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A small peptide inhibits siRNA amplification in
plants by mediating autophagic degradation of
SGS3/RDR6 bodies
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Abstract

Selective autophagy mediates specific degradation of unwanted
cytoplasmic components to maintain cellular homeostasis. The
suppressor of gene silencing 3 (SGS3) and RNA-dependent RNA poly-
merase 6 (RDR6)-formed bodies (SGS3/RDR6 bodies) are essential for
siRNA amplification in planta. However, whether autophagy recep-
tors regulate selective turnover of SGS3/RDR6 bodies is unknown.
By analyzing the transcriptomic response to virus infection in
Arabidopsis, we identified a virus-induced small peptide 1 (VISP1)
composed of 71 amino acids, which harbor a ubiquitin-interacting
motif that mediates interaction with autophagy-related protein 8.
Overexpression of VISP1 induced selective autophagy and compro-
mised antiviral immunity by inhibiting SGS3/RDR6-dependent viral
siRNA amplification, whereas visp1 mutants exhibited opposite
effects. Biochemistry assays demonstrate that VISP1 interacted with
SGS3 and mediated autophagic degradation of SGS3/RDR6 bodies.
Further analyses revealed that overexpression of VISP1, mimicking
the sgs3 mutant, impaired biogenesis of endogenous trans-acting
siRNAs and up-regulated their targets. Collectively, we propose that
VISP1 is a small peptide receptor functioning in the crosstalk
between selective autophagy and RNA silencing.
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Introduction

Macroautophagy called autophagy is a conserved macromolecule

degradation pathway in eukaryotes. In plants, autophagic degrada-

tion is a highly regulated process to maintain cell homeostasis in

plant development and stress responses (Signorelli et al, 2019).

During autophagic processes, a double-membrane autophagosome

is formed to sequester and deliver aggregated proteins and damaged

organelles into vacuoles for degradation (Wang et al, 2018). More

than 30 autophagy-related genes (ATG) have been identified in

Arabidopsis (Wang et al, 2018). Among these components, ATG8/

LC3 family proteins are central players in autophagosome formation

and cargo recruitment (Noda et al, 2010). After being modified with

the lipid phosphatidylethanolamine (PE), the resulting ATG8-PE

decorates autophagic membranes and provides cargo docking sites

for autophagic degradation (Noda et al, 2010). During selective

autophagy, autophagic receptors provide linkages between specific

cargos and ATG8 (Marshall & Vierstra, 2018). ATG8-binding adap-

tors and receptors contain hydrophobic pockets with a motif W/F/

Y-X-X-L/I/V, termed ATG8-interacting motif (AIM) (Noda et al,

2010). Recently, proteins harboring a ubiquitin-interacting motif

(UIM) were identified as new class of receptors and adaptors (Mar-

shall et al, 2015; Marshall et al, 2019). Currently, studies about UIM

motif-containing cargo receptors are very limited. Thus, exploring

new UIM motif-containing autophagy receptors will permit a better

understanding of selective autophagy in plants.

Selective autophagy is stimulated by abiotic stresses and micro-

bial pathogen infections (Signorelli et al, 2019; Yang et al, 2020).

For instance, mammalian proteins p62/SQSTM1 and NBR1 not only

are selective autophagy substrates, but also act as cargo receptors

for degradation of ubiquitinated substrates (Pankiv et al, 2007;

Kirkin et al, 2009). The Arabidopsis NBR1 is a functional hybrid of

mammalian p62 and NBR1 (Svenning et al, 2011) and targets ubiq-

uitinated protein aggregates for degradation in stress responses

(Zhou et al, 2013). Plant-specific ATG8-interacting protein 1 (ATI1)

mediates the trafficking of plastid proteins to the vacuole via

autophagy-dependent machinery (Michaeli et al, 2014). Moreover,

three close-related dicot-specific ATI proteins interact with UBAC2

proteins (ubiquitin-associated [UBA] protein 2) for mediating autop-

hagy of specific ER components (Zhou et al, 2018).

RNA silencing is a conserved antiviral mechanism in eukaryotic

organisms. During antiviral RNA silencing, host Dicer and argo-

naute proteins are core silencing components for biogenesis of

virus-derived small interfering RNAs (vsiRNAs) and RNA slicing,

respectively (Guo et al, 2019). Furthermore, host RDRs can amplify

secondary siRNA and increase antiviral RNA-silencing potency
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through dsRNA synthesis (Wang et al, 2010). A plant-specific RNA-

binding protein, SGS3, is a functional partner of RDR6, and they

form SGS3/RDR6 bodies for siRNA amplification (Mourrain et al,

2000; Peragine et al, 2004). Cucumber mosaic virus (CMV) is one of

the most important viruses causing severe symptoms in crops. The

CMV-encoded 2b protein is a strong viral suppressor of RNA silenc-

ing (VSR) (Diaz-Pendon et al, 2007). To rule out interference of 2b

in antiviral silencing, 2b-deficient mutant viruses were used to

screen new antiviral components (Guo et al, 2017; Guo et al, 2018).

For instance, an alanine substitution mutant of CMV 2b in the 15th

leucine and 18th methionine (CMV-2blm) is less virulent than wild-

type CMV due to its deficiency in suppressing RDR6/SGS3-

dependent RNA silencing (Dong et al, 2016).

Most of the characterized antimicrobial peptides are derived from

long unfunctional precursor proteins (Olsson et al, 2018). However,

very few studies characterize small peptides directly translated from

small open reading frames (sORFs, 30-100 amino acids) (Tavormina

et al, 2015). Here, we identified a virus-induced small peptide 1

(VISP1) composed of 71 amino acids harboring an UIM to interact

with ATG8. VISP1 serves as a selective autophagy cargo receptor to

mediate autophagic degradation of SGS3/RDR6 bodies. Our results

provide new insights into biological functions of a peptide cargo

receptor in antiviral RNA silencing and autophagy.

Results

Characterization of an ATG8-interacting small peptide

To investigate cellular components functioning in plant–virus inter-

actions, we examined transcriptome response of Arabidopsis plants

to CMV infection. At 7 days post-inoculation (dpi), systemically

infected leaves were harvested for RNA extraction and RNA-Seq.

Compared with mock treatments, CMV infection induced expression

of 261 genes by fourfold (FDR < 0.05), including 18 sORFs among

the 7,901 predicted sORFs in a previous study (Fig 1A) (Hanada

et al, 2013). The virus-induced 18 sORFs are derived from protein

coding regions, rRNA genes, and intergenic regions (Fig 1A and

Appendix File S1). Here, these small peptides were tentatively

named virus-induced small peptides (VISPs). RT-qPCR assays

revealed that the VISP1-12 mRNAs were significantly induced by

CMV infection (Appendix Fig S1A). BLAST analyses show that

VISP1-18 has low similarities in amino acid sequences, but some

VISPs share same amino acid sequences although they are from dif-

ferent loci (Appendix Fig S1B and File S1), indicating gene duplica-

tions in these loci as described previously (De Smet et al, 2017).

Given that the VISP1 mRNA was significantly induced by CMV

infection at 7, 14, and 21 dpi (Appendix Fig S1C), the uncharacter-

ized VISP1 peptide was selected for further analyses in this study.

The VISP1 ORF encodes a putative 71-amino acid peptide in the

gene locus AT1G21525. CMV-2blm and CMV infection resulted in

increased accumulation of VISP1 (AT1G21525) by 10.2- and 8.8-fold

compared with mock treatments (Appendix Fig S2A, P-

value < 0.05). To determine whether the VISP1 can be translated

in vivo, the VISP1 genomic fragment from 3,000 bp upstream of the

start codon to the end of the ORF was in-framely fused to the N

terminus of b-glucuronidase (GUS) (VISP1PRO::VISP1-GUS). GUS

staining assays revealed that VISP1-GUS accumulated to low levels

in mock-treated VISP1PRO::VISP1-GUS transgenic plants, but was

induced obviously after CMV-2blm infection (Fig 1B and

Appendix Fig S2B). In contrast, VISP1PRO::VISP1TGA-GUS, containing

a TGA after the VISP1 ORF, served as a negative control and could

not express GUS in transgenic plants (Fig 1B and Appendix Fig

S2D). Moreover, the VISP1-GUS fusion protein was immunoprecipi-

tated with GUS-specific antibodies and analyzed by liquid chro-

matography–tandem mass spectrometry (LC-MS/MS). As expected,

two peptides were derived from the N terminal VISP1 fragment

(Appendix Fig S2E and F, and G). Collectively, these results indicate

that VISP1 is translated in vivo and induced by virus infection.

BLAST analyses reveal that VISP1 orthologues are present in

Brassicaceae plants (Appendix Fig S3). VISP1 orthologues shared

high similarities in amino acid sequences (Fig 1C). Intriguingly, a

conserved motif (39IISALXPS46, X represent any amino acid) of

VISP1 orthologues is reminiscent of the ubiquitin-interacting motif

(UIM) (w-f-X-A-w-X-X-S; w, small hydrophobic residues; f, hydro-
philic residues; X, any amino acid) that is a consensus motif in

newly identified ATG8-interacting receptors or adaptors (Marshall

et al, 2019). In addition, VISP1 orthologues have another conserved

sequence (28RKLVK32) that harbors three basic amino acid residues

(arginine/lysine) (Fig 1C), termed arginine/lysine-rich motif (ARM).

Given that VISP1 harbors a ATG8-interacting domain, we next

examined whether VISP1 interacted with ATG8 using biomolecular

fluorescence complementation (BiFC) assays. Among the nine ATG8

(ATG8a–i) isoforms encoded by Arabidopsis genome, ATG8a and

ATG8f were selected for BiFC assays. We first fused the coding

sequences of Arabidopsis ATG8a and ATG8f to the N halves of YFP

(YN). The coding sequence of VISP1 was fused to the C halves of

YFP (YC). Co-expression of VISP1-YC with YN-ATG8a or YN-ATG8f

resulted in reconstitution of YFP fluorescence in N. benthamiana

leaves at 60 h post-inoculation (hpi) (Fig 1D). In contrast, co-

expression of negative control combinations failed to produce YFP

signal, although all proteins were expressed (Appendix Fig S4). The
39IISALXPS46 motif of VISP1-YC was replaced with 39DISDDXPD46,

termed VISP1mUIM-YC. Co-expression of VISP1mUIM-YC and YN-

ATG8a failed to produce YFP signal (Fig 1D), indicating that the

UIM motif is essential for the VISP1–ATG8 interaction, whereas

VISP1mARM-YC harboring substitution of 28RKLVK32 motif of VISP1

with 28AALVA32 produced YFP signal when co-expressed with YN-

ATG8a (Appendix Fig S4A), indicating that the ARM motif is not

required for the VISP1–ATG8 interaction.

Co-immunoprecipitation (Co-IP) assays were performed to deter-

mine the VISP1–ATG8 interaction in vivo. The Flag-ATG8a fusion

protein was co-expressed transiently with GFP, VISP1-GFP, or

VISP1mUIM-GFP by agroinfiltration. Infiltrated leaves were treated

with 2 mM 3-MA to inhibit autophagic degradation at 48 hpi and then

harvested for Co-IP assays 12 h later. The results revealed that Flag-

ATG8a was precipitated with VISP1-GFP, but not with VISP1mUIM-

GFP or GFP (Fig 1E). In vitro pull-down assays were performed to

determine the direct VISP1–ATG8 interaction. The VISP1-His or

VISP1mUIM-His proteins were incubated with the GST-ATG8a, GST-

VISP1, or GST proteins and precipitatedwith anti-GST beads.Western

blotting assays revealed that the VISP1-His protein was precipitated

with GST-ATG8a but not with GST (Fig 1F). In contrast, VISP1mUIM-

His was not co-precipitated with GST-VISP1 (Fig 1F).

Collectively, these results suggest that VISP1 is a virus-induced

small peptide harboring a conserved ATG8-interacting UIM motif in
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Arabidopsis and that VISP1 can interact with ATG8 in vivo and

in vitro.

Overexpression of VISP1 induces autophagosome formation and
selective autophagy

Given the VISP1–ATG8 interaction, we next investigated

whether VISP1 induced selective autophagy. To this end, we

generated transgenic Arabidopsis plants overexpressing VISP1-Flag,

VISP1mUIM-Flag, and VISP1mARM-Flag, under control of the cauli-

flower mosaic virus (CaMV) 35S promoter in the Col-0 background.

To visualize autophagy induction by VISP1 overexpression, we

transformed the autophagosomal marker YFP-ATG8e (Zhuang et al,

2013) into Col-0, VISP1OE1, and VISP1OE2 plants. As shown in Fig 2A

and B, a significantly increased puncta numbers of YFP-ATG8e were

observed in YFP-ATG8e/VISP1OE cells compared with those of YFP-

A

C

FED

B

Figure 1. Characterization of an ATG8-interacting small peptide.

A Work flow to identify virus-induced small peptides in Arabidopsis.
B GUS activity of VISP1Pro::VISP1-GUS transgenic Arabidopsis plants infected by mock buffer or CMV-2blm at 7 dpi. Scale bar = 5 mm.
C Amino acid sequence alignment of AtVISP1 and its homologues from Arabidopsis lyrata (Al), Brassica rapa (Br), Brassica napus (Bn), Brassica oleracea (Bo), Brassica

cretica (Bc), Arabis alpine (Aa), and Arabis nemorensis (An). The conserved ubiquitin-interacting motif (UIM) and arginine/lysine-rich motif (ARM) are indicated by lines.
D BiFC analysis of interactions between VISP1 or VISP1mUIM and ATG8a or ATG8f in N. benthamiana leaves. Images were taken at 60 hpi. Scale bar = 20 lm.
E Co-IP experiments examining protein interactions between ATG8a with VISP1 or VISP1mUIM. N. benthamiana leaves were agroinfiltrated and treated with 2 mM 3-MA

at 48 hpi and then for IP with anti-Flag beads 12 h later.
F GST pull-down analysis of the interactions between ATG8a with VISP1 or VISP1mUIM.

Source data are available online for this figure.
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ATG8e/Col-0. We further performed YFP-ATG8e processing assays

to confirm induced autophagy activity by VISP1OE. Upon autophagy

induction, the YFP-ATG8e protein is degraded into free YFP and the

YFP level reflects the induction level of autophagy. Immunoblot

analysis showed that free YFP accumulated in YFP-ATG8e/VISP1OE

plants but absent in YFP-ATG8e/Col-0 plants (Fig 2C). As a positive

control of autophagy induction, treatment with nitrogen starvation

induced production of free YFP in YFP-ATG8e/Col-0 plants (Fig 2C).

These results indicate overexpression of VISP1 induces selective

autophagy in Arabidopsis.

The conjugation of ATG8 to phosphatidylethanolamine (PE)

occurs during autophagome formation (Ichimura et al, 2000).

Western blotting results showed that accumulation of ATG8a-PE in

leaves of 4-week-old VISP1OE and VISP1mARM/OE plants is higher

than that of wild-type Col-0 plants, but VISP1mUIM/OE plants accu-

mulated comparable levels of ATG8a-PE with Col-0 plants (Fig 2D).

As a negative control, large amount of free ATG8a accumulated and

PE modification was almost abolished in the atg5-1 mutant plants

that have been shown to be autophagy-deficient mutants in previ-

ous studies (Thompson et al, 2005) (Fig 2D). Furthermore, 3-MA

A

D

F G

E

B C

Figure 2. Overexpression of VISP1 induced autophagy and autophagosome formation.

A Confocal microscopy of YFP-ATG8e-labeled autophagic bodies in root cells of YFP-ATG8e/Col-0 and YFP-ATG8e/VISP1OE plants. Seven-day-old seedlings were
inoculated in liquid ½MS medium with 1 µM ConA for 12 h in dark. Scale bar = 20 lm.

B Puncta numbers of YFP-ATG8e-labeled autophagic bodies per 10 cells in panel (A). Data points represent means of three biological repeats. Error bars indicate SD.
***P < 0.001 (Student’s t-test).

C Western blotting analysis of the vacuolar delivery of the free YFP protein in the plants as shown in panel (A). YFP-ATG8e/Col-0 plants were treated with N starvation
as a positive control of autophagy induction. Total proteins were analyzed with GFP antibodies. Actin served as loading controls.

D Western blotting analysis of accumulation of ATG8a and ATG8a-PE in leaves of 4-week-old Col-0, VISP1OE, VISP1mUIM/OE, and VISP1mARM/OE plants.
E Western blotting detecting accumulation of VISP1-Flag in 7-day-old Col-0 and VISP1OE seedlings. Seedlings were treated with 3-MA (10 mM) or buffer for 18 h at

dark prior to protein detection.
F Representative TEM images of autophagic structures in inoculated leaves of Col-0 and VISP1OE plants treated with mock buffer or CMV-2blm infection at 4 dpi. The

leaves were treated with 1 µM ConA at 4 dpi for 12 h in dark before TEM sampling. Magenta arrowheads indicate autophagic bodies inside the vacuoles. Scale
bar = 2 lm. Cp, chloroplast; CW, cell wall; V, vacuole.

G Autophagic structure numbers per 10 cells in panel (F). Error bars indicate SD. Letters indicate significant differences (ANOVA, P < 0.05).

Source data are available online for this figure.
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treatment improved accumulation of the VISP1-Flag protein in

VISP1OE1 and VISP1OE2 plants (Fig 2E), indicating that VISP1 was

degraded by selective autophagy. These results indicate that overex-

pression of VISP1 and VISP1mARM, but not VISP1mUIM, induces

ATG8 conjugation and selective autophagy.

To further determine autophagy induction by VISP1 overexpres-

sion, autophagy activity in leaves of 4-week-old Col-0, VISP1OE1, and

VISP1OE2 plants was monitored by transmission electron microscopy

(TEM). Compared with Col-0 plants, VISP1OE1 and VISP1OE2 harbored

much more autophagic structures in vacuoles (Fig 2F and G). Simi-

larly, TEM assays revealed that overexpression of VISP1-Flag induced

production of autophagic structures in N. benthamiana leaves

(Appendix Fig S5A and B). Overexpression of VISP1-Flag, rather than

VISP1mUIM-Flag, induced CFP-NbATG8f-labeled autophagosomes in

N. benthamiana leaves (Appendix Fig S5C and D).

In TEM assays, autophagic structures were induced by approxi-

mately twofold in Col-0 plants after inoculation with CMV-2blm at 4

dpi (Fig 2F and G). Furthermore, virus-infected VISP1OE leaves

produced large amounts of autophagic structures and induced

autophagy activity by about 16-fold compared with healthy Col-0

plants (Fig 2F and G). In consistence, MDC staining results revealed

that CMV infection resulted in increased autophagosome numbers in

Col-0 and VISP1OE1 leaves (Appendix Fig S6A and B). Transient

expression of the autophagosomal marker YFP-ATG8e could label

autophagic bodies in N. benthamiana leaves. CMV infection resulted

in a significantly increased puncta number of YFP-ATG8e compared

with the mock buffer treatment (Appendix Fig S6C and D).

To further determine whether CMV infection induces autophagy

in Arabidopsis, RT-qPCR assays were carried out to detect accumu-

lation of ATG5, ATG8a, and ATG9 that have been shown to be

involved in autophagy pathway (Thompson et al, 2005; Noda et al,

2010; Zhuang et al, 2017). The results revealed that accumulation of

ATG5, ATG8a, and ATG9 mRNAs was significantly induced by CMV

infection in Arabidopsis (Appendix Fig S6E).

Collectively, we have presented multiple lines of evidence show-

ing that overexpression of VISP1 and CMV infection induces selec-

tive autophagy.

Overexpression of VISP1 inhibits amplification of viral siRNA and
antivirus immunity

We next investigated the VISP1 functions in plant virus infection. To

this end, Col-0 and VISP1OE plants were inoculated with CMV-2blm.

Besides, the sgs3-1 and rdr6-15 mutants served as susceptible

controls due to their defective vsiRNA amplification (Mourrain et al,

2000; Peragine et al, 2004). Compared with Col-0 plants, VISP1OE

A C

F

D

E

B

Figure 3. Overexpression of VISP1 promotes CMV infection by inhibiting vsiRNA amplification.

A Development and pathogenic responses of Col-0, VISP1OE1, VISP1OE2, rdr6-15, and sgs3-1 plants to mock buffer or CMV-2blm infection at 21 dpi. Scale bar = 2 cm.
B Long-term symptoms of Col-0, VISP1OE1, VISP1OE2, rdr6-15, and sgs3-1 plants inoculated with CMV-2blm at 50 dpi. Scale bar = 2 cm.
C Western blotting showing accumulation of CMV CP and VISP1-Flag in systemically infected leaves at 14 dpi. Relative accumulation (RA) of CMV CP was calculated

from band densities. Rubisco complex large subunit (RbcL) served as loading controls.
D Northern blotting analyzing accumulation of genomic RNAs (gRNAs) in systemically leaves of Col-0, OE1 (VISP1OE1), OE2 (VISP1OE2), rdr6-15, and sgs3-1 plants

infected by CMV-2blm at 14 dpi. Methylene blue-stained rRNA were used as loading controls.
E Northern blotting analyzing accumulation of RNA3-derived vsiRNAs in the same samples as shown in panel (D).
F Relative accumulation of gRNA3, RNA3-derived vsiRNA, and vsiRNAs/gRNA3 ratios calculated from hybridization signal intensities of northern blotting in (D, E). Values

in Col-0 plants were set as 1. Data points represent means of three biological repeats. Error bars indicate SD. Letters indicate significant differences (ANOVA, P < 0.05).

Source data are available online for this figure.
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plants, sgs3-1 and rdr6-15 mutants developed more severe symptoms

at 21 dpi and 50 dpi (Fig 3A and B). Consistently, western blotting

detected higher levels of the CMV CP protein in VISP1OE1, VISP1OE2,

sgs3-1, and rdr6-15 plants than in Col-0 plants (Fig 3C). Similarly,

VISP1OE plants exhibited compromised resistance against TuMV-GFP,

a turnip mosaic virus (TuMV) containing a GFP insertion

(Appendix Fig S7A and B). Furthermore, expression of VISP1 in

potato virus X (PVX) vector facilitated PVX infection (Appendix Fig

S7C and D). These results indicate that overexpression of VISP1

compromises antivirus immunity against several RNA viruses.

Northern blotting was performed to assess accumulation of viral

genomic RNAs (gRNAs) and virus-derived siRNAs (vsiRNAs) in

systemically infected leaves. Intriguingly, VISP1OE plants, like sgs3-1

and rdr6-15 mutants, contained higher levels of viral gRNAs and

lower levels of vsiRNAs compared with Col-0 plants (Fig 3D and E).

Hybridization signal intensities of viral gRNA3 and RNA3-vsiRNAs

were evaluated to compare accumulation of viral gRNAs and

vsiRNAs, respectively. The results revealed that the gRNA3 levels in

VISP1OE were at least fourfold those of infected Col-0 plants (Fig 3F,

P-value < 0.05), while VISP1OE plants only accumulated to 80% of

vsiRNAs compared with Col-0 plants (Fig 3F, P-value < 0.05).

Furthermore, we compared the relative RNA3-vsiRNAs/gRNA3

ratios that represent vsiRNA amplification efficiency in different

plants. The results revealed that the RNA3-vsiRNAs/gRNA3 ratios

in VISP1OE plants reduced to 20% of those of Col-0 plants (Fig 3F,

P-value < 0.01). Similarly, the RNA3-vsiRNAs/RNA3 ratios in

rdr6-15 and sgs3-1 mutants reduced to 10% of those of Col-0 plants

(Fig 3F, P-value < 0.01). Therefore, these results suggest that VISP1

overexpression negatively regulates vsiRNA amplification.

VISP1 knockout mutants exhibit enhanced antivirus immunity

We generated loss-of-function visp1 mutations using the CRISPR/

Cas9 system. The resulting visp1-1 and visp1-2 contain two different

deletions in the VISP1 ORF region (Appendix Fig S8). Upon chal-

lenged by CMV-2blm, visp1-1 and visp1-2 mutants exhibited much

milder virus symptoms at 21 dpi compared with Col-0 plants

(Fig 4A). Notably, visp1-1 and visp1-2 plants did not exhibit observ-

able symptoms at 50 dpi, in contrast with obviously stunting symp-

toms of Col-0 plants (Fig 4B). Western blotting with systemically

infected leaves revealed strikingly lower levels of CMV CP in visp1-1

and visp1-2 mutants than in Col-0 plants (Fig 4C). Moreover, visp1-

1 and visp1-2 mutants exhibited strong defense against CMV-M2b
and TuMV-GFP infections (Appendix Fig S9). Collectively, these

results suggest that VISP1 knockout mutants exhibit resistance to

plant viruses.

A C

F

G

D

E

B

Figure 4. VISP1 knockout enhances antiviral RNA silencing.

A Development and symptom induction of Col-0, visp1-1, visp1-2, rdr6-15, and sgs3-1 plants to mock treatment or CMV-2blm infection at 21 dpi. Scale bar = 2 cm.
B Long-term systemic symptoms of Col-0, visp1-1, visp1-2, rdr6-15, and sgs3-1 plants inoculated with CMV-2blm at 50 dpi. Scale bar = 2 cm.
C Western blotting showing accumulation of CMV CP in systemically infected leaves at 14 dpi. Bottom values represent relative accumulation (RA) of CMV CP. RbcL

served as loading controls.
D Northern blotting detecting accumulation of genomic RNAs and RNA3-derived vsiRNAs in systemically infected leaves at 14 dpi. Relative accumulation (RA) of gRNA3

was calculated from band densities.
E Northern blotting analyzing accumulation of RNA3-derived vsiRNAs in the same samples as shown in panel (D). Bottom values represent relative accumulation (RA)

of RNA3-derived vsiRNAs.
F Relative accumulation of vsiRNAs/gRNA3 ratios calculated from hybridization signal intensities of northern blotting in panel (D). Data points above columns are

means of three biological repeats. Error bars indicate SD. Letters indicate significant differences (ANOVA, P < 0.05).
G Accumulation of the CMV CP protein in inoculated leaves of Col-0, atg5-1, atg7-3, rdr6-15, and sgs3-1 plants with CMV-2blm at 4 dpi.

Source data are available online for this figure.
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Northern blotting showed that strikingly decreased levels of viral

gRNAs but higher levels of vsiRNAs accumulated in visp1-1 and

visp1-2 plants than in Col-0 plants (Fig 4D and E). Comparative

analyses from hybridization signal intensities revealed that the

RNA3-vsiRNAs/gRNA3 ratios increased by at least fourfold in visp1

mutants compared with Col-0 plants (Fig 4F). As described above,

rdr6-15 and sgs3-1 mutant plants were defective in vsiRNA amplifi-

cation and exhibited less virus resistance to CMV-2blm compared

with Col-0 plants (Fig 4). Collectively, these results demonstrate

that siRNA amplification is improved in visp1 mutants.

We next examined whether autophagy affects CMV-2blm infec-

tion. The autophagy-related proteins ATG5 and ATG7 are essential

for ATG8-lipid adduct and autophagosome formation (Marshall &

Vierstra, 2018). The T-DNA insertion mutants, atg5-1

(SAIL_129_B07) and atg7-3 (SAIL_11_H07), have been shown to be

completely defective in autophagy (Thompson et al, 2005; Lai et al,

2011; Luo et al, 2017). Inoculation assays showed that the atg5-1

and atg7-3 autophagy mutants allow lower accumulation of CMV

CP in inoculated leaves than those of Col-0, rdr6-15, and sgs3-1

plants at 4 dpi (Fig 4G), indicating that autophagy plays a negative

role in plant defense against CMV-2blm infection. Collectively, these

results clearly suggest that the VISP1-mediated selective autophagy

negatively regulates antivirus immunity.

VISP1 interacts with SGS3 in vivo and in vitro

Given that VISP1 negatively regulates vsiRNA amplification that

have been shown to be dependent on the RDR6/SGS3 pathway

(Wang et al, 2010; Dong et al, 2016), we speculated that VISP1 prob-

ably mediated selective autophagic degradation of SGS3 and/or

RDR6. To test this hypothesis, we determined whether VISP1 inter-

acted with SGS3 or RDR6 using BiFC assays. As expected, co-

expression of SGS3-YN and VISP1-YC resulted in reconstitution of

YFP fluorescence, while RDR6-YN/VISP-YC and other negative

controls failed to produce YFP signal (Fig 5A and Appendix Fig

S10A). These results suggest that VISP1 interacts with SGS3 but not

with RDR6.

The SGS3 protein contains a ZF domain, an XS domain, and a

coiled-coil domain (CC), and the deletion mutants were fused to YN

for BiFC assays (Fig 5B). Moreover, the VISP1 UIM and ARM motifs

A

E F G

B D

C

Figure 5. VISP1 interacts with SGS3 in vivo and in vitro.

A BiFC analyses of interactions between VISP1 and SGS3 or RDR6 in N. benthamiana leaves at 60 hpi. RbcL served as a negative control. Scale bar = 20 lm.
B Schematic representation of the Arabidopsis SGS3 protein and deletion mutants. Deleted regions are indicated by dashed lines. N: N terminus including zinc finger

(ZF), XS: rice protein X and SGS3, CC: coiled-coil domain.
C Schematic representation of VISP1 substitution mutants in the UIM and ARM regions. UIM: ubiquitin-interacting motif, ARM: arginine/lysine-rich motif.
D BiFC assays analyzing interactions between VISP1 and SGS3 or its deletion mutants in N. benthamiana leaves. Scale bar = 20 lm.
E BiFC assays analyzing interactions between SGS3 and VISP1, VISP1mUIM, or VISP1mARM in N. benthamiana leaves. Scale bar = 20 lm.
F Co-immunoprecipitation analyses of the interactions between SGS3, SGS3DCC, or SGS3CC and VISP1 or VISP1mARM. N. benthamiana leaves were agroinfiltrated with

constructs as indicated and treated with 2 mM 3-MA at 48 hpi and collected for IP with anti-Flag beads 12 h later.
G GST pull-down analysis of the in vitro interactions of SGS3CC with VISP1, VISP1mARM, or VISP1mUIM. GST-VISP1, GST-VISP1mARM, GST-VISP1mUIM or GST were incubated

with SGS3CC-His for IP with anti-GST beads and detected by Western blotting with GST or His antibodies.

Source data are available online for this figure.
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were individually mutated and fused to YC (Fig 5C). The BiFC

results revealed that SGS, SGS3DN, and SGS3DXS, but not SGS3DCC,

interacted with VISP1 (Fig 5D and Appendix Fig S10B). In addition,

co-expression of SGS3-YN with VISP1-YC and VISP1mUIM-YC, but not

with VISP1mARM-YC resulted in reconstitution of YFP signal (Fig 5E

and Appendix Fig S10C). Collectively, these results reveal that the

VISP1–SGS3 interaction requires the SGS3 CC domain and the VISP1

ARM motif.

Co-IP assays were performed to validate the VISP1–SGS3 interac-

tion in vivo. In this experiment, VISP1-GFP, VISP1mARM-GFP,

VISP1mUIM-GFP, or GFP were co-expressed with SGS3-Flag,

SGS3DCC-Flag, or SGS3CC-Flag in N. benthamiana leaves through

agroinfiltration. To inhibit autophagy-mediated SGS3 degradation,

co-infiltrated N. benthamiana leaves were treated with 2 mM 3-MA

at 48 hpi and collected for immunoprecipitation with anti-Flag

beads 12 h later. Western blotting revealed that VISP1-GFP, rather

than VISP1mARM-GFP or GFP, was precipitated with SGS3-Flag

(Fig 5F). Moreover, SGS3CC-Flag, but not SGS3DCC-Flag, could be

associated with VISP1-GFP (Fig 5F). We next examined the direct

VISP1–SGS3 interaction using pull-down assays. Since the full-

length SGS3 protein was difficult to be expressed in E. coli, we fused

the SGS3 CC domain with a 6 × His tag and purified the SGS3CC-His

protein. The results reveal that the SGS3CC-His protein was precipi-

tated with GST-VISP1 and GST-VISP1mUIM, but not with GST-

VISP1mARM or GST (Fig 5G).

Collectively, our results demonstrate that VISP1 interacts directly

with the CC domain of SGS3 in vivo and in vitro. Together with the

results above (Fig 1), these results suggest that VISP1 exploits two

different motifs, ARM and UIM, to interact with the SGS3 cargo and

ATG8, respectively.

VISP1 mediates autophagic degradation of SGS3/RDR6 bodies

To determine whether VISP1 acted as a cargo receptor of SGS3, we

examined whether VISP1 drove SGS3 into autophagosomes through

co-expressing VISP1-GFP, RFP-SGS3, and CFP-NbATG8f (Wang

et al, 2013). Upon treatment with E64d, VISP1-GFP and RFP-SGS3

were co-localized with CFP-NbATG8f-labeled autophagosomes in

agroinfiltrated cells (Fig 6A). Furthermore, co-expression of SGS3-

YN/VISP1-YC formed YFP granules that were co-localized with CFP-

NbATG8f-labeled autophagosomes (Fig 6B). Numbers of these co-

localized granules increased strikingly upon treatment with E64d

(Fig 6B). Co-expression of SGS3DCC-YN/VISP1-YC as a negative

control did not form YFP-labeled granules (Fig 6B). These results

suggest that VISP1 and SGS3 are associated with ATG8-labeled

autophagosomes.

To further determine VISP1-mediated degradation of SGS3, both

SGS3-Flag and SGS3DCC-Flag were co-expressed with VISP1-Flag in

N. benthamiana leaves. At 60 hpi, accumulation of SGS3-Flag in the

presence of VISP1-Flag reduced to approximately 10% of that of the

empty vector (EV)-treated leaves (Fig 6C). Furthermore, 3-MA treat-

ment rescued accumulation of SGS3-Flag to about 73% (Fig 6C).

Semi-quantity RT-PCR revealed that VISP1 did not affect SGS3

mRNA levels (Fig 6C). SGS3DCC-Flag was not affected by VISP1,

because SGS3DCC-Flag does not interact with VISP1 (Fig 6C). Further

degradation analyses revealed that accumulation of SGS3-Flag was

not affected by either VISP1mARM or VISP1mUIM that did not interact

with SGS3 or ATG8 (Fig 6D and E). Collectively, these results indi-

cate that both VISP1–SGS3 and VISP1–ATG8 interactions are essen-

tial for VISP1-mediated autophagic degradation of SGS3.

In plants, SGS3 and RDR6 form SGS3/RDR6 bodies that are

required for siRNA amplification (Wang et al, 2010; Dong et al,

2016). Co-expression of SGS3-YN/VISP1-YC constituted YFP-labeled

granules that were co-localized with RDR6-RFP (Appendix Fig

S11A), indicating that SGS3 bridged SGS3/RDR6 bodies with VISP1.

Moreover, the numbers of RDR6/SGS3 bodies formed by RDR6-YN/

SGS3-YC obviously decreased in the presence of VISP1-Flag (Fig 6F

and G). Western blotting showed that accumulation of RDR6-YN

and SGS3-YC in VISP1-Flag samples was lower than that of EV

samples (Fig 6H). The E64d and 3-MA treatments abolished VISP1-

mediated degradation of RDR6/SGS3 bodies (Appendix Fig S11B

and C). Moreover, neither VISP1mARM-Flag nor VISP1mUIM-Flag

affected the RDR6/SGS3-body numbers or accumulation of RDR6-YN

and SGS3-YC proteins (Fig 6F and G, and H). Therefore, these

▸Figure 6. VISP1 mediates selective autophagic degradation of SGS3/RDR6 bodies.

A Confocal analysis of co-localization of VISP1-GFP and RFP-SGS3 with the CFP-NbATG8f-labeled autophagic bodies in N. benthamiana leaves. The infiltrated leaves
were treated with 100 µM E64d or DMSO at 48 hpi and examined at 60 hpi. Arrow heads indicate autophagic bodies. Scale bar = 10 lm.

B Confocal analysis of co-localization of CFP-NbATG8f-labeled autophagic bodies with the VISP1-YN and SGS3-YC bodies in N. benthamiana leaves. The infiltrated leaves
were treated with 100 µM E64d or DMSO at 48 hpi and examined for imaging at 60 hpi. Scale bar = 20 lm.

C Effect of VISP1-Flag and the autophagy inhibitor 3-MA on accumulation of SGS3-Flag and SGS3DCC-Flag in N. benthamiana leaves. The co-infiltrated leaves were
treated with 3-MA (10 mM) or buffer at 48 hpi and were harvested for western blotting 12 h later. Accumulation of AtSGS3 transcript was analyzed by RT-PCR.

D Effect of VISP1mARM-Flag on accumulation of SGS3-Flag.
E Effect of VISP1mUIM-Flag on accumulation of SGS3-Flag.
F Confocal analysis of effect of VISP1-Flag VISP1mARM-Flag, and VISP1mUIM-Flag on RDR6-YN and SGS3-YC formed bodies in N. benthamiana leaves at 60 hpi. EV: empty

vector. Scale bar = 20 lm.
G Numbers of RDR6-YN and SGS3-YC formed bodies per 10 cells in (E) were used for quantification. Data points represent means of three biological repeats. Error bars

indicate SD. Letters indicate significant differences (ANOVA, P < 0.05).
H Western blotting showing accumulation of proteins as indicated in the samples of (E).
I Western blotting detecting accumulation of the endogenous SGS3 protein in leaves of 2-week-old Col-0, VISP1OE, visp1, and sgs3-1 Arabidopsis plants with anti-SGS3

antibodies.
J Western blotting detecting accumulation of the endogenous SGS3 protein in leaves of 2-week-old Col-0, VISP1OE, VISP1mUIM/OE, and VISP1mARM/OE Arabidopsis plants.
K Western blotting detecting accumulation of the endogenous SGS3 protein in 2-week-old VISP1-overexpressing Col-0, atg5-1, and atg7-1 mutants.

Data information: EV, empty vector. (B–D) Relative accumulation (RA) represents means � SD from band densities in three biological repeats. (C–E, H) RbcL served as
loading controls. (I–K) Actin served as a loading control.
Source data are available online for this figure.
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results indicate that the SGS3/RDR6 bodies are degraded cargos of

VISP1 in vivo.

We further examined endogenous SGS3 accumulation in Col-0,

VISP1OE, VISP1mUIM/OE, VISP1mARM/OE, and visp1 mutants with

anti-SGS3 antibodies. Accumulation of SGS3 decreased in VISP1OE

plants compared with that of Col-0 plants (Fig 6I). In contrast,

VISP1mUIM and VISP1mARM overexpression had less effect on

SGS3 accumulation (Fig 6J). In consistence, overexpression of

VISP1mUIM and VISP1mARM did not affect antiviral immunity in

transgenic plants (Appendix Fig S12). Furthermore, overexpres-

sion of VISP1 had no effect on accumulation of endogenous SGS3

protein in the background of atg5-1 and atg7-3 mutants (Fig 6K),

indicating that VISP1 mediates degradation of SGS3 through

autophagy pathway. Collectively, these results suggest that VISP1

triggers selective autophagic turnover of SGS3/RDR6 bodies in

plants.

VISP1 negatively regulates biogenesis of endogenous tasiRNAs

We next examined whether VISP1 inhibited endogenous trans-

acting siRNA (tasiRNAs) that have been shown to be dependent

on SGS3 and RDR6 (Peragine et al, 2004). Firstly, 5-week-old

VISP1OE seedlings, mimicking sgs3-1 developmental phenotype,

had downwardly curled rosette leaves (Fig 7A), which represents

accelerated transition from juvenile to adult phase as described

previously (Peragine et al, 2004; Xie et al, 2005). The length/

width ratios of rosette leaves from VISP1OE1, VISPOE2, and sgs3-1

mutants were significantly (P-value < 0.01) higher than those of

A

B
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Figure 6.
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counterpart leaves in Col-0, visp1-1, and visp1-2 plants (Fig 7B).

In contrast, VISP1 overexpression in the background of atg5-1

and atg7-3 mutants did not induce sgs3-1 developmental pheno-

type (Appendix Fig S13). Indeed, RDR6, SGS3, and the tasiRNA

pathway have been shown to play a role in vegetative phase

change (Peragine et al, 2004). Therefore, these results suggest

that VISP1-mediated autophagy affects vegetative phase change

through degrading SGS3/RDR6 and down-regulating endogenous

tasiRNAs.

Northern blotting was performed to evaluate whether VISP1

affected biogenesis of tasiRNAs. As expected, tasiR255 and

tasiR1511, respectively from TAS1 and TAS2, accumulated to mark-

edly lower levels in two VISPOE lines but to relative higher levels in

two visp1 mutants compared with those of Col-0 plants (Fig 7C).

A

D E

B
C

Figure 7. VISP1 negatively affects tasiRNA biogenesis.

A Developmental phenotypes of rosette leaves of 5-week-old Col-0, visp1-1, visp1-2, VISP1OE1, VISP1OE2, and sgs3-1 seedlings. Arrowheads indicate the 8th and 9th rosette
leaves from the top leaves. Scale bar = 2 cm.

B The length/width ratios of the 8th and 9th rosette leaves of the seedlings shown in (A). Every dot represents data from the length/width ratio of one leave (n = 20).
Letters indicate significant differences (ANOVA, P < 0.05).

C Northern blotting detecting accumulation of TAS1-TasiR255, TAS2-TasiR1511, TAS3-TasiR50D8, miR173, and miR390 in leaves of Arabidopsis plants shown in panel (A).
Values represent relative accumulation (RA) of siRNAs, and values in Col-0 plants were set as 1. rRNA served as loading controls.

D RT-qPCR analyzing accumulation of TAS-tasiRNA targets in rosette leaves of 4-week-old Arabidopsis plants. Values in Col-0 plants were set as 1. Data points represent
means from three biological repeats. Error bars indicate SD. Letters indicate significant differences (ANOVA, P < 0.05). PPR, pentatricopeptide repeat (PPR); ARF3, auxin
response factor 3.

E Model of VISP1-mediated autophagic degradation of SGS3/RDR6 bodies in Arabidopsis. SGS3/RDR6 bodies mediate dsRNA synthesis for siRNA amplification. Virus
infection induces overexpression of VISP1 and selective autophagy. VISP1, a cargo receptor, interacts with SGS3 via the VISP1 arginine/lysine-rich motif (ARM) and
recruits SGS3/RDR6 bodies to ATG8-PE docking site through the VISP1 ubiquitin-interacting motif (UIM). This then promotes selective autophagic degradation of
SGS3/RDR6 bodies and negatively regulates amplification of vsiRNAs and tasiRNA.

Source data are available online for this figure.
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Hybridization signal intensities of tasiRNAs analyses revealed that

accumulation of tasiR255 and tasiR1511 reduced to 18%–38% in

VISPOE lines and increased to 120-150% in visp1 mutants compared

with that of Col-0 plants (Fig 7C). In contrast, these plants accumu-

lated similar levels of miR173 that is responsible for initial cleavage

of the TAS precursors (Fig 7C). Similarly, VISP1 negatively regu-

lated accumulation of the TAS3-derived tasiR50D8 but did not affect

that of the upstream miR390 (Fig 7C). Collectively, these results

demonstrate that VISP1 inhibits biogenesis of tasiRNAs through

degrading SGS3/RDR6 bodies.

In previous studies, tasiRNAs accumulated to low levels and

tasiRNA target transcripts accumulated to relatively high levels in

sgs3-1 mutant plants (Vazquez et al, 2004; Allen et al, 2005). RT-

qPCR assays were carried out to measure transcript levels of

tasiRNA target genes in plants. VISP1 and SGS3 did not affect

miRNA activity because accumulation of the miR171-targeting gene

was comparable in these plants (Fig 7D). In contrast, all tasiRNA

targets, including the TAS1-tasi255-targeting AT5G18040, the TAS2-

tasi1511-targeting pentatricopeptide repeat (PPR), and TAS3-

tasi50D8-targeting auxin response factor 3 (ARF3), were significantly

up-regulated in VISPOE1, VISPOE2, and sgs3-1 plants and reduced in

visp1-1 and visp1-2 compared with those of Col-0 plants (Fig 7D).

Collectively, VISP1 inhibits biogensis of endogenous tasiRNAs and

thereby up-regulates accumulation of the tasiRNA targets.

In conclusion, our results demonstrate that VISP1 is a virus-

opted cargo receptor involved in autophagic degradation of SGS3/

RDR6 bodies, thereby inhibiting antiviral silencing and tasiRNA

pathways (Fig 7E).

Discussion

Nearly 8,000 sORFs harboring 30–100 amino acids were predicted

from the Arabidopsis genome (Hanada et al, 2013); however, few

studies have conducted to explore their functions. The main aim of

this study was to seek sORF functions in plant virus infection. We

exploited transcriptional analyses of Arabidopsis peptidome and

identified 18 virus-induced sORF mRNAs. Furthermore, we demon-

strated that VISP1 could be translated in vivo using GUS fusion

assays. Through genetic and biochemical analyses, we clearly

revealed that VISP1 was a functional peptide in crosstalk of selective

autophagy and RNA silencing. Identification of new receptors or

adaptors is important for exploring the functions of selective autop-

hagy. In addition to the well-studied ATG8-interacting motif (AIM),

the ubiquitin-interacting motif (UIM) is recently highlighted as a

conserved motif in ATG8-binding adaptors and receptors (Marshall

et al, 2019). Here, we have characterized VISP1 as a new UIM-

containing receptor through showing the direct VISP1–ATG8 inter-

action, which is dependent on the VISP1 UIM motif. Thus, the small

peptide VISP1 and homologues represent a new class autophagy

cargo receptor with UIM domain.

We further identified SGS3/RDR6 bodies as the cargos of VISP1.

SGS3/RDR6 bodies are critical components during amplification of

vsiRNAs and endogenous tasiRNAs (Vazquez et al, 2004; Wang

et al, 2010). Since SGS3/RDR6 bodies dependent endogenous

tasiRNAs have important roles in plant development (Xie et al,

2005; Marin et al, 2010), their homeostasis must be finely regulated

during plant development. Thus, VISP1 is responsible for tuning

down SGS3/RDR6-dependent pathways to avoid constitutive induc-

tion. When VISP1 is induced by stresses or plant development, like

VISP1OE lines, plants will exhibit dwarf and narrow leaves mimick-

ing sgs3 and rdr6 mutants (Fig 7). In addition to involvement in

plant development, RDR6/SGS3 bodies have essential roles in

vsiRNA amplification and innate immunity against plant viruses.

Thus, their homeostasis is usually manipulated by plant viruses or

other plant components. The potyvirus VPg protein and the

N. benthamiana endogenous NbCaM interact with SGS3 and trigger

autophagic degradation of SGS3 (Cheng & Wang, 2017; Li et al,

2017). However, these studies failed to identify the involved selec-

tive receptors and the underlying mechanisms (Ismayil et al, 2019).

Here, our results fill the gap that VISP1 is a new virus co-opted

cargo receptor regulating autophagic degradation of SGS3 and

RDR6, and thereby facilitates virus infection (Figs 3 and 4). Further

study is required to determine other cargo proteins of VISP1 as well

as their functions in development and/or stress processes.

Another significant finding of this study is that visp1 mutants

exhibit normal developmental phenotypes and potent antiviral immu-

nity against different viruses (Fig 4). Host factors required for plant

virus infection can serve as recessive resistant genes for breeding

antiviral plants. In previous studies, the isoforms of eukaryotic trans-

lation initiation factor (eIF) 4E and eIF4G have been used as recessive

resistance genes in genetic-modified crops against potyviruses

(Truniger & Aranda, 2009; Hashimoto et al, 2016). Nonetheless, util-

ity of eIF4E and eIF4G only confers resistance against limited plant

viruses. Since RDR6 and SGS3 are conserved components in antiviral

silencing, VISP1 knockout probably mediates broad-spectrum resis-

tance to plant viruses. Thus, our results imply that VISP1 is a promis-

ing target for genome editing in antivirus crop breeding.

In summary, we have identified that VISP1 is a new peptide

cargo receptor targeting SGS3/RDR6 bodies for autophagic degrada-

tion. Our findings fill the gap in understanding homeostasis regula-

tion of SGS3/RDR6 bodies by selective autophagy. Moreover, our

results highlight a new important function of small peptide with

30–100 amino acids in the crosstalk between RNA silencing and

selective autophagy.

Materials and Methods

Plant materials

All Arabidopsis wild-type, overexpression, knockout and mutant

plants are in the Col-0 background. The mutants rdr6-15

(SAIL_617_H07), sgs3-1, atg5-1 (SAIL_129B07), atg7-3 (SAIL_11H07)

were described previously (Thompson et al, 2005; Lai et al, 2011;

Dong et al, 2016; Luo et al, 2017; Guo et al, 2018). The pMDC32-

VISP1, pMDC32-VISP1mUIM, and pMDC32-VISP1mARM plasmids were

generated by introducing the VISP1, VISP1mUIM, and VISP1mARM

ORFs into the pMDC32 vector (Curtis & Grossniklaus, 2003) and

then transformed in Col-0 plants to obtain VISP1, VISP1mUIM, and

VISP1mARM overexpression lines. The pMDC32-VISP1 was trans-

formed in atg5-1 and atg7-3 plants to generate VISPOE/atg5-1 and

VISPOE/atg7-3 lines. To generate visp1 mutant lines, two 19-bp guide

sequences were inserted into pHEC401 vector (Xing et al, 2014) and

then transformed into Col-0 plants, and two independent visp1 lines

containing 104- and 105-nucleotide deletion were obtained
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(Appendix Fig S8), respectively. The YFP-ATG8e marker in pBI121

vector has been described previously (Zhuang et al, 2013). The pBI-

YFP-ATG8e was further transformed into Col-0 and VISP1OE plants

to label autophagy bodies. Note that all the unlabeled ATG8 proteins

were from Arabidopsis except for the N. benthamiana ATG8f protein

in the CFP-NbATG8f plasmid (Wang et al, 2013). Primers for the

generation of these constructs are listed in Appendix Table S1.

Growth conditions and virus infection

Arabidopsis thaliana seedlings were plated on MS medium (Cais-

son Laboratories, Rexburg, ID) supplemented with 3% sucrose and

1.2% agar with pH 5.8–6.0. Seedlings were vernalized in dark at

4°C for 3–4 days and then grown in soil at 22–23°C with a 10/14-h

light/dark cycle. For nitrogen starvation, seeds were germinated on

1/2 MS medium for 4 days and then transferred to 1/2 MS medium

without nitrogen (Caisson Laboratories, 01160003) for 3 days.

Three expanded leaves of four-week-old seedlings were mechani-

cally inoculated with CMV (20 ng/ll) or CMV-2blm (30 ng/ll) as

described previously (Dong et al, 2016; Zhang et al, 2019). Systemi-

cally infected leaves were collected for protein and RNA analyses

at 14 or 21 dpi. N. benthamiana plants were grown in a growth

room with a controlled condition at 25°C under a 14/10 h light/

dark cycle.

Transcriptional data analyses

The transcriptome data from mock- and CMV-treated plants were

aligned to the reference genome (http://plants.ensembl.org/Arabid

opsis_thaliana/Info/Index) of A. thaliana using tophat2 (Kim et al,

2013) with the parameter of N3-i60-I6000-p16-read-edit-dist 3.

Custom bed files containing TAIR10 gene structure annotation and

sORF gene structure annotation information (Hanada et al, 2013)

were used to calculate RPKM for comparing expression level of

genes and sORFs by the method of RSeQC (v2.6) (Wang et al, 2012;

Wang et al, 2016). Differential expression levels were analyzed

with edgeR package (Robinson et al, 2010; McCarthy et al, 2012). In

the edgeR results, FDR < 0.05 was set as the thresholds to identify

differentially expressed genes. Differentially expressed sORFs

further filtered by log2 fold-change > 2 to identify significantly up-

regulated sORFs.

Western blotting analysis

To generate the anti-SGS3 antibodies, the cDNA fragment corre-

sponding to the C terminus of the Arabidopsis SGS3 protein (aa 297-

625) was cloned into pET30a (+) vector. The SGS3 fragment was

expressed and purified from E. coli with Ni-NTA agarose (QIAGEN).

Then, the purified SGS3 protein (aa 297-625) was used to immu-

nize rabbits to obtain polyclonal antibodies against the Arabidopsis

SGS3 protein (Beijing Genomics institution, China). Western blot-

ting analyses were performed as described previously (Fang et al,

2019). Total proteins were extracted in SDS buffer [100 mM Tris

(pH 6.8), 4% SDS, 20% glycerol, and 0.2% bromophenol blue, 10%

b-mercaptoethanol], separated in SDS–PAGE, and transferred to

nitrocellulose membranes. The GFP, CMV CP, SGS3, Flag-tagged,

GST-tagged, and His-tagged proteins were detected with anti-GFP

(1:1,000), anti-CP (1:3,000), anti-SGS3(1:1,000), anti-Flag (1:5,000,

Sigma) monoclonal antibodies, anti-GST (1:10,000, Abcam), and

anti-His (1:5,000, Proteintech) monoclonal antibodies, respectively.

The membranes were incubated with goat anti-rabbit or mouse IgG

conjugated with horseradish peroxidase (Bio-Rad, 1:20,000) and

detected by Bio-Rad imaging system. For detection of ATG8a-PE,

SDS–PAGE with 6 M urea was performed as described previously

(Yang et al, 2019). Polyclonal antibodies against ATG8a (1:1,000,

ab77003) were purchased from Abcam.

BiFC assays and subcellular localization

Bimolecular fluorescence complementation (BiFC) assays were

performed as described previously (Li et al, 2017). The ORFs of

VISP1, SGS3, RDR6, ATG7, ATG8, and their derived mutants were

cloned in-frame with the N- or C-terminal halves of YFP in the

pSPYNE-35S or pSPYCE-35S vectors (Walter et al, 2004). Note that

the YFP N halve was fused to the N terminus of ATG8a to avoid

degradation by autophagy. A. tumefaciens EHA105 strains contain-

ing BiFC plasmid combinations and the tomato bushy stunt virus

P19 plasmid were co-infiltrated into N. benthamiana leaves at a

ratio of 0.4:0.4:0.2 (OD600). At 60 h post-inoculation (hpi), YFP flu-

orescence of epidermal cells of infiltrated patches was examined by

Zeiss LSM 710 confocal microscope with excitation wavelength of

514 nm and emission wavelength of 525–555 nm. For co-

localization with RDR6-RFP and CFP-NbATG8f, RFP and CFP were

monitored with excitation wavelengths of 561 and 440 nm, respec-

tively. Besides, light emitted at 633 nm was used to record chloro-

plast II auto-fluorescence.

Detection of SGS3 accumulation in N. benthamiana leaves

SGS3-Flag and SGS3DCC-Flag were co-expressed with VISP1 or its

mutant in N. benthamiana leaves by Agrobacterium infiltration as

described previously (Zhang et al, 2017). At 2 dpi, the leaves were

infiltrated with water or 10 mM 3-MA (AbMole) for 12 h and then

detected accumulation of SGS3-Flag and VISP1-Flag using Western

blotting analyses with anti-Flag antibody.

GUS staining

GUS staining assays were performed as described previously (Zhang

et al, 2019). To clone the VISP1 promoter, the genomic region

between 3.0 kb upstream of the start codon of VISP1 and the stop

codon was inserted into the pBI101 vector (Clontech). The resulting

plasmids harboring VISP1PRO::VISP1-GUS and VISP1PRO::VISP1TGA-

GUS were transformed into Col-0 plants via A. tumefaciens. The

infected plants were vacuumed twice in GUS staining buffer (3 mM

X-Gluc, 50 mM NaH2PO4 buffer, pH 7.0, 10 mM potassium ferro-

cyanide, 10 mM potassium ferricyanide, 0.5% b-mercaptoethanol,

and 0.1% Triton X-100) for 10 min and then inoculated in dark at

37°C for 14 h. After washed with a 70% ethanol series, the stained

plants were photographed with a digital camera.

Identification of VISP1 fragments by LC-MS/MS

Total proteins were extracted from systemically infected leaves of

VISP1PRO::VISP1-GUS transgenic plants infected with CMV at 7 dpi.

The supernatant was incubated with 10 lg anti-GUS antibodies for
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1 h at room temperature and then added 30 ll washed PierceTM

Protein A/G magnetic beads at room temperature for 1 h. After

washed 3 times, the beads were boiled to isolate protein for SDS–

PAGE electrophoresis. After stained by silver stain kit (Sigma-

Aldrich), the VISP1-GUS band was sliced and digested with trypsin at

37°C overnight. The digested peptides were then analyzed by the Mass

Spectrometry Facility of China Agricultural University by Orbitrap

Fusion Lmuos LC-MS/MS (Thermo Scientific, Waltham, MA, USA).

Monodansylcadaverine (MDC) staining and microscopy

Arabidopsis seedlings were stained with MDC solution as described

previously (Yang et al, 2018). Briefly, 7-day-old seedlings were

treated with DTT, NaCl, and virus infection and immersed in

0.05 mMMDC solution for 10 min in dark. After washed 4 times with

phosphate-buffered saline (PBS) buffer, MDC fluorescence of seed-

lings was observed using a Zeiss LSM710 confocal microscope (Carl

Zeiss) with a 40, 6-diamidino-2-phenylindole (DAPI)-specific filter.

Chemical treatments and TEM

Chemical treatments and TEM observation were performed as

described previously (Yang et al, 2018). For Arabidopsis, 4-week-

old mock or CMV-2blm infected leaves were infiltrated with 1 µM

ConA (Aladdin) at 4 dpi for 12 h in dark. For N. benthamiana,

leaves expressing transiently VISP1-Flag were treated with 100 µM

E64d (Selleck) in dark at 48 hpi and collected for observation of

autophagic bodies using TEM at 60 hpi. Leaves were cut into small

pieces (� 2 mm2) and vacuum-infiltrated in 0.05 M phosphate

buffer (pH 7.0) containing 2.5% glutaraldehyde. The samples were

then post-fixed in 2% OsO4, dehydrated in ethanol and acetone, and

then embedded in Spurr’s resin (SPI Supplies). Ultrathin sections

(70 nm) were cut with a diamond knife on an ultramicrotome (EM

UC7; Leica) and collected on copper grids and then stained with

uranyl acetate and lead citrate before final examination under an

electron microscope (Hitachi, h-7650b).

RNA analyses

RNA analyses were carried out as described previously (Zhang et al,

2019). Briefly, total RNA was isolated from systemic leaves of 15-20

Arabidopsis plants with Trizol reagent (Invitrogen, USA). For RT-

qPCR analysis, 2.5 µg total RNA was treated with DNase I and then

acted as templates to synthesize first-strand cDNAs with M-MLV

reverse transcriptase (Promega, USA). QPCR assays were carried

out with the SsoFastTM EvaGreen� Supermix (Bio-Rad) and specific

primers listed in Appendix Table S2. The Arabidopsis Actin2 gene

served as an endogenous control. For northern blotting assays,

systemically infected or mock Arabidopsis leaves of 20–30 plants

were pooled for RNA extraction. High (5 µg) and low (15 µg)

molecular RNAs were used to detect viral RNAs and siRNAs, respec-

tively, as described previously (Wang et al, 2010). For detection of

CMV genomic and sgRNAs, cDNA amplified from the 30 terminus

240 nt of Fny-CMV-RNA2 was randomly labeled with [a-32P] dCTP.
Small RNAs were detected by the [c-32P] ATP-labeled DNA oligonu-

cleotides for detection of vsiRNAs, miR173, tasi255, and tasi1511

listed in Appendix Table S2 as described previously (Allen et al,

2005; Wang et al, 2011).

In vivo coimmunoprecipitation (Co-IP) assays

The Co-IP assays were performed as described previously (Zhang

et al, 2020). The ORFs of SGS3, mutants, and ATG8a were intro-

duced into the pMDC32 vector for expressing SGS3-Flag, SGS3CC-

Flag, and Flag-ATG8a transiently in N. benthamiana leaves. The

VISP1 and its mutants were cloned into pGDGm vector for expres-

sion of VISP1-GFP, VISP1mARM-GFP, and VISP1mUIM1-GFP. Co-IP

assays were performed as described previously (Zhang et al, 2017).

N. benthamiana leaves were agroinfiltrated for expressing SGS3-

Flag, Flag-ATG8a, VISP1-GFP, and GFP in different combinations,

treated with 10 mM 3-MA at 2 dpi, and then harvested for Co-IP

assays 12 h later. Approximately 3 g of infiltrated leaves was

homogenized in extraction buffer (10% [v/v] glycerol, 50 mM

Tris–HCl, pH 7.5, 1 mM EDTA, 100 mM NaCl, 0.1% NP-40, 2%

PVP-40, 10 mM DTT, 1 × cocktail) and centrifuged at 13,523 g for

40 min at 4°C. The resulting supernatant was incubated with pre-

equilibrated and BSA blocked anti-Flag M2 agarose beads (Sigma-

Aldrich, USA) for 4 h at 4°C. The beads were washed three times

with IP buffer, and the beads bound proteins were detected using

Western blotting assays with anti-GFP (1:1,500) and anti-FLAG

(1:3,000) monoclonal antibodies, respectively.

GST pull-down assays

The GST pull-down assays were performed as described previously

(Gao et al, 2020). For GST pull-down assay, the ORFs of ATG8a,

VISP1, VISP1mARM, and VISP1mUIM were cloned into pGEX-KG to

express GST-ATG8a, GST-VISP1, GST-VISP1mARM, and GST-

VISP1mUIM. The coding sequences of SGS3CC, VISP1, and its mutants

were engineered into pET30a (+) for expression of SGS3CC-His,

VISP1-His, VISP1mARM-His, and VISP1mUIM-His, respectively. All

resulting recombinant plasmids were introduced into E. coli BL21

for protein expression. GST pull-down assays were performed as

described previously (Yang et al, 2018). In binding assays, 10 µg of

bait and prey proteins was incubated with GST beads in 500 ll
binding buffer [20 mM Tris–HCl (pH 7.5), 100 mM NaCl, 0.6% (v/

v) Triton X-100, 1 Mm PMSF, 0.2% (v/v) glycerol, and 10 mM

DTT] at 4°C for 4 h. After washing six times with washing buffer

[50 mM Tris–HCl (pH 7.5), 400 mM NaCl and 0.6% (v/v) Triton

X-100], bound proteins on beads were eluted by boiling in 60 ll
2× SDS–PAGE loading buffer and subjected to SDS–PAGE analyzed

by anti-His or GST antibody.

Quantification and statistical analysis

All experiments were repeated at least 3 times, and representative

results are shown. For all assays, means and standard deviation

(SD) values were calculated, and significances were determined

by Student’s t-test or ANOVA followed by Tukey’s multiple

comparison test.

Accession numbers

Genes used in this study can be found in GenBank/EMBL libraries

under the following accession numbers: AtVISP1 (MT063056),

AtATG5 (NM_121735.5), AtATG7 (NM_123958.3), AtATG8a (NM_

001084955.1), AtATG8f (NM_117751.4), AtATG12 (NM_001333633.1),
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AtSGS3 (NM_122263), AtRDR6 (NM_001339423.1), NbATG8f

(KU561372.1), Actin2 (AY096381.1), CMV-RNA1 (NC_002034.1);

CMV-RNA2 (NC_002035.1), CMV-RNA3 (NC_001440.1); the protein

accession number of VISP1 orthologues are EFH69431.1,

KFK44251.1, VDD37223.1, RQL81863.1, VVA92088.1, RID53695.1,

CDY38808.1, VVB02607.1, RID58242.1, VDD37176.1.

Data availability

RNA-Seq data: Gene Expression Omnibus PRJNA575609 (https://

www.ncbi.nlm.nih.gov/bioproject/PRJNA575609).

Expanded View for this article is available online.
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