number of autophagosomes was observed by laser 
confocal microscopy. The results showed that transient overexpres-
sion of NbBAG5 inhibited the accumulation of autophagosomes in 
N. benthamiana leaves stably overexpressing ToCV p22 (Figure 6a,c). 
NbBAG5 and ATG8-CFP were transiently overexpressed in ToCV-
infected N.  benthamiana. After 3 days, the number of autophago-
somes was observed by laser confocal microscopy. It was found that 
NbBAG5 transient overexpression inhibited the accumulation of au-
tophagosomes in ToCV-infected N. benthamiana leaves (Figure 6b,d). 
The above results indicate that ToCV infection activates autophagy 
and NbBAG5 can inhibit ToCV infection-induced autophagy to reg-
ulate viral infection.

3  |  DISCUSSION

In this study, we verified the interaction between ToCV p22 and 
NbBAG5. The NbBAG5 gene was up-regulated in ToCV-infected 
N. benthamiana plants and played a negative regulatory role in the 
process of ToCV infection. Subcellular colocalization observation 
showed that NbBAG5 was a mitochondrial localization protein. 
The interaction between ToCV p22 and NbBAG5 can change the 
localization of ToCV p22, so that the fluorescence signal of ToCV 

p22 is distributed in mitochondria, indicating that the final stable 
interaction site between ToCV p22 and NbBAG5 is mitochondria, 
and the response of NbBAG5 to ToCV infection may also be con-
ducted in mitochondria. RT-qPCR and autophagosome observation 
revealed that NbBAG5 inhibited ToCV infection-induced autophagy, 
therefore ToCV p22 protein interacted with NbBAG5 to regulate au-
tophagy to promote virus infection.

Autophagy plays an important role in the process of plant resis-
tance to virus invasion. Many viruses have also evolved mechanisms 
to evade or utilize host autophagy degradation, which promotes 
the coevolution of hosts and viruses (Deretic & Levine,  2009; 
Dreux & Chisari,  2010; Mizushima et al.,  2008). During tobacco 
mosaic virus infection in tomato, autophagy is activated and re-
sponsible for scavenging reactive oxygen species, maintaining the 
coexistence of virus and host cells (Zhou et al.,  2018). To coun-
teract remorin-mediated host response, rice stripe virus-encoded 
NSvc4 protein can interfere with the S-acylation of remorin and 
induce its degradation via autophagy (Fu et al., 2018). Cotton leaf 
curl multan virus bC1 induces autophagy by disrupting the inter-
action of ATG3 with glyceraldehyde-3-phosphate dehydrogenases 
(Ismayil et al., 2020). N. benthamiana P3IP protein interacts with 
rice stripe virus p3 protein and mediates its autophagic degrada-
tion to limit viral infection (Jiang et al.,  2021). The best way for 
virus and host to coexist is long-term parasitic coexistence, and 
the regulation of host resistance response is an important part of 

F I G U R E  6  NbBAG5 inhibits autophagy induced by ToCV infection. (a) The effect of transient expression of NbBAG5 on the number 
of autophagosomes in stable overexpression ToCV p22 Nicotiana benthamiana was observed by laser confocal microscopy. (b) The effect 
of transient expression of NbBAG5 on the number of autophagosomes in ToCV-infected N. benthamiana was observed by laser confocal 
microscopy. (c) Comparison and statistics of the relative number of autophagosomes in (a). (d) Comparison and statistics of the relative 
number of autophagosomes in (b). The scale is 50 μm. Data were collected in three biological experiments and the bar value represents the 
standard deviation. The statistical analysis was based on Student's t test. ns, not significant. *p < 0.05, **p < 0.01.
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long-term parasitic virus. Our study provides a basis for the study 
of the defence and antidefence competition between plant hosts 
and viruses around autophagy.

The p22 protein encoded by ToCV RNA1 is a silencing suppres-
sor and plays an important role in viral infection. ToCV p22 can ef-
fectively inhibit the local RNA silencing induced by sense-strand 
RNA or double-stranded RNA and regulate the balance between 
the sense and antisense strands of the virus during viral infection 
(Cañizares et al., 2008; Landeo-Ríos et al., 2016b). Research on ToCV 
p22 is mostly on its silencing activity, and a few studies focus on its 
pathogenic mechanism and interaction mechanism with host pro-
teins. A recent study showed that p22 could interact with S-phase 
kinase-associated protein 1 (SKP1) of N. benthamiana, disrupt auxin 
signal transduction, and promote ToCV infection (Liu et al., 2021). 
We found that ToCV p22 can activate autophagy, but stable over-
expression of ToCV p22 activates autophagy less than ToCV infec-
tion. This may be because the autophagy pathway in N. benthamiana 
stably overexpressing ToCV p22 has reached a relatively balanced 
state, which also suggests that there may be other mechanisms to 
activate autophagy during ToCV infection. Interestingly, only a part 
of ToCV p22 changed its original localization by interacting with 
NbBAG5. There should be other host proteins that also have other 
colocalization with ToCV p22, which also indicates that ToCV p22 
has more biological functions.

BAG family proteins have various biological functions. Studies 
have shown that they play an important role in plant growth and 
development, and  stress resistance (Doukhanina et al.,  2006; Li 
et al., 2017). In terms of plant disease resistance, transgenic banana 
plants overexpressing MusaBAG1 increase resistance to banana 
Fusarium wilt (Ghag et al., 2014). AtBAG6 regulates the defence re-
sponse of Arabidopsis to B. cinerea infection (Li, Kabbage, et al., 2016). 
OsBAG4 is involved in rice disease resistance by interacting with E3 
ubiquitin ligase (You et al., 2016). We found that NbBAG5 changed 
the original localization of some ToCV p22 by interaction, and finally 
colocalized in mitochondria and affected mitophagy. The specific 
process of NbBAG5 affecting the autophagy pathway should be the 
focus of subsequent research.

The interaction of viral pathogenicity factors and host factors 
affects viral pathogenicity, which is a hot topic in viral molecu-
lar biology. We found that ToCV p22 can interact with NbBAG5, 
and NbBAG5 inhibits ToCV infection in N.  benthamiana. Further 
study found that NbBAG5 is located in mitochondria, NbBAG5 can 
change the subcellular localization of ToCV p22 by interaction, and 
hijacking p22 is also located in mitochondria. Silencing NbBAG5 
can up-regulate the expression of mitophagy-related genes, and 
overexpression of NbBAG5 can down-regulate the expression of 
mitophagy-related genes. NbBAG5 could inhibit autophagy in-
duced by ToCV infection in N. benthamiana. Our study established 
the association between viral infection, BAG family proteins, and 
the autophagy pathway, thus contributing to the understanding of 
the interaction between viral proteins and host proteins to regulate 
their own infection and the production value in molecular breeding 
antiviral work.

4  |  E XPERIMENTAL PROCEDURES

4.1  |  Plant materials and growth condition

The seeds of N. benthamiana used in this study were preserved by 
Shandong Agricultural University in Tai'an, China. The seeds were 
germinated on MS solid medium and planted in a small pot with nu-
trient soil in the culture room. It was grown in a culture chamber with 
a relative humidity of 65%, a light time of 16 h (25°C) and a dark time 
of 8 h (20°C).

4.2  |  Agrobacterium infiltration and virus 
inoculation

In accordance with the method of our laboratory (Shang et al., 2022), 
the Agrobacterium was suspended in solution (10 mM MgCl2, 10 mM 
MES [pH 5.6], 100 μM acetosyringone) and the OD600 of each cul-
ture was adjusted to 0.5 before infiltration. A needleless syringe was 
used to penetrate the paraxial side of the 4-week-old N. benthamina 
leaves. Each experiment was repeated independently three times.

The recombinant plasmids of tobacco rattle virus (TRV), pGR106 
(potato virus X, PVX) virus and ToCV infectious clone pCass4-Rz-
ToCV were preserved in our laboratory (Liu et al.,  2021). The re-
combinant plasmids of TRV-NbBAG5 and pGR106-NbBAG5 were 
obtained by inserting the NbBAG5 gene between the CaMV 35S pro-
moter and the Nos terminator of the TRV recombinant plasmid and 
the pGR106 virus recombinant plasmid, respectively (Figure S3). The 
infiltrated leaves were collected for RNA extraction and RT-qPCR 
detection after 3 days of infiltration. Escherichia coli DH5α was used 
to propagate and purify plasmids.

4.3  |  Sequence analysis

The NbBAG5 (XM_016633002) sequence was derived from the 
National Center for Biotechnology Information (NCBI). Protein do-
main prediction was performed using the SMART online analysis site 
(http://smart.embl-heide​lberg.de/). A phylogenetic tree was con-
structed by MEGA 7 software and neighbour-joining method (num-
ber of bootstrap replications 1000, p-distance selected in model/
method, and complete deletion selected in gaps/missing data treat-
ment). The tertiary structure of protein was analysed by the online 
software Swiss-model (https://swiss​model.expasy.org/) using the 
default parameters of automatic modelling.

4.4  |  Yeast two-hybrid assay and yeast 
library screening

NbBAG1-8 and ToCV p22 were ligated between the T7 promoter 
and Nos terminator of pGADT7 plasmid and pGBKT7 plasmid, re-
spectively. The yeast expression plasmids of pGADT7-NbBAG1-8 

http://smart.embl-heidelberg.de/
https://swissmodel.expasy.org/
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and pGBKT7-ToCV p22 were obtained. In reference to the yeast 
two-hybrid method (Liu et al.,  2021), the recombinant plasmids 
pGADT7-NbBAG1-8 and pGBKT7-ToCV p22 were cotransformed 
into yeast and plated on SD/−Leu/−Trp double-dropout (DDO) 
medium and SD/−Leu/−Trp/−His/−Ade quadruple dropout (QDO) 
medium, respectively, and were observed after 3 days of inverted 
culture in an incubator at 30°C. BD-ToCV p22 was used as the bait 
protein to screen the tomato nuclear yeast library. The activated li-
brary liquid was first spread on the DDO medium, and then the mon-
oclonal yeast was picked and streaked on the QDO medium. ADT7 
primer and AD3R primer were used to clone the gene after 3 days of 
inverted culture in an incubator at 30°C, and the gene sequence of 
the interaction protein was obtained by sequencing.

4.5  |  Bimolecular fluorescence 
complementation assay

In reference to the method (Niu et al.,  2022), ToCV p22 and 
NbBAG5 were connected to the N-terminus and C-terminus of 
the yellow fluorescent protein (YFP), respectively. The recombi-
nant plasmid was added to Agrobacterium competent cells, frozen 
in liquid nitrogen for 5 min, in a 37°C water bath for 5 min, with 
ice cooling for 3  min. The Agrobacterium solution with different 
fluorescent protein ends was combined in pairs to infiltrate the 
leaves of N. benthamiana. After 3 days of infiltration of N. bentha-
miana leaves, a confocal microscope (LSM 880; Zeiss) was used for 
imaging. YFP was excited at 514 nm and captured at 565–585 nm. 
Ten independent plants were analysed and the experiment was 
repeated in three biological replicates.

4.6  |  Co-immunoprecipitation assay

In accordance with the method of Liu et al. (2021), p22-3FLAG and 
BAG5-3Myc recombinant plasmids were constructed using pROKII 
plasmid as the carrier skeleton. The combination of p22-3FLAG and 
GUS-3Myc was used as a negative control, and the Agrobacterium 
co-infiltration was used to inoculate the N. benthamiana leaves. After 
3 days, the total protein of the inoculated leaves was extracted and 
incubated with anti-FLAG antibody magnetic beads (Sigma-Aldrich) 
for elution and western blot detection. A 12.5% polyacrylamide gel 
was used for electrophoresis at a constant voltage of 150 V for 1.5 h 
and the nitrocellulose membrane was transferred at 400 mA for 1 h. 
Labelled antibodies were used for hybridization and secondary anti-
bodies were incubated for chemiluminescence detection.

4.7  |  RNA extraction and RT-qPCR assay

In accordance with the method of our laboratory (Shang et al., 2022), 
0.5 g of infiltrated leaves of N. benthamiana was fully ground in a liq-
uid nitrogen mortar, 1 mL of TRIzol (Invitrogen) was added to shake 

and mix, chloroform was used for extraction, 75% ethanol was used 
for rinsing after centrifugal separation, and double-distilled water 
was used for resuspension to obtain an RNA solution. Reverse tran-
scription of cDNA was performed using a reverse transcription kit 
(Vazyme). qPCR experiments were performed using an SYBR Mix 
(Vazyme) amplification system in a quantometer (Roche). We used 
2 μg of RNA for reverse transcription in each reaction according to 
the instructions, and the final concentration of qPCR was diluted to 
1/20 of the reverse transcription product. The N. benthamiana actin 
gene was used as the internal reference gene. The primers used for 
the RT-qPCR are listed in Table S1. Data were collected in three bio-
logical experiments, and the bar value represents the standard devi-
ation. The statistical analysis was based on Student's t test, *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001.

4.8  |  Subcellular colocalization of NbBAG5 and 
observation of the number of autophagosomes

NbBAG5-GFP, p22-mCherry, and COX4-mCherry recombinant plas-
mids were constructed using pROKII plasmid as the carrier skeleton 
(Figure S3). The Agrobacterium transformed with NbBAG5-GFP was 
mixed with the Agrobacterium transformed with p22-mCherry and 
COX4-mCherry to infiltrate N.  benthamiana. After 3 days of infil-
tration of N. benthamiana leaves, a laser confocal microscope (LSM 
880) was used for imaging. GFP was excited at 488 nm and captured 
at 510–550 nm with a 20× objective lens. Ten independent plants 
were analysed. The experiment was repeated in three biological 
replicates.

In reference to the method (Haxim et al., 2017), the NbATG8-
CFP recombinant plasmid was constructed and transformed into 
Agrobacterium to infiltrate ToCV-infected N.  benthamiana, and the 
Agrobacterium-infiltrated normal N.  benthamiana transformed with 
NbATG8-CFP recombinant plasmid was used as mock. The ToCV-
infected N. benthamiana was co-infiltrated with Agrobacterium trans-
formed with NbATG8-CFP recombinant plasmid and NbBAG5-GFP 
recombinant plasmid, and the ToCV-infected N.  benthamiana was 
co-infiltrated with Agrobacterium transformed with NbATG8-CFP 
recombinant plasmid as mock. Laser scanning confocal microscopy 
(LSM 880) was performed 3 days after infiltration of N. benthamiana 
leaves. CFP was excited at 405 nm and captured at 454–581 nm, 
using a 20× objective lens. Ten independent plants were analysed. 
The experiment was repeated in three biological replicates.
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