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ABSTRACT RNA silencing is an innate antiviral immunity response of plants and ani-
mals. To counteract this host immune response, viruses have evolved an effective
strategy to protect themselves by the expression of viral suppressors of RNA silenc-
ing (VSRs). Most potyviruses encode two VSRs, helper component-proteinase (HC-
Pro) and viral genome-linked protein (VPg). The molecular biology of the former has
been well characterized, whereas how VPg exerts its function in the suppression of
RNA silencing is yet to be understood. In this study, we show that infection by Tur-
nip mosaic virus (TuMV) causes reduced levels of suppressor of gene silencing 3
(SGS3), a key component of the RNA silencing pathway that functions in double-
stranded RNA synthesis for virus-derived small interfering RNA (vsiRNA) production.
We also demonstrate that among 11 TuMV-encoded viral proteins, VPg is the only
one that interacts with SGS3. We furthermore present evidence that the expression
of VPg alone, independent of viral infection, is sufficient to induce the degrada-
tion of SGS3 and its intimate partner RNA-dependent RNA polymerase 6 (RDR6).
Moreover, we discover that the VPg-mediated degradation of SGS3 occurs via
both the 20S ubiquitin-proteasome and autophagy pathways. Taken together,
our data suggest a role for VPg-mediated degradation of SGS3 in suppression of
silencing by VPg.

IMPORTANCE Potyviruses represent the largest group of known plant viruses and
cause significant losses of many agriculturally important crops in the world. In order
to establish infection, potyviruses must overcome the host antiviral silencing re-
sponse. A viral protein called VPg has been shown to play a role in this process, but
how it works is unclear. In this paper, we found that the VPg protein of Turnip mo-
saic virus (TuMV), which is a potyvirus, interacts with a host protein named SGS3, a
key protein in the RNA silencing pathway. Moreover, this interaction leads to the
degradation of SGS3 and its interacting and functional partner RDR6, which is an-
other essential component of the RNA silencing pathway. We also identified the cel-
lular pathways that are recruited for the VPg-mediated degradation of SGS3. There-
fore, this work reveals a possible mechanism by which VPg sabotages host antiviral
RNA silencing to promote virus infection.
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To establish systemic infection, an invading virus must remodel and recruit host
elements and overcome resistance responses through complex molecular virus-

host interactions (1–3). One such essential antiviral response is RNA silencing (4–6), a
cellular mechanism conserved from lower eukaryotes to mammals to regulate endog-
enous gene expression at the transcriptional and posttranscriptional levels (7, 8). To
activate antiviral RNA silencing, the viral double-stranded RNAs (dsRNAs), which may
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originate during viral replication, as a result of internal pairing of viral RNA molecules,
or through de novo synthesis by the host RNA-dependent RNA polymerase 6 (RDR6)/
suppressor of gene silencing 3 (SGS3) complex using viral genomic fragments as the
template, are processed by Dicer-like (DCL) proteins into small 20- to 24-nucleotide (nt)
RNA duplexes termed virus-derived short interfering RNAs (vsiRNAs). These vsiRNAs are
incorporated into Argonaute (AGO) proteins, the key component of the RNA-induced
silencing complex (RISC) that directly possesses RNase activity and catalyzes the
cleavage of homologous RNAs. SGS3/RDR6 bodies are also required for the amplifica-
tion of RNA silencing through the biogenesis of secondary siRNAs and for the produc-
tion of endogenous trans-acting siRNA (ta-siRNA) (9–12). Plants with dysfunctional RNA
silencing pathways by the knockout of RNA silencing components show enhanced
susceptibility to viral infections (11, 13–17). A majority of plant viruses have evolved one
or more proteins, termed viral suppressors of RNA silencing (VSRs), to suppress host
RNA silencing. VSRs have been shown to suppress RNA silencing at virtually all steps of
RNA silencing (6). Many VSRs suppress RNA silencing via sequestration of virus-derived
siRNAs and inactivation of AGO proteins (mainly AGO1) (18–20). In contrast, some other
VSRs, such as V2 of Tomato yellow leaf curl virus (TYLCV), P2 of Rice stripe virus (RSV),
TGB1 of Plantago asiatica mosaic virus (PlAMV), and the class 1 RNase III endoribonu-
clease (RNase 3) of Sweet potato chlorotic stunt virus (SPCSV), target other RNA silencing
components, e.g., SGS3, to attenuate plant antivirus immunity (21–24).

The genus Potyvirus within the family Potyviridae consists of a group of plant-
infecting viruses with a positive-sense single-stranded RNA genome. Potyviruses ac-
count for �30% of known plant viruses and include many agriculturally important
viruses such as Turnip mosaic virus (TuMV), Potato virus A (PVA), Potato virus Y (PVY),
Soybean mosaic virus (SMV), Tobacco etch virus (TEV), and Plum pox virus (PPV), which
cause significant losses in many economic crops. The genome of typical potyviruses
encodes a long open reading frame (ORF) and another relatively short ORF that results
from RNA polymerase slippage in the P3 coding sequence (25–29). Upon translation,
these two polyproteins are proteolytically processed by three viral protease domains
into 11 mature viral proteins. More recently, another short ORF, termed PISPO (pretty
interesting sweet potato potyvirus ORF), also resulting from transcriptional slippage,
was found to be embedded in the P1 coding regions of two sweet potato potyviruses
(26, 30, 31). Among the 11 common potyvirus proteins, HC-Pro and VPg have been
shown to be VSRs (32–34). The molecular mechanisms underlying the functional role of
HC-Pro as a VSR have been relatively well understood (35–46). It still remains unclear
how VPg interferes with RNA silencing.

Potyvirus VPg is a relatively small protein (�21 kDa) that is covalently linked to the
viral RNA through a phosphodiester bond between a conserved serine or tyrosine
residue and the 5=-terminal uridine nucleotide of viral RNA (47). Biochemical and
bioinformatics analyses showed that VPg is an intrinsically disordered protein (48–51).
This structural flexibility confers the possibility of forming interaction complexes with
different proteins to function diversely. Indeed, accumulated evidence suggests that
VPg interacts with itself, most other potyvirus proteins (reviewed in references 52 and
53), and many host factors, e.g., alpha heat shock protein (�-HSP), Arabidopsis RNA
helicase-like 8 (AtRH8), eukaryotic initiation factor 4E (eIF4E) and its isoform eIF(iso)4E,
eIF4G, eIF(iso)4G, fibrillarin, OBERON1 (OBE1), OBE2, poly(A) binding protein 2 (PABP2),
PABP4, RRP6, and SGS3 (34, 54–60).

In the present study, we report that TuMV infection induces SGS3 degradation in
plants. We furthermore demonstrate that SGS3 interacts with TuMV VPg and VPgs of
other potyviruses and that VPg alone is sufficient to induce the degradation of SGS3
and its intimate interaction partner RDR6. Moreover, we present evidence that VPg-
mediated degradation of SGS3 and RDR6 occurs via both the 20S proteasome and
autophagy pathways. Taken together, these data suggest that potyvirus VPg sup-
presses host RNA silencing, possibly via the interaction of SGS3, to mediate the
degradation of SGS3 and its interaction proteins such as RDR6.
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RESULTS
TuMV infection causes degradation of the SGS3 protein. Previous studies sug-

gested the involvement of SGS3 in potyvirus infections (11, 60). To further elucidate its
functional mechanism, we used TuMV as a model virus in this study. At first, we
conducted a transient-expression assay by agroinfiltration of Nicotiana benthamiana
leaves with agrobacteria harboring plant expression vectors containing coding se-
quences of N-terminally FLAG- and 4�Myc-tagged Arabidopsis SGS3 (FLAG-4�Myc-
SGS3) under the control of the Cauliflower mosaic virus (CaMV) 35S promoter alone or
together with a wild-type green fluorescent protein (GFP)-tagged TuMV infectious
clone (TuMV-GFP) or a replication-defective clone (TuMV-GFPΔGDD) in which the viral
RNA-dependent RNA polymerase (RdRp) was made dysfunctional by mutating the
three key residues (Gly-Asp-Asp) into Ala. Agroinfiltration of TuMV-GFP into compatible
host plants such as N. benthamiana and Arabidopsis allows the establishment of local
and systemic infection, whereas the introduction of TuMV-GFPΔGDD leads to the
transient expression of all viral proteins (including mutated RdRp) only in agroinfiltrated
leaf tissues due to the 35S promoter. The accumulation of the SGS3 protein was
evaluated by Western blotting with anti-Myc antibodies at 60 h postinoculation (hpi).
A protein with the predicted molecular mass of FLAG-4�Myc-SGS3 was detected in
protein extracts from N. benthamiana leaves infiltrated with 35S::FLAG-4�Myc-SGS3,
whereas no corresponding protein was detected in protein extracts from mock-treated
N. benthamiana leaves (Fig. 1A), suggesting that this protein is the recombinant
FLAG-4�Myc-SGS3 protein. However, the intensity of FLAG-4�Myc-SGS3 in the protein
extracts from N. benthamiana leaves coinfiltrated with FLAG-4�Myc-SGS3 and TuMV-
GFP was significantly reduced in comparison to that from leaves infiltrated with
FLAG-4�Myc-SGS3 alone. Interestingly, the intensity of FLAG-4�Myc-SGS3 was also
significantly reduced when FLAG-4�Myc-SGS3 was coexpressed with TuMV-GFPΔGDD

(Fig. 1A), suggesting that the reduction of the intensity of SGS3 is independent of viral
replication.

To further test this assumption, we generated transgenic plants overexpressing
FLAG-4�Myc-SGS3 under the control of the CaMV 35S promoter in an Arabidopsis Col-0
background (Fig. 1B). A total of eight (SGS3oe-1 to -8) independent homological
transgenic lines were obtained. Quantitative reverse transcription-PCR (qRT-PCR) results
confirmed that SGS3 was overexpressed in all these lines in comparison to the expres-
sion level in wild-type plants. Western blotting with Myc antibodies detected FLAG-
4�Myc-SGS3 in six (SCGSoe-1, -2, -3, -5, -7, and -8) of the eight lines (Fig. 1C). All the
transgenic lines showed a normal leaf phenotype similar to that of wild-type Arabidop-
sis Col-0 (Fig. 1B), suggesting that the overexpression of SGS3 does not affect normal
plant development under the given growth conditions. Four-week-old seedlings of the
homozygous SGS3oe-1 and SGS3oe-3 lines, which have relatively higher SGS3 expres-
sion levels among the eight transgenic lines, were mechanically inoculated with
TuMV-GFP. Both wild-type and SGS3-overexpressing plants developed typical TuMV
symptoms, including a substantial reduction in stature, yellowish leaves, curling stem,
and defective flowers, at 20 days postinfection (dpi), and no obvious differences
between TuMV-infected wild-type and TuMV-infected SGS3-overexpressing plants were
observed (Fig. 1D). qRT-PCR revealed that there were no statistically significant differ-
ences in viral RNA levels between wild-type and SGS3-overexpressing plants in upper
systematically infected leaves, although both SGS3-overexpressing lines accumulated
slightly lower levels of viral RNA than those in wild-type plants (Fig. 1E). Western
blotting with anti-Myc antibodies showed that the SGS3 protein level was also greatly
reduced in systemically infected leaves of SGS3-overexpressing lines inoculated with
TuMV-GFP compared to that in leaves of mock-inoculated SGS3-overexpressing plants
(Fig. 1F). qRT-PCR was performed to determine if SGS3 transcription is affected in
response to TuMV infection, leading to reduced levels of the SGS3 protein. No signif-
icant differences between the transcript levels of SGS3 in mock- and TuMV-inoculated
plants were found (Fig. 1G).
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FIG 1 TuMV infection induces SGS3 degradation in N. benthamiana and Arabidopsis. (A) TuMV-GFP and TuMV-GFPΔGDD were transiently
coexpressed with FLAG-4�Myc-SGS3 in N. benthamiana leaves by Agrobacterium infiltration. The FLAG-4�Myc-SGS3 protein and GFP
were detected at 60 hpi. (Top) Western blotting of total protein extracts with Myc antibodies; (middle) Western blotting of total protein
extracts with GFP antibodies; (bottom) Coomassie bright blue (CBB) staining showing equal loading of total protein extracts. (B)
Photograph of 3-week-old wild-type (Col-0) and SGS3-overexpressing transgenic (SGS3oe-1 and SGS3oe-3) plants. (C) Western blot
detection of FLAG-4�Myc-SGS3 in eight independent transgenic Arabidopsis lines expressing FLAG-4�Myc-SGS3 with Myc antibodies.
FLAG-4�Myc-SGS3 was strongly detected in lines SGS3oe-1, -3, -5, and -8. Weak expression was evident in lines SGS3oe-2 and -7. No
FLAG-4�Myc-SGS3 was detectable in SGS3oe-4 and -6. (D) Phenotype of TuMV-infected transgenic Arabidopsis plants overexpressing
SGS3 (SGS3oe-1 and SGS3oe-3) at 20 dpi. (E) The relative TuMV genomic RNA levels shown in panel D were determined by qRT-PCR. Mean
genomic RNA levels of TuMV on Col-0 plants were normalized to 1.0. Bars represent means � standard deviations of data from five
biological replicates. (F) Western blot detection of SGS3 and GFP in SGS3oe-1 and SGS3oe-3 with Myc (top) and GFP (middle) antibodies.
The bottom panel shows equal loading of total proteins by CBB staining. (G) The expression levels of SGS3 shown in panel D were
determined by RT-PCR. The expression levels of SGS3 in mock-infected plants were normalized to 1.0. Bars represent means � standard
deviations of data from five biological replicates. (H) Phenotype of 3-week-old Arabidopsis sgs3-14 plants transformed with na::SGS3-FLAG.
(I) Western blot detection of SGS3 and GFP in na::SGS3-FLAG plants with SGS3 (top) and GFP (middle) antibodies. The position of
FLAG-SGS3 is indicated by an arrow. Stars indicate the cross-reacting bands of SGS3 antibodies. CBB staining shows equal loading of the
samples (bottom).
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Since polyclonal antibodies to SGS3 failed to detect the endogenous SGS3 protein
in Arabidopsis Col-0 plants (data not shown), an Arabidopsis SGS3 knockout mutant,
sgs3-14, was complemented with C-terminally FLAG-tagged SGS3 under the control its
native promoter (na::SGS3-FLAG), making it possible to detect SGS3 by using antibodies
to FLAG. The sgs3-14 mutant, showing typically elongated, downwardly curled leaves,
contains a transfer DNA (T-DNA) insertion at its first exon, which disrupts SGS3 tran-
scription (9). The sgs3-14 plants transformed with na::SGS3-FLAG showed a restored
normal wild-type leaf phenotype (Fig. 1H), suggesting that C-terminally FLAG-tagged
SGS3 is functional. The na::SGS3-FLAG-transformed plants were sap inoculated with
TuMV-GFP. The SGS3 protein was then purified from virus-infected leaf tissues with
anti-FLAG M2 affinity agarose at 14 dpi and detected with goat polyclonal antibodies
against SGS3. Western blotting detected a protein with the predicted size in the
mock-inoculated na::SGS3-FLAG-transformed plants, which was hardly detectable in
TuMV-GFP-infected plants (Fig. 1I), consistent with results from TuMV-infected plants
overexpressing or transiently expressing SGS3 (Fig. 1A and F) or plants transiently
coexpressing SGS3 and replication-defective TuMV (Fig. 1A). Taken together, these
results suggest that TuMV infection results in the degradation of SGS3, and it is TuMV
protein(s) rather than its replication that causes a reduction of SGS3 levels.

VPg is the only potyvirus protein that interacts with SGS3. To determine which
viral protein(s) is responsible for the decreased SGS3 levels, we cloned all 11 proteins
encoded by TuMV and examined their ability to interact with SGS3 by yeast two-hybrid
(Y2H) and bimolecular fluorescence complementation (BiFC) assays. The Y2H assay
showed that VPg was the only viral protein that could rescue the growth of yeast on
media lacking the four amino acids and restore �-galactosidase (GUS) activity (Fig. 2A).
Neither VPg nor SGS3 showed any autoactivation or autobinding activity (data not
shown). Furthermore, a VPg C-terminal fusion with either the N- or C-terminal half of
yellow fluorescent protein (YFP) (VPg-YN and VPg-YC, respectively) restored YFP fluo-
rescence when it was coexpressed with SGS3-YC and SGS3-YN, respectively (Fig. 2BI
and II). In both cases, the YFP fluorescence resulting from the interaction between VPg
and SGS3 showed granule-like foci in the cytosol, which resembles the subcellular
localization of SGS3 (Fig. 3A) (10, 60, 61). However, no positive signals between other
potyvirus proteins and SGS3 were found in the BiFC assay (data not shown).
C-terminally cyan fluorescent protein (CFP)-tagged SGS3 (SGS3-CFP) was also tran-
siently coexpressed with C-terminally monomer red fluorescent protein (mRFP)-tagged
TuMV VPg (VPg-mRFP) in N. benthamiana epidermal cells. Colocalization of SGS3-CFP
and VPg-mRFP was found in the large fluorescent bodies (Fig. 2C, top). No visible
fluorescence from SGS3-CFP was observed in the nucleus, where the majority of VPg
was localized (Fig. 2C, bottom), suggesting that VPg interacts with SGS3 in the
cytoplasm.

To test if SGS3 also interacts with VPgs of other potyviruses, two additional VPgs,
VPgs of SMV (VPgSMV) and TEV (VPgTEV), were cloned. Y2H and BiFC results showed that
both VPgSMV and VPgTEV could interact with SGS3 (Fig. 2BIII through VI and D). These
data suggest that the interaction of VPg and SGS3 might be evolutionarily conserved
for potyviruses.

Mapping of the interaction domains of VPg and SGS3. Based on the character-
istics of several potyvirus VPg proteins (48–50), TuMV VPg was split into two portions,
VPg-NTP (amino acids [aa] 1 to 120) and VPg-CTD (aa 121 to 192), containing the
N-terminal NTP-binding domain and the C-terminal unstructured portion, respectively
(Fig. 4A). Similarly to the full-length VPg protein (Fig. 3AI and II), VPg-NTP was localized
predominantly to the nucleus, especially the nucleolus (Fig. 3BI and II). In contrast, the
fluorescence of VPg-CTD was found mainly in the cytoplasm (Fig. 3BIII and IV). These
results suggest that the nuclear localization of TuMV VPg is determined mainly by the
N-terminal domain. In the Y2H assay, no interaction between SGS3 and the N terminus
of VPg (VPg-NTP) or the C-terminal region of VPg (VPg-CTD) was found (Fig. 4B). BiFC
analysis showed an inconsistent interaction between VPg-NTP and SGS3 (Fig. 4CI and
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II) and no interaction between VPg-CTD and SGS3 (Fig. 4CIII and IV). These data suggest
that the entire TuMV VPg protein may be necessary for its robust interaction with SGS3.

To map the VPg-interacting domain(s) in SGS3, a series of truncated SGS3 mutations
were constructed: SGS3-NTD (aa 1 to 200), SGS3-ZF (aa 201 to 289), SGS3-XS (aa 290 to
411), and SGS3-CC (aa 412 to 625), which contain the N-terminal domain (NTD), the zinc
finger (ZF) domain, the rice gene X and SGS3 (XS) domain, and the C-terminal
coiled-coil (CC) domain, respectively (Fig. 4A). SGS3-NTD was found mainly in the
cytoplasm as granule-like foci (Fig. 3CI and II), whereas SGS3-ZF was localized mostly to
the nucleus (Fig. 3CIII and IV). SGS3-XS was present in the cytoplasm and nucleus as

FIG 2 VPg is the only viral protein that interacts with SGS3. (A) Yeast two-hybrid assay for protein-protein interactions between SGS3
and TuMV-encoded proteins on selective media supplied with X-Gal (5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside). The positive
and negative controls are yeast cotransformants with pGAD-VPg plus pGBK-eIF4E and pGAD-T plus pGBK-Lam, respectively. AD, GAL4
activation domain; BD, GAL4 DNA binding domain. SD, synthetic defined (SD) yeast minimal medium; SD-LW, SD medium lacking Leu
and Trp; SD-LWHA, SD medium lacking Leu, Trp, His, and adenine hemisulfate. (B) BiFC assay for protein-protein interactions between
SGS3 and VPg encoded by TuMV, SMV, and TEV. SGS3, TuMV VPg, SMV VPg, and TEV VPg were fused to either the C-terminal or
N-terminal half of YFP and transiently expressed in N. benthamiana leaves. Fluorescence was monitored by confocal microscopy at 48
hpi. Bar, 50 �m. (C) Confocal micrographs of N. benthamiana coexpressing SGS3-CFP and VPg-mRFP at 48 hpi. Bar, 50 �m. (Bottom)
Closeup images showing SGS3 bodies at the perinuclear area. White arrows, nuclear localized VPg; white arrowhead, cytoplasmic
SGS3-VPg interaction body. Bar, 10 �m. (D) Yeast cells cotransformed with AD-SGS3 and BD, or VPg protein encoded by TuMV, TEV
(VPgTEV), or SMV (VPgTEV) were tested as described above for panel A. The positive control is the yeast cotransformant with pGAD-VPg
and pGBK-eIF4E.
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diffuse fluorescence (Fig. 3CV and VI). SGS3-CC was localized to the nucleus and
cytoplasm (Fig. 3CVII and VIII). Y2H analysis revealed that VPg interacted with SGS3-NTD
or SGS3-XS but not with SGS3-ZF or SGS3-CC (Fig. 4B). Consistent with these results,
SGS3-NTD or SGS3-XS, rather than SGS3-ZF or SGS3-CC, reconstructed the YFP signal
when coexpressed with TuMV VPg in the BiFC assay (Fig. 4D). Therefore, both Y2H and
BiFC assays mapped the VPg-interacting domains to two distant regions, i.e., SGS3-NTD
and SGS3-XS. Interestingly, although the SGS3-XS domain is present mainly in the
cytoplasm (Fig. 3B), the BiFC signal from its interaction with VPg was found mostly in
the nucleus (Fig. 4DV and VI), suggesting that there is a specific motif in SGS3 or a
mechanism to prevent its trafficking to the nucleus.

Transient expression of VPg induces the degradation of SGS3 and its intimate
partner RDR6. As VPg is the only viral protein that interacts with SGS3, we speculated
that VPg mediates the reduction of SGS3 under TuMV infection. We thus tested this

FIG 3 Subcellular localization of VPg, SGS3, and their domains in N. benthamiana determined by confocal microscopy. (A) Confocal
micrographs of N. benthamiana leaf cells expressing N- or C-terminally YFP-fused VPg or SGS3 in N. benthamiana leaves at 48 hpi. Insets
show the nuclear localization of VPg. Bars, 50 �m. (B) Confocal micrographs of N. benthamiana leaf cells expressing N- or C-terminally
YFP-fused VPg-NTP or VPg-CTD at 48 hpi. Bars, 50 �m. (C) Confocal micrographs of N. benthamiana leaf cells expressing N- or C-terminally
YFP-fused SGS3-NTD, SGS3-ZF, SGS3-XS, and SGS3-CC at 48 hpi. Bars, 50 �m.
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assumption by transiently expressing FLAG-4�Myc-SGS3 alone or together with
VPg-3� hemagglutinin (3�HA) or GFP-3�HA in N. benthamiana leaves. Western
blotting with anti-Myc antibodies at 48 hpi showed that the level of the SGS3 protein
was greatly reduced when it was coexpressed with VPg-3�HA (Fig. 5A, top). In contrast,
no reduction of SGS3 levels was found when it was coexpressed with GFP-3�HA (Fig.
5A, top).

It is well known that SGS3 forms heterogeneous complexes with RDR6 (10). To test
if VPg further affects RDR6 stability, FLAG-4�Myc-RDR6 was expressed alone or to-
gether with VPg-3�HA in N. benthamiana leaves via Agrobacterium infiltration.
C-terminally CFP-tagged SGS3 (SGS3-CFP) was included in both combinations to ensure
VPg-SGS3-RDR6 tripartite interactions. FLAG-4�Myc-RDR6 and VPg-3�HA were de-
tected with polyclonal antibodies against c-Myc and HA, respectively, at 60 hpi. Clearly,

FIG 4 Mapping of the interaction domains in VPg and SGS3. (A) Schematic representations of SGS3 and VPg proteins. NTP, VPg N-terminal
NTP-binding domain; CTD, VPg C-terminal domain; NTD, SGS3 N-terminal domain; ZF, putative SGS3 zinc finger domain; XS, SGS3 XS
domain; CC, SGS3 coiled-coil domain. The numbers represent amino acid positions of domain boundaries. (B) Protein-protein interaction
assays of BD-SGS3 and AD-VPg-NTP or AD-VPg-CTD and BD-VPg and AD-SGS3, AD-eIF4e, and AD-SGS3-NTD with AD-SGS3-ZF, AD-SGS3-
XS, or AD-SGS3-CC in yeast cells. (C) BiFC assay of possible interactions between SGS3 and each of the two VPg domains in N. benthamiana
leaf cells at 48 hpi. Bars, 50 �m. (D) BiFC assay of possible interactions between VPg and each of the four SGS3 domains in N. benthamiana
leaf cells at 48 hpi. Bars, 50 �m.
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the level of RDR6 was hardly detectable when it was coexpressed with VPg and SGS3
but was not significantly affected when it was coexpressed with VPg and GFP (Fig. 5B).
These data suggest that VPg can also induce RDR6 degradation and that VPg-mediated
RDR6 degradation requires SGS3.

VPg-mediated degradation of SGS3 occurs via the 20S proteasome and
autophagy pathways. To explore the pathways that are recruited for VPg-mediated
SGS3 degradation, we examined the 20S proteasome and autophagy pathways.
Carbobenzoxy-L-leucyl-L-leucyl-L-leucinal (MG132) and 3-methyladenine (3-MA) are the
drugs that specifically inhibit the 20S proteasome and autophagy pathways, respec-
tively (62, 63). The protein level of FLAG-4�Myc-SGS3 was increased by 60% in N.
benthamiana leaf tissues treated with MG132 but reduced by 18% in leaf tissues treated
with 3-MA (Fig. 5C), suggesting that the turnover of SGS3 is dependent mainly on the
ubiquitin (Ub)-proteasome pathway, and treatment with 3-MA can slightly stimulate

FIG 5 VPg-mediated degradation of SGS3. (A) FLAG-4�Myc-SGS3 was transiently coexpressed with VPg-3�HA or GFP-3�HA
in N. benthamiana leaf cells. (Top and middle) Total protein was extracted at 48 hpi and detected with Myc antibodies (top)
or HA antibodies (middle). The relative amount of the SGS3 protein is indicated. (Bottom) Equal protein loading by CBB
staining. (B) FLAG-4�Myc-RDR6 was transiently coexpressed with VPg-3�HA and SGS3-CFP in N. benthamiana leaves.
Infiltrated leaf areas were harvested for protein extraction at 60 hpi. (Top) RDR6 was purified with anti-FLAG M2 affinity agarose
and detected with Myc antibodies. Numbers indicate the relative amounts of the RDR6 protein. VPg and GFP were directly
detected with HA antibodies. (Bottom) Equal protein loading as determined by CBB staining. (C and D) FLAG-4�Myc-SGS3 (C)
or FLAG-4�Myc-VPg (D) was transiently expressed in N. benthamiana leaves by Agrobacterium infiltration. At 48 hpi, the
infiltrated leaf areas were treated with MG132, 3-MA, or MG132 and 3-MA for an additional 12 h. Total protein was extracted,
separated by SDS-PAGE, and detected with Myc antibodies. The relative amounts of SGS3 or VPg are indicated. The bottom
panel shows equal protein loading by CBB staining. (E) FLAG-4�Myc-VPg was transiently coexpressed with HA-Ub in N.
benthamiana leaves by Agrobacterium infiltration. VPg was purified at 60 hpi with anti-FLAG M2 affinity agarose, separated by
SDS-PAGE, and then detected with anti-Myc antibodies or anti-HA antibodies. (F) FLAG-4�Myc-VPg was transiently coex-
pressed with FLAG-4�Myc-SGS3 in N. benthamiana leaves. At 48 hpi, the infiltrated leaf areas were treated with MG132, 3-MA,
or MG132 and 3-MA for an additional 12 h. Total protein was extracted, separated by SDS-PAGE, and detected with Myc
antibodies. The relative amount of SGS3 or VPg is indicated. The bottom panel shows equal protein loading as determined by
CBB staining. Each experiment was repeated at least three times.
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the ubiquitin-proteasome pathway. Either MG132 or 3-MA treatment significantly
increased the level of FLAG-4�Myc-VPg (Fig. 5D), suggesting that VPg may be targeted
by both the 20S proteasome and autophagy pathways for degradation. To further
confirm whether VPg is targeted by the 20S proteasome pathway, we expressed
FLAG-4�Myc-VPg together with N-terminally HA-tagged Ub in N. benthamiana leaves.
At 48 hpi, the VPg protein was purified with agarose beads covalently linked with a
monoclonal antibody against the FLAG tag and then detected by a polyclonal antibody
against Myc and HA. Besides a major band corresponding to the FLAG-4�Myc-VPg
monomer, several additional bands with higher molecular weights were detected by
anti-Myc antibodies (Fig. 5E). Consistently, HA signals were detected in the protein
extract from leaf tissues coexpressing FLAG-4�Myc-VPg and HA-Ub, whereas only a
weak signal could be detected in the protein extract from the mock-treated leaves (Fig.
5E). Therefore, the 20S proteasome pathway indeed targets VPg. We further tested the
effects of the two drugs on VPg or SGS3 accumulation in N. benthamiana leaves
coexpressing SGS3 and VPg. As shown in Fig. 5F, treatment with either MG132 or 3-MA
compromised the degradation of not only VPg but also SGS3. Taken together, these
results suggest that VPg-mediated degradation of SGS3 likely occurs through both the
ubiquitin-proteasome and autophagy pathways.

VPg fails to completely degrade SGS3. Since the TuMV VPg protein can cause
SGS3 degradation, we wondered if transgenic Arabidopsis plants expressing TuMV VPg
could mimic the phenotype of SGS3 knockout mutants. Transgenic plants expressing
FLAG-4�Myc-VPg under the control of the 35S promoter were generated (Fig. 6A). Two

FIG 6 Knockout of SGS3 promotes TuMV replication. (A) Phenotype of 3-week-old VPg transgenic Arabidopsis plants
overexpressing VPg. (B) Detection of VPg transcripts in transgenic plants by RT-PCR. The full coding sequence of VPg was
amplified by RT-PCR. A fragment of the Arabidopsis Actin II gene was amplified as an RNA loading control. (C) Western blotting
of protein extracts from transgenic plants overexpressing VPg with Myc antibodies. The bottom panel shows equal protein
loading as determined by CBB staining. (D, top) Comparison of SGS3 in sgs3-14/na::SGS3-FLAG/XVE::FLAG-VPg plants after
treatment with 17-�-estradiol for 16 h with rabbit antibodies against FLAG. (Middle) Expression of VPg monitored by Western
blotting with anti-FLAG antibody. (Bottom) Equal protein loading as determined by CBB staining. (E) Phenotypes of
TuMV-infected wild-type and SGS3 knockout Arabidopsis plants at 20 dpi. (F) Relative viral genomic RNA levels in TuMV-
infected wild-type and SGS3 knockout Arabidopsis plants at 20 dpi. Actin II was used as an internal control. The mean genomic
RNA level of TuMV in Col-0 plants was normalized to 1.0. Bars represent means � standard deviations of data from 10
biological replicates, each containing three technical repeats. ** indicates a P value of �0.01, and * indicates a P value of �0.1
(Student t test).
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independent transgenic lines (VPg-2 and VPg-8) showing the highest expression levels
of VPg as evaluated by RT-PCR and Western blotting were selected for subsequent
study (Fig. 6B and C). VPg-2 and VPg-8 did not exhibit discernible development
phenotypes different from that of wild-type Col-0 plants (Fig. 6A). We also evaluated
the levels of primary transcripts of ta-siRNA targets in transgenic plants, including Auxin
response transcription factor 3 (ARF3) (locus tag At2g33860), ARF4 (At5g60450), Heat-
induced TAS1 target 1 (HTT1) (At4g29770), and HTT2 (At5g18040). Theoretically, the
overaccumulation of primary transcripts of ta-siRNA targets should be observed when
the ta-siRNA biogenesis pathway is completely impaired (9). No significant differences
in primary transcript levels of ARF3, ARF4, HTT1, or HTT2 between wild-type and
transgenic Arabidopsis plants overexpressing VPg were detected (data not shown),
implying that the ectopic expression of VPg did not completely degrade endogenous
SGS3. To further confirm this assumption, we generated transgenic sgs3-14/na::SGS3-
FLAG/XVE::FLAG-VPg plants by transforming homological sgs3-14/na::SGS3-FLAG plants
with N-terminally FLAG-tagged VPg under the control of an estrogen-inducible pro-
moter (XVE::FLAG-VPg). The expression of FLAG-VPg in sgs3-14/na::SGS3-FLAG/XVE::
FLAG-VPg plants was detected after treatment with 2 �M 17-�-estradiol for 16 h (Fig.
6D, middle). The SGS3 protein was enriched with anti-FLAG M2 affinity agarose and
detected by using rabbit anti-FLAG antibodies. SGS3 was detectable in sgs3-14/na::
SGS3-FLAG/XVE::FLAG-VPg plants either treated with 17-�-estradiol or not (Fig. 6D,
top). The amount of SGS3 was largely reduced upon the addition of 17-�-estradiol
compared to the sample from the nontreatment control (Fig. 6D, top). These results
further confirmed that VPg is unable to completely degrade endogenous SGS3.

The influence of SGS3 on TuMV infectivity was evaluated previously by Northern
blotting using an SGS3 knockout mutant (sgs3-1) (11). To quantify viral genomic RNA
accumulation and compare the levels of TuMV accumulation in wild-type and sgs3
mutant plants, we inoculated 4-week-old wild-type and SGS3 knockout (sgs3-11, sgs3-
13, and sgs3-14) plants with TuMV-GFP by sap inoculation. PCR and sequencing
confirmed that sgs3-11 plants contain a G-to-A mutation at nt 222, which disrupts the
splicing of SGS3 transcripts, whereas sgs3-13 plants have a T-DNA insertion in the third
exon. At 20 dpi, both wild-type and SGS3 knockout plants developed typical TuMV
symptoms, as described above (Fig. 1D), and no obvious differences between TuMV-
infected wild-type and SGS3 knockout plants were observed (Fig. 6E). qRT-PCR analysis
showed that all three SGS3 knockout lines accumulated higher levels of viral RNA than
did wild-type plants (Fig. 6F). Statistical analysis showed that the genomic RNA level of
TuMV in SGS3 knockout plants was significantly higher than that in wild-type plants.
These results suggest that knockout of SGS3 promotes TuMV infection.

DISCUSSION

The RDR6/SGS3 complex plays essential roles in antiviral immunity in virus-infected
plants (9–11, 64, 65). Several viral proteins, e.g., PlAMV TGB1, TYLCV V2, SPCSV RNase
3, and RSV P2, have been found to target SGS3 to enhance host susceptibility (21–24).
These VSRs have evolved distinct mechanisms to inhibit SGS3 functions. For example,
TYLCV V2 inhibits SGS3 RNA binding activity by directly competing for SGS3 substrates
(66), whereas PlAMV TGB1 directly sequesters SGS3/RDR6 bodies by coaggregation
with them (23). In this work, we report that TuMV VPg interacts with SGS3 and mediates
its degradation. This conclusion is supported by several findings in this study: (i)
infection of TuMV or expression of replication-defective TuMV leads to the degradation
of SGS3 (Fig. 1A), (ii) the VPg protein is the only viral protein that interacts with SGS3
(Fig. 2A), and (iii) VPg alone is sufficient to mediate the degradation of SGS3 and RDR6
(in the presence of SGS3) (Fig. 5A and B). These data provide new insights into the
molecular mechanism by which VPg functions as a VSR.

In a recent study, Rajamäki et al. discovered that PVA VPg interacts with SGS3 of
potato and Arabidopsis, and this interaction appears beneficial for PVA infection (60).
Here, we further show that SGS3 of Arabidopsis interacts not only with TuMV VPg but
also VPgs of two additional potyviruses tested, e.g., TEV and SMV. These four potyvi-
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ruses are diverse in their nucleotide and amino acid sequences and host range. This
addresses the possibility that the VPg-SGS3 interaction is a general feature of potyvi-
ruses. Thus, VPg-mediated degradation of SGS3 and its RNA silencing functional partner
RDR6 might also be a conserved event during potyvirus infection.

In this study, treatment with MG132 or 3-MA inhibited the degradation of VPg (Fig.
5D) or VPg-mediated SGS3 degradation (Fig. 5F), suggesting that the degradation of
VPg or the VPg-SGS3 complex occurs via both the ubiquitin-proteasome and au-
tophagy pathways. In TuMV-infected cells, VPg is present either as a soluble form (free
VPg or 6-kDa protein 2 [6K2]-free intermediate precursors) or as a membrane protein
(VPg precursors containing 6K2) (67, 68). Thus, the ubiquitin-proteasome and au-
tophagy pathways may target VPg-SGS3 complexes at different subcellular locations.
Consistent with data from this study, both the ubiquitination and autophagy pathways
have been implicated in viral infections in previous studies (2, 69).

Although VPg is localized predominantly to the nucleus, our data showed that the
VPg-SGS3 interaction takes place in the cytoplasm (Fig. 2B), where SGS3/RDR6 bodies
are normally located. Deletion analyses suggest that VPg interacts with both the NTD
and the XS domain of SGS3. The XS domain of SGS is required for RNA binding activity
(66, 70). Thus, our data address the possibility that VPg may also function by inhibiting
the binding of SGS3 to target RNA.

Several plant viruses, e.g., TuMV, RSV, and Citrus tristeza virus (CTV), encode more
than one VSR, which enables them to target more than one RNA silencing component
to compromise host RNA silencing (21, 71, 72). In addition to VPg (34), the majority of
potyviruses encode a strong VSR, HC-Pro (32, 33). HC-Pro apparently functions through
the sequestration of virus-derived siRNAs (37, 38, 43–46). VPg seems to play a minor
role in suppressing host RNA silencing during TuMV infection (34). A recent study
showed that silencing of SGS3 reduces the amount of PVA RNA only slightly (60). In this
study, we found that VPg is unable to completely eliminate SGS3 in the transient-
expression assay, in transgenic plants, and in TuMV-infected plants (Fig. 1); that
transgenic plants expressing VPg could not induce phenotypes that mimic those of
SGS3 knockout mutants (Fig. 6A); and that knockout of SGS3 slightly promotes TuMV
genomic RNA accumulation. During TuMV infection, RDR1, rather than RDR6, plays a
major role in secondary viral siRNA biogenesis in Arabidopsis (73). Perhaps this explains
why VPg is a less competent VSR in potyvirus infection and why silencing of SGS3, the
partner of RDR6, only slightly affects TuMV and PVA infections. However, knockdown of
RDR6 in N. benthamiana causes hyperaccumulation of PPV and PVY genomic RNAs (74,
75). This discrepancy suggests that the RDR6/SGS3 complex affects potyvirus infections
depending on a particular virus. It is well known that different potyviruses may
selectively recruit different isoforms of a host factor, e.g., eIF4E, to support their
infection (2, 76). It is possible that the respective complex of RDR1 and RDR6 may
selectively target different potyviruses.

Recently, HC-Pro has been shown to induce cytoplasmic RNA granules that contain
the host proteins acidic ribosomal protein P0, AGO1, oligouridylate binding protein 1
(UBP1), varicose (VCS), and eIF(iso)4E (77). These cytoplasmic RNA granules are associ-
ated with HC-Pro VSR activity since point mutations that compromise the VSR activity
of HC-Pro concomitantly abolish its ability to generate RNA granules (77). These
HC-Pro-induced cytoplasmic RNA granules are downregulated by VPg (77). Thus, there
is clearly an interplay between the two VSRs. It would be interesting to test if and how
these two VSRs coordinate their functional roles in suppressing RNA silencing in
potyvirus infections.

MATERIALS AND METHODS
Plant materials. All Arabidopsis thaliana and Nicotiana benthamiana plants were grown in pots at

23°C in a growth chamber under a 16-h/8-h photoperiod with 60% humidity. The sgs3-11 (ABRC stock
number CS24289), sgs3-13 (SALK_039005), and sgs3-14 (SALK_001394) mutants were obtained from the
Arabidopsis Biological Resource Center (ABRC) at The Ohio State University. Screening for homozygous-
mutation lines was performed essentially as described previously (78, 79). Arabidopsis (ecotype Col-0)
plants were transformed by the floral-dip method (80). Transformants were screened by direct spraying
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of solutions containing 20 mg/liter glufosinate-ammonium or 1/2� Murashige & Skoog (MS) medium
supplied with 15 �g/ml hygromycin B and then further confirmed by PCR.

Plasmid constructs. All plasmids used in this work were constructed by using Gateway technology
(Invitrogen, Burlington, Ontario, Canada). TuMV genes were amplified by using the TuMV-GFP infectious
clone (GenBank accession no. NC_002509) as the template. SGS3 (At5g23570) and its truncated mutants
were amplified by using cDNA extracted from wild-type Arabidopsis Col-0 plants. All PCRs were per-
formed with Phusion DNA polymerase (NEB, Pickering, Ontario, Canada). The amplified fragments were
inserted into the pDONR221 or pENTR/D-TOPO entry vector (Invitrogen) and confirmed by DNA se-
quencing.

The entry clones with the DNA fragment of interest were then inserted into the corresponding
gateway-compatible vectors by recombination with Gateway LR Clonase enzyme mix (Invitrogen). In
brief, pEarleyGate-101 and -102 (81), pGWB554, and pGWB514 (82) were used to produce C-terminally
YFP-, CFP-, mRFP-, or 3�HA-tagged fusion constructs. The pEarleyGate-104 or pBA-FLAG-4�Myc-DC
vector (83) was used to yield N-terminally YFP- or FLAG-4�Myc-tagged constructs. Plasmids p35S-YN
gateway and p35S-YC gateway (84), which also contain N-terminal HA and FLAG tags, respectively, were
used to construct C-terminal YN and YC fusion constructs. pGBKT7-472 DEST and pGADT7-DEST (84) were
used to construct N-terminal GAL4 activation domain (AD) or GAL4 DNA binding domain (BD) fusion
constructs. pMDC7 (85) was used for the generation of the 17-�-estradiol-inducible expression vector.

To complement sgs3 mutants under the control of the SGS3 native promoter, a 1,956-bp fragment
upstream of the SGS3 coding sequence was amplified, fused to the SGS3 coding sequence, and then
inserted into the pENTR/D-TOPO entry vector to construct pENTR-na::SGS3. The resulting vector was
recombined into gateway-compatible pEarleyGate-302 (81) to generate plasmid na::SGS3-FLAG.

Confocal microscopy. Fully expanded leaves from 3-week-old N. benthamiana plants were infiltrated
with A. tumefaciens strain GV3101 containing proper constructs at an optical density at 600 nm (OD600)
of 0.2. At 2 days postagroinfiltration (dpa), the infiltrated leaf area was visualized with a Leica TCS SP2
confocal laser scanning microscope (Leica, Germany) as described previously (86). The sequential mode
was used when more than one fluorescence protein was expressed.

Yeast two-hybrid assay. A Y2H assay was performed as described previously (87). Yeast expression
plasmids were introduced into yeast strain AH109 (Clontech) by lithium acetate-mediated transforma-
tion. Transformed yeast cells were plated onto selection medium lacking Trp and Leu, and putative
transformants were transferred to a high-stringency selection medium lacking Trp, Leu, His, and Ade.

Protein work. N. benthamiana or Arabidopsis leaf tissues were sampled with a hole puncher (0.8 cm
in diameter). Three leaf disks from different leaves were ground into fine powder in liquid nitrogen,
mixed with 40 �l protein extraction buffer (50 mM Tris-HCl [pH 7.5], 0.15 M NaCl, 1 mM EDTA, 0.1%
Tween 20, 10% glycerol, 0.1% phenylmethylsulfonyl fluoride [PMSF]) (88), and vermixed for 1 min. The
crude lysate was clarified by centrifugation at 12,000 � g for 1 min at 4°C. The protein concentration in
the supernatant was determined by using a Bio-Rad protein assay. An equal amount of total protein was
aliquoted, brought to 40 �l with protein extraction buffer, and then mixed with 10 �l 5� SDS-PAGE
loading buffer. After being boiled for 5 min at 99°C, the total protein lysate was quick-chilled on ice for
2 min, centrifuged at 12,000 � g for 2 min at 4°C, and stored at �80°C until use or used directly for
SDS-PAGE.

For affinity purification, about 1 g of N. benthamiana or Arabidopsis leaf tissues was ground into fine
powder in liquid nitrogen and then dissolved in 5 ml protein extraction buffer. The crude lysate was
clarified by passage through a double layer of Miracloth (EMD Millipore Ltd., Etobicoke, Ontario, Canada)
and centrifugation at 5,000 � g for 5 min at 4°C. Twenty microliters of anti-FLAG M2 affinity agarose
(Sigma-Aldrich, Oakville, Ontario, Canada) or c-Myc agarose affinity gel (Sigma-Aldrich) was added to the
supernatant to enrich the Myc- or FLAG-tagged target protein by rotating incubation for 2 h at 4°C. After
being washed three times with protein extraction buffer, the agarose beads were mixed with 5�
SDS-PAGE loading buffer and boiled for 5 min at 99°C to release target proteins for SGS-PAGE.

Total protein was separated on 10% or 8 to 16% Mini-Protean TGX precast gels (Bio-Rad) and
transferred onto a polyvinylidene fluoride membrane by using a Trans-Blot SD semidry transfer cell
(Bio-Rad Laboratories Ltd., Mississauga, Ontario, Canada). The membrane was blocked by using TBST (50
mM Tris-HCl [pH 7.5], 150 mM NaCl, and 0.05% Tween 20) with 5% nonfat dry milk at room temperature
for 2 h and incubated with rabbit anti-HA (Sigma-Aldrich) at a 1:5,000 dilution, goat anti-SGS3 (aR-15;
Santa Cruz Biotechnology Inc., Dallas, TX, USA) at 1:500, the rabbit anti-GFP N-terminal domain (Sigma-
Aldrich) at a 1:5,000 dilution, mouse anti-FLAG tag (Sigma-Aldrich) at a 1:10,000 dilution, rabbit anti-FLAG
tag (Sigma-Aldrich) at a 1:5,000 dilution, or rabbit anti-Myc (Abcam Inc., Toronto, Ontario, Canada) at a
1:5,000 dilution for 2 h at room temperature or overnight at 4°C. After being washed six times with TBST,
the membranes were incubated with the proper secondary peroxidase antibodies (Sigma-Aldrich) for 2
h at room temperature. After washing with TBST, the membranes were visualized by using an Immobilon
Western chemiluminescent horseradish peroxidase (HRP) substrate (Millipore) according to the manu-
facturer’s instructions. In each experiment, a parallel gel was stained with Coomassie brilliant blue (CBB)
to monitor equal loading of the samples. Relative quantification of proteins was done by densitometric
analysis using GelAnalyzer 2010 software (http://www.gelanalyzer.com/) according to the instructions
provided. All Western blot analyses were repeated at least three times.

RNA extraction and real-time quantitative RT-PCR. Total RNA was isolated from Arabidopsis leaf
tissues by using the RNeasy Plant minikit (Qiagen Inc., Toronto, Ontario, Canada) according to the
supplier’s instructions. First-strand cDNA synthesis was carried out with an oligo(dT)12–18 primer using
Superscript III reverse transcriptase (Invitrogen). RT-PCR and real-time qRT-PCR were performed essen-
tially as described previously (89). For qRT-PCR to determine viral RNA accumulation and SGS3 transcript
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levels, a 20-�l volume containing 4 �l of 10-fold-diluted cDNA, 5 �M each primer, and 1� SYBR green
PCR mix (Bio-Rad) was used. The relative transcript abundance was estimated by using Bio-Rad CFX
Manager software (Bio-Rad). SGS3 transcripts were quantified by using the primer set SGS33-RTF
(5= -CCAGCAGCAGCAGAACATTA-3=) and SGS3-RTR (5=-TCCTCGTGATGCCTCTTCTT-3=). The genomic RNA
level of TuMV was determined by amplification of a 257-bp coat protein (CP) gene fragment using the
primer set TuMV-CPrtF (5=-CAGGTTTGACAGACGAGCAA-3=) and TuMV-CPrtR (5=-CCAGAGGTTCCAGCGTT
TAC-3=). Arabidopsis Actin II gene (At3g18780) transcripts, amplified with primers Actin2-rtF (5=-CCGGT
ATTGTGCTGGATTCT-3=) and Actin2-rtR (5=-TTCTCGATGGAAGAGCTGGT-3=), were used as an internal
control. Except where otherwise stated, each treatment contained five biological repeats, each with three
technical repeats. All experiments were repeated at least three times.
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