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Abstract

Viral infection commonly induces autophagy, leading to antiviral responses or conversely, promoting viral infection
or replication. In this study, using the experimental plant Nicotiana benthamiana, we demonstrated that the rice
stripe virus (RSV) coat protein (CP) enhanced autophagic activity through interaction with cytosolic glyceraldehyde-
3-phosphate dehydrogenase 2 (GAPC2), a negative regulator of plant autophagy that binds to an autophagy key
factor, autophagy-related protein 3 (ATG3). Competitive pull-down and co-immunoprecipitation (Co-IP)assays showed
that RSV CP activated autophagy by disrupting the interaction between GAPC2 and ATG3. An RSV CP mutant that
was unable to bind GAPC2 failed to disrupt the interaction between GAPC2 and ATG3 and therefore lost its ability

to induce autophagy. RSV CP enhanced the autophagic degradation of a viral movement protein (MP) encoded by

a heterologous virus, citrus leaf blotch virus (CLBV). However, the autophagic degradation of RSV-encoded MP and
RNA-silencing suppressor (NS3) proteins was inhibited in the presence of CP, suggesting that RSV CP can protect

MP and NS3 against autophagic degradation. Moreover, in the presence of MP, RSV CP could induce the autophagic
degradation of a remorin protein (NoREM1), which negatively regulates RSV infection through the inhibition of viral
cell-to-cell movement. Overall, our results suggest that RSV CP induces a selective autophagy to suppress the antiviral
factors while protecting RSV-encoded viral proteins against autophagic degradation through an as-yet-unknown
mechanism. This study showed that RSV CP plays dual roles in the autophagy-related interaction between plants and
viruses.
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Introduction
Autophagy is an essential and conserved process that
leads to the degradation of intracellular components,
including soluble proteins, misfolded proteins, orga-
nelles, and macromolecular complexes (Yu et al. 2018). It
is crucial for cell homeostasis maintenance, growth and
development, and environmental stress responses (Pras-
anth et al. 2011)and (Choi et al. 2013). According to the
mechanism of action, there are three types of autophagy:
macroautophagy, microautophagy, and chaperone-
mediated autophagy (CMA). Only macroautophagy and
microautophagy have been described in plants, and there
is no evidence of CMA in plants (Yang and Liu 2022).
Macroautophagy (hereafter referred to as autophagy) is
the most common type of autophagy and has been exten-
sively studied (Li and Vierstra 2012). In brief, autophagy
is a catabolic process in which substrates are sequestered
within double-membraned vesicles termed autophago-
somes. The mature autophagosomes are then delivered to
vacuoles or lysosomes for degradation, and the vehicles
are released back into the cytosol for recycling. The com-
plex series of processes underlying autophagosome initi-
ation and maturation depends on the coordinated action
of a conserved set of autophagy-related (ATG) proteins
(Mizushima et al. 2011; Rubinsztein et al. 2012). ATGS8/
LC3 (autophagy-related protein 3/light chain 3) family
proteins have emerged as central players in autophago-
some biogenesis and cargo recruitment (Iman et al. 2017;
Slobodkin and Elazar 2013). ATGS lipidation is mediated
by two ubiquitin-like conjugation pathways involving the
E1-like ligase ATG7, the E2-ligase ATG3, and the E3-like
ligase ATG5-ATG12-ATG16 complex (Yu et al. 2018).
Cytosolic glyceraldehyde-3-phosphate dehydrogenases
(GAPCs), which serve as negative regulators, interact
with ATG3 to suppress autophagy (Han et al. 2015).
Recent studies reveal that autophagy, as an essential
physiological process, participates in a variety of stress
responses, including nutrient deprivation and immune
activation (Avin-Wittenberg 2019; Chen et al. 2021).
When suffering from nutritional starvation, plants
enhance autophagic activity by promoting the expres-
sion of autophagy genes, boosting the metabolism and
circulation of nutrients, and ensuring their survival
(Masclaux-Daubresse et al. 2017). Moreover, autophagy
plays a vital role in the interaction between plants and
pathogens. However, its roles are complex and diverse
in that autophagy can either enhance or inhibit plant
defense responses (Leary et al. 2018; Gallegos 2018).
Studies have shown that autophagy is activated in
response to various DNA and RNA viruses with nega-
tive consequences for virus accumulation, suggesting the
integration of autophagic mechanisms in basal antiviral
defenses (Hafrén et al. 2017; Haxim et al. 2017; Li et al.
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2018). Many viral proteins are targeted by the autophagy
machinery for degradation. For example, viral silenc-
ing suppressors, such as HC-Pro encoded by tobacco
etch virus and 2b encoded by cucumber mosaic virus,
are degraded by autophagy, resulting in the suppression
of virus accumulation (Nakahara et al. 2012; Jeon et al.
2017). Moreover, the RNA-dependent RNA polymerase
(RdRp) of turnip mosaic virus (TuMV) is degraded by
the autophagy pathway via direct interaction with ATG6/
Beclinl, which is proposed to act as a cargo receptor (Li
et al. 2018). Some other viral proteins are also subjected
to autophagic degradation, such as the virulence-asso-
ciated protein BC1 from cotton leaf curl Multan virus
(CLCuMuV) (Haxim et al. 2017) and movement protein
(MP) of citrus leaf blotch virus (CLBV) (Niu et al. 2021).
On the other hand, viruses have also developed machin-
ery to suppress autophagic activity to conquer the anti-
viral response. For instance, barley stripe mosaic virus
(BSMV) subverts antiviral autophagy with the help of the
yb protein, which disrupts ATG7-ATG8 interaction and
thus impairs autophagosome formation through ATG8
binding (Yang et al. 2018). The coat protein of Chinese
wheat mosaic virus (CWMYV) inhibits autophagy through
the upregulation of and interaction with GAPCs (Niu
et al. 2022). P38 encoded by turnip crinkle virus inhib-
its autophagy by directly sequestering ATG8 proteins
(Shukla et al. 2021).

Rice stripe virus (RSV), a type species of the genus Ten-
uivirus, often causes enormous losses in the production
and quality of rice crops globally (Kyong et al. 2013). RSV
is transmitted by an insect vector, the small brown plan-
thopper (Laodelphax striatellus Fallén) in a persistent
propagative manner (Falk and Tsai 1998; Heydarnejad
et al. 2006; Huo et al. 2014). The RSV genome contains
four negative single-stranded RNA (-ssRNA) segments
(Falk and Tsai 1998; Liu et al. 2018). The RNA1 is nega-
tive sense and encodes the RdRp (RNA-dependent RNA
polymerase) (Barbier et al. 1992). The RNA2 to RNA4
strands are ambisense and encode two open read-
ing frames (ORFs) in opposite orientations on the viral
RNA (vVRNA) and viral complementary RNA (vcRNA).
RSV vRNA2 encodes the NS2 protein that functions in
RNA silencing suppression, and vcRNA2 encodes a gly-
coprotein precursor (NSvc2) (Zhenguo et al. 2011). RSV
VRNA3 encodes a non-structural protein (NS3) as a viral
RNA suppressor (VSR), and vcRNA3 encodes a nucle-
ocapsid protein that functions as a coat protein (CP),
encapsidating the viral genome RNAs (Lian et al. 2014;
Kim et al. 2017). RSV vRNA4 encodes a major non-
structural disease-specific S-protein (SP), and vcRNA4
encodes an MP (Kakutani et al. 1990; Xiong et al. 2008).
Two structural proteins, RdRp and CP, form filamentous
virions that are also referred to as ribonucleoprotein
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particles (RNPs). A previous study revealed that RSV
NS3 triggers autophagy by eliciting the unfolded protein
response (UPR) in Nicotiana benthamiana (an experi-
mental host of RSV). A potential selective autophagy
receptor, phosphatidylinositol 2-monophosphate (P3IP)
from the N. benthamiana plant was found to interact
with RSV NS3 and mediate its degradation to suppress
viral replication (Jiang et al. 2021). Recently, a study indi-
cated that RSV MP facilitates the autophagic degradation
of the remorin protein (NbREM1), which mediates the
inhibition of viral cell-to-cell movement (Fu et al. 2018).
These studies demonstrated that autophagy is highly
implicated in plant defense and RSV infection.

To understand the mechanism by which RSV induces
autophagy, we examined the effect of RSV protein
expression on the induction of autophagy. We found that
three RSV proteins, namely CP, MP, and SP, could acti-
vate autophagy. Hence, we focused on RSV CP, the most
abundant viral protein, to decipher the mechanism of
autophagy induction via the host components involved in
autophagy activation.

Results

RSV CP induces autophagy

A previous study showed that RSV and RSV-encoded
proteins induce autophagy in the N. benthamiana plant
(Jiang et al. 2021). In the present study, we also found
that RSV infection triggered a high level of autophagic
activity. Using TEM, we observed that the number of
autophagosomes was increased in RSV-infected plants
compared with uninfected plants (Fig. 1A and B). The
accumulation of ATGS8 conjugated to phosphatidylethan-
olamine lipids (ATG8-PE) reflects the autophagic activity
in the cell (Kabeya et al. 2000). The western blot analy-
sis revealed the presence of ATG8-PE, represented by a
faster-migrating band, in RSV-infected plants, whereas
the ATGS8-PE band was hardly detected in uninfected
plants (Fig. 1C and D), suggesting that RSV infection trig-
gered autophagy.

To investigate the role of RSV proteins in the induction
of autophagy, we transiently expressed all RSV-encoded
proteins except for RARP in the epidermal cells of N.
benthamiana leaves using agroinfiltration and evaluated
their ability to induce autophagy. Since GFP-tagged ATG8
has been widely used for monitoring autophagosome for-
mation and autophagic flux, GFP-ATGS8 (ATGS8f) was
used to examine the effect of viral proteins on autophagic
activity in N. benthamiana. Each viral protein was then
co-expressed with GFP-ATGSf to monitor the accumula-
tion of cleaved GFP (free GFP), which is a consequence
of autophagy (Adachi et al. 2017). The autophagic flux
was represented by the ratio of the amount of free GFP
(around 27 KDa) to fused GFP-ATGSf in the lane. As
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shown in Fig. 1E, two bands were detected on the immu-
noblots (upper panel), and the cleaved GFP band is indi-
cated with an arrow (Fig. 1E). The protein accumulation
was normalized with the amount of actin protein. The
ratio reflecting autophagic flux was calculated and is
listed at the bottom of the western blot panel (Fig. 1E).
Compared to the absence of viral protein expression,
co-expression with CP, SP, and MP increased the accu-
mulation of free GFP by around twofold, whereas NS2,
NSvc2, and NS3 expression did not elevate the ratio
of autophagic flux (Fig. 1E). These results indicated
that RSV CP, SP, and MP likely induce autophagy when
expressed alone in N. benthamiana cells.

RSV CP interacts with GAPCs

Because CP is the most abundant viral protein in the
host cells during viral infection, we next focused on
deciphering the mechanism underlying the induction of
autophagy by RSV CP. To identify the host factor that
might be associated with the induction of autophagy
by CP, we carried out a Co-IP (Co-Immunoprecipita-
tion) assay using RSV CP as a bait protein and used
LC-MS/MS to analyze the protein interactors. For the
preparation of the bait protein, GFP was fused to the
C-terminal of RSV CP and expressed in N. benthami-
ana leaf epidermal cells using agroinfiltration. The total
proteins were extracted and incubated with the cova-
lently coupled GFP beads to enrich the bait protein and
its interactors. The leaves expressing non-fused GFP
protein were treated in parallel as a control (Supple-
mentary Fig. 1A). The proteins were eluted and sepa-
rated via SDS-PAGE. The bands corresponding to bait
proteins were shown in a bulk accumulation, while the
additional bands in the CP-GFP samples were selected
for analysis by LC-MS/MS (Supplementary Fig. 1A,
arrowhead). LC-MS/MS and bioinformatics analyses
for protein identification revealed that GAPC2, a regula-
tor of autophagy, might interact with CP (Supplementary
Fig. 1B). N. benthamiana and Oryza sativa encode three
GAPC proteins (GenBank accession numbers are listed
in Supplementary Table 1). First, we used BiFC (Bimo-
lecular Fluorescence Complementation) assays for the
visualization of protein interactions in living cells. The
complete coding sequences (cDNA) of NbGAPCs and
OsGAPCs were cloned and fused to the N-terminal part
of the split YFP (nYFP), while the RSV CP was fused
to the C-terminal region of the split YFP (cYFP). The
combinations of split YFP proteins were co-expressed,
and the reconstituted fluorescence, indicating protein
interaction, was observed via confocal laser scanning
microscopy (CLSM). As shown in Fig. 2A, YFP fluores-
cence was observed when RSV CP and NbGAPCs were
co-expressed. In contrast, no fluorescence signals were
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Fig. 1 RSV and RSV coding proteins induce autophagy. A Representative transmission electron microscope (TEM) images of N. benthamiana

leaf cells with (right picture) or without (left picture) RSV infection. The ultrastructure of autophagic bodies was observed in the cells (indicated

by arrows). B Quantification of the number of autophagosomes in the cells of leaves described in (A). Each bar represents the total number of
autophagic bodies from 10 cells obtained from three independent experiments. “**"indicates P<0.01 (Student’s t-test). C Western blotting analyses
of the accumulation of ATG8 and its lipidated form (ATG8-PE) in RSV-infected N. benthamiana plants. Total protein samples were extracted from

the upper leaves of plants and subjected to immunoblotting analysis with anti-ATG8 and anti-actin antibodies. D Quantification of the relative

autophagic activity in (C). Gray value statistics were normalized to the internal control actin and control plant values, which were set to 1.0. Values
represent the standard deviation obtained from three independent experiments. “*"and “**"indicate P<0.05 and P<0.01, respectively (Student’s
t-test). E Western blotting analysis of GFP accumulation in N. benthamiana leaves co-expressing RSV proteins CP-HA, SP-HA, MP-HA, NS2-HA,
NSvc2-HA, and NS3-HA with GFP-ATG8f. The accumulation of GFP-ATG8f and free GFP was detected with an anti-GFP antibody, and RSV coding
proteins were detected via their fused tag using an anti-HA antibody. Sample loading was normalized to the endogenous actin protein using an

anti-actin antibody

observed in the non-fused control, suggesting that RSV
CP interacts with all NbGAPCs (NbGAPC1, NbGAPC2,
and NbGAPC3) and two OsGAPCs (OsGAPC2 and
OsGAPC3; Fig. 2A).

To confirm the interaction of CP with GAPCs, we per-
formed a Co-IP assay of RSV CP and NbGAPC?2 (Fig. 2B)

or OsGAPC2 (Fig. 2C) co-expressed in N. benthamiana.
A luciferase gene (Luc) was used as a control. The detec-
tion of the co-immunoprecipitated proteins revealed
that CP could bind to NbGAPC2 and OsGAPC2 but not
to Luc (Fig. 2B and C). We also carried out a yeast two-
hybrid assay to further confirm the interaction of CP with
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Fig. 2 RSV CP interacts with GAPCs. A BiFC assays to examine the interaction between RSV CP and GAPCs. RSV CP and GAPCs (NbGAPC1, NbGAPC2,
NbGAPC3, OsGAPC1, OsGAPC2, and OsGAPC3) were fused to the N-terminal or C-terminal portions of the split yellow fluorescent protein (nYFP or
CYFP, respectively) and transiently co-expressed in N. benthamiana. The reconstituted YFP fluorescence in epidermal cells was observed by confocal
laser scanning microscopy. Scale bars, 20 um. B and C In vivo co-immunoprecipitation assay to examine the interaction of CP with NbGAPC2 or
OsGAPC2. RSV CP fused to an HA tag or GFP, NbGAPC2 fused to GFP, and OsGAPC2 fused to Flag were transiently expressed in N. benthamiana
leaves, and immunoprecipitations were performed with an anti-GFP antibody. Protein samples before and after immunoprecipitation were analyzed
by western blot with anti-HA, anti-Flag, and anti-GFP antibodies. D and E Yeast two-hybrid analysis of the interaction between CP and NbGAPC2
or OsGAPC2. The CP and NbGAPC2 or OsGAPC2 were inserted into pGADT7(AD) and pGBKT7(BD) plasmids. The combination plasmids were
co-introduced into the yeast AH109 strain and cultured on a selective medium lacking SD-Leu-Trp and SD-Leu-Trp-His-Ade for 3-5 days
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Fig. 3 The fourth amino acid (Asn) of CP is essential for binding to NbGAPC2. A Schematic representation of the CP mutants analyzed in this study.
The amino acid positions of deletions and point mutations in the CP sequence are shown above the diagram. N/A indicates that Asn (N) was replaced
by Ala (A). B BiFC assay to examine the interaction of NbGAPC2 and CP or CP mutants. NoGAPC2 and CP or CP mutants (CPA58, CPA59-322, CPA4,
CPA3, and CPN4A) were fused to the N-terminal or C-terminal portions of the split yellow fluorescent protein nYFP or cYFPnd transiently co-expressed
in N. benthamiana. The reconstituted YFP fluorescence in epidermal cells were observed by confocal laser scanning microscopy. Scale bars, 20 um.

C In vivo co-immunoprecipitation assay to examine the interaction of NbGAPC2 with CP or CPy,,. CP and CPy,, fused to an HA tag and NbGAPC2
fused to GFP were transiently expressed in N. benthamiana leaves, and immunoprecipitations were performed with an anti-GFP antibody. Protein
samples before and after immunoprecipitation were analyzed by western blot with anti-HA and anti-GFP antibodies

GAPCs (Fig. 2D and E). For the yeast two-hybrid assay,
NbGAPC2 and OsGAPC2 were fused to the DNA-binding
domain and RSV CP was fused to the activation domain of
Gal4. AH109 yeast cells containing the combination plas-
mids were cultured at different dilutions on non-selective
(-Leu-Trp) and selective (-Leu-Trp-His-Ade) plates. The
results showed that CP interacted with either NbGAPC2
or OsGAPC2 (Fig. 2D and E). Together, BiFC, Co-IP, and
yeast two-hybrid assays strongly indicated the presence of
interactions between RSV CP and GAPCs.

The amino acid at position four in RSV CP is essential

for binding with GAPC2

We further mapped the regions in RSV CP that are
essential for its interaction with NbGAPC2. A series

of truncated CP proteins were fused to the N-termi-
nal part of YFP, and a BiFC assay was performed. The
results showed that the N-terminal region of CP (1-58
amino acids) was responsible for its interaction with
NbGAPC2 (Fig. 3A and B). Interestingly, the interac-
tion was observed when the three amino acids at the
N-terminal of CP were deleted but not observed when
the fourth amino acid (asparagine) at the N-terminal
was also deleted, suggesting that the fourth amino
acid was essential for binding to GAPC2 (Fig. 3A and
B). A CP mutant with the substitution of asparagine
(N) at the fourth amino acid position with alanine
(A; CPnga) was further examined for its interaction
with GAPC2 by BiFC and Co-IP assays. The results
showed that the CPy,, mutant failed to interact with
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NbGAPC2 (Fig. 3B and C) and OsGAPC2 (Supple-
mentary Fig. 2).

To determine whether CPy,, maintained the abil-
ity to induce autophagy, we co-expressed CP or the
CPyys mutant with GFP-tagged ATG8f for monitor-
ing autophagosome formation and autophagic flux. The
proteins were transiently expressed by agroinfiltration in
N. benthamiana following treatment with the cysteine
protease inhibitor aloxistatin (E64d). As shown in Fig. 4,
GFP-NbATG8f, an autophagosome marker, was observed
as punctate autophagic bodies by CLSM. The results
revealed an increased number of autophagic bodies in the
presence of wild-type CP but not the CPy,, mutant com-
pared with the Luc protein, which was used as a control
(Fig. 4A and B), indicating that the CPy,, mutant had no
ability to induce autophagy. Moreover, the total proteins
were extracted from the plant tissue used for observing
autophagic bodies (Fig. 4A) and subjected to the detec-
tion of GFP accumulation. The ratio of the amount of
cleaved GFP to GFP-ATGS(, reflecting the autophagic
flux, was calculated (Fig. 4C). Consistently, the ratio rep-
resenting autophagic flux was remarkably increased in
the presence of wild-type CP but not the CPy,, mutant.
These results suggested that RSV CP regulates autophagy
through its interaction with GAPCs and the fourth amino
acid at the CP N-terminal is crucial for its interaction
with NbGAPC2. The CPy,, mutant failed to interact
with GAPC2 activate autophagy.

RSV CP disrupts the interaction of GAPC2 and ATG3

Since GAPCs interact with ATG3 to negatively regulate
autophagy in plants (Han et al. 2015), we further exam-
ined whether RSV CP affected the interaction between
GAPC and ATG3. The interaction between RSV CP and
NbATG3 was first examined by using a BiFC assay. The
results showed that CP could not bind to ATG3 (Sup-
plementary Fig. 2B). The BiFC assay was used to observe
the interaction of NbATG3 and NbGAPC2 in the pres-
ence of RSV CP. We co-expressed HA-tagged CP or Luc
(as a control) with BiFC combination plasmids (ATG3-
cYFP and NbGAPC2-nYFP) in N. benthamiana. The
expression of NbGAPC2-nYFP and NbATG3-cYFP was
confirmed by using Western blot assay (Fig. 5C) Inter-
estingly, the intensity of reconstituted fluorescence
was markedly reduced in the presence of wild-type CP
compared with the CPy,, mutant or Luc-HA (Fig. 5A
and B). We further verified that RSV CP interfered
with the interaction between NbATG3 and NbGAPC2
via a competitive pull-down assay. The fusion proteins
of MBP-NbATG3, NbGAPC2-His, and MBP-CP were
prepared from E. coli BL21 (DE3). The fusion proteins
MBP-NbATG3 and NbGAPC2-His were mixed with the
competitive proteins MBP and MBP-CP with serially
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reduced and increased amount, respectively (Fig. 5D).
NbGAPC2-His and its interactors were pulled down
by using Ni-NTA agarose for His-tagged proteins and
then subjected to western blot analysis. The results
showed that the amount of co-pulled down MBP-
NbATG3 was reduced in accordance with the increased
amount of competitive MBP-CP (Fig. 5D). Further-
more, MBP-CP or MBP-CPy,, were incubated with
fusion proteins GST-NbATG3 and NbGAPC2-His and
pulled down using Ni-NTA agarose. The resulting elu-
ates were examined by western blot analysis (Fig. 5E).
The results showed that the amount of GST-NbATG3
bound to NbGAPC2-His was reduced in the presence
of MBP-CP but not the MBP-CPy,, or unfused MBP.
Together these results suggested that the interaction
of RSV CP with NbGAPC2 disrupts the interaction of
NbGAPC2 and NbATG3 in vitro.

To confirm the competition between CP and NbATG3
to interact with NbGAPC2, we again expressed
NbGAPC2 tagged with GFP and ATG3 tagged with
HA in N. benthamiana plants and incubated them with
MBP or MBP-CP fusion proteins and GFP-Trap beads.
The immunoprecipitates were detected using GFP,
HA, and MBP antibodies. The results revealed that less
HA-ATG3 was co-precipitated in the presence of wild-
type CP (MBP-CP) compared with the CPy,, mutant
(MBP-CPy,,) or unfused MBP (Fig. 5F). These results
agreed well with those of the competitive pull-down
assay (Fig. 5D). Together, the pull-down assay and co-IP
analysis demonstrated that CP disrupted the interac-
tion of NbATG3 and NbGAPC2 by competitively bind-
ing to NbGAPC2. The CPy,, mutant failed to bind to
NbGAPC?2; therefore, these results suggested that CP
induces autophagy by interfering with the interaction of
GAPC2 and ATGS3.

RSV CP upregulates the transcription of NbATG3

The increased accumulation of ATG3 enhances
autophagic activity (Han et al. 2015). Therefore, we
tested whether RSV infection or the over-expression of
CP could enhance the expression of ATG3 in N. bentha-
miana plants. The transcription levels of NbDATG3 were
examined using qRT-PCR during RSV infection or
transiently expressed RSV CP alone. As shown in Fig. 6,
the transcription level of NbATG3 was upregulated
both in RSV-infected plants (7 dpi; Fig. 6A) and in the
presence of RSV CP expression (3 dpi; Fig. 6B), whereas
the CPy,, mutant did not significantly increase the
expression of NbATG3 (Fig. 6B). We then used a native
NbATG3 promoter to express NbATG3 tagged with
3xFlag in N. benthamiana plants. Total proteins were
extracted and NbATG3-3xFlag accumulation was
examined by using the anti-Flag antibody. The results
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Fig.4 Activation of autophagy by transiently expressed RSV CP. A The autophagy activity of N. benthamiana leaves expressing CP or CPy,, was
assessed by the autophagy marker GFP-NbATGS8f. Luc-HA, CP-HA, or CPN4A-HA were co-expressed with GFP-ATGSf in N. benthamiana using
Agrobacterium infiltration. The GFP fluorescence in epidermal cells was observed by confocal laser scanning microscopy. GFP-NbATG8f fusion
proteins are in cyan, and chloroplasts are in red. Scale bars, 20 um. B The quantification of the numbers of autophagic structures in the cells of
leaves described in (A). More than 100 mesophyll cells for each treatment were used for the quantification. The relative autophagic activity in
Luc-HA-infected plants was normalized to control plant values, which were set to 1.00. Values represent the means from three independent
experiments. The significant differences are marked with different lowercase letters over the columns (P < 0.05, one-way ANOVA). C The protein
samples obtained from (A) were subjected to western blot analysis using anti-GFP, anti-HA, and anti-actin antibodies. The accumulation of GFP was
normalized to actin. The ratio of free GFP via total GFP (GFP-ATGSf plus free-GFP) was compared to the control sample (EV), which was set to 1.00

showed that the amount of NbATG3 was remarkably
increased (1.71 to 2.12 fold) when co-expressed with
RSV CP (Fig. 6C). In comparison, the level of enhance-
ment of NbATG3 expression was lower in the presence
of the CPy,, mutant than in the presence of wild-type

CP (Fig. 6C). These results indicated that RSV CP
enhances the expression of NbATG3 by regulating
NbATG3 promoter activity. However, the reason CP
elevates the NbATG3 expression is required more stud-
ies in the future.
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RSV CP inhibits the autophagic degradation of RSV MP

and NS3

Autophagy has been shown to suppress RSV infec-
tion. Silencing the autophagy-related genes ATG5 and
ATG7 in N. benthamiana can promote RSV accumu-
lation, suggesting that autophagy acts as an antiviral
defense against RSV multiplication (Jiang et al. 2021).
Furthermore, other studies revealed that RSV-encoded
MP and the silencing suppressor protein (NS3) were
targeted for autophagic degradation in host plants (Fu
et al. 2018; Jiang et al. 2021). Our study demonstrated
that RSV CP alone could promote autophagic activity
in N. benthamiana (Figs. 1E and 4). Thus, it is inter-
est to determine whether RSV CP-activated autophagy
can elevate the autophagic degradation of viral pro-
teins. First, we tested the stability of RSV CP in the
cell. Apart from the autophagy pathway, the ubiquitin—
proteasome pathway is another protein degradation
pathway in eukaryotes (Wang 2015). We transiently
expressed CP tagged with HA at the C-terminal in N.
benthamiana and treated it with the autophagy inhibi-
tor E64d and proteasome inhibitor MG132. The accu-
mulation of RSV CP-HA with or without treatment
was analyzed by western blot (Fig. 7A and B). The
results showed that RSV CP-HA was relatively stable
in the plants and not degraded by the autophagy and
proteasome pathways.

Viral proteins, such as MP encoded by CLBV, MP
and NS3 encoded by RSV were previously reported
to be degraded through the autophagy pathway (Niu
et al. 2021; Li et al. 2021; Jiang et al. 2021). As RSV CP
elevates autophagic activity, the autophagic degrada-
tion of viral proteins might be promoted by the pres-
ence of RSV CP. To investigate this hypothesis, CLBV
MP, RSV MP, and RSV NS3 were fused to GFP at the

(See figure on next page.)
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C-terminal and co-expressed with RSV CP along with
treatment with the autophagy inhibitor E64d. The
extent of protein degradation was evaluated by the
ratio of the accumulation of viral protein (normal-
ized to total protein) to that without E64d treatment
in the absence of RSV CP. The results showed that
in the presence of RSV CP, the accumulation level of
CLBV MP was significantly reduced to a ratio of 0.07.
With E64d treatment, in the absence and presence
of RSV CP, the accumulation level of CLBV MP was
about 1.96 and 1.85, respectively, suggesting reduced
CLBV MP abundance due to autophagic degrada-
tion (Fig. 7C). The accumulation of RSV MP and RSV
NS3 in the absence of RSV CP was remarkably lower
than their accumulation with E64d treatment, indi-
cating that they were readily targeted and degraded
by autophagy without induction by RSV CP (Fig. 7D
and E). However, different from CLBV MP, RSV MP
and RSV NS3 accumulation was elevated when co-
expressed with RSV CP, showing that they were stabi-
lized in the presence of RSV CP (Fig 7D and E).

RSV CP induces the autophagic degradation of NbREM1

RSV MP facilitates the autophagic degradation of
NbREM1 by interfering with the S-acylation modi-
fication of NbREM1 (Fu et al. 2018). To examine the
effects of RSV CP on NbREMLI stability, we transiently
co-expressed NbREM1-GFP and CP-HA along with
E64d treatment. Western blot analysis showed that
NbREM1-GFP accumulation was similar with or with-
out CP expression (Fig. 7F), suggesting that RSV CP
expression alone does not induce NbREM1 autophagic
degradation. Interestingly, when RSV MP-mCherry
was included in the same co-expression experiment,
NbREM1-GFP accumulation was markedly lower in the

Fig. 5 RSV CP disrupts the interaction between NbGAPC2 and NbATG3. A The interaction of NbGAPC2 and NbATG3 was evaluated by BiFC assay.
The recombinant plasmids of NoGAPC2-nYFP and NbATG3-cYFP were co-expressed with CP-HA or CPN4A-HA in N. benthamiana leaves. Luc-HA was
used as the control. The reconstituted YFP fluorescence in epidermal cells were observed by confocal laser scanning microscopy. Scale bars, 20 um.
B The intensity of reconstituted YFP fluorescence (BiFC) described in (A) was normalized to the control sample (Luc-HA). The error bar represents
the mean intensity of YFP fluorescence quantified by ImageJ from 30 pictures obtained from three independent experiments. Different letters
above the bars indicate significant differences (P < 0.05, one-way ANOVA). C The protein accumulation of experiment described in (A) examined by
western blot using GFP and CP antibodies. D Competitive pull-down assay. NoGAPC2-His, MBP-NbATG3, MBP, MBP-CP were expressed and purified
from E. coli BL21(DE3). An equivalent amount (20 pg) of NoGAPC2-His and MBP-NbATG3 was incubated with MBP (40, 30, 10, 0 ng), MBP-CP (0, 10
30,40 ng) at 4 °C for 1 hour. A pull-down assay was performed with His-specific affinity resin (Ni-NTA agarose) and analyzed by western blotting
using His, and MBP antibodies. The accumulation of MBP-NbATG3 protein was quantified by Image J and set to 1.00 for the control sample (MBP).
The number indicated the relative MBP-NbATG3 accumulation, which was normalized to NbGAPC2-His and compared to the control sample.

E Competitive pull-down assay. NoGAPC2-His, GST-NbATG3, MBP, MBP-CP, and MBP-CPN4A were expressed and purified from E. coli BL21(DE3).

An equivalent amount (20 ug) of NbGAPC2-His and GST-NbATG3 was incubated with MBP, MBP-CP, or MBP-CPN4A protein at 4 °C for 1 hour. A
pull-down assay was performed with His-specific affinity resin (Ni-NTA agarose) and analyzed by immunoprecipitation with anti-GST, anti-His, and
anti-MBP antibodies. The accumulation of GST-NbATG3 protein was quantified by ImageJ and set to 1.00 for the control sample (MBP). The number
indicated the relative GST-NbATG3 accumulation, which was normalized to NoGAPC2-His and compared to the control sample. F Competitive
Co-IP assay. NoGAPC2-GFP and HA-NbATG3 were co-expressed in N. benthamiana leaves and immunoprecipitated with anti-GFP beads incubated
with purified MBP, MBP-CP, MBP-CPN4A proteins at 4 “C. Input and IP proteins were analyzed by western blot with anti-HA, anti-GFP, and anti-MBP
antibodies. The quantification of HA-NbATG3 protein accumulation is presented. The results are representative of three independent experiments
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of NbATG3-3XFlag protein was quantified by ImageJ and normalized to actin. The number indicates the relative NbATG3-3XFlag accumulation
compared to the control sample (EV), which was set to 1.00. C The results are representative of three independent experiments

presence of CP-HA than in its absence without E64d  Discussion

treatment (Fig. 7G), suggesting that after the interrup-  Numerous studies have showed that autophagy plays a
tion of the S-acylation modification of NbREM1 by RSV general role in antiviral defenses, however autophagy
MP, RSV CP expression can promote the autophagic is also utilized by some viruses to facilitate their infec-
degradation of NbREM1. tion. In the case of RSV, the viral proteins MP and NS3,

(See figure on next page.)

Fig. 7 Effects of RSV CP on protein autophagic degradation. A and B CP-HA was expressed in N. benthamiana leaves and treated with 100 uM E64d,
an autophagy inhibitor (A), or 100 uM MG132, a proteasome inhibitor (B). The protein accumulation was examined by western blot with an anti-HA
antibody. The quantification of protein was performed by ImageJ and normalized to actin. C-E CP-HA was co-expressed with the viral proteins
CLBV-MP (C), RSV-MP (D), or RSV-NS3 (E) with GFP tags in N. benthamiana and treated with 100 uM E64d. F and G CP-HA was co-expressed with the
host protein NbREM1-GFP in the absence (F) or presence (G) of RSV-MP tagged with mCherry in N. benthamiana and treated with 100 uM E64d. The
total protein was extracted and detected by western blot with anti-GFP, anti-mCherry, and anti-HA antibodies. Coomassie blue-stained proteins are
shown as the loading control. The quantification of protein was performed by ImageJ and normalized to actin or the loading control. The number
indicated the relative protein accumulation compared to the control sample (Luc-HA or EV), which was set to 1.00. The results are representative of
three independent experiments
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which are involved in viral movement and the sup-
pression of antiviral RNA silencing activity, are tar-
geted and degraded by the autophagy pathway to limit

viral multiplication (Fu et al. 2018; Jiang et al. 2021). In
contrast, RSV MP induces autophagic degradation of
NbREM1 to overcome the inhibition of viral movement
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(Fu et al. 2018). Interestingly, our study demonstrated
that RSV CP plays the dual functions of elevating the
autophagic degradation of host antiviral protein (Fig. 7G)
and protecting RSV proteins against autophagic deg-
radation (Fig. 7D and E). Silencing of GAPC reduced
RSV accumulation, while silencing of ATG5 and ATG7
promoted RSV accumulation (Jiang et al. 2021 and Sup-
plementary Fig. 3). These observations indicate that
autophagy-mediated antiviral responses still play a sig-
nificant part in inhibition of RSV accumulation in plants,
although RSV utilizes autophagy to facilitate its infection
and also has evolved the strategy to protects its proteins
against autophagic degradation. Hence, autophagy acts
as a double-edged sword and plays dual contrasting roles
in the interaction between RSV and host plants during
infection.

The RSV CP is essential for viral biological processes
as it is involved in the formation of RNP particles, viral
transcription, and replication (Hong et al. 1991). It is gen-
erally established that aside from its role in enclosing the
viral genome, the viral CP is commonly associated with
other processes in the viral infection cycle. The diverse
functions of CP are implemented via interactions with
viral and host components during viral infection (Lan
2016). As a major component of RNPs, RSV CP is the
most likely to be recognized for vector transmission. Five
proteins, atlasin, novel cuticle protein, jagunal, nascent
polypeptide-associated complex domain protein, and
vitellogenin, were identified as interacting with RSV CP
in the insect hemolymph (Kormelink et al. 2021). RSV
CP was also found to interact with a 60S ribosomal pro-
tein L18 (Shuo et al,, 2018) and G protein pathway sup-
pressor 2 (Li et al. 2019) to support viral replication and
translation in host cells. In addition, RSV CP (pc3) can
self-interact (Kim et al. 2014) and binds to the RSV non-
structural MP (NSvc4) to promote viral RNP transmis-
sion and accumulation in cells of the insect Laodelphax
striatellus (Wu et al. 2014). RSV CP also induces the
jasmonic acid (JA) pathway to attract insect vectors for
effective viral transmission (Han et al. 2020). Thus, RSV
CP is a multifaceted protein in the virus-host interaction.

Here, we found that RSV CP could enhance autophagic
activity via specific interaction with GAPCs, which are
negative regulators of autophagy (Fig. 2). GAPCs nega-
tively regulate autophagy by binding to ATG3 (Han et al.
2015). RSV CP out-competed ATG3, resulting in the dis-
ruption of GAPC-ATG3 binding and leading to a higher
level of autophagic activity (Fig. 4). Besides being an
autophagy key factor, ATG3 acts as a regulator of plant
immunity-related cell death (Liu et al. 2005). It is worth
noting that the BC1 protein, encoded by CLCuMuB, ele-
vates autophagy by disrupting the interactions of GAPCs
and ATG3 (Ismayil et al. 2020). On the other hand, CP
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encoded by CWMYV interacts with GAPCs to promote
the interaction between GAPC2 and ATG3, leading to
the inhibition of autophagy (Niu et al. 2022). Together,
these studies suggest that plant viruses commonly target
GAPCs and ATG3 to modulate autophagy in plants.

Several studies have implicated GAPCs in plant resist-
ance. The silencing of GAPCs can promote autophagic
activity (Han et al. 2015). The downregulation of GAPCs
in N. benthamiana reduced the accumulation of CWMYV,
bamboo mosaic virus (BaMV), and satBaMV RNA (Pras-
anth et al. 2011; Niu et al. 2022). In addition to its roles
as autophagy regulators, GAPCs are essential for main-
taining cellular ATP levels and carbohydrate metabolism
by catalyzing the critical reaction of glycolysis (Cerff
1978; Guo et al. 2014). Viruses have developed numer-
ous strategies to hijack cellular metabolism and biosyn-
thesis machinery for their specific needs. For example,
viral glycoprotein 5 (GP5) interacts with GAPC to facili-
tate the replication of porcine reproductive and respira-
tory syndrome virus (PRRSV) via its glycolytic activity
(Liu et al. 2021). Tomato bushy stunt virus (TBSV) regu-
lates cellular metabolic pathways by co-opting aerobic
glycolytic enzymes to produce ATP molecules within
the replication compartment and enhance virus produc-
tion (Nagy and Lin 2020). TBSV recruits the glycolytic
NADH-producing GAPC into viral replicase complexes
to take advantage of GAPC as an RNA chaperone dur-
ing (+) RNA synthesis (Huang and Nagy 2011; Wang and
Nagy 2008). Plants have two glycolytic pathways sepa-
rately located in the cytosol and plastid (Plaxton 1996;
Schwender et al. 2003). N. benthamiana and O. sativa
contains three GAPCs in the cytosol. We found that all
NbGAPCs (NbGAPC1, NbGAPC2, and NbGAPC3) and
two OsGAPCs (OsGAPC2 and OsGAPC3) interacted
with RSV CP (Fig. 2), implying that the interaction with
GAPCs is important for viral infection. Whether RSV CP
recruits GAPCs to regulate or hijack the glycolytic meta-
bolic pathway of the host to promote viral replication
remains unknown and needs to be investigated further.
It was observed that stress conditions can induce the
translocation of GAPC to the nucleus (Kim et al. 2022).
It is also interesting to further examine whether RSV CP
affects subcellular localization and enzymatic activities
of GAPC and the possible consequence in the course of
RSV infection.

We found that RSV CP could elevate autophagy in
plants (Figs. 1 and 4); however, it was stable against
autophagy and proteasomal degradation (Fig. 7A and
B). In contrast, the accumulation of MP and NS3 was
increased with E64d treatment (Fig. 7D and E), suggesting
that MP and NS3 were subjected to selective autophagic
degradation. The plant protein NbP3IP was previously
identified as guiding the autophagic degradation of NS3
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(Jiang et al. 2021). Interestingly, the degradation of MP
and NS3 was inhibited by RSV CP expression (Fig. 7D
and E). The CaMV gene VI product (P6), a major com-
ponent of viral factory inclusion, protects P4 against
autophagic degradation by sequestering it and coordi-
nating particle assembly and storage (Hafrén et al. 2017).
RSV MP was reported to directly bind to RSV CP (Zhang
et al. 2008). Whether RSV CP protects RSV MP and NS3
through direct interaction is unclear. The mechanism by
which RSV CP suppresses the autophagic degradation of
other RSV proteins needs to be investigated further.

We also found that RSV CP-triggered autophagy
could promote the autophagic degradation of NbREM1
(Fig. 7G), suggesting that RSV employs autophagy to
benefit viral infection. Furthermore, RSV CP-triggered
autophagy could elevate the degradation of an unre-
lated viral protein (MP) encoded by CLBV (Fig. 7C). The
molecular mechanism by which RSV CP induces selec-
tive autophagy to target antiviral components but not its
own viral products remain unclear and warrants further
investigation.

Materials and methods

Plant materials and virus inoculation

N. benthamiana plants were grown in a greenhouse at
25 °C, with 70% relative humidity and 16 h of daylight.
RSV was obtained from Nanjing City, Jiangsu province,
China, kindly provided by Dr. Tong Zhou (Jiangsu Acad-
emy of Agricultural Sciences). The mechanical inocula-
tion of RSV on N. benthamiana plants was performed
as described previously (Kong et al. 2014). Briefly, the
leaves of N. benthamiana plants at the six-leaf stage were
dusted with carborundum powder and mechanically
rubbed with viral inoculum prepared from RSV-infected
rice leaves in 20 mM sodium phosphate buffer at pH 7.0.

Plasmid constructs

Total RNA was extracted from RSV-infected N. bentha-
miana leaves using Trizol (Invitrogen) and supplied as a
template for reverse transcription (RT) using ReverTra
Ace reverse transcriptase (Toyobo, Japan). The DNA
fragments of RSV genes were amplified by PCR (poly-
merase chain reaction) using PrimeSTAR® HS DNA
Polymerase (Takara Bio) and cloned into the respon-
sive plasmid using the ClonExpress II One Step Cloning
Kit (Vazyme, Nanjing, China). All plasmid constructs
generated in this study are described in Supplementary
Table 1. The Flag peptide was added at the N-terminal of
ATG3. GFP-ATGSf has been described previously (Niu
et al. 2022). All primers used in this study are listed in
Supplementary Table 2.
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Agrobacterium infiltration

The plasmid constructs were transformed into Agrobac-
terium tumefaciens strain GV3101. Agroinfiltration was
performed as described previously.

Co-immunoprecipitation and mass spectrometry analysis
The RSV CP-GFP protein was transiently expressed and
extracted from N. benthamiana. The GFP protein was
prepared in parallel as a control. Co-immunoprecipita-
tion (Co-IP) assays using GFP-Trap beads (ChromoTek,
Germany) were performed as described previously (Sun
et al. 2006). LC-MS/MS (Liquid Chromatograph Mass
Spectrometer) and bioinformatics analyses for protein
identification were performed by Shanghai Applied Pro-
tein Technology Co., Ltd.

Fluorescent protein expression and visual observation

The GFP-tagged and bimolecular fluorescence comple-
mentation (BiFC) proteins were transiently co-expressed
on 4-week-old N. benthamiana leaves. At 3 dpi, the fluo-
rescent proteins were observed using an FV3000 confocal
microscope (Olympus, Japan). The fluorescence signals
were visualized with laser excitation/emission filters of
488/500-510 nm for GFP and 514/580-600 nm for YFP
(BiFC).

Western blot analysis

Western blot analysis was performed as described pre-
viously (Niu et al. 2022). Anti-GFP (1:5000, Sigma,
Cat. No. F1804), anti-Flag (1:5000, EASYBIO, Cat. No.
BE7001), anti-HA, anti-His, and anti-maltose-binding
protein (MBP; all 1:5000, Beijing Protein Innovation Co.,
Ltd.) antibodies, as well as secondary goat anti-mouse
immunoglobulin G-horseradish peroxidase (IgG-HRP;
1:10,000, Proteintech) were used for the detection of
GFP-, HA-, Flag-, His-, GST-, and MBP-tagged proteins.
The actin protein was detected using a primary anti-actin
antibody (1:5000, Kangwei). The detection of ATG8 and
phosphatidylethanolamine-conjugated ATG8 (ATG8-PE)
was carried out as described previously (Niu et al. 2022)
using an anti-ATG8 primary antibody (1:2000, Abcam).

Competitive pull-down assay

The fusion proteins of MBP-ATG3, MBP-CP, GST-ATGS3,
and NbGAPC2-His were expressed in the Escherichia
coli strain BL21 and purified using Maltose-Binding
Glutathione Sepharose TM 4 Fast Flow (GE Healthcare)
or Ni-NTA agarose (Qiagen) according to the manu-
facturer’s instructions. His pull-down assays were per-
formed as described previously (Sun et al. 2013). Finally,
samples were analyzed by western blotting with anti-
GST (1:5000), anti-His (1:5000), and anti-MBP (1: 5000)
antibodies.
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Competitive Co-IP assay

The competitive protein RSV CP was fused with MBP
and expressed in E. coli BL21 (DE3). The MBP-CP, MBP-
CPy4a, and MBP proteins were purified using amylose
resin with gradient column buffer as described previously
(Sun et al. 2013). NbGAPC2-GFP and HA-ATG3 were
transiently co-expressed in N. benthamiana leaves. The
total proteins containing NbGAPC2-GFP and HA-ATG3
proteins were extracted from N. benthamiana leaves and
mixed well with the purified MBP or MBP-CP (40 pg/
ml), respectively, and subjected to immunoprecipitation
using 20 pL GFP-Trap beads (ChromoTek, Germany)
as described previously. Precipitates were washed five
times with a wash buffer. Finally, samples were analyzed
by western blotting with anti-GFP (1:5000), anti-HA
(1:5000), and anti-MBP (1: 5000) antibodies.

Transmission electron microscope (TEM)

N. benthamiana leaf tissues with or without RSV infec-
tion (14 dpi) were prepared, subjected to vacuum infil-
tration, and fixed immediately with 2.5% glutaraldehyde
(Sigma, G5882) in 0.1 M PBS overnight at 4 °C. Sam-
ples were washed three times with PBS, post-fixed with
1% OsO, (Sigma, O5500), rinsed three times with PBS
again, dehydrated in a graded ethanol series followed by
the replacement of ethanol with acetone, and embed-
ded in SPI-PON812 resin (SPI Science, 90,529-77-4).
The ultrathin sections were stained with 2% (w/v) uranyl
acetate (Polysciences, 21,447-25) and 2.6% (w/v) lead cit-
rate (Sigma, 15,326). Images were observed and captured
using a transmission electron microscope (TEM; Hitachi
H-7650, Japan) at 80 kV (Guan et al. 2022).
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0rg/10.1007/544154-023-00084-3.

Additional file 1: Supplementary Fig 1. Co-immunoprecipitation of RSV
CP with proteins obtained from N.benthamiana and analyzed by mass
spectrometry (IP-MSMS). Supplementary Fig 2. BiFC assay analyzed the
protein interaction in N. benthamianabetween CPy,, and OsGAPC2, CP
and NbATG3. Supplementary Fig 3. RSV symptoms and accumulation

in transgenic plants of NbGAPC2-RNAI after virus inoculation. Sup-
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Acknowledgements

We deeply thank Dr. Hua Zhao and Technological innovation and talent
cultivation plantform for providing technical supports. We thank the High-
Performance Computing Center of Northwest A&F University for providing
computing resources.

Authors’ contributions

LS and WZ designed research; WZ, LW, LL, TZ, and HZ performed research; WZ,
FY,YZ and IBA analyzed data; WZ, and LS wrote the manuscript. The authors
read and approved the final manuscript.

Page 150f 17

Funding

This study was supported in part by the National Natural Science Foundation
of China (32170163) to LS; The program of introducing Talents of Innovative
discipline to universities (project 111) (B18042) to LS; The state key laboratory
for Managing Biotic and Chemical Threats to the Quality and Safety of Agro-
products (project 2021DG700024-KF202210) to HZ.

Availability of data and materials
Data are available from corresponding author upon reasonable request.

Declarations

Competing interests
The authors declare no compete of interests.

Author details

'State Key Laboratory of Crop Stress Biology for Arid Areas, College of Plant
Protection, Northwest A&F University, Yangling 712100, Shaanxi, China.
2Institute of Plant Protection, Jiangsu Academy of Agricultural Sciences,
Nanjing 210095, China. *Institute of Plant Virology, Ningbo University,

Ningbo 312362, China. “State Key Laboratory for Managing Biotic and Chemi-
cal Threats to the Quality and Safety of Agro-Products, Institute of Virology
and Biotechnology, Zhejiang Academy of Agricultural Sciences, Hang-

zhou 310021, China. °College of Plant Health and Medicine, Qingdao Agricul-
tural University, Qingdao 266109, China.

Received: 13 December 2022 Accepted: 28 February 2023
Published online: 23 March 2023

References

Adachi A, Koizumi M, OhsumiY (2017) Autophagy induction under carbon
starvation conditions is negatively regulated by carbon catabolite repres-
sion. J Biol Chem 292(48):19905-19918. https://doi.org/10.1074/jbc.
M117.817510

Avin-Wittenberg T (2019) Autophagy and its role in plant abiotic stress man-
agement. Plant Cell Environ. 42(3):1045-1053. https://doi.org/10.1111/
pce.13404

Barbier P, Takahashi M, Nakamura I, Toriyama S, Ishihama A (1992) Solubiliza-
tion and promoter analysis of RNA polymerase from rice stripe virus. J
Virol. 66(10):6171. https://doi.org/10.1128/jvi.66.10.6171-6174.1992

Cerff R (1978) Glyceraldehyde-3-phosphate dehydrogenase (NADP) from
Sinapis alba: Steady state kinetics. Phytochemistry 17(12):2061-2067.
https://doi.org/10.1016/5S0031-9422(00)89281-X

Chen H, Dong J, Wang T (2021) Autophagy in Plant Abiotic Stress Manage-
ment. Int J Mol Sci. 22 (8). https://doi.org/10.3390/ijms22084075

Choi AMK, Ryter SW, Levine B (2013) Autophagy in human health and disease.
New Engl J Med 368(7):651-662. https://doi.org/10.1056/NEJMra1205
406.

Falk BW, Tsai JH (1998) Biology and molecular biology of viruses in the genus
Tenuivirus. Annu Rev Phytopathol. 36:139-163. https://doi.org/10.1146/
annurev.phyto.36.1.139

FusS, XuY, Li C, LiY, Wu J, Zhou X (2018) Rice stripe virus interferes with
S-acylation of remorin and induces its autophagic degradation to facili-
tate virus infection. Mol Plant. 11(2):269-287. https://doi.org/10.1016/].
molp.2017.11.011

Gallegos J (2018) Autophagy: Both Friend and Foe in Pseudomonas syringae
Infection. Plant Cell. 30(3):522-523. https://doi.org/10.1105/tpc.18.00203

Guan B, Jiang YT, Lin DL, Lin WH, Xue HW (2022) Phosphatidic acid suppresses
autophagy through competitive inhibition by binding GAPC (glycer-
aldehyde-3-phosphate dehydrogenase) and PGK (phosphoglycerate
kinase) proteins. Autophagy:1-15. https://doi.org/10.1080/15548627.
2022.2046449

Guo L, Ma F, Wei F, Fanella B, Allen DK, Wang X (2014) Cytosolic phosphorylat-
ing glyceraldehyde-3-Phosphate dehydrogenases affect arabidopsis
cellular metabolism and promote seed oil accumulation. Plant Cell.
26(7):3023-3035. https://doi.org/10.1105/tpc.114.126946


https://doi.org/10.1007/s44154-023-00084-3
https://doi.org/10.1007/s44154-023-00084-3
https://doi.org/10.1074/jbc.M117.817510
https://doi.org/10.1074/jbc.M117.817510
https://doi.org/10.1111/pce.13404
https://doi.org/10.1111/pce.13404
https://doi.org/10.1128/jvi.66.10.6171-6174.1992
https://doi.org/10.1016/S0031-9422(00)89281-X
https://doi.org/10.3390/ijms22084075
https://doi.org/10.1056/NEJMra1205406
https://doi.org/10.1056/NEJMra1205406
https://doi.org/10.1146/annurev.phyto.36.1.139
https://doi.org/10.1146/annurev.phyto.36.1.139
https://doi.org/10.1016/j.molp.2017.11.011
https://doi.org/10.1016/j.molp.2017.11.011
https://doi.org/10.1105/tpc.18.00203
https://doi.org/10.1080/15548627.2022.2046449
https://doi.org/10.1080/15548627.2022.2046449
https://doi.org/10.1105/tpc.114.126946

Zhao et al. Stress Biology (2023) 3:3

Hafrén A, Macia J-L, Love AJ, Milner JJ, Drucker M, Hofius D (2017) Selective
autophagy limits cauliflower mosaic virus infection by NBR1-mediated
targeting of viral capsid protein and particles. Proc Natl Acad Sci.
114(10):E2026-E2035. https://doi.org/10.1073/pnas.161068711

Han K, Huang H, Zheng H, Ji M, Yuan Q, Cui W, Zhang H, Peng J, Lu Y, Rao S,
Wu G, Lin L, Song X, Sun Z, Li J, Zhang C, Lou Y, Chen J, Yan F (2020) Rice
stripe virus coat protein induces the accumulation of jasmonic acid,
activating plant defence against the virus while also attracting its vector

to feed. Mol Plant Pathol. 21(12):1647-1653. https://doi.org/10.1111/mpp.

12995

Han S,Wang, Zheng X, Jia Q, Zhao J, Bai F, Hong Y, Liu Y (2015) Cytoplastic
glyceraldehyde-3-phosphate dehydrogenases interact with ATG3 to
negatively regulate autophagy and immunity in nicotiana benthamiana.
Plant Cell. 27(4):1316-1331. https://doi.org/10.1105/tpc.114.134692

HaximY, Ismayil A, Qi J, Yan W, Liu Y (2017) Autophagy functions as an antiviral
mechanism against geminiviruses in plants. eLife. 6:623897. https://doi.
org/10.7554/eLife.23897

Heydarnejad J, Barclay WS, Izadpanah K, Hunter FR, Gooding MJ (2006)
Molecular characterization of Iranian wheat stripe virus shows its taxo-
nomic position as a distinct species in the genus tenuivirus. Adv Virol.
151(2):217-227. https://doi.org/10.1007/500705-005-0652-4

Hong YG, Pei MY, Wang XF, Bo T, Li L, Chen SX (1991) The study of molecular
biology of rice stripe virus (I) (eng). Chin Sci Bull. 36(7):602-605

Huang TS, Nagy PD (2011) Direct inhibition of tombusvirus plus-strand RNA
synthesis by a dominant negative mutant of a host metabolic enzyme,
glyceraldehyde-3-phosphate dehydrogenase, in yeast and plants. J Virol.
85(17):9090-9102. https://doi.org/10.1128/JV1.00666-11

HuoY, Liu W, Zhang F, Chen X, Li L, Liu Q, Zhou Y, Wei T, Fang R, Wang X (2014)
Transovarial transmission of a plant virus is mediated by vitellogenin of its
insect vector. PLoS Pathogens. 10(3):21003949. https://doi.org/10.1371/
journal.ppat.1003949

Iman A, Melanie S, Thomas G, Dieter W, Weiergraber OH, (2017) The Atg8 fam-
ily of proteins—modulating shape and functionality of autophagic mem-
branes. Front Genet. 8:109. https://doi.org/10.3389/fgene.2017.00109

Ismayil A, Yang M, Haxim Y, Wang Y, Li J, Han L, Wang Y, Zheng X, Wei X, Nagalak-
shmi U, Hong Y, Hanley-Bowdoin L, Liu Y (2020) Cotton leaf curl Multan
virus BC1 protein induces autophagy by disrupting the interaction of
autophagy-related protein 3 with glyceraldehyde-3-phosphate dehydro-
genases. Plant Cell. 32(4):1124-1135. https://doi.org/10.1105/tpc.19.00759

Jeon EJ, Tadamura AK, Murakami AT, Inaba JI, Kim ABM (2017) rgs-CaM detects
and counteracts viral RNA silencing suppressors in plant immune prim-
ing. J Virol. 91(19):JV1.00761-00717. https://doi.org/10.1128/JVI.00761-17

Jiang L, LuY, Zheng X, Yang X, Chen Y, Zhang T, Zhao X, Wang S, Zhao X,
Song X, Zhang X, Peng J, Zheng H, Lin L, MacFarlane S, Liu Y, Chen J,
Yan F (2021) The plant protein NbP3IP directs degradation of Rice stripe
virus p3 silencing suppressor protein to limit virus infection through
interaction with the autophagy-related protein NbATG8. New Phytol.
229(2):1036-1051. https://doi.org/10.1111/nph.16917

Kabeya Y, Mizushima N, Ueno T, Yamamoto A, Kirisako T, Noda T, Kominami
E, Ohsumi'Y, Yoshimori T (2000) LC3, a mammalian homologue of yeast
Apg8p, is localized in autophagosome membranes after processing.
EMBO J. 19(21):5720-5728. https://doi.org/10.1093/emboj/19.21.5720

Kakutani T, Hayano Y, Hayashi T, Minobe Y (1990) Ambisense segment 4 of rice
stripe virus: possible evolutionary relationship with phleboviruses and
uukuviruses (Bunyaviridae). J Gen Virol. 71( Pt 7):1427. https://doi.org/10.
1099/0022-1317-71-7-1427

Kim S-C, Shuaibing Y, Qun Z, Xuemin W (2022) Phospholipase D& and phos-
phatidic acid mediate heat-induced nuclear localization of glyceralde-
hyde-3-phosphate dehydrogenase in Arabidopsis. Plant J. 112(3):786-
799. https://doi.org/10.1111/tpj.15981

Kim S-M, Kook-Hyung C, Won K, Lian S, Yeonhwa, (2014) Interaction study of
rice stripe virus proteins reveals a region of the nucleocapsid protein
(NP) required for NP self-interaction and nuclear localization. Virus Res.
183:6-14. https://doi.org/10.1016/j.virusres.2014.01.011

Kim H, Cho WK, Lian S, Kim KH (2017) Identification of residues or motif(s)
of the rice stripe virus NS3 protein required for self-interaction and for
silencing suppressor activity. Virus Res. 235:14-23. https://doi.org/10.
1016/j.virusres.2017.03.022

Kong L, Wu J, Lu L, Xu'Y, Zhou X (2014) Interaction between Rice stripe virus
disease-specific protein and host PsbP enhances virus symptoms. Mol
Plant. 7(4):691-708. https://doi.org/10.1093/mp/sst158

Page 16 of 17

Kormelink R, Verchot J, Tao X, Desbiez C (2021) The Bunyavirales: the plant-
infecting counterparts. Viruses 13 (5). https://doi.org/10.3390/v13050842

Kyong W, Cho S, Lian S-M, Kim S-H, Park K-H (2013) Current insights into
research on rice stripe virus. Plant Pathol J. https://doi.org/10.5423/PP..
RW.10.2012.0158

Lan HH (2016) Research of Fonctuonal Region Involved in the Self-interaction
of Rice Stripe Virus Coat Protein. Fujian J Agric Sci. http://en.cnki.com.cn/
Article_en/CJFDTOTAL-FINX201609011.htm

Leary AY, Sanguankiattichai N, Duggan C, Tumtas Y, Pandey P, Segretin ME,
Salguero Linares J, Savage ZD, Yow RJ, Bozkurt TO (2018) Modulation of
plant autophagy during pathogen attack. J Exp Bot. 69(6):1325-1333.
https://doi.org/10.1093/jxb/erx425

LiC, XuY, FusS, LiuY,Li Z Zhang T, Wu J, Zhou X (2021) The unfolded protein
response plays dual roles in rice stripe virus infection through fine-tuning
the movement protein accumulation. PLoS Pathogens. 17 (3):e1009370.
https://doi.org/10.1371/journal. ppat.1009370

Li F, Vierstra RD (2012) Autophagy: a multifaceted intracellular system for bulk
and selective recycling. Trends Plant Sci. 17(9):526-537. https://doi.org/
10.1016/j.tplants.2012.05.006

LiF, Zhang C, Li Y, Wu G, Hou X, Zhou X, Wang A (2018) Beclin1 restricts RNA
virus infection in plants through suppression and degradation of the
viral polymerase. Nat Commun. 9(1):1268. https://doi.org/10.1038/
s41467-018-03658-2

Li F, Zhang M, Zhang C, Zhou X (2020) Nuclear autophagy degrades a gemi-
nivirus nuclear protein to restrict viral infection in solanaceous plants.
New Phytol. 225(4):1746-1761. https://doi.org/10.1111/nph.16268.
doi:10.1111/nph.16268

LiJ, Zhao W, Wang W, Zhang L, Cui F (2019) Evaluation of Rice stripe virus
transmission efficiency by quantification of viral load in the saliva of
insect vector. Pest Manag Sci. 75(7):1979-1985. https://doi.org/10.1002/
ps.5311

Lian S, Cho WK, Jo'Y, Kim SM, Kim KH (2014) Interaction study of rice stripe
virus proteins reveals a region of the nucleocapsid protein (NP) required
for NP self-interaction and nuclear localization. Virus Res. 183:6-14.
https://doi.org/10.1016/j.virusres.2014.01.011

Liu X, Jin J,Qiu P Gao F, Lin W, Xie G, He S, Liu S, Du Z, Wu Z (2018) Rice Stripe
Tenuivirus Has a Greater Tendency To Use the Prime-and-Realign Mecha-
nism in Transcription of Genomic than in Transcription of Antigenomic
Template RNAs. J Virol. 92 (1). https://doi.org/10.1128/V1.01414-17

Liu X, Liu X, Bai J, Gao'Y, Song Z, Nauwynck H, Wang X, Yang Y, Jiang P (2021)
Glyceraldehyde-3-phosphate dehydrogenase restricted in cytoplasmic
location by viral GP5 facilitates porcine reproductive and respiratory syn-
drome virus replication via Its glycolytic activity. J Virol. 95 (18):e0021021.
https://doi.org/10.1128/JV1.00210-21

Liu'Y, Schiff M, Czymmek K, Talléczy Z, Levine B, Dinesh-Kumar SP (2005)
Autophagy regulates programmed cell death during the plant innate
immune response. Cell. 121(4):567-577. https://doi.org/10.1016/j.cell.
2005.03.007

Masclaux-Daubresse C, Chen Q, Havé M (2017) Regulation of nutrient recy-
cling via autophagy. Curr Opin Plant Biol. 39:8-17. https://doi.org/10.
1016/j.pbi.2017.05.001

Mizushima N, Yoshimori T, Ohsumi Y (2011) The role of Atg proteins in
autophagosome formation. Annu Rev Cell Dev Biol. 27(1):107-132.
https://doi.org/10.1146/annurev-cellbio-092910-154005

Nagy PD, Lin W (2020) Taking over cellular energy-metabolism for TBSV replica-
tion: The high ATP requirement of an RNA virus within the viral replication
organelle. Viruses. (1). https://doi.org/10.3390/v12010056

Nakahara KS, Masuta C, Yamada S, Shimura H, Kashihara Y, Wada TS, Meguro A,
Goto K, Tadamura K, Sueda K, Sekiguchi T, Shao J, Itchoda N, Matsumura
T, Igarashi M, Ito K, Carthew RW, Uyeda | (2012) Tobacco calmodulin-
like protein provides secondary defense by binding to and directing
degradation of virus RNA silencing suppressors. Proc Natl Acad Sci USA.
109(25):10113-10118. https://doi.org/10.1073/pnas.120162810

Niu E, Liu H, Zhou H, Luo L, Wu Y, Andika IB, Sun L (2021) Autophagy inhibits
intercellular transport of citrus leaf blotch virus by Targeting viral move-
ment protein. Viruses. 13 (11). https://doi.org/10.3390/v13112189

Niu E, Ye C, Zhao W, Kondo H, Wu Y, Chen J, Andika IB, Sun L (2022) Coat
protein of Chinese wheat mosaic virus upregulates and interacts with
cytosolic glyceraldehyde-3-phosphate dehydrogenase, a negative regu-
lator of plant autophagy, to promote virus infection. J Integr Plant Biol.
64(8):1631-1645. https://doi.org/10.1111/jipb.13313


https://doi.org/10.1073/pnas.161068711
https://doi.org/10.1111/mpp.12995
https://doi.org/10.1111/mpp.12995
https://doi.org/10.1105/tpc.114.134692
https://doi.org/10.7554/eLife.23897
https://doi.org/10.7554/eLife.23897
https://doi.org/10.1007/s00705-005-0652-4
https://doi.org/10.1128/JVI.00666-11
https://doi.org/10.1371/journal.ppat.1003949
https://doi.org/10.1371/journal.ppat.1003949
https://doi.org/10.3389/fgene.2017.00109
https://doi.org/10.1105/tpc.19.00759
https://doi.org/10.1128/JVI.00761-17
https://doi.org/10.1111/nph.16917
https://doi.org/10.1093/emboj/19.21.5720
https://doi.org/10.1099/0022-1317-71-7-1427
https://doi.org/10.1099/0022-1317-71-7-1427
https://doi.org/10.1111/tpj.15981
https://doi.org/10.1016/j.virusres.2014.01.011
https://doi.org/10.1016/j.virusres.2017.03.022
https://doi.org/10.1016/j.virusres.2017.03.022
https://doi.org/10.1093/mp/sst158
https://doi.org/10.3390/v13050842
https://doi.org/10.5423/PPJ.RW.10.2012.0158
https://doi.org/10.5423/PPJ.RW.10.2012.0158
http://en.cnki.com.cn/Article_en/CJFDTOTAL-FJNX201609011.htm
http://en.cnki.com.cn/Article_en/CJFDTOTAL-FJNX201609011.htm
https://doi.org/10.1093/jxb/erx425
https://doi.org/10.1371/journal.ppat.1009370
https://doi.org/10.1016/j.tplants.2012.05.006
https://doi.org/10.1016/j.tplants.2012.05.006
https://doi.org/10.1038/s41467-018-03658-2
https://doi.org/10.1038/s41467-018-03658-2
https://doi.org/10.1111/nph.16268
https://doi.org/10.1002/ps.5311
https://doi.org/10.1002/ps.5311
https://doi.org/10.1016/j.virusres.2014.01.011
https://doi.org/10.1128/JVI.01414-17
https://doi.org/10.1128/JVI.00210-21
https://doi.org/10.1016/j.cell.2005.03.007
https://doi.org/10.1016/j.cell.2005.03.007
https://doi.org/10.1016/j.pbi.2017.05.001
https://doi.org/10.1016/j.pbi.2017.05.001
https://doi.org/10.1146/annurev-cellbio-092910-154005
https://doi.org/10.3390/v12010056
https://doi.org/10.1073/pnas.120162810
https://doi.org/10.3390/v13112189
https://doi.org/10.1111/jipb.13313

Zhao et al. Stress Biology (2023) 3:3

Plaxton WC (1996) The organization and regulation of plant glycolysis. Annu
Rev Plant Physiol Plant Mol Biol. 47(47):185-214. https://doi.org/10.1146/
annurev.arplant47.1.185

Prasanth KR, Huang YW, Liou MR, Wang YL, Hu CC, Tsai CH, Meng M, Lin NS,
Hsu YH (2011) Glyceraldehyde 3-Phosphate dehydrogenase negatively
regulates the replication of bamboo mosaic virus and its associated satel-
lite RNA. J Virol. 85(17):8829-8840. https://doi.org/10.1128/JV1.00556-11

Rubinsztein D, Shpilka T, Elazar Z (2012) Mechanisms of Autophagosome
Biogenesis. Curr Biol. 22(1):R29-R34. https://doi.org/10.1016/j.cub.2011.
11.034

Schwender J, Ohlrogge JB, Shachar-Hill Y (2003) A flux model of glycolysis and
the oxidative pentosephosphate pathway in developing Brassica napus
embryos. J Biol Chem. 278(32):29442-29453. https://doi.org/10.1074/jbc.
M303432200

Shukla A, Hoffmann G, Hofius D, Hafrén A (2021) Turnip crinkle virus targets
host ATG8 proteins to attenuate antiviral autophagy. https://doi.org/10.
1101/2021.03.28.437395

Shuo X, Zhou Y (2018) Ribosomal protein L18 is an essential factor that
promote rice stripe virus accumulation in small brown planthopper. Virus
Res. 247:15-20. https://doi.org/10.1016/j.virusres.2018.01.011

Slobodkin MR, Elazar Z (2013) The Atg8 family: Multifunctional ubiquitin-like
key regulators of autophagy. Essays Biochem. 55(1):51-64. https://doi.
0rg/10.1042/bse0550051

Sun L, Andika IB, Kondo H, Chen J (2013) Identification of the amino acid resi-
dues and domains in the cysteine-rich protein of Chinese wheat mosaic
virus that are important for RNA silencing suppression and subcellular
localization. Mol Plant Pathol. 14(3):265-278. https://doi.org/10.1111/
mpp.12002

Sun L, Nuss DL, Suzuki N (2006) Synergism between a mycoreovirus and a
hypovirus mediated by the papain-like protease p29 of the prototypic
hypovirus CHV1-EP713. J Gen Virol. 87(Pt 12):3703-3714. https://doi.org/
10.1099/vir.0.82213-0

Wang A (2015) Dissecting the molecular network of virus-plant interactions:
the complex roles of host factors. Annu Rev Phytopathol. 53:45-66.
https://doi.org/10.1146/annurev-phyto-080614-120001

Wang YL, Nagy PD (2008) Tomato bushy stunt virus Co-Opts the RNA-Binding
Function of a Host Metabolic Enzyme for Viral Genomic RNA Synthesis. Cell
Host Microbe. 3(3):178-187. https://doi.org/10.1016/j.chom.2008.02.005

Wu W, Zheng L, Chen H, Jia D, Li F, Wei T (2014) Nonstructural protein NS4 of
Rice Stripe Virus plays a critical role in viral spread in the body of vector
insects. PLoS One. 9 (2):e88636. https://doi.org/10.1371/journal.pone.
0088636

Xiong R, Wu J, Zhou Y, Zhou X (2008) Identification of a movement protein of
the tenuivirus rice stripe virus. J Virol. 82(24):12304. https://doi.org/10.
1128/JV1.01696-08

Yang M, Ismayil A, Liu Y (2020) Autophagy in plant-virus interactions.

Ann Rev Virol. 7(1):403-419. https://doi.org/10.1146/annurev-virol
0gy-010220-054709

Yang M, LiuY (2022) Autophagy in plant viral infection. FEBS Lett.
596(17):2152-2162. https://doi.org/10.1002/1873-3468.14349

Yang M, Zhang Y, Xie X, Yue N, Li D (2018) Barley stripe mosaic virus yb protein
subverts autophagy to promote viral infection by disrupting the ATG7-
ATGS interaction. Plant Cell. 16(7):146. https://doi.org/10.1105/tpc.18.
00122

Yu L, Chen Y, Tooze SA (2018) Autophagy pathway: Cellular and molecular
mechanisms. Autophagy. 14(2):207-215. https://doi.org/10.1080/15548
627.2017.1378838

Zhang KY, Xiong RY, Jian-Xiang WU, Zhou XP, Zhou YJ (2008) Detection of
the proteins encoded by rice stripe virus in laodelphax striatellus fallén
and interactions in vitro between CP and the four proteins. Scientia
Agricultura Sinica. http://en.cnki.com.cn/Article_en/CJFDTOTAL-ZNYK2
00812017.htm

Zhenguo DU, Xiao D, Jianguo WU, Jia D, Yuan Z, Liu Y, Liuyang HU, Han Z, Wei
T,Lin Q (2011) p2 of Rice stripe virus (RSV) interacts with OsSGS3 and is a
silencing suppressor. Mol Plant Pathol. 12(8):808-814. https://doi.org/10.
1111/j.1364-3703.2011.00716.x

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 17 of 17


https://doi.org/10.1146/annurev.arplant.47.1.185
https://doi.org/10.1146/annurev.arplant.47.1.185
https://doi.org/10.1128/JVI.00556-11
https://doi.org/10.1016/j.cub.2011.11.034
https://doi.org/10.1016/j.cub.2011.11.034
https://doi.org/10.1074/jbc.M303432200
https://doi.org/10.1074/jbc.M303432200
https://doi.org/10.1101/2021.03.28.437395
https://doi.org/10.1101/2021.03.28.437395
https://doi.org/10.1016/j.virusres.2018.01.011
https://doi.org/10.1042/bse0550051
https://doi.org/10.1042/bse0550051
https://doi.org/10.1111/mpp.12002
https://doi.org/10.1111/mpp.12002
https://doi.org/10.1099/vir.0.82213-0
https://doi.org/10.1099/vir.0.82213-0
https://doi.org/10.1146/annurev-phyto-080614-120001
https://doi.org/10.1016/j.chom.2008.02.005
https://doi.org/10.1371/journal.pone.0088636
https://doi.org/10.1371/journal.pone.0088636
https://doi.org/10.1128/JVI.01696-08
https://doi.org/10.1128/JVI.01696-08
https://doi.org/10.1146/annurev-virology-010220-054709
https://doi.org/10.1146/annurev-virology-010220-054709
https://doi.org/10.1002/1873-3468.14349
https://doi.org/10.1105/tpc.18.00122
https://doi.org/10.1105/tpc.18.00122
https://doi.org/10.1080/15548627.2017.1378838
https://doi.org/10.1080/15548627.2017.1378838
http://en.cnki.com.cn/Article_en/CJFDTOTAL-ZNYK200812017.htm
http://en.cnki.com.cn/Article_en/CJFDTOTAL-ZNYK200812017.htm
https://doi.org/10.1111/j.1364-3703.2011.00716.x
https://doi.org/10.1111/j.1364-3703.2011.00716.x

	Coat protein of rice stripe virus enhances autophagy activity through interaction with cytosolic glyceraldehyde-3-phosphate dehydrogenases, a negative regulator of plant autophagy
	Abstract 
	Introduction
	Results
	RSV CP induces autophagy
	RSV CP interacts with GAPCs
	The amino acid at position four in RSV CP is essential for binding with GAPC2
	RSV CP disrupts the interaction of GAPC2 and ATG3
	RSV CP upregulates the transcription of NbATG3
	RSV CP inhibits the autophagic degradation of RSV MP and NS3
	RSV CP induces the autophagic degradation of NbREM1

	Discussion
	Materials and methods
	Plant materials and virus inoculation
	Plasmid constructs
	Agrobacterium infiltration
	Co-immunoprecipitation and mass spectrometry analysis
	Fluorescent protein expression and visual observation
	Western blot analysis
	Competitive pull-down assay
	Competitive Co-IP assay
	Transmission electron microscope (TEM)

	Anchor 23
	Acknowledgements
	References


