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ABSTRACT

Macroautophagy/autophagy has been recognized as a central antiviral defense mechanism in plant,
which involves complex interactions between viral proteins and host factors. Rhabdoviruses are single-
stranded RNA viruses, and the infection causes serious harm to public health, livestock, and crop
production. However, little is known about the role of autophagy in the defense against rhabdovirus
infection by plant. In this work, we showed that Rice stripe mosaic cytorhabdovirus(RSMV) activated
autophagy in plants and that autophagy served as an indispensable defense mechanism during RSMV
infection. We identified RSMV glycoprotein as an autophagy inducer that interacted with OsSnRK1B and
promoted the kinase activity of OsSnRK1B on OsATG6b. RSMV glycoprotein was toxic to rice cells and its
targeted degradation by OsATG6b-mediated autophagy was essential to restrict the viral titer in plants.
Importantly, SnRK1-glycoprotein and ATG6-glycoprotein interactions were well-conserved between
several other rhabdoviruses and plants. Together, our data support a model that SnRK1 senses rhabdo-
virus glycoprotein for autophagy initiation, while ATG6 mediates targeted degradation of viral glycopro-
tein. This conserved mechanism ensures compatible infection by limiting the toxicity of viral glycoprotein
and restricting the infection of rhabdoviruses.

Abbreviations: AMPK: adenosine 5-monophosphate (AMP)-activated protein kinase; ANOVA: analy-
sis of variance; ATG: autophagy related; AZD: AZD8055; BiFC: bimolecular fluorescence complemen-
tation; BYSMV: barley yellow striate mosaic virus; Co-IP: co-immunoprecipitation; ConA:
concanamycin A; CTD: C-terminal domain; DEX: dexamethasone; DMSO: dimethyl sulfoxide; G:
glycoprotein; GFP: green fluorescent protein; MD: middle domain; MDC: monodansylcadaverine;
NTD: N-terminal domain; OE: over expression; Os: Oryza sativa; PBS: phosphate-buffered saline;
Ptdins3K: class Il phosphatidylinositol-3-kinase; qRT-PCR: quantitative real-time reverse-
transcription PCR; RFP: red fluorescent protein; RSMV: rice stripe mosaic virus; RSV: rice stripe virus;
SGS3: suppressor of gene silencing 3; SnRK1: sucrose nonfermenting1-related protein kinase1; SYNV:
sonchus yellow net virus; TEM: transmission electron microscopy; TM: transmembrane region; TOR:
target of rapamycin; TRV: tobacco rattle virus; TYMaV: tomato yellow mottle-associated virus; VSV:
vesicular stomatitis virus; WT: wild type; Y2H: yeast two-hybrid; YFP: yellow fluorescent protein.
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Introduction
autophagosome with lysosomes for degradation or recycling.

The execution of autophagy depends on a variety of mem-
brane-associated factors called AuTophaGy-related (ATG)

Autophagy is a highly conserved cellular process in eukaryotes
that removes damaged organelles or undesirable intracellular

materials under stress conditions or during specific develop-
mental processes [1,2]. Three major types of autophagy occur
in eukaryotic cells, including macroautophagy, microauto-
pahgy, and chaperone-mediated autophagy  [3-5].
Macroautophagy (hereafter referred to as autophagy) is
initiated in the cytoplasm through the formation of double-
membraned autophagosomes, followed by the fusion of

proteins [6,7]. About 40 ATGs have been identified from
yeast by genetic screening, approximately half of them are
indispensable for autophagosome formation, and the ortho-
logs were subsequently identified in animals and plants [8,9].

The molecular machinery involved in autophagy has been
characterized over the past two decades. When cells are chal-
lenged by nutrient-starved conditions, abiotic stresses or
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pathogen infection, the activation of an intricate cascade of
kinases, including SnRK1/Snfl/AMPK (Sucrose
Nonfermentingl-Related Protein Kinasel) and Target Of
Rapamycin (TOR) kinase, converges on ATG1 kinase and its
regulatory subunit ATG13 to modify their activities through
phosphorylation. The activated ATGI kinase initiates the for-
mation of a complex called an autophagy precursor to trigger
autophagy [10]. Meanwhile, SnRK1 can also stimulates the
activity of the class III phosphatidylinositol-3-kinase
(PtdIns3K) complex by phosphorylating ATG6/BECN1, which
involves in the autophagic membranes remodeling [11,12].
Subsequently, the ubiquitin-like protein ATG8 interacts with
several ATG proteins such as ATGl, ATG6/BECNI, and
ATG7, which is central for autophagosome formation and
recruitment of selective cargos [13,14]. Mature autophagosomes
containing dysfunctional organelles and other components
eventually fuse with lysosome for degradation [10].

Accumulating evidence has demonstrated that autophagy
acts as a defense mechanism against diverse intracellular
pathogens in metazoan and plant systems [15,16]. Although
autophagy seems to play both antiviral and proviral roles,
compelling evidence suggests that autophagy participates in
innate and adaptive immune responses to eliminate patho-
genic viruses [17,18]. For example, in Drosophila, vesicular
stomatitis virus (VSV) infection induces autophagy, and the
inhibition of autophagy by silencing ATGs leads to increased
virus replication and fly mortality [19]. In humans, autophagy
also restricts the infection of several viruses, like influenza
A virus, human immunodeficiency virus, and herpes simplex
virus [20-22]. In plants, a pioneering work reported that
autophagy pathway is required for N gene-mediated resistance
to tobacco mosaic virus (TMV) [23]. Recently, autophagy has
been recognized as an important component of plant innate
immunity against multiple viruses [24-32]. In the meanwhile,
plant viruses have evolved strategies to harness host autopha-
gy for their own benefits, including the protection of viral
protein degradation by suppressing autophagy [24,28,33-35],
the promotion of autophagic degradation of the RNA silen-
cing components in plant cell [36-38], and even induction
and utilization of autophagy in its vector insects to promote
propagation and infection [39-43].

Rhabdoviruses forms large family in the order
Mononegavirales, which are characterized by a negative-sense
RNA genome of 11-16 kb [44]. This family has a broad host
range including vertebrates, invertebrates, and plants, and some
members cause serious harm to public health, livestock, and
crop production [44-46]. The genome of rhabdoviruses encodes
at least five canonical proteins in a conserved order: nucleocap-
sid protein (N), phosphoprotein (P), matrix protein (M), glyco-
protein (G) and large polymerase protein (L). In addition, some
members have two or more accessory genes frequently located
between N - P, P - M, and/or G - L gene loci [45,47]. Among
these viral genes, G gives the glycosylated spikes that extend
through the viral membrane to the surface of the particles [45],
and a few reports showed that some glycoproteins of animal
rhabdoviruses, such as VSV and viral hemorrhagic septicemia
virus (VHSV), are involved in autophagy induction [19,48].
Unfortunately, the glycoproteins encoded by plant rhabdo-
viruses are not well understood.

Rice stripe mosaic cytorhabdovirus (RSMV) is a recently
reported cytoplasmic rhabdovirus constraining rice produc-
tion [49]. RSMV is transmitted by Recilia dorsalis leathoppers
in a persistent-propagative manner [50], and the infected
plants exhibit distinct symptoms, including yellow stripes,
mosaic patterns, and twisted leaf tips [49,51]. The anti-
genome of RSMV comprises seven open reading frames,
encoding the canonical N-P-M-G-L proteins and two acces-
sory proteins [49]. At present, it is largely unknown how rice
defends against RSMV infection and how RSMV counter-
defends to invade successfully [52].

In this study, we elucidated a conserved mechanism that
rhabdovirus-encoded glycoprotein induced host autophagy by
interacting with SnRK1 and promotes its kinase activity on
ATG6. Moreover, glycoprotein of rhabdoviruses can be recog-
nized by ATG®6, which serves as a bridge to link glycoproteins
to key autophagosome protein ATG8 for degradation.
Importantly, we showed that the hyperaccumulation of
RSMYV glycoprotein was toxic for plant cells, and its targeted
degradation by autophagy was essential to restrict the viral
titer in plants. We conclude that autophagy is not only
a defense strategy to restrict RSMV infection, but may also
function to limit glycoprotein accumulation for the compati-
ble RSMV infection.

Results
RSMV infection activates autophagy

Autophagy was recently shown to play an important role in
defense against plant viruses [16,18]. To address whether
RSMYV infection regulates host autophagy, we first examined
the expression of ATG genes in RSMV-infected rice plants
using quantitative real-time reverse-transcription PCR (qRT-
PCR). The results revealed that nine ATG genes (OsATGla,
OsATG5, OsATG6b, OsATG7, OsATG8a, OsATG8b,
OsATGY9a, OsATG13a, and OsATGI8c) were significantly
upregulated in rice plants upon RSMV infection
(Figure 1A), suggesting that RSMV infection may activate
host autophagy.

We then used monodansylcadaverine (MDC), an acidotro-
pic dye widely used for autophagic structures detection in
mammals and plants [53], as a probe to characterize autopha-
gosomes. AZD8055, a well-known autophagy activator[54],
induced significantly more autophagic structures in the root
cells (Fig. S1A-B). Since RSMV could infect rice roots and
accumulate virus titer to a level similar to that in leaves and
stems (Fig. S1C), we monitored the MDC-positive punctated
formation in the roots. The MDC-positive autophagic struc-
tures were frequently observed in the root cells of RSMV-
infected rice plants but rarely in those of mock-infected plants
(Fig. S1D-E).

Next, the transgenic rice plants expressing green fluores-
cent protein (GFP)-tagged Oryza sativa ATG8b (GFP-
OsATG8b) were employed to monitor autophagy during
RSMYV infection. The GFP-positive punctated formation in
the root cells represents pre-autophagosomal or autophagoso-
mal structures. Compared to mock-infected plants, the num-
ber of punctate structures was increased in RSMV-infected
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Figure 1. RSMV infection activates autophagy in rice plants. (A) Effects of RSMV infection on the expression of autophagy components in WT plants. Total RNAs were
extracted from mock-infected or RSMV-infected rice leaves at 30 dpi. Values represent the mean relative to the mock-treated plants (n = 3 biological replicates) and
were normalized with OsEfla as an internal reference. Student’s t test was used for analyses (*P<.05). (B) relative autophagic activity revealed by GFP-OsATG8b
transgenic rice plants infected by RSMV at 30 dpi. Autophagic bodies are revealed as GFP-positive puncta in the root cells. Bars: 10 pm. (C) the average number of
GFP-OsATG8b spots in different samples in (B). Experiments were repeated six times and 60 cells in total were counted for the puncta in each treatment. Values
represent the mean spots + SD per 10 cells. Student’s t test was used for analyses (**P<.01). (D) accumulation of free GFP released from GFP-OsATG8b reporter upon
RSMV infection. GFP-OsATG8b transgenic rice plants were RSMV-infected or mock-infected, and rice leaves were extracted at 30 dpi and then subjected to
immunoblot analysis. The closed arrowhead indicates free GFP, and the open arrowhead indicates GFP-OsATG8b. The numbers below the bands represent the
intensity ratio of free GFP verse GFP-OsATG8b. (E) Representative TEM images from the leaves of rice plants infected with mock or RSMV at 30 dpi. Obvious
autophagic structures (red arrows) were observed in RSMV-infected samples and the corresponding region in the white box in the middle panel is magnified in the
right panel. Cw cell wall, Cp chloroplast, V vacuole, Vp viroplasm. Bars: 1 pm. (F) the average number of typical double-membrane autophagosomes in different
samples in (E). Experiments were repeated six times and 60 cells in total were counted for typical autophagic structures in each treatment. Values represent the mean
number of autophagosomes + SD per 10 cells. Student’s t test was used for analyses (**P<.01).

plants by more than six folds (Figure 1B,C). We further
evaluated autophagic flux that assesses autophagic transport
to vacuoles by measuring the release of free GFP from the
GFP-OsATGS8b reporter. Free GFP signals readily accumu-
lated when the GFP-OsATG8b transgenic plants were treated
by AZD8055, indicating the effectiveness of the autophagic
flux indicator (Fig. SIF). In RSMV-infected GFP-OsATG8b
plants, the accumulation of free GFP was significantly higher
than in mock-infected plants (Figure 1D), suggesting that
RSMYV infection triggers strong autophagic response in rice
plants. In addition, Transmission electron microscopy (TEM)
analysis demonstrated that RSMV infection induced an
approximate six-fold increase of autophagosome-like double-

membrane structures in the cytoplasm (Figure 1E,F). Taken
together, these data indicate that RSMV infection strongly
induces autophagy in rice plants.

RSMV glycoprotein induces autophagy

We next attempt to identify the viral protein responsible for
host autophagy induction. Seven open reading frames (ORFs)
of RSMV (Figure 2A) were expressed individually in
Nicotiana benthamiana cells with GFP-tagged OsATGS8c
(GFP-OsATGS8c). In the tobacco epidermal cells expressing
RSMYV glycoprotein, the number of GFP-positive puncta was
significantly increased compared with that in the cells
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Figure 2. RSMV encoded glycoprotein induced autophagy in plant cells. (A) Schematic representation of the RSMV anti-genome and its encoded proteins. (B) relative
autophagic activity revealed by GFP-OsATG8c in N. benthamiana leaves expressing different RSMV encoded proteins. Autophagic bodies are revealed as GFP-positive
puncta in the epidermal cells and are indicated by red arrows. Each RSMV encoded proteins were driven by 35S promoter and GUS was used as a negative control.
N nucleocapsid protein, P phosphoprotein, M matrix protein, G glycoprotein, L large polymerase protein. Bars: 50 um. (C) the average number of GFP-OsATG8c spots
in different samples in (B). Experiments were repeated six times and 60 cells in total were counted for the puncta in each treatment. Values represent the mean spots
+ SD per 10 cells. One-way ANOVA followed by multiple-comparisons Tukey’s test was used for analyses (*P<.01). (D) accumulation of free GFP released from GFP-
OsATG8b reporter upon RSMV proteins expression. Protoplasts generated from GFP-OsATG8b transgenic plants were transfected with plasmids expressing MYC tag-
fused RSMV proteins, total protein was extracted after 12 h and then subjected to immunoblot analysis. The closed arrowhead indicates free GFP, and the open
arrowhead indicates GFP-OsATG8b. The numbers below the bands represent the intensity ratio of free GFP verse GFP-OsATG8b. (E) Representative TEM images from
the leaves of WT and DEXpro:G transgenic rice plants treated with or without DEX. Obvious autophagic structures (red arrows) were observed in the samples of DEX-
treated DEXpro:G plants. Cw cell wall, Cp chloroplast, V vacuole. Bars: 1 um. (F) the number of typical double-membrane autophagosomes in different samples in (E).
Experiments were repeated six times and 60 cells in total were counted for typical autophagic structures in each treatment. Values represent the mean number of
autophagosomes + SD per 10 cells. Two-way ANOVA followed by multiple-comparisons Tukey's test was used for analyses (**P<.01).



expressing other RSMV proteins or GUS protein (Figure 2B,
C). Similar results were found in tobacco mesophyll cells (Fig.
S2A-B). Furthermore, the vectors expressing MYC tag-fused
proteins of RSMV were transfected into the protoplasts of
GFP-OsATG8b rice plants to assess autophagic flux. The
data showed that RSMV glycoprotein induced accumulation
of free GFP signals was significantly higher than that of mock-
transfected or other RSMV proteins expressing protoplasts
(Figure 2D). These results suggest glycoprotein acts as an
autophagic inducer during RSMV infection.

To further confirm that RSMV glycoprotein induces auto-
phagy in rice plants, we attempted to generate transgenic rice
plants constitutively expressing RSMV glycoprotein (35S:G).
Unfortunately, no transgenic positive lines were obtained after
four independent trials. We speculated that the constitutive
expression of RSMV glycoprotein is lethal to rice callus (Fig.
S3A). We then employed a dexamethasone (DEX)-inducible
vector system [55,56] to express the glycoprotein fused with
a Flag-4*MYC tag in the N-terminus (DEX,,:G). The glyco-
protein can be ectopically controlled by application of DEX
that does not occur in plants. After transformation, 32 TO
plants survived after antibiotic marker selection (Fig. S3B),
and several lines displayed significant induction of glycopro-
tein transcript when their leaves were treated with 50 uM of
DEX for 12 h (Fig. S3C). The DEX,,:G plants did not display
growth defective phenotypes without DEX induction.
However, intriguingly, DEX treatment during seedling stage
resulted in rapid plant death within 12h (Fig. S3D), while
after four-leaf stage DEX treatment became unlethal, and the
DEX-induced glycoprotein expression could last more than
one day (Fig. S3E). Two homozygous DEX,,,:G lines (#5 and
#31) were generated and used for further experiments.

MDC staining showed that the formation of autophagic
structures was induced by DEX application in DEX,,.G
plants, but not in WT plants (Fig. S2C-D). gRT-PCR analysis
confirmed the upregulation of ATG genes upon DEX induc-
tion in DEX,,,G plants, except for OsATGI13a in DEX,,,:G
#31 (Fig. S2E). Further, TEM images revealed that DEX-
induction caused greater than six-fold increase of double-
membrane structures in the cytoplasm of DEX,,,:G rice cells
(Figure 2E,F). These results suggest that the presence of
RSMYV glycoprotein induces autophagy in plant cells.

Next, we employed immunoelectron microscopy to exam-
ine whether glycoprotein or RSMV particles were wrapped in
autophagosomes. The gold labeled glycoprotein and RSMV
particles were found to be accumulated in the double-
membrane structures typical of autophagosomes (Fig. S4),
suggesting that RSMV glycoprotein and the viral particles
are targeted by autophagy.

Autophagy plays an antiviral role during RSMV Infection

To determine whether autophagy alters RSMV infection, we
evaluated the viral symptom severity in osatg7 mutant defec-
tive in the core autophagy machinery. The WT and osatg7
plants were inoculated with RSMV at four-leaf stage, and 15
days post-inoculation (dpi) osatg7 plants showed severer phe-
notypes including stunting and mosaic patterns when com-
pared to the WT plants (Figure 3A). The defective phenotype
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in osatg7 mutant was accompanied by the increased accumu-
lation of RSMV RNA and proteins at 15 dpi (Figure 3B,C).
Intriguingly, RSMV-infected osatg7 plants all perished before
30 dpi (Figure 3A), which may be due to the excessive accu-
mulation of RSMV or glycoprotein.

Furthermore, AZD8055 was used to induce autophagy in
rice plants. AZD8055 treatments attenuated the phenotype in
RSMV-infected plants, (Figure 3D), and viral RNA and pro-
tein levels were also significantly decreased upon AZD8055
treatment at 15 dpi (Figure 3E,F). Together, these results
indicate that autophagy functions as an antiviral defense
response against RSMV.

Since RSMV-encoded glycoprotein induces autophagy in
plant cells and activated autophagy limits viral infection, we
speculate that RSMV glycoprotein may induce autophagy to
fine-tune the viral load during infection. To test this hypoth-
esis, we inoculated the DEX,,,:G plants with RSMV, and the
plants were treated with DEX to induce the glycoprotein
overexpression. The symptoms caused by RSMV infection
were ameliorated in the DEX-treated DEX,,,;G plants
(Figure 3G). In concordance, lower levels of viral RNAs and
nucleocapsid proteins were detected in the DEX-treated
DEX,.,:G plants compared to controls (Figure 3H,I).
Therefore, these data imply that glycoprotein-induced auto-
phagy may function to limit the viral titer during RSMV
infection and reduce the overall viral stress in host plant.

Glycoprotein of RSMV interacts with OsSnRK1B to
modulate antiviral defense

To study the mechanism underlying the activation of auto-
phagy by RSMV glycoprotein, we screened the host factors of
RSMV glycoprotein through Y2H assay, and the rice
OsSnRK1B protein was found to potentially interact with
RSMV glycoprotein (Figure 4A), whose orthologs in yeast,
metazoans, and other plants have been identified as positive
regulators of autophagy®”*®. The OsSnRKIB-glycorprotein
interaction was further confirmed in vitro and in vivo by
protein affinity-isolation assay (Figure 4B) and bimolecular
fluorescence complementation (BiFC) assay (Figure 4C). In
addition, the rice genome contains three SnRKI members,
designated as OsSnRKIA, OsSnRKIB, and OsSnRKIC (Fig.
S5A), and the Y2H and BiFC results showed that RSMV
glycoprotein only interacted with OsSnRK1B (Figure 4A and
Fig. S5B). The expression of OsSnRKIB was significantly
induced by RSMV infection (Fig. S5C), as well as the expres-
sion of glycoprotein in rice plants (Fig. S5D).

We then generated OsSnRKIB overexpression transgenic
lines (OsSnRK1B-OE) with a MYC tag fused to its C terminus
(Fig. S5E). Co-immunoprecipitation (co-IP) assay showed
that RSMV glycoprotein could be precipitated with
OsSnRK1B-MYC upon RSMV infection (Figure 4D), con-
firming the presence of the OsSnRK1B-glycoprotein complex
in planta.

To clarify the role of OsSnRKIB in autophagy, we gener-
ated ossnrkl1b-1 and ossnrk1b-2 mutant rice lines by CRISPR-
Cas9 (Fig. S5F). MDC staining was performed to monitor the
basal autophagy level in ossnrk1b mutants and OsSnRKI1B-OE
plants. The two lines of OsSnRKIB-OE plants showed
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Figure 3. Autophagy plays an antiviral role during RSMV infection. (A) the symptoms of RSMV infection in osatg7 mutant and WT plants. The four-leaf stage plants
were inoculated by viruliferous leafhopper and the photographs were taken at 15 and 30 dpi. Bars: 10 cm. (B) gRT-PCR analysis of RSMV viral RNA accumulation in
osatg7 mutant and WT plants. Total RNAs were extracted from the RSMV infected leaves at 15 dpi. Values represent the mean relative to the WT plants (n=3
biological replicates) and were normalized with OsEfla as an internal reference. Student’s t test was used for analyses (*P<.01). (C) Western blot analysis of RSMV viral
proteins accumulation in osatg7 mutant and WT plants. Total proteins were extracted from the RSMV infected leaves at 15 dpi, and were detected by specific
antibodies against RSMV glycoprotein (anti-G) and nucleocapsid protein (anti-N). The relative protein band intensity was normalized against that of TUBB/tubulin. (D)
the symptoms of RSMV infection in rice plants treated with DMSO or AZD. The plants were inoculated by viruliferous leafhopper and 10 pM AZD or DMSO as solvent
control were treated for 3 h each by root soaking at 1, 4, 7, and 10 dpi. The photographs were taken at 30 dpi. Bars: 10 cm. (E) qRT-PCR analysis of RSMV viral RNA
accumulation in rice plants treated with DMSO or AZD. Total RNAs were extracted from the RSMV infected leaves at 15 dpi. Values represent the mean relative to the
WT plants (n =3 biological replicates) and were normalized with OsEfla as an internal reference. Student’s t test was used for analyses (**P<.05). (F) Western blot
analysis of RSMV viral proteins accumulation in rice plants treated with DMSO or AZD. Total proteins were extracted from the RSMV infected leaves at 15 dpi, and
were detected by specific antibodies against RSMV glycoprotein (anti-G) and nucleocapsid protein (anti-N). The relative protein band intensity was normalized
against that of TUBB/tubulin. (G) the symptoms of RSMV infection in WT and DEX,,,,:G transgenic rice plants treated with or without DEX. The plants were inoculated
by viruliferous leafhopper and then 50 uM DEX or solvent control was sprayed on the leaf surface at 1 dpi. The photographs were taken at 30 dpi. Bars: 10 cm. (H)
qRT-PCR analysis of RSMV viral RNA accumulation in WT and DEX,,,:G transgenic rice plants treated with or without DEX. Total RNAs were extracted from the RSMV
infected leaves at 15 dpi. Values represent the mean relative to the WT plants (n = 3 biological replicates) and were normalized with OsEf1a as an internal reference.
Two-way ANOVA followed by multiple-comparisons Tukey’s test was used for analyses (**P < 0.01). ns, not significant. (I) Western blot analysis of RSMV viral proteins
accumulation in WT and DEX,,,,G transgenic rice plants treated with or without DEX. Total proteins were extracted from the RSMV infected leaves at 15 dpi, and were
detected by specific antibodies against MYC-tag (transgenic expressed glycoprotein fused with MYC tag) and RSMV nucleocapsid protein (anti-N). The relative protein
band intensity was normalized against that of TUBB/tubulin.
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enhanced formation of autophagic structures compared to
WT and ossnrklb mutants (Figure 4E,F). The plants were
then treated with concanamycin A (ConA), which facilitates
the accumulation of autophagic bodies in vacuoles [59]. We
observed reduced number of autophagic bodies in ossnrkIb
mutants compared to WT plants, while in OsSnRKI1B-OE
plants there was enhanced formation of autophagic bodies
(Figure 4E,F). These results suggest that OsSnRK1B positively
regulates autophagy in rice plants.

Then we inoculated the WT, ossnrklb mutant, and
OsSnRK1B-OE transgenic seedlings with RSMV to investigate
the role of OsSnRKIB in antiviral defense. The ossnrklb
mutants showed severer dwarf and mosaic symptoms after
RSMYV infection compared to WT plants (Figure 4G), while
the OsSnRK1B-OE transgenic plants showed less growth inhi-
bition (Figure 4]). These phenotypic changes were concomi-
tant with higher levels of viral RNA and proteins in ossnrkIb
mutants (Figure 4H,I), and reduced levels of viral RNA and
nucleocapsid protein in the OsSnRKIB-OE plants (Figure 4K,
L). We therefore conclude that OsSnRK1B is a host factor
interacts with RSMV glycoprotein for antiviral defense.

Next we investigate the role of OsSnRKIB in RSMV glyco-
protein induced autophagy. Unlike WT plants, we found that
the expression levels of most ATG genes remained unchanged
in RSMV-infected mutants compared to the mock infected
mutants, except OsATG6 in ossnrklb-2 and OsATGYa in
ossnrk1b-1 which were still slightly induced (Figure 5A).
Furthermore, MDC staining revealed an impaired formation
of autophagic structures in ossnrklb mutants upon RSMV
infection (Figure 5B,C). These data suggest that RSMV-
induced autophagy in rice plants is dependent on OsSnRKIB.

C-terminal cytoplasmic domain of RSMV glycoprotein
interacts with OsSnRK1B to induce autophagy

Since OsSnRKIB plays an indispensable role in autophagy
induction upon RSMV infection, we decided to map the
interaction domains between RSMV glycoprotein and
OsSnRK1B. OsSnRK1B has an N-terminal kinase domain
(NTD), a C-terminal kinase associate domain (CTD), and an
intermediate ubiquitin-associate domain (MD) (Fig. S6A).
RSMYV glycoprotein comprises a large N-terminal ectodomain
(NTD), a short C-terminal cytoplasmic domain (CTD), and
a transmembrane region (TM) in the middle (Fig. S6B). We
generated different deletion mutants of OsSnRK1B and gly-
coprotein (i.e., NTD, MD, CTD of OsSnRK1B, and NTD, TM,
CTD of RSMYV glycoprotein) and analyzed their interactions
through Y2H assays. The results showed that glycoprotein and
OsSnRK1B interacted with each other through their CTD
(Fig. S6C-D). Subcellular localization assay showed that full-
length glycoprotein located in the cytoplasm while the CTD
located in both cytoplasm and nucleus (Fig. S6E). Using GFP-

OsATGS8c as an autophagosome marker, we confirmed that
RSMV glycoprotein CTD was able to induce autophagosome
formation (Fig. S6F), and the induction efficiency was similar
to the full-length RSMV glycoprotein (Fig. S6G). These results
indicate that the 33 amino acids long CTD of RSMV glyco-
protein can effectively induce autophagy through interacting
with OsSnRK1B.

RSMV glycoprotein enhances the kinase activity of
OsSnRK1B on OsAtg6b

SnRK1 is known as an energy-sensing protein kinase that
activates autophagy by phosphorylating substrate proteins
when cells are under stresses[58,60]. We screened the inter-
acting proteins of OsSnRK1B and found that OsATG6b, but
not OsAT6a and OsATG6c interacted with OsSnRK1B (Fig.
S7A). The interaction was further validated by BiFC (Fig. S7B)
and split luciferase assays (Fig. S7C). Subcellular localization
analysis showed that OsSnRK1B was co-localized with
OsATG6b, and RSMV glycoprotein also co-localized with
these two host proteins (Fig. S7D).

We then examined whether RSMV glycoprotein affects the
interaction between OsSnRK1B-OsATG6b using yeast three-
hybrid assays. OsATG6b and OsSnRK1B were used as the
prey and bait, respectively, and the CTD of RSMV glycopro-
tein was expressed via a methionine repressible Met25 pro-
moter (Figure 5D). The presence of RSMV glycoprotein CTD
promoted the interaction between OsSnRK1B and OsATG6b
(Figure 5E). The interaction between OsSnRK1B and
OsATG6b (the formation of interacting punctuate) was
further confirmed by BiFC assay (Figure 5F), and the number
of punctate structures were significantly increased when co-
expressed with RSMV glycoprotein (Figure 5G). In addition,
the CTD, but not the NTD, of RSMV glycoprotein was suffi-
cient to enhance the interaction between OsSnRK1B and
OsATG6b in BiFC assay (Figure 5F,G). Similar results were
obtained by split luciferase assay, the luminescence intensity
was significantly increased when co-expressed with RSMV
glycoprotein (Fig. S7E-F).

Then dose-dependent affinity-isolation assays were used to
assess whether glycoprotein regulated OsSnRK1B-OsATG6b
interaction in vitro. The same amounts of GST-OsATG6b and
MBP-OsSnRK1B were mixed with different concentration of
His—-Gcrp in a GST affinity-isolation assay. The amounts of
MBP-OsSnRK1B bound to GST-OsATG6b increased with
escalating levels of His-Gcrp (Figure 5H). Together, these
data suggest that RSMV glycoprotein promotes the binding
of OsSnRK1B with OsATG6b.

We speculated based on the Arabidopsis KIN10-ATG6
model [11] that OsATG6b is an OsSnRK1B substrate and
the glycoprotein of RSMV could promote the OsATG6b
phosphorylation to induce autophagy. To examine this

accumulation in WT and ossnrk1b (H) or OsSnrk1B-OE (K) plants. Total RNAs were extracted from the RSMV infected leaves at 15 dpi. Values represent the mean
relative to the WT plants (n = 3 biological replicates) and were normalized with OsEfla as an internal reference. Student’s t test was used for analyses (*P<.05). (I and
L) Western blot analysis of RSMV viral proteins accumulation in WT and ossnrk1b (I) or OsSnRK1B-OE (L) plants. Total proteins were extracted from the RSMV infected
leaves at 15 dpi, and were detected by specific antibodies against RSMV glycoprotein (anti-G) and nucleocapsid protein (anti-N). The relative protein band intensity

was normalized against that of TUBB/tubulin.



hypothesis, we expressed OsATG6b with or without RSMV
glycoprotein in protoplasts as an in vivo phosphorylation
assay. An upshift in mobility during Phos-tag SDS-PAGE
was observed for OsATG6b when co-expressed with RSMV
glycoprotein in WT protoplasts, which was not detected when
OsATG6b expressed alone. This upshift was more obvious in
similarly treated protoplasts derived from OsSnRKI1B-OE
plants, while no such upshift in OsATG6b mobility was
found in ossnrklb protoplasts (Figure 5I), implying that
RSMV glycoprotein promoted the OsSnRK1B catalyzed phos-
phorylation of OsATG6b.

OsAtg6b targets the glycoprotein of RSMV to restricts
viral infection

ATG6 serves as a core component of the class III PtdIns3K
complex and has been implicated in viral infection in many
species [25,61]. Our results showed that RSMV infection and
glycoprotein expression induced OsATG6b upregulation in
rice plants (Figure 1A and Fig. S2E). In the screening of
OsATG6b-interacting proteins during RSMV infection, we
found that OsATG6b could interact with the glycoprotein of
RSMYV though Y2H assay (Figure 6A). The rice genome con-
tains three OsATG6 members (OsATG6a, OsATG6b, and
OsATGé6c) (Fig. S8A), and RSMV glycoprotein could only
interact with OsATG6b (Figure 6A), and this specific interac-
tion was confirmed by in vivo BiFC assay (Figure 6B and Fig.
S8B). Subcellular localization analysis showed that OsATG6b-
YFP was distributed to a few bright puncta in the cytoplasm
(Fig. S8C), consistent with the observations in Arabidopsis
AtATG6/VPS30 and N. benthamiana NbBeclinl [25,62]. CFP-
fused glycoprotein (G-CFP) was co-localized with OsATG6b-
YFP in the punctate structures in the cytoplasm (Fig. S8C),
and their interaction was further validated by in vitro affinity-
isolation assay (Figure 6C).

To further investigate the role of OsATG6b in RSMV
infection, we generated OsATG6b overexpression transgenic
lines (OsATG6b-OE) with a MYC tag fused to its C-terminus
(Fig. S8D), and also osatg6b mutants by CRISPR-Cas9 (Fig.
S8E). MDC staining showed that autophagy level was
enhanced in OsATG6b-OE plants but reduced in osatg6b
mutants (Fig. S8F-G). After the inoculation of RSMV on
OsATG6b-OE  plants, Co-IP assay showed the co-
precipitation of OsATG6b-MYC and RSMV glycoprotein
(Figure 6D), confirming their interaction in rice upon
RSMYV infection. In addition, OsATG6b has a coil-coil struc-
ture in the middle region (MD), and a NTD and a CTD (Fig.
S8H). Y2H assays revealed that RSMV glycoprotein and
OsATG6b interacted with each other through their NTD
domains (Fig. S8I-J).

For selective autophagy, the binding of receptor proteins
are required to adaptors to facilitate the docking of autophagy
substrates to the autophagosomes [13]. We demonstrate that
OsATG6b binds to OsATG8a, a member of the autophagy
adaptor ATG8 family protein, through Y2H assay (Fig. S8K).
Then we attempted to investigate whether OsATG6b serves as
a scaffold to link RSMV glycoprotein to the autophagy adap-
tors OsATG8a, by examining the impact of OsATG6b on the
interaction between RSMV glycoprotein and OsATG8a using
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yeast three-hybrid assays. RSMV glycoprotein and OsATG8a
were used as the prey and bait, respectively, and OsATG6b
was expressed via a methionine-repressible Met25 promoter
(Figure 6E). The results showed that RSMV glycoprotein and
OsATG8a did not interact with each other in the absence of
OsATG6b, while they showed a strong interaction when
OsATG6b was co-expressed (Figure 6F). These results were
confirmed by in vivo BiFC assay, which demonstrated that
RSMV glycoprotein and OsATG8a formed punctate struc-
tures in the cytoplasm only when OsATG6b was co-
expressed (Figure 6G).

To test the direct effect of OsATG6b on the degradation
of RSMV glycoprotein, we expressed RSMV glycoprotein or
GUS protein as control in protoplasts generated from WT,
osatg6b, or OsATG6b-OE. The results showed that GUS
protein accumulated to equal amount in different proto-
plasts, while the glycoprotein accumulated more in osatg6b,
but less in OsATG6b-OE protoplasts, comparing to the pro-
toplasts generated from WT rice (Figure 6H). This data
indicate that OsATG6b is required for glycoprotein
degradation.

To investigate the role of OsATG6b in rice antiviral
defense, two osatg6b mutant lines together with two lines of
OsATG6b-OE (#13 and #20) were used to examine rice plant
phenotype upon RSMV infection. Compared to the WT
plants, osatg6b mutants showed very severe disease symptoms
after RSMV infection (Figure 6I), while the OsATG6b-OE
transgenic plants showed milder disease symptoms
(Figure 6L). These phenotypic responses were consistent
with the increased levels of RSMV RNA and nucleocapsid
protein in the osatg6b mutants (Figure 6],K), and the reduced
levels in OsATG6b-OE plants (Figure 6M,N). Together, our
data indicate that OsATG6b is required for glycoprotein
degradation by autophagy and the restriction of RSMV
infection.

Rhabdovirus glycoproteins induce autophagy as
a conserved antiviral defense

To investigate whether other rhabdovirus-encoded glycopro-
teins induce autophagy through interacting with SnRK1 pro-
teins, we cloned the glycoproteins from three other
rhabdoviruses, barley yellow striate mosaic cytorhabdovirus
(BYSMYV), tomato yellow mottle-associated cytorhabdovirus
(TYMaV), and sonchus yellow net nucleorhabdovirus
(SYNV), identified as Ggysymvs Grymay and Gsyny, respec-
tively (Fig. S9A). The canonical glycoproteins have a signal
peptide, a large ectodomain, a transmembrane domain, and
a cytoplasmic domain. Ggysyyv does not have the transmem-
brane domain and cytoplasmic domain, and Grymay does not
have the signal peptide but possesses two transmembrane
domains (Fig. S9B).

We first determined the interaction between these glyco-
proteins and NbSnRK1, the OsSnRK1 ortholog of their host
N. benthamiana. The Y2H assay results showed that Grsmy,
Grymay>, and Ggyny could interact with NbSnRKI1, but
Gpysmv failed to show interaction (Figure 7A). These results
were further confirmed by BiFC assay (Figure 7B). Thus, we
next investigated whether these glycoproteins can induce
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was used for analyses (**P<.05, **P<.01). (D) Schematic representations of the bait and the prey constructs used in the yeast three-hybrid assays. OsSnRK1B was cloned into the
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autophagy by using YFP-NDATGS8a as an autophagosome
marker in N. benthamiana leaves. Except for Gpysymy, all
other glycoproteins were able to dramatically induce autopha-
gy in tobacco epidermal cells (Figure 7C,D). Similar results
were also found in tobacco mesophyll cells (Fig. S9C-D).

We further investigated whether these glycoproteins can be
targeted by the ATG6 orthologs of N. benthamiana,
NbBeclinl. Y2H assay and BiFC assay showed that all these
glycoproteins interacted with NbBeclinl (Figure 8A,B).

To evaluate the role of autophagy in the infections of other
rhabdovirus, the TRV VIGS vector was used to silence
NbSnRK1 and NbBeclinl (Fig. S9E-F), and then the silenced
plants were challenged with SYNV-GFP [63]. Compared to
the GUS-silenced plants, the silencing of NbSnRK1 and
NbBeclinl caused enhanced susceptibility to SYNV with
more severe symptoms and stronger GFP signal (Figure 8C).
Consistently, the viral RNA and protein levels of SYNV-GFP
were significantly increased in the NbSnRK1- and NbBeclinl-
silenced plants (Figure 8D,E). Therefore, we concluded that
different rhabdovirus glycoproteins can induce autophagy as
a conserved antiviral defense in plants.

Discussion

Viruses represent the simplest organisms composed of nucleic
acids and proteins. To combat viral infection, plants have
evolved several defense mechanisms targeting viral nucleic
acid and viral proteins. Virus infection induces host RNA
silencing to restrict the replication of viral nucleic acids [64],
and the activation of autophagy can selectively degrade viral
proteins as a defense line of host immunity [16,18]. Emerging
evidence has demonstrated that plant cargo receptors can
selectively interact with viral proteins to promote their auto-
phagic degradation. For DNA viruses, Arabidopsis NBR1 was
reported to target the degradation of capsid protein of cauli-
flower mosaic virus (CaMV) and restrict the establishment of
viral infection [24]. ATG8 homologs from tobacco and
Arabidopsis were reported to mediate the degradation of viru-
lence factor PC1 or replication initiator protein C1 of several
geminiviruses [26,29]. For RNA viruses, N. benthamiana
Beclinl (ATG6 homolog) was shown to target RNA-
dependent RNA polymerase (RdRp) of several positive-sense
RNA viruses [25]. Very recently, a novel tobacco and rice
autophagosomal cargo receptor identified as a regulator of
RNA-silencing suppressor protein p3 in rice stripe virus
(RSV), by which the plants antagonize the infection of
RSV?'. In this study, we showed that RSMV-encoded glyco-
protein is targeted by a rice ATG6 protein and delivered to
autophagosomes for degradation (Figure 9). ATG6/Beclinl is
a core component of the class III PtdIns3K complex, and

ATGS6 has diversified to three homologs in rice plants, sug-
gesting that OsATG6s has flexible functions and diverse pro-
tein partners (i.e., rice has seven OsATG8 homologs). Here,
we showed that OsATG6b, but not OsATG6a or OsATGéc,
specifically interacts with RSMV glycoprotein, suggesting that
the expansion of ATG6s may have contribute to the diversi-
fication of selective autophagy pathways in rice plants. Since
rhabdovirus encoded glycoprotein is essential for virion
assembly and host cell entry [45], its autophagic degradation
will inevitably restrict the viral infection and assembly.

On the other hand, plant viruses can also hijack autophagy
to degrade host defense components for their own benefits,
particularly for the viral suppressor of RNA silencing (VSR).
For example, polerovirus-encoded PO was reported to mediate
autophagic degradation of AGO1 [37], and turnip mosaic
virus (TuMV)-encoded VPg and tomato yellow leaf curl
China virus (TYLCCNV)-encoded BC1 were found to mediate
autophagic degradation of SGS3 [36,38]. These VSRs attack
key components of host RNAi-based antiviral defense
machinery via autophagy to establish the viral infection. In
addition, RSV-encoded movement protein was reported to
induce autophagic degradation of host remorin protein and
overcome remorin-mediated inhibition of viral movement
[65]. Very interestingly, we found that the hyperaccumulation
of RSMV glycoprotein is toxic to rice plants (Fig. S3D), and
the autophagy deficient mutant osatg7 were all perished after
RSMV infection (Figure 3A). Although the underlying
mechanism needs further analysis, existing evidence suggests
that glycoprotein-induced autophagy seems to maintain
appropriate accumulation level of glycoprotein to mitigate
the viral toxicity to the plants, which balances the host survi-
val and the proliferation of infected virus (Figure 9).

As described above, many viruses have been shown to reg-
ulate host autophagy. However, few viral effectors have been
characterized regarding how they trigger or suppress autophagy.
Apart from being the target of host autophagy, cotton leaf curl
Multan virus (CLCuMuV)-encoded BC1 was found to activate
autophagy by disrupting GAPCs - ATG3 interactions through
its binding to GAPCs [27]. Moreover, barley stripe mosaic virus
(BSMV)-encoded yb and tomato leaf curl Yunnan virus
(TLCYnV)-encoded C2 subverts autophagy by disrupting the
ATG7-ATGS interaction through its binding to ATG7 [28,34].
In our study, we showed that RSMV-encoded glycoprotein and
other rhabdovirus-encoded glycoproteins can interact with host
SnRK1, a positive regulator of autophagy [57,58]. SnRK1 is
a highly conserved energy sensor and is activated under energy
deprivation, abiotic stresses, or pathogen infection [66]. In
Arabidopsis, a subunit of SnRK1, named KIN10, was reported
as a positive regulator of plant autophagy and showed that it acts
by affecting the phosphorylation of ATG1 [67]. In addition, it

N. benthamiana leaves, and YFP signals were visualized by confocal microscopy. Bars: 50 um. (H) transient expressed RSMV glycoprotein accumulation in the
protoplasts generated from WT, osatg6b, or OsATG6b-OE. A pRHV vector expressing HA tagged glycoprotein or GUS were transfected in the protoplasts for 12 h, and
total proteins were extracted for western blot analysis. The relative protein band intensity was normalized against that of TUBB/tubulin. (I and L) the symptoms of
RSMV infection in WT and osatgé6b (I) or OsAtg6b-OE (L) plants. The plants were inoculated by viruliferous leafhopper and the photographs were taken at 30 dpi. Bars:
10cm. (J and M) gRT-PCR analysis of RSMV viral RNA accumulation in WT and osatgéb (J) or OsAtg6b-OE (M) plants. Total RNAs were extracted from the RSMV
infected leaves at 15 dpi. Values represent the mean relative to the WT plants (n = 3 biological replicates) and were normalized with OsEf1a as an internal reference.
Student’s t test was used for analyses (¥*P<.05). (K and N) Western blot analysis of RSMV viral proteins accumulation in WT and osatgéb (K) or OsAtg6b-OE (N) plants.
Total proteins were extracted from the RSMV infected leaves at 15 dpi, and were detected by specific antibodies against RSMV glycoprotein (anti-G) and nucleocapsid
protein (anti-N). The relative protein band intensity was normalized against that of TUBB/tubulin.
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Figure 7. Rhabdoviruses induce host autophagy in a conserved way. (A) Y2H assay showing the interaction between NbSnRK1 and various glycoproteins. Yeast strain
Y2HGold cells co-transformed with the indicated plasmids were cultured separately on the SD-Trp-Leu-His-Ade and SD-Trp-Leu selection medium. (B) BiFC analysis of
the interaction between NbSnRK1 and various glycoproteins. NbSnRK1B-YN was coexpressed with glycoproteins-YC or YC in N. benthamiana leaves. YFP signals were
visualized by confocal microscopy. Bars: 50 um. (C) relative autophagic activity revealed by YFP-NbATG8a in N. benthamiana leaves expressing glycoproteins from
different rhabdoviruses. Autophagic bodies are revealed as YFP-positive puncta in the epidermal cells. GUS was used as a negative control. Bars: 50 um. (D) the
average number of YFP-NbATG8a spots in different samples in (C). Experiments were repeated six times and 60 cells in total were counted for the puncta in each
treatment. Values represent the mean spots + SD per 10 cells. One-way ANOVA followed by multiple-comparisons Tukey’s test was used for analyses (*P<.01).

was reported that the PtdIns3K complex is also activated via the
phosphorylation of the PtdIns3K subunit ATG6 by the active
KIN10, which bypasses the requirement of the ATG1 kinase
complex for autophagy initiation [11]. We further demonstrated
that RSMV glycoprotein promotes the kinase activity of
OsSnRK1B on OsATG6b to trigger autophagy (Figure 9).

In summary, our study unveils a critical role of autopha-
gy-induction by rice rhabdovirus-encoded glycoprotein,
which seems to be conserved in other rhabdovirus-encoded
glycoproteins. RSMV  glycoprotein triggers autophagy by
promoting SnRK1-dependent autophagy initiation, and the
interaction with ATG6 mediates its autophagic degradation.
The induction of autophagy functions as an antiviral
mechanism against RSMV in rice plants. On the other
hand, since the constitutive expression of RSMV glycopro-
tein is lethal, its degradation by autophagy reduces the toxi-
city to host plant and allows the viral replication at a suitable
level (Figure 9). Thus, autophagy induction by RSMV glyco-
protein restricts the viral infection to balance the host survi-
val and viral propagation. These findings provide the
insights into antiviral crop breeding based on autophagy
regulation and the balance of viral glycoprotein
accumulation.

Materials and methods
Plant materials and growth conditions

Rice (Oryza sativa subsp. japonica) cv. Zhonghua 11 (ZH11)
was used in this study, include all the mutants and transgenic
lines. OsSnRK1B-OE, OsATG6b-OE and DEX,:G transgenic
plants were generated in this study (as described below). The
ossnrklb and osatg6b mutant lines were generated using the
CRISPR-Cas9 technology at the Biogle Genome Editing
Center (Jiangsu, China). All the transgenic and mutant rice
lines were generated from the ZHI11 background. Rice plants
were grown inside a greenhouse at 28-32°C and 60+ 5%
relative humidity with a 14-h-light/10-h-dark photoperiod.
N. benthamiana plants were grown in growth chambers main-
tained at 25°C with a 16-h-light/8-h-dark dark photoperiod.

Virus, insect, and virus inoculation

RSMV was maintained in individual rice plant grown inside
an insect-proof greenhouse. Leathoppers (Recilia dorsalis)
were reared and propagated on the RSMV-infected rice plants
till viruliferous. Viruliferous leafhoppers were used to inocu-
late RSMV to rice seedlings. The presence of RSMV in
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Figure 8. Rhabdoviruses are restricted by host autophagy in a conserved way. (A) Y2H assay showing the interaction between NbBeclin1 and various glycoproteins.
Yeast strain Y2HGold cells co-transformed with the indicated plasmids were cultured separately on the SD-Trp-Leu-His-Ade and SD-Trp-Leu selection medium. (B)
BiFC analysis of the interaction between NbBeclin1 and various glycoproteins. NbBeclin1-YN was coexpressed with glycoproteins-YC or YC in N. benthamiana leaves.
YFP signals were visualized by confocal microscopy. Bars: 20 pm. (C) silencing of NbSnRK1 or NbBeclin1 promotes SYNV infection in N. benthamiana. GFP fluorescence
and viral symptoms in plants pre-inoculated with TRV1 together with TRV2-GUS (control), TRV2-NbSnRK1, or TRV2-NbBeclin1 for 7 days and then infected by SYNV-
GFP. Plants were photographed under UV light and regular light at 10 dpi. (D) gRT-PCR analysis of SYNV viral RNA accumulation in GUS-, NbSnRK1-, and NbBeclin1-
silenced plants. Total RNAs were extracted from the SYNV-GFP infected leaves at 10 dpi. Values represent the mean relative to the GUS-silenced plants (n=3
biological replicates) and were normalized with NbPP2A as an internal reference. Student’s t test was used for analyses (*P<.05, **P<.01). (E) Western blot analysis of
the GFP protein accumulation in GUS-, NbSnRK1-, and NbBeclin1-silenced plants. Total proteins were extracted from the RSMV-GFP infected leaves at 15 dpi, and
were detected by anti-GFP antibody. The relative protein band intensity was normalized against that of Actin.

RSMV-infected rice plants or viruliferous leathoppers was
confirmed by RT-PCR or RT-RAA-CRISPR-Casl2a visual
detection as previously described [49,68].

SYNV-GEFP infected tobacco leaves were a gift from Prof.
Zhenghe Li (Zhejiang University) [63]. 0.5 g leaves infected
with virus were ground in a chilled mortar containing 1 mL of
freshly prepared inoculation buffer (0.5% sodium sulfite and
2% Celite [Sangon Biotech, A600547]) at 4°C. Two leaves of
N. benthamiana plants were gently rubbed by hand with the
leaf extracts. The mechanically inoculated plants were con-
firmed by RT-PCR or GFP expression under a UV lamp.

Plasmid construction

Primers used in this study are listed in Table S1. All the genes
from rice and tobacco were amplified using the cDNA derived
from corresponding plants as template. The coding sequences
of each gene from RSMV were amplified using the cDNA of
RSMV-infected rice plants as template. The coding sequence
of glycoproteins from SYNV, TYMaV, and BYSMV were

cloned from the plasmids containing corresponding fragment
which were gifts from other labs [63,69].

For subcellular localization and BiFC assays, the corre-
sponding genes were cloned individually into the pENTR/
D-TOPO vector (ThermoFisher Scientific, K240020), and
transferred into destination vectors using a Gateway LR reac-
tion kit as instructed (ThermoFisher Scientific, 11791020).

For stable transgenic line generation, the coding sequences
of OsSnRK1B and OsATGé6b were cloned and inserted into
the BamHI and Notl sites of the pPRHVcMyc vector [70] using
the In-Fusion cloning kit as instructed (Vazyme Biotech,
C112-02). The coding sequence of each gene from RSMV
was cloned into the pENTR/D-TOPO vector (ThermoFisher
Scientific, K240020) and then transferred into the pBA-Flag-
Myc4 vector [71] using a Gateway LR reaction kit as
instructed (ThermoFisher Scientific, 11791020).

For transient expression in protoplasts, the coding
sequence of OsATG6b was cloned and inserted into the
BamHI and Notl sites of the pRHVCHA vector’® to obtain
pRHV-OsATG6b-HA. The coding sequence of RSMV glyco-
protein was cloned and inserted into the BamHI and Sall sites



Compatible
Infection

Rhabdovirus Gyleoprateln

@ L
™~

AUTOPHAGY (&) 289

SnRK1

N\
,('\O
\)\‘b
& ATG6
o
2
Q ATGS8

Death

Autophagic degradation

Figure 9. A proposed model illustrates how rhabdovirus encoded glycoprotein induces and harnesses host antiviral autophagy for maintaining its compatible
infection. RSMV-encoded glycoprotein triggers host autophagy by interacting with OsSnRK1B and promotes its kinase activity on ATG6, and the glycoprotein can be
recognized by ATG6, which serves as a bridge to link glycoproteins to key autophagosome protein ATG8 for degradation. The induction of autophagy functions as an
antiviral mechanism against RSMV in rice plants. Moreover, the hyperaccumulation of RSMV glycoprotein is toxic for plant cells, so its targeted degradation by

autophagy was essential to restrict the viral titer in plants.

of the pGD vector [72] to obtain pGD-G. The cloning used
the In-Fusion cloning kit (Vazyme Biotech, C112-02).

For inducible transgenic line generation, RSMV glycopro-
tein coding sequence was fused with a Flag-4*MYC tag on its
N terminus and inserted into the Xhol and Spel sites of the
glucocorticoid-inducible vector [55,56] using the In-Fusion
cloning kit (Vazyme Biotech, C112-02).

For the yeast two-hybrid (Y2H) assay, the glycoprotein
coding sequences from different viruses were amplified and
inserted into the pGBKT7-BD bait vector (Clontech, 630443).
The autophagy-related protein coding sequences were ampli-
fied and cloned individually into the pGADT7-AD prey vec-
tor (Clontech, 630442) using the In-Fusion cloning kit
(Vazyme Biotech, C112-02). For yeast three-hybrid (Y3H)
assay, the coding sequence of OsSnRK1B or OsATG8a was
cloned into the pBridge vector (Clontech, 630404) to express
a DNA binding domain fusion protein. The coding sequence
of RSMV glycoprotein or OsATG6b was amplified and cloned
into the pBridge vector with a Met25 promoter.

For the in vitro affinity-isolation assays, the RSMV glyco-
protein coding sequence was cloned into the pGEX4T1 vector,
the OsSnRK1B and OsATG6b coding sequences were cloned
into the pMBP28 vector [73], and the CTD of RSMV glyco-
protein coding sequence was cloned into the pET28a vector
(Novagene, 69864) using the In-Fusion cloning kit (Vazyme
Biotech, C112-02).

For the VIGS assay, a partial fragment of NbSnRK1 was
cloned into the pTRV2 vector [74] using the In-Fusion clon-
ing kit (Vazyme Biotech, C112-02). The pTRV1, pTRV2-

GUS, and pTRV2-Beclinl were obtained from Prof.
Fangfang Li (Institute of Plant Protection, Chinese Academy
of Agricultural Sciences) [25].

RNA isolation and quantitative reverse transcription
polymerase chain reaction (QRT-PCR)

Total RNA was extracted from plant samples using the Total
RNA Extraction Reagent (Vazyme Biotech, R401-01). For
comparing the virus titer in roots, leaves, and stems of rice
plants, semi-quantitative RT-PCR analysis was performed.
Total RNAs extracted from different tissues of virus infected
rice plants were adjusted to equal concentration and detected
for RSMV by using HiScript II One Step RT-PCR Kit
(Vazyme Biotech, P612-01) for 25 cycles, and OsEFla was
used as an internal control. For quantification of the virus
titer or gene expression level in different samples, cDNA was
synthesized using the isolated total RNA, oligo(dT), and
a reverse transcriptase (Takara, RR037A). Quantitative PCR
reactions were carried out on a CFX96 Touch™ real-time
PCR detection system (Bio-Rad, Hercules, CA, USA) using
the SYBR Premix Ex TaqTM II kit (Takara, DRR820A). Three
independent biological replicates were performed, each in
technical triplicates. The expression level of the OsEFI« in
rice and NbPP2A in tobacco was used as an internal control,
and the relative expression levels were calculated by the
2728C0 method [75]. Primers used for qRT-PCR are listed
in Table S1.



290 X. HUANG ET AL.

Western blot and protein quantification analysis

Proteins were extracted from plant samples using RIPA
Lysis buffer (CWBIO, CW0885M) containing Complete
Mini protease inhibitor cocktail (Roche, 05056489001) and
then separated in SDS-PAGE gels through electrophoresis.
The PageRuler Prestained Protein Ladder (ThermoFisher
Scientific, 26617) was used to show protein size. The sepa-
rated protein bands were transferred to PVDF membranes
(Millipore, IPVHO00010), and detected using specific anti-
bodies. The detection signal was then visualized using the
Immobilon Western Chemiluminescent HRP Substrate as
instructed (Millipore, WBKLS0500). Coomassie brilliant
blue staining of Rubisco served as the loading control.
The monoclonal antibody against nucleocapsid protein of
RSMV was kindly provided by Prof. Jianxiang Wu
(Zhejiang University, China), and the polyclonal antibody
against RSMV glycoprotein (purified the 20-482 amino
acids of the protein fused with His-tag) was produced by
Abmart (Shanghai, China). The anti-GST (M20007S), anti-
His (M30111S), anti-MYC (M20002S), anti-HA (M20003S),
anti-Actin (M20009S), and anti-TUBB/tubulin (M30109S)
antibodies were purchased from Abmart, and the anti-
MBP (E8032S) antibody was purchased from New
England Biolabs. For protein band quantification analyses,
the signal intensity was quantified using the Image] soft-
ware (http://rsb.info.nih.gov/ij/). The band intensity of
a given protein was normalized against that of TUBB/tubu-
lin in rice plants and Actin in tobacco plants.

Chemical treatment

For autophagosome observation, the rice roots were stained
with 50 uM monodansylcadaverine (MDC; Sigma-Aldrich,
30432) in phosphate-buffered saline (PBS; Sangon Biotech,
B540626), pH 7.4 for 15min, followed by 3 washes with
PBS. Roots were observed using a Zeiss LSM 780 confocal
laser microscope with the excitation and emission wave-
lengths 405 nm and 430-480 nm, respectively.

For autophagy activation treatment, 20-day-old rice seed-
lings were first inoculated by RSMV-carrying leathoppers and
grown in nutrient solutions. At 1, 4, 7, and 10 dpi, the
inoculated seedlings were transferred to nutrient solutions
supplemented with 10 uM AZD8055 (Selleckchem, S1555) or
DMSO as solvent control for 3 h and then transferred back to
normal growth conditions. At 15 dpi, the accumulation of
RSMV in the seedlings was examined by qRT-PCR and
Western blot.

To visualize autophagic bodies, the roots were cut from
rice plants and washed with sterile water, and then soaked in
10 mM MES-NaOH (pH 5.5) solutions, in the presence or the
absence of 1uM concanamycin A (Sigma-Aldrich, C9705),
and incubated at room temperature for 8 h in darkness.

To induce the expression of DEX,,,:G transgenic plants,
a solution containing 50 uM dexamethasone (Sigma-Aldrich,
D4902) in 0.01% Tween-20 was sprayed on the rice leaves.
The treated plants were used for RSMV inoculation or TEM
observation.

Yeast two-hybrid and three-hybrid assays

For the yeast two-hybrid (Y2H) assay, different combinations
of pGBK and pGAD plasmids were transformed into yeast
strain Y2HGold cells (Clontech, 630498). The transformants
were cultivated on the SD/-Leu/-Trp (SD-L-T) medium and
then on the SD/-Leu/-Trp-His-Ade (SD-L-T-H-A) selection
medium to determine the protein-protein interaction. Yeast
cells were photographed at 3 days post incubation at 30°C. All
the experiments were repeated three times with similar
results.

For the yeast three-hybrid (Y3H) assay, the pBridge and
PGAD plasmids were co-transformed into yeast strain AH109
cells. The transformants were cultivated on the SD-
L-T medium and then overnight in the liquid SD-
L-T medium till the liquid became turbid. The yeast cultures
were individually diluted (1:100; v:v) in the liquid SD/-Leu/-
Trp-His-Met (SD-L-T-H-M) medium with or without 20 mM
Met. Two days after incubation with shaking at 30°C, the -
Galactosidase enzymatic activity of each sample was deter-
mined as instructed (Solarbio Life Sciences, BC2585).
Dilutions of suspended yeast were plated on SD-
L-T-H-A and SD/-Leu/-Trp-His-Ade-Met (SD-L-T-H-A-M)
solid media. Yeast cells were observed 3 days after incubation
at 30°C. All the experiments were repeated at least three times
with similar results.

In vitro affinity-isolation assay

The GST- and MBP-tagged proteins were expressed in E. coli
and purified using glutathione Sepharose 4B beads (GE
Healthcare, 17075601) and amylose resin (New England
Biolabs, E8021S) as instructed by the manufacturer, respec-
tively. A total amount of 3 ug purified GST-G was mixed with
6 ug purified MBP-OsSnRK1B, MBP-OsATG6b or MBP, and
then incubated with 20 uL glutathione Sepharose 4B beads for
2h at 4°C in the binding buffer (50 mM Tris-HCl, pH 7.5,
150 mM NaCl, and 0.25% Triton X-100 [Sigma-Aldrich,
T8787]). After six washes with the binding buffer, the resin-
bound proteins were released by 5 min boiling and the protein
samples were detected by immunoblot assay using anti-GST
and anti-MBP antibody.

For investigation of the interactions among three proteins,
3 ug purified GST-OsATG6b was mixed with 3 pg purified
MBP-OsSnRK1B plus 0, 2, 4 or 8 ug purified His-G¢crp, and
then incubated with 20 pL glutathione sepharose 4B beads for
2h at 4°C in 1x PBS. After six washes with 1x PBS, the resin-
bound proteins were released by 5min boiling and detected
by immunoblot assay using anti-GST, anti-MBP and anti-His
antibody.

Co-immunoprecipitation (co-IP) assay

Immunoprecipitation was performed using protein extracts
from OsSnRKIB-OE, OsATG6b-OE, or WT plants with
RSMV or mock infection. At 30 dpi, the rice leaves were
ground in liquid nitrogen and the protein samples were
extracted using IP buffer (40 mM Tris-HCI, pH 6.8, 150 mM
NaCl, 5mM MgCl,, 2mM EDTA, 5mM DTT, 2% glycerol,
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0.1% Triton X-100, and protease inhibitor cocktail) from 5g
samples. After incubation at 4°C for 10 min, the mixtures were
centrifuged at 1200 g for 10 min, and the supernatant was then
incubated with 3 uL anti-MYC antibody (Abmart) for 2h at
4°C, followed by incubation with 20 L Protein A+G Agarose
(Beyotime Technology, P2055). The immunoprecipitates were
then washed four times with 1xPBS and resuspended in 20 uL
2xSDS-PAGE loading buffer (500 mM Tris-HCI, pH = 6.8, 50%
glycerol, 10% SDS, 2% B-mercaptoethanol, and 1% bromophe-
nol blue). Subsequently, the protein samples were boiled at
95°C for 10 min and separated on a 10% SDS-PAGE gel for
western blotting analysis.

BiFC assay

Mixed A. tumefaciens strain EHA105 cultures carrying differ-
ent combinations of expression vectors were individually infil-
trated into N. benthamiana leaves. After 48-72h, YFP
fluorescence in the infiltrated leaf tissues was examined
under a confocal laser microscopy (Zeiss LSM 780,
Germany). The excitation wavelength of YFP was set at 514
nm and the emission wavelength was set at 520 to 580 nm.

Subcellular localization assay

To investigate the subcellular localization patterns of target
proteins, plasmids were transiently expressed in
N. benthamiana leaves via agro-infiltration. RFP-H2B
expressed in the transgenic N. benthamiana leaves was used
as a nuclear marker. Images were captured under a Zeiss LSM
780 confocal laser microscope. The excitation and emission
wavelengths were set at 405 nm and 454-504 nm for CFP, 488
and 500-530 nm for GFP, and 543 and 588-641 nm for RFP,
respectively.

The phosphorylation assay in protoplasts

Rice protoplasts were isolated from 10-day-old rice seedlings
and transfected as described previously [76]. The pRHV-
OsATG6b-HA plasmid with or without pGD-G plasmid was
transiently expressed in protoplasts prepared from WT,
OsSnRK1B-OE, or ossnrklb plants for 14h and then the
total protein was extracted with RIPA Lysis Buffer (CWBIO,
CWO0885M) containing Halt Protease and Phosphatase
Inhibitor Cocktail (ThermoFisher Scientific, 78442). The sam-
ples were separated on a 10-12% polyacrylamide gel contain-
ing 50 uM Phos-tag acrylamide (Wako Pure Chemicals, 198-
17981). Immunoblot analysis was performed according to the
instructions (Wako Pure Chemicals) and detected with the
anti-HA antibody (Abmart, M20003S). Immunoblot analysis
were also performed after protein separation on SDS-PAGE
with anti-HA and anti-TUBB/tubulin.

Transmission electron microscope (TEM) observation

RSMV-infected and mock-infected rice plants, or DEX-
treated or non-treated DEX,,,;G and WT rice leaves were
collected and cut into small pieces (3 mm x 1 mm). The sam-
ple tissues were fixed in 4% glutaraldehyde and 2%
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paraformaldehyde (in 100 mM phosphate buffer, pH 7.0).
The samples were then post-fixed in OsO,4, dehydrated in
ethanol, and then embedded in Spurr resin(GE Healthcare,
14300) as instructed by the manufacturer (SPI-EM, Division
of Structure Probe, Inc.). Ultrathin sections (~80 nm) were cut
from the embedded tissues wusing a Leica UC7
Ultramicrotome and were collected on 3-mm copper slot
grids, and then stained with uranyl acetate and lead citrate
solution. The stained sections were examined and imaged
under a Thermo Fisher Talos L120C transmission electron
microscope set at 120 kV accelerating voltage.
Immuno-electron microscope observation for RSMV gly-
coprotein was performed as previously described [77]. The
RSMV-infected and mock-infected rice plants were cut into
small pieces, fixed with 0.1% glutaraldyhyde and 4% parafor-
maldehyde (in 100 mM phosphate buffer, pH 7.0) for 2 h and
stored in 4% paraformaldehyde at 4°C overnight, and post-
fixed in 0.5% OsO, at 4°C for 1h. After dehydration in
serially diluted ethanol solutions, the fixed rice tissues were
embedded in LR White Resin (GE Healthcare, 14381-UC).
Ultra-thin sections (~80nm) were cut from the embedded
stem tissues using a Leica UC7 Ultramicrotomeand and the
sections were mounted on formal supported nickel single slot
grids. Sections were incubated in 100 mM phosphate buffer
for 15 min, and then in a blocking buffer (1% BSA [Sigma-
Aldrich, V900933] in 100 mM phosphate buffer, pH 7.0) for
15 min. The sections were then incubated in RSMV glycopro-
tein specific polyclonal antibody solution (1:100, v:v) for 1 h at
room temperature, followed by incubation with 10 nm gold-
conjugated goat-anti-rabbit IgG secondary antibody (Sigma-
Aldrich, G7402) solution (1:100, v:v) for 1 h. The staining was
performed with uranyl acetate and lead citrate, and the images
were taken under the same transmission electron microscope.

Statistical analyses

Differences were analyzed using a one-way or two-way
ANOVA followed by multiple-comparisons Tukey’s test.
A p-value <0.05 was considered statistically significant. All
analyses were performed using SPSS version 20 (SPSS, Inc.
Chicago, Illinois, USA).
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