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Autophagy is a conserved intracellular degradation pathway and has emerged as a key mechanism of antiviral immunity in
metazoans, including the selective elimination of viral components. In turn, some animal viruses are able to escape and
modulate autophagy for enhanced pathogenicity. Whether host autophagic responses and viral countermeasures play similar
roles in plant-virus interactions is not well understood. Here, we have identified selective autophagy as antiviral pathway
during plant infection with turnip mosaic virus (TuMV), a positive-stranded RNA potyvirus. We show that the autophagy cargo
receptor NBR1 suppresses viral accumulation by targeting the viral RNA silencing suppressor helper-component proteinase
(HCpro), presumably in association with virus-induced RNA granules. Intriguingly, TuMV seems to antagonize NBR1-
dependent autophagy during infection by the activity of distinct viral proteins, thereby limiting its antiviral capacity. We also
found that NBR1-independent bulk autophagy prevents premature plant death, thus extending the lifespan of virus reservoirs
and particle production. Together, our study highlights a conserved role of selective autophagy in antiviral immunity and
suggests the evolvement of viral protein functions to inhibit autophagy processes, despite a potential trade-off in host survival.

Autophagy is a conserved intracellular transport and
degradation pathway in which specialized double-
membrane vesicles, so-called autophagosomes, deliver
cytoplasmic material to lytic compartments (Klionsky
and Codogno, 2013). Autophagosomes arise from
expanding isolation membranes (or phagophores) that
engulf autophagic substrates in a bulk or selective
process, and subsequently fuse with the lysosome (in
mammals) or vacuole (in yeast and plants) to release the
sequestered cargo for breakdown by acid hydrolases.
Initiation and completion of autophagy therefore relies
on extensive membrane remodeling and trafficking
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events and involves the coordinated action of more
than 30 autophagy-related proteins (ATGs; Mizushima
et al., 2011; Lamb et al., 2013). Autophagy is constitu-
tively active at basal levels to maintain cellular ho-
meostasis, but can be substantially induced to promote
cellular and organismal survival in various stress con-
ditions including aging, starvation, and microbial in-
fection (Boya et al., 2013; Klionsky and Codogno, 2013).
While nonselective autophagy of cytoplasmic portions
has been mainly implicated in nutrient remobilization
and support of energy demand, selective autophagic
mechanisms are increasingly recognized in the specific
removal of superfluous or toxic cellular components
(Reggiori et al., 2012). Multiple targets of selective au-
tophagy have been identified, ranging from single and
aggregated proteins to whole organelles and intracel-
lular pathogens (Svenning and Johansen, 2013). Their
recruitment to growing autophagosomes is mediated
by cargo adaptor proteins like p62/SQSTM1 and NBR1
that interact with membrane-associated ATGS8/LC3
through a conserved motif termed LC3-interacting re-
gion (LIR; Svenning and Johansen, 2013; Stolz et al., 2014;
Zaffagnini and Martens, 2016). In addition, both proteins
share an N-terminal PB1 domain for polymerization and
a UBA domain at the C terminus that mediates the in-
teraction with mono- and polyubiquitin and can be in-
volved in cargo recognition (Svenning et al., 2011).

In metazoans, autophagy plays well-established
roles in adaptive and innate immunity against viruses
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including the direct targeting of viral components, for
example via p62/SQSTM1 (Shelly et al., 2009; Berryman
et al., 2012; Judith et al., 2013). In turn, many viruses
have evolved measures to antagonize antiviral au-
tophagy or even hijack autophagic mechanisms for viral
replication, subversion of immune responses, and pro-
motion of cellular lifespan (Dong and Levine, 2013). In
plants, autophagy has been linked to the regulation of
defense hormone signaling and host cell death, and
some pathogens were found to manipulate autophagy
processes for enhanced virulence (Kabbage et al., 2013;
Dagdas et al.,, 2016). Only very recently, functions of
autophagy in virulent plant virus infection have begun
to emerge. We could demonstrate that NBR1 mediates
selective autophagic degradation of the viral capsid
protein and particles of Cauliflower mosaic virus
(CaMV) in a process referred to as xenophagy (Hafrén
et al., 2017). In addition, the autophagy pathway was
shown to contribute to antiviral immunity against
geminiviruses (Haxim et al.,, 2017) and also appears to
be co-opted by some viral proteins to remove plant
defense components (Derrien et al., 2012; Cheng and
Wang, 2016). Thus, autophagy may turn out to be
similarly important in host-virus interactions in plants
as observed in animals.

RNA silencing is regarded as the primary antiviral
defense in plants, and successful viruses have evolved
viral suppressors of RNA silencing (VSRs) to escape
this resistance mechanism (Csorba et al., 2015). The
absence or dysfunction of VSRs is sufficient to cause
immunity to virus infection in plants, highlighting the
importance of a functional RNA silencing pathway in
host defense and VSR activity in viral counter-defense
(Diaz-Pendon et al., 2007; Garcia-Ruiz et al., 2010). In
general, RNA silencing involves the processing of
dsRNA molecules by DICER-like proteins (DCLs) into
virus-derived small RNAs, which are subsequently in-
corporated in the RNA-induced silencing complex
(RISC) to guide the cleavage or translational inhibition
of complementary viral RNAs. Emerging evidence in-
dicates that VSRs are able to interfere with almost every
step in the RNA silencing pathway. Intriguingly, the
polerovirus VSR PO was shown to target the key RISC
component ARGONAUTE1 (AGO1) for degradation
by autophagy mechanisms (Derrien et al., 2012). On the
other hand, VSRs such as the potyviral helper-component
proteinase (HCpro), cucumoviral 2b, and geminiviral
bC1 themselves seem to be removed by autophagy as
part of the plant’s counter-counterdefense (Nakahara
et al., 2012; Haxim et al., 2017). Together, these findings
support autophagy functions in antiviral RNA silencing
in plants.

In this study, we investigated how bulk and NBR1-
dependent selective autophagy pathways contribute to
virus accumulation and disease development during
turnip mosaic virus (TuMYV) infection. TuMYV is a positive-
stranded RNA virus of the economically important genus
Potyvirus (family Potyuviridae), and a compatible pathogen
of the model plant Arabidopsis (Arabidopsis thaliana). The
cellular infection cycle of TuMV involves translation of a
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monocistronic viral RNA into at least 11 viral proteins, of
which several participate in the assembly of membrane-
associated viral replication complexes (VRCs; Revers and
Garcia, 2015). TuMV VRCs can concentrate, together with
other membranous structures, ribosomes, electron-dense
granules, and viral particles, in large perinuclear assem-
blies. Recently identified potyvirus-induced RNA gran-
ules (PGs) were found to locate in proximity to VRCs
(Hafrén et al., 2015). Importantly, the viral silencing sup-
pressor HCpro promotes and localizes to PGs together
with several host proteins found in canonical cytoplasmic
RNA granules like processing bodies (PBs) and stress
granules (SGs) (Hafrén et al., 2015). Since the majority of
PG components proved to be essential for the infection
process, PG functions seem to be coupled to both viral
translation and suppression of antiviral RNA silencing
(Hafrén et al., 2015). Intriguingly, the unrelated gem-
inivirus protein BV1 activates a PB component to weaken
RNA silencing (Ye et al., 2015), suggesting a more general
role of PBs in the control of antiviral RNA silencing in
plants. However, similar to autophagy, the knowledge of
RNA granule function during plant virus infection is still
in its infancy compared to metazoan viruses (Tsai and
Lloyd, 2014).

Here, we report that NBR1 specifically targets HCpro
in the context of virus-induced RNA granules to sup-
press TuMV accumulation. The antiviral capacity of the
NBR1-dependent autophagy pathway, however, seems
to be antagonized by TuMV proteins during infection.
Finally, we show that NBR1-independent autophagy
prevents premature cell death and extends the time-
span of virus production, suggesting a potential epi-
demiological trade-off between viral interference with
autophagy and host survival.

RESULTS
Autophagy Promotes Plant Fitness during TuMV Infection

To evaluate whether autophagy plays a role in disease
development during TuMV infection, we first examined
symptom severity in Arabidopsis loss-of-function mu-
tants of the core autophagy genes ATG5 and ATG7 and
the autophagy cargo receptor NBR1. Twenty-one days
after inoculation (DAI) with TuMV, we observed stron-
ger disease symptoms including severe stunting, accel-
erated leaf senescence, and tissue necrosis in afg5 and
atg7 compared to Col-0 wild-type and nbr1 plants (Fig.
1A). The pronounced disease phenotype was supported
by the drastically increased reduction in total chloro-
phyll content and fresh weight for infected atg5 and atg7
plants in comparison to wild type and nbr1 (Fig. 1, B-E).

Autophagy-deficient mutants such as atg5 are known
to display enhanced aging- and pathogen-induced se-
nescence in association with inappropriate accumula-
tion of ubiquitinated proteins and enhanced ER stress
(Munch et al., 2014). This phenotype is promoted by
elevated levels of salicylic acid (SA) and repressed by
loss of the SA response regulator NONEXPRESSOR OF
PR1 (NPR1) in the atg5 nprl double mutant (Yoshimoto

Plant Physiol. Vol. 176, 2018



nprl atg5 npri

_B non-infected _c TuMV infected

2 80 210

S 601 T 2

° T L 2 6 i
5 40 .

o j=2]

£ 20 £ 2 1 1

WT atg5 atg/ nbrl npriatg5 WT atg5 atg7 nbrinpriatgs

D npri E nprl
- non-infected s i TuMV infected
£ 800 ] £120 ] i
T [ T -
2 600 [ T2 90 i
= [ =
g 400 ' g 60 ;
o o i
£ 200 | g 30
WT atg5 atg7 nbrl npriatgs WT atg5 atg7 nbr1 npriatgs
npri npril
F WT nbri atgs G ;\FU_M\V‘) H3
P
Fv %
P @ 2 i
- 1
ol | ;]
w1 "
-—
*Y*
WTnbriatgs

Figure 1. Autophagy promotes plant fitness during TuMV infection. A,
Virus-induced symptoms in wild-type, atg5, atg7, nbr1, npri, and atg5
npr1 plants at 21 DAI with TuMV (bottom) compared to noninfected
controls (top). B and C, Total chlorophyll content of infected (B) and
noninfected (C) plants at 21 DAI (n = 8 individual plants). D and E, Fresh
weight of infected (D) and noninfected (E) plants at 21 DAI (n = 8 individual
plants). F, Virus-induced symptoms in wild-type, nbr1, and atg5 plants at
28 DAl (bottom) compared to noninfected controls (top). G, Total protein
analysis by SDS-PAGE and Coomassie Brilliant Blue staining in TuMV-
infected wild-type, nbr1, and atg5 plants at 28 DAl compared to nonin-
fected wild-type control (C). H, Direct ELISA detecting viral CP levels in
wild-type, nbr1, and atg5 at 28 DAI (n = 6 individual plants). All values
represent means = sp. Statistical significance (*P<0.05; *P<0.01) was
revealed by student’s ¢ test (compared with wild type).

et al.,, 2009; Munch et al., 2014). Since potyvirus infection
has previously been linked to ER stress and the unfolded
protein response (UPR; Luan et al., 2016; Verchot, 2016),
we tested whether the disease outcome in atg mutants is
accelerated by NPR1. We found that TuMV-induced
symptom development was clearly attenuated in atgs
nprl compared to atgh, but still significantly stronger
than in wild-type or npr1 plants (Fig. 1).

Together, these results indicate that the increased
disease phenotype triggered by autophagy deficiency is
partly coupled to SA-dependent NPR1 stress responses,
and that autophagy promotes plant fitness and dampens
symptom severity during TuMV infection independently
of NBRI. Intriguingly, symptom analysis later in infection
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revealed complete collapse and death of atg5 plants (Fig.
1F), which was supported by the dramatic loss of protein
content compared to wild-type and nbr1 plants (Fig. 1G).
ELISA analysis of viral capsid protein (CP) further
showed that, in contrast to wild type and nbrl, TuMV
was hardly detectable in atgb plants at this late infection
stage, suggesting that autophagy-mediated plant fitness
is essential for virus survival (Fig. 1, G-H).

NBR1-Dependent Autophagy Suppresses TuMV Infection

Since CP determination in nbr1 indicated significantly
enhanced TuMYV levels compared to wild type (Fig. 1H),
we sought to investigate the impact of NBR1 and au-
tophagy on virus accumulation in more detail. We first
examined TuMV RNA levels in wild-type, atg5, atg7, and
nbrl plants at different time points of infection. Impor-
tantly, all autophagy-deficient mutants displayed in-
creased viral RNA accumulation relative to wild type at
12 DAL but the effect occurred with a slightly delayed
kinetics in nbrl compared to atgb and atg7 plants
(Supplemental Fig. S1). To test whether NBR1 suppressed
viral titers by autophagy-dependent functions, we used
an atgs nbrl double mutant and compared TuMV RNA
levels to the single mutants. We did not detect a signifi-
cant additive effect of nbrl and atgb mutations on virus
accumulation, indicating that NBR1 restricts TuMV in-
fection through the autophagy pathway (Fig. 2, A and B).
We then verified the NBR1-mediated impact on TuMV
accumulation by transient overexpression of NBR1 in
Nicotiana benthamiana leaves. Agroinfiltration of an NBR1
expression construct together with an infectious TuMV
clone decreased both viral RNA and protein levels in
comparison to the coexpressed GUS control (Fig. 2C),
further supporting the antiviral activity of NBR1. Finally,
we found that nbrl and atgs mutant plants displayed
significantly enhanced infection rates upon mechanical
inoculation with reduced concentration of isolated parti-
cles (Fig. 2D), suggesting that NBR1-dependent autoph-
agy suppresses the establishment of TuMV infection.

NBR1, ATGS8a, and Ubiquitin Accumulate in Large
Aggregate-Like Structures during Infection

The observed altered disease development and TuMV
accumulation in autophagy-deficient mutants prompted
us to analyze whether autophagy levels are changed
during TuMYV infection. We first monitored expression
of the autophagic markers ATG8a and NBR1 (Zhou
et al,, 2013) and found that transcript and protein levels
of both genes were highly increased upon TuMV chal-
lenge compared to the noninfected control, suggesting a
virus-triggered autophagy response (Fig. 3, A and B).
However, since the cargo adaptor NBR1 itself is a sub-
strate of the autophagy pathway (Svenning et al., 2011),
the drastic accumulation of NBR1 protein might indi-
cate reduced degradation and thus perturbed autopha-
gic flux during TuMV infection (Svenning et al., 2011;
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Figure 2. NBR1-mediated autophagy suppresses TuMV infection. A,
TuMV RNA levels determined by RT-qPCR in systemic leaves of atg5,
atg7, nbri1, and atg5 nbr1 relative to wild-type plants at 10 DAL. Values
represent means * sp (n = 4 biological replicates) relative to wild type
and were normalized with PP2A as internal reference. B, RT-qPCR analysis
of TuMV RNA levels in response to transient over-expression of NBR1 in
N. benthamiana leaves at 5 DAI relative to GUS expression (control).
Values represent mean = sp (n = 4) and were normalized to PP2a. C,
Immunoblot analysis of viral protein levels (GFP and CP) in samples of
NBR1 over-expressing N. benthamiana leaves used in B. Coomassie
Brilliant Blue staining of the membrane verified comparable protein
loading. D, Mechanical inoculation of wild-type, nbri, and atg5 plants
with 50 or 10 ng of isolated TuMV particles. The infection rates were based
on symptom appearance in systemic leaves at 21 DAl and are given as
mean =* sp (n = 7 independent inoculations of 18 plants per genotype).
Statistical significance (**P < 0.01) was revealed by Student’s ¢ test.

Munch et al., 2014, 2015). Notably, we did not observe
similar accumulation of NBR1 during previous CaMV
infections despite comparably elevated transcript levels
(Hafrén et al., 2017). To analyze further the significance
of the NBR1 degradation defects, we compared NBR1
protein levels in infected wild-type plants to those in atg5
and atg7 mutants, which are completely blocked in
NBR1 delivery and turnover in the vacuole (Svenning
etal., 2011; Munch et al., 2014). NBR1 accumulation was
almost as strong in wild-type as in atg5 and atg7 plants
during TuMV infection, supporting the notion that
TuMV substantially reduces NBR1 flux (Fig. 3C). In
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addition, we assayed whether increased levels of NBR1
correlated with the amount of poly-ubiquitinated proteins,
which are known targets of NBR1-mediated autophagic
degradation (Svenning et al, 2011; Zhou et al, 2013).
While all genotypes showed a marked accumulation of
ubiquitinated proteins in response to TuMYV, the effect was
more pronounced in atgb, atg7, and nbrl compared to
wild-type plants (Fig. 3C). These results suggested that
NBR1 flux is compromised during TuMV infection.

We then analyzed the subcellular localization of
NBR1 in response to TuMV challenge using transgenic
plants expressing NBR1-RFP under its own promoter.
In contrast to the even distribution in the vacuole of
noninfected plants, NBR1-RFP accumulated to high
levels and localized in large cytoplasmic aggregate-like
structures during systemic infection (Supplemental Fig.
S2). Imaging of GFP-ATG8a and NBR1-RFP coex-
pressing transgenic plants revealed a large number of
GFP-ATG8a structures that partially accumulated in
NBRI1 aggregates during infection (Fig. 3D). Similar to
NBR1 aggregates, the GFP-ATGB8a-labeled punctate
structures were mainly observed in response to infec-
tion (Supplemental Fig. S3). Furthermore, we also
found that NBR1-RFP aggregates were colabeled with
GFP-ubiquitin in coexpressing transgenic plants (Fig.
3E). Quantification of GFP-ATGS8a-labeled puncta
underscored their strong accumulation during TuMV
infection (Fig. 3F). To test whether NBR1-independent
autophagy processes are similarly impacted during
TuMYV infection, we applied the established GFP-ATGS8
processing assay to monitor “bulk” autophagy flux
(Chung et al., 2010). Interestingly, this analysis revealed
an increased accumulation of free GFP, derived from
autophagic turnover of GFP-ATGS in the vacuole, in
TuMV- compared to non-infected plants (Fig. 3G). To-
gether, these findings suggest that the autophagy
pathway is induced but NBR1 flux substantially re-
duced during TuMV infection. Notably, the observed
free GFP generation from GFP-ATGSa (Fig. 3G) as well
as the enhanced ubiquitin (Fig. 3C) and viral RNA (Fig.
2A) accumulation in atgb, atg7, and nbrl mutants
compared to wild type support the notion that au-
tophagy and NBR1 flux remain, at least to some extent,
functional during TuMYV infection.

To further dissect which NBR1 domains are impor-
tant for the TuMV-induced NBR1 localization, we an-
alyzed previously described NBR1 mutant variants
(Svenning et al., 2011) in the transient N. benthamiana
system. These mutants carried a point mutation (K11A)
in the PB1 domain, a double-point mutation (W661A /
1664A) in the LIR-domain, or a deletion in the UBA2
domain (AUBA2). In marked contrast to wild-type
NBR1, all mutants lost almost completely the ability
to localize to the TuMV-induced perinuclear aggregate
structure (Fig. 3H), indicating that self-oligomerization
as well as ATGS8- and ubiquitin-binding of NBR1 are
required for infection-triggered redistribution. These
results reinforced that NBR1 functions are coupled to
autophagy and are in line with the colocalization of
NBR1, ATG8a, and ubiquitin during TuMV infection.

Plant Physiol. Vol. 176, 2018
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Figure 3. TuMV infection induces large aggregate-like structures containing NBR1, ATG8, and ubiquitin. A, RT-qPCR analysis of
ATG8aand NBRT transcript levels in TuMV infected wild-type plants at 10 DAI compared to noninfected plants. Values represent
mean = sp (n = 3) relative to noninfected control and were normalized to UBQ9 and PP2a. Statistical significance (**P < 0.01)
was revealed by Student’s ttest. B, Immunoblot analysis of ATG8a and NBR1 protein levels in TuMV-infected and control plants at
10 DAL Two biological replicates were analyzed and accumulation of the cell cycle protein CDC2 served as reference. C, Im-
munoblot analysis of NBR1 and ubiquitin (Ub) in noninfected (-) and infected (+) wild-type, atg5, atg”7, and nbr1 plants. Ponceau S
staining (PS) of the membrane was used as loading control. D, Localization of stably coexpressed NBR1-RFP and GFP-ATG8a in
TuMV-infected transgenic Col-0 plants at 14 DAI. The images are Z-stack projections and scale bar = 20 um. E, Localization of
GFP-ubiquitin and NBR1-RFP in stably expressing transgenic Col-0 plants. Images represent single confocal plains. Scale bar =
20 wm. F, The number of GFP-ATG8a puncta was quantified from TuMV-infected and healthy Col-0 that stably expressed GFP-
ATG8a at 14 DAI. Puncta were calculated from single plains of individual Z-stacks (n =7 per condition) using ImageJ. Center lines
show the medians; box limits indicate the 25th and 75th percentiles as determined by R software; whiskers extend 1.5 times the
interquartile range from the 25th and 75th percentiles and data points are plotted as white circles. G, Immunoblot analysis of
NBR1 accumulation and GFP-ATG8a processing in stably expressing Col-0 plants in the absence (control) or presence of TuMV,
using anti-NBR1 and anti-GFPantibodies. PS of the membrane served as loading control. The non-GFP tagged TuMV-2 isolate was
used in D, E, Fand G. H, Association of RFP-tagged NBR1 mutants K11A, W661A 1664A, and AUBA2 in comparison to NBR1
wild type with virus factories (arrow) upon coexpression with TuMV-GFP in N. benthamiana. Scale bar = 10 um. N indicates
nucleus. Images represent single confocal planes.

NBR1 Targets RNA Granules Containing the Viral RNA 2012). As HCpro turnover would be a plausible ex-
Silencing Suppressor HCpro planation for how autophagy suppresses TuMV in-
fection, we addressed if HCpro is a direct target of

HCpro functions as potyviral suppressor of RNA NBRI. Intriguingly, transient expression of RFP-NBR1
silencing and was previously proposed to undergo and YFP-HCpro revealed colocalization in granule-
autophagic degradation based on its partial stabiliza- like cytoplasmic structures (Supplemental Fig. S4),
tion by the autophagy inhibitor 3-MA (Nakahara et al., resembling those recently described as PGs (Hafrén
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et al., 2015). PGs were so far shown to be induced
by the silencing competent HCpro and to contain
RNA regulating proteins AGO1, ribosomal P0, elF(iso)
4E, UBP1, VCS, and DCP1, in addition to viral RNA.
Consistent with this, we observed localization of
AGOL1 to HCpro and NBR1 colabeled foci (Fig. 4A)
and also confirmed that expression of HCpro but
not of the silencing suppression-defective HCpro
mutant AS9 (HCpro™®) increased the frequency of
NBR1 aggregates compared to the GUS control (Fig.
4B). Furthermore, we found that overexpression of
NBR1, but not the NBR1 LIR mutant, increased the
frequency of PGs (Fig. 4C), indicating that NBR1
promotes PG assembly in an ATG8-binding depen-
dent manner.

Similar to the association of NBR1 with perinuclear
TuMV viroplasm (Fig. 3H), its colocalization with
HCpro in PGs was highly decreased by mutations in
the PB1, LIR, and UBA2 domains (Supplemental Fig.
54). Moreover, PGs were clearly labeled by ubiquitin as

overlay

revealed by coexpression of YFP-HCpro and RFP-
ubiquitin in N. benthamiana leaves (Fig. 4D). We
therefore speculate that ubiquitination attracts NBR1 to
PGs via the UBA2 domain and involves NBR1 self-
oligomerization. In addition, the requirement of
ATGS binding suggested autophagosomal targeting of
PGs. To test if HCpro undergoes autophagic degrada-
tion, we used a transgenic line expressing YFP-HCpro
under control of an estradiol-inducible promoter and
applied Concanamycin A (ConA) to block vacuolar
proteolysis. Following HCpro expression, we observed
multiple YFP-labeled structures reminiscent of auto-
phagic bodies in root vacuoles of ConA-treated seed-
lings compared to the control (Fig. 4E). In addition, the
ConA-stabilized HCpro structures were frequently
colabeled with NBR1-RFP (Supplemental Fig. S5), and
we also detected ConA-mediated stabilization of both
NBR1 and HCpro at the protein level (Fig. 4F). Finally,
NBR1 was identified in immunoprecipitates of induced
HCpro protein (Fig. 4G).
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Figure 4. NBR1 associates with and mediates autophagic degradation of HCpro. A, Colocalization of CFP-AGO1, YFP-HCpro,
and RFP-NBR1 upon transient coexpression in N. benthamiana leaves. Single confocal planes are shown together with the
overlay. Scale bar = 20 um. B, Frequency of NBR1 aggregates upon coexpression of RFP-NBR1 with HCpro, GFP, or HCpro*°
in N. benthamiana leaves. Values represent means * sp (n = 16 independent leaf areas of 1 mm?). C, Frequency of cells with
HCpro-labeled PGs upon coexpression of YFP-HCpro with control GUS, NBRT, and NBR1 (W661A, W664A) LIR mutant in
N. benthamiana. Values represent means + sb (n = 16 independent leaf areas of 1 mm?). D, Colocalization of YFP-HCpro and
RFP-ubiquitin (Ub) upon coexpression in N. benthamiana 3 d after infiltration. Scale bar = 20 um. E, Localization of YFP-
HCpro in the presence or absence of ConA in estradiol-inducible transgenic Col-0 plants. B-estradiol (5 um) induction was
done together with DMSO or 0.5 um ConA, followed by confocal imaging of the roots. YFP-labeled puncta detectable upon
ConA treatment indicate HCpro accumulation in the vacuole. F, HCpro and NBR1 protein accumulation in estradiol-induced
transgenic seedlings in the presence of DMSO or ConA. Immunoblot analysis was done in parallel with E and used anti-GFP
antibody to monitor HCpro expression and anti-NBR1 antibody for detection of native NBR1 levels. Noninduced transgenic
seedlings served as control and PS was used to indicate equal loading. G, Immunoprecipitation (IP) of estradiol-induced YFP-
HCpro reveals specific association with NBR1. Immunoblots of input and IP samples from non- (-) or estradiol- (+) induced
seedlings were probed with anti-GFP and anti-NBR1 antibodies as in F. Both induced and control seedlings were treated with
0.5 um ConA to prevent autophagic degradation.
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Together, these results reinforced the link between
HCpro and NBR1 and supported that HCpro is targeted
for vacuolar degradation via NBR1-mediated autophagy.

NBR1 Suppresses TuMV Infection by Targeting HCpro

To address whether HCpro is degraded via NBR1-
mediated autophagy during TuMV infection, we fol-
lowed accumulation of both HCpro and CP over time in
wild-type, nbrl, and atg5 plants (Fig. 5A). While CP
accumulated to slightly higher levels in atgb at 10 DAI
and in nbr1 and atg5 at 14 DAI compared to wild-type
plants, it remained rather unchanged in both mutants at
the early time point (6 DAI). In contrast, increased ac-
cumulation of HCpro was more pronounced and oc-
curred earlier than that of CP in nbrl1 and atgb plants
relative to wild type, supporting that HCpro is de-
graded by NBR1-mediated autophagy during infection.

To assess whether NBR1 restricts TuMV infection
in an HCpro-dependent manner, we then constructed
a TuMV_ mutant devoid of HCpro (TuMVAHPr),
TuMV*HP™ did not cause any symptoms in wild type
and nbr1, but remained virulent in dcl2 dcl4 plants (Fig.
5B). Infection with the TuMV wild-type strain resulted
in a similar elevation of viral RNA levels in dc/2 dcl4 and
nbrl relative to wild-type plants and an additional in-
crease in the dcl2 dcl4 nbrl triple mutant (Fig. 5C),
suggesting that NBR1-mediated suppression of TuMV
infection is still operating in the dcl2 dcl4 background.
In the case of TuMVAHP™ viral RNA accumulated to
low levels in both wild-type and nbrl plants but, as

TuMV Interferes with Antiviral Selective Autophagy

expected, was substantially increased in dcl2 dcl4 plants
(Fig. 5D). RT-PCR analysis verified the absence of
HCpro in TuMV*HP™ infected tissue (Supplemental
Fig. S6). Importantly, TuMV*"“P" RNA did not accu-
mulate to higher levels in nbr1 compared to wild type or
indcl2 dcl4 nbrl compared to dcl2 dcl4 plants. Together,
these results indicate that NBR1 limits infection via
HCpro independently of DCL2- and DCL4-mediated
processes. Moreover, TuMV*"“P RNA levels were
significantly reduced in dcl2 dcl4 compared to wild-type
TuMV, further supporting a proviral role of HCpro in
the dcl2 dcl4 background and thus explaining the ad-
ditive viral RNA accumulation in dci2 dcl4 nbrl.

Viral VPg and 6K2 Proteins Block NBR1 and
HCpro Degradation

We then aimed to identify the cause of NBR1 accu-
mulation during TuMV infection. Notably, NBR1 and
poly-ubiquitinated proteins accumulated also to high
levels during TuMV*HP™ infection of dcl2 dcl4 plants
(Fig. 6A), essentially uncoupling HCpro from the re-
sponse. This notion was further strengthened by the
abundant aggregation of NBR1-RFP in dcl2 dcl4 upon
TuMV*HP infection (Fig. 6B). Previous work showed
that the viral 6K2 protein interacts with the ER and
early secretory pathway and induces distinct types of
ER-derived vesicles required for VF formation (Weiand
Wang, 2008; Wei et al., 2010). Because the 6K2-related
3A protein of enteroviruses was shown to colocalize
with ATG8/LC3 upon ectopic expression (Klein and
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Figure 5. NBR1 suppresses TuUMV infection by targeting HCpro. A, Immunoblot analysis of HCpro and CP accumulation in wild-
type, nbr1, and atg5 plants at 6, 10, and 14 DAI with TuMV. PS was used as loading control. B, Infectivity of TuMV and TuMyAHCpro
in wild-type, nbri, dcl2 dcl4, and dcl2 dcl4 nbr1 plants after Agrobacterium-mediated inoculation. Appearance of typical TuMV
disease symptoms in systemic tissue was used to score infections at 14 DAI, and the numbers of infected plants of 18 inoculated
plants per treatment are indicated. C and D, Viral RNA levels determined by RT-qPCR in systemic leaves of TuMV- (C) and
TuMVAHCP™_ (D) infected wild-type, nbri, dcl2 dcl4, and dcl2 dcl4 nbr1 plants. Values represent means = sp (n = 4) of viral RNA
relative to the internal reference (PP2a). Statistical significance (*P < 0.05) was revealed by Student’s ttest. n.s. = not significant.
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compared to the noninfected plants. PS was used as loading control. B,
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with GUS, 6K2-RFP, or VPg-RFP in N. benthamiana at 3 d after infil-
tration. PS was used as loading control. D, Confocal analysis of NBR1-
GFP coexpressed with GUS, 6K2-RFP, or VPg-RFP in N. benthamiana at
3 d after infiltration. Scale bar = 20 um.

Jackson, 2011), we hypothesized that 6K2 might inter-
fere with the autophagy pathway to block NBR1 flux.
Additionally, the potyviral protein VPg was shown to
promote viral RNA accumulation and translation in an
HCpro- and PG-dependent manner (Hafrén et al,
2015). Thus, we addressed whether these proteins can
affect NBR1 and HCpro amounts. We found that tran-
sient expression of VPg, and to a lesser extent also 6K2,
increased the level of coexpressed YFP-HCpro and
GFP-NBR1 (Fig. 6C). GFP-NBR1 remained below de-
tection limit in the GUS control. Importantly, neither
VPg nor 6K2 caused accumulation of the ATG8 binding-
deficient GFP-NBR1 LIR mutant that is no longer
degraded by autophagy (Svenning et al., 2011; Fig. 6C),
suggesting that accumulation of NBR1 was caused
through VPg/6K2-mediated inhibition of autophagy.
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Microscopy analysis further supported that GFP-
NBR1 accumulated to higher levels upon coexpression
of 6K2-RFP and VPg-RFP compared to the GUS control
(Fig. 6D). However, GFP-NBR1 remained evenly
distributed when coexpressed with 6K2 and VPg,
indicating that these proteins alone are not sufficient
to induce the NBRI1-labeled aggregates observed
during TuMYV infection. Together, the identification
of viral proteins that interfere with the NBR1-mediated
degradation of HCpro reveals a high complexity in the
interaction of TuMV with autophagic processes. How-
ever, the virus-induced inhibitory effect is not complete,
because NBRI1 still degrades HCpro to some extent
during infection and reduces viral RNA accumulation
via HCpro (Fig. 5).

NBR1-Mediated Autophagy Suppresses Infection of
Another Potyvirus

Finally, we addressed whether the effects of NBR1
and autophagy also applies to other potyviruses and
thus analyzed the response to watermelon mosaic virus
(WMV). Symptom severity during WMV infection was
much stronger in atg5 compared to wild type, but
overall milder than for TuMV (Fig. 7A). Similar to
TuMV, atgb plants developed tissue death, but its pro-
gression was considerably slower upon WMV chal-
lenge. We also found that WMV RNA accumulated to
higher levels in nbr1 and atg5 plants compared to wild
type (Fig. 7B). In contrast to TuMV, both NBR1 and
ATG8a transcript levels were largely unaffected by
WMYV infection (Fig. 7C). Nevertheless, the NBR1 pro-
tein level was strongly elevated also for WMV (Fig. 7D),
reinforcing that both potyviruses reduce NBR1 flux.
Because viral RNAs of TuMV and WMV accumulated
to comparable levels (Fig. 7E), the infection strength per
se does not seem to account for the differences in
symptom severity and NBR1/ATG8a transcription. We
conclude that both the antiviral NBR1 response and
autophagy-mediated promotion of plant survival ap-
plies also to WMV and possibly potyviruses in general.

DISCUSSION

A wide range of virus infections in animals has been
shown to involve autophagy functions. These include
roles in immune signaling, maintenance of cellular ho-
meostasis and viability, provision of membranes for
virus replication, as well as degradation of viral com-
ponents in a process termed xenophagy or virophagy
(Dong and Levine, 2013). The frequent capacity of an-
imal viruses to suppress, evade, and adopt the au-
tophagy pathway for successful pathogenesis conveys
its potential antiviral roles and coevolution with infec-
tions. A similar relevance of autophagy processes for
plant-virus interactions has just recently begun to
emerge (Cheng and Wang, 2016; Hafrén et al., 2017;
Haxim et al., 2017; Li et al., 2017).
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In this study, we reveal the complex interplay of plant
autophagy with TuMV, a positive-stranded RNA virus
belonging to the economically important picorna-like
potyviruses. Our findings suggest that (1) the autophagy
cargo receptor NBR1 suppresses infection by targeting
potyvirus-induced RNA granules including the viral si-
lencing suppressor HCpro for degradation, (2) the antiviral
capacity of NBR1-dependent autophagy is antagonized by
viral proteins during infection, and (3) NBR1-independent
bulk autophagy promotes plant fitness to the benefit of
virus production and potyvirus epidemiology. We pro-
pose that the crosstalk and functions of autophagy in de-
fense and counter-defense reflects on the coevolutionary
arms race between plants and potyviruses (Fig. 8).

We identified NBR1-dependent selective autophagy
to contribute to the suppression of TuMV infection.
Importantly, plant infection with a TuMV mutant de-
void of HCpro (TuMV*HP™) was no longer suppressed
by NBR1, pinpointing HCpro-dependent processes
as the essential antiviral autophagy target. NBR1 is
regarded as a functional hybrid of the animal autoph-
agy cargo receptors NBR1 and p62/5QSTM1 (Svenning
et al.,, 2011; Judith et al., 2013), of which the latter has
been shown to participate in antiviral immunity by
mediating the degradation of capsid proteins and par-
ticles of several animal viruses (Shelly et al., 2009;
Orvedahl et al,, 2010, 2011; Berryman et al., 2012; Judith
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et al, 2013). In plants, however, specific NBR1 targets
remained largely unknown beyond a general role in deliv-
ering poly-ubiquitinated substrates to autophagy (Svenning
et al,, 2011; Zhou et al., 2013). Only recently, we found that
NBR1-mediated targeting of nonassembled capsid protein
and particles is an integral part of the antiviral immune re-
sponse against CaMV infection (Hafrén et al., 2017).
Previous work suggested that the host protein
rgs-CaM promotes autophagic degradation of both
HCpro and the unrelated VSR 2b of cucumoviruses in
N. benthamiana (Nakahara et al., 2012). Consistent with
targeting by the autophagy pathway, HCpro was also
found to accumulate in the vacuole during TuMV in-
fection of N. benthamiana (Wan et al., 2015). Interest-
ingly, 2b and HCpro associate closely with AGO1
(Zhang et al., 2006; Hafrén et al., 2015), and autophagic
degradation of AGO1 was reported to be triggered by
the VSR PO of poleroviruses or defects in microRNA
pathways (Derrien et al., 2012). We found that NBR1
colocalized with HCpro and AGO1 in PGs, suggesting
that these complexes are targeted by NBR1. Our results
clearly indicate that NBR1 self-aggregation as well as
ATGS8- and ubiquitin-binding are essential for NBR1
localization to PGs, and thus reveal a different targeting
mechanism compared to the ubiquitin-independent
association of NBR1 with the viral CP of CaMV
(Hafrén et al., 2017). Accordingly, we show that PGs are
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and counter-defense strategies.

ubiquitinated structures that increase in number upon
overexpression of NBR1. Similarly, transient expression
of the PG components AGO1, ribosomal protein PO,
and UBP1, but not DCP1, promoted PG assembly
(Hafrén et al., 2015). However, in striking contrast to the
antiviral activity of NBR1, other PG components have
proviral functions during potyvirus infection including
the essential susceptibility factor eIF4E/elF(iso)4E
(Eskelin et al., 2011; Hafrén et al., 2013, 2015; Moury
et al., 2014). It is interesting that NBR1 requires a
functional LIR domain to induce PGs formation. One
intriguing possibility is that the microscopically visible
PG structures arise from NBR1-dependent clustering of
smaller “PG” ribonucleoprotein complexes in connec-
tion to autophagosome biogenesis. The alternative
scenario that NBR1 would have a negative impact on
PG degradation, for example by saturating ATGS-
binding, is not supported by the observed reduction
of viral titers upon NBR1 overexpression. Although the
mechanisms of NBR1-driven PG assembly require fur-
ther investigation, we propose that NBR1 mediates
degradation of these potyvirus-induced RNA granules.
PGs were recently characterized as infection-specific
unconventional RNA granules, which share hallmark
proteins of the usually distinct structures of PBs and
SGs. PGs contain also viral RNA and HCpro and are, in
contrast to PBs and SGs, insensitive to cycloheximide
(Hafrén et al., 2015). A selective form of autophagy
termed granulophagy was previously described in
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yeast, where CDC48 functions as an autophagic receptor
protein for SG and PB degradation (Buchan et al., 2013).
Intriguingly, autophagy-deficient yeast was reported to
accumulate RNA granules colabeled by both PB and SG
markers. This finding shows that PB and SG markers can
coaggregate in RNA granules destined for the gran-
ulophagy pathway, and thus provides a potential expla-
nation for why these markers colocalize in PGs (Hafrén
et al., 2015). Granulophagy was also observed in mam-
malian cells (Seguin et al.,, 2014), and our results support
the existence of this selective autophagy pathway in plants.

RNA silencing represents a major innate immune
response by which plants defend themselves against
virus infections. Its importance is highlighted by the
parallel and universal evolution of RNA silencing
suppressors (VRS) in unrelated plant viruses to coun-
teract RNA silencing (Csorba et al., 2015). Given that
potyviruses depend on HCpro or the complementation
by unrelated VSRs for successful infection (Maliogka
et al., 2012), NBR1-mediated degradation of HCpro
could have devastating consequences. Nonetheless,
viral titers appeared only modestly repressed by NBR1.
Our data indicate that NBR1 flux is suppressed as
NBR1 aggregates as well as ubiquitin and ATGS8a-
labeled puncta accumulate in large cytoplasmic clus-
ters, thus limiting the antiviral capacity of NBR1. We
found that in particular the potyviral proteins VPg and,
yet to a lesser extent, 6K2 antagonize NBR1-mediated
autophagic turnover of PG-associated HCpro. It is of
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most interest that VPg has been shown to increase viral
RNA stability and gene expression in a mechanism that
is fully dependent on HCpro and other PG compo-
nents (Eskelin et al., 2011; Hafrén et al., 2013, 2015).
Since high concentration of VPg increased viral trans-
lation and RNA accumulation while reducing the
number of PGs, a functional interdependence between
viral RNA localization to PGs and translation was
proposed (Hafrén et al., 2015). According to our cur-
rent hypothesis that PGs are closely linked to NBR1-
mediated antiviral autophagy, we speculate that the
capacity of VPg to reduce autophagic degradation
contributes to the promotion of viral RNA translation
associated with PG components. While the mechanism
behind this response remains to be identified, it ap-
pears strikingly different from our previous observa-
tions during CaMV infection. In this case, the majority
of virus-induced ATG8a and NBR1 structures became
visible only after blocking vacuolar degradation with
ConA, indicative of high autophagic flux rates (Hafrén
et al., 2017).

Interestingly, autophagic membrane formation is
induced by several enteroviruses, including poliovirus
(PV), human rhinovirus (HRV), and coxsackievirus B3
(CVB3; Klein and Jackson, 2011), which could be
analogous to the proliferation of GFP-ATG8a struc-
tures observed during the TuMV response. PV and
HRYV are believed to trigger the autophagy pathway
and benefit from the generated membranes in repli-
cation. CVB3 does not share this feature with PV and
HRV and autophagy was proposed to act as an anti-
viral mechanism against CVB3 instead. Most intrigu-
ingly, CVB3-induced autophagosomes also cluster in
arge perinuclear structures termed megasomes along
with p62/SQSTM1 accumulation (Kemball et al., 2010).
Together, autophagy plays an antiviral role against CVB3
and TuMV and both induce autophagosome clustering
along with NBR1/p62 accumulation, suggesting simi-
larity in autophagy modulation between these picorna-
like viruses.

In addition to antiviral NBR1-dependent autophagy,
we show that bulk autophagy limits symptom devel-
opment and prevents premature plant death. By in-
creasing the biomass and survival of infected plants,
NBR1-independent autophagy supports virus pro-
duction and enhances potyvirus epidemiology. This
apparent proviral role could involve attenuation of
SA-dependent defense responses connected to acti-
vation of the unfolded protein response during infec-
tion (Zhang et al., 2015), as autophagy-deficient plants
display hypersensitivity to SA during ER stress (Munch
etal., 2014). Similarly, disruption of autophagy increased
host mortality after infection with an avirulent strain of
Tobacco mosaic virus (Liu et al., 2005), virulent strains of
CaMV (Hafrén et al., 2017), and several animal viruses
(Dong and Levine, 2013). Notably, interference with
autophagy to disrupt NBR1 flux may also impact the
proviral effects of bulk autophagy, thus implying a po-
tential trade-off between suppression of antiviral au-
tophagy and host survival.

Plant Physiol. Vol. 176, 2018

TuMV Interferes with Antiviral Selective Autophagy

In conclusion, we propose a model that integrates
autophagy in the potyviral coevolutionary arms race
with the plant host (Fig. 8). Briefly, RNA production
during TuMV replication provokes the onset of RNA
silencing, which is the primary line of defense and
countered by the VSR HCpro including co-option of host
components associated with PGs. PGs are, however,
ubiquitinated and destined for NBR1-dependent auto-
phagic degradation. This plant counter-counter-defense
suppresses infection, but potyviral proteins VPg and 6K2
are able to impair NBR1 flux and HCpro degradation by
a yet unidentified mechanism, thereby allowing poty-
viruses to largely evade antiviral autophagy.

MATERIALS AND METHODS
Plant Material and Growth Conditions

Wild-type plants were Arabidopsis (Arabidopsis thaliana) ecotype Col-0. Loss-
of-function mutants atg5-1, atg7-2, nbrl-2, nprl-1, atgs-1 nprl-1, and dcl2-1
dcl4-2, as well as the mRFP-ATGS8a transgenic line, have been described pre-
viously (Deleris et al., 2006; Hofius et al., 2009; Yoshimoto et al., 2009; Zhou
et al., 2013; Munch et al., 2015). Arabidopsis plants were grown on soil for in-
fection experiments under short-day conditions (8/16-h-light/-dark cycles) ina
growth cabinet, and N. benthamiana plants were cultivated for transient ex-
pression assays under long-day conditions (16/8-h-light/-dark cycles) in a
growth room at 150 uE/ m?s, 21°C and 70% relative humidity, respectively.
Sterile plants were cultivated in vitro on half-strength Murashige and Skoog
(MS) medium with a 16-h photoperiod at 150 wE/ m?s and 21°C.

Plasmid Construction and Generation of Transgenic Lines

For subcellular localization, a genomic fragment of NBR1 containing 2 kb of
the predicted promoter and the coding region without stop codon was ampli-
fied (see Supplemental Table S1 for primer sequences), cloned into pENTR/D-
TOPO, and subsequently recombined into pAUL11 (Lyska et al., 2013) to add
3'-end sequences encoding Strep(S)-III and 3xHA tags. The NBR1 fragment
containing the 3xHA and SIII extension was reamplified by PCR, cloned into
PENTR/D-TOPO, and recombined into pGWB459 and pGWB559 (Nakagawa
etal., 2007). The resulting pNBR1:NBR1-SIII-3xHA-tagRFP constructs were used
for transformation of Col-0 wild-type and dcl2 dcl4 plants. The pENTR clones
containing the coding sequences of NBR1 wild-type, K11A, UBA2, and LIR
domain mutants were described previously (Svenning et al., 2011) and used for
recombination into the binary vector pUBN-DEST-mRFP (Grefen et al., 2010)
and pGWB606 (Nakagawa et al., 2007) for transient expressions. VPg and 6K2
of TuMV were cloned into pENTR/D-TOPO and further recombined into
pGWB454 for transient expression of mRFP-fusions. HCpro was deleted from
the TuMV genome by PCR mutagenesis on the Ncol/Agel fragment of pCB-
TuMV-GFP (accession EF028235) to create TuMV*H™ HCpro of TuMV was
cloned into pENTR/D-TOPO and further recombined into pGWB442 for
transient expression of YFP-HCpro. The YFP-HCpro fusion was amplified by
PCR, cloned into pENTR/D-TOPO, recombined into pMDC160, and trans-
formed to the Col-0 XVE driver line (Brand et al., 2006) to generate estradiol-
inducible YFP-HCpro transgenic plants. The CFP-AGO1 and YFP-HCpro*¥
expression constructs were described previously (Hafrén et al., 2015). Ubiquitin
was amplified by PCR, cloned into pENTR/D-TOPO, and recombined into
pUBN-DEST-GFP to obtain GFP-Ub. All binary plasmids were transformed
into Agrobacterium tumefaciens strain GV3101 for transient expression of
N. benthamiana at the four- to six-leaf stage or stable Arabidopsis transformation
using the floral dip method (Clough and Bent, 1998). Transgenic lines coex-
pressing two markers were obtained by crossing and F1 plants that were used
for the experiments.

Transient Expression in N. benthamiana by Agrobacterium
Agrobacteria were grown on liquid LB-media with antibiotics and harvested
by centrifugation at 3,000¢ for 5 min. Bacteria were washed once in ddH,O;

resuspended in 10 mm MES pH 5.7, 10 mm MgCl,, and 150 um acetosyringone;
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and incubated for 2 h standing on the bench. Optical densities at 600 nm were
used to adjust the amount of bacteria to be equivalent between different cul-
tures before mixing and infiltration to N. benthamiana leaves using a needleless
syringe.

TuMV Inoculation, ELISA, and RNA Quantification

Viral particles purified from TuMV isolate 2 (Richter et al., 1994; pathotype 4,
typed by Jenner and Walsh, HRI Wellesbourne, UK), TuMV-GFP (Garcia-Ruiz
et al., 2010) or WMV-GFP-infected N. benthamiana plants were mechanically
rubbed on the first true leaves of 3-week-old Arabidopsis plants using a sponge
and spatula with carborundum as abrasive. For susceptibility testing, only a
single leaf per plant was inoculated with different amounts of particles, and
infected plants were identified by visual inspection of typical disease symptoms
and the presence of TuMV-expressed GFP in upper, noninoculated leaves
3 weeks after inoculation. In experiments including TuMV*"“P-GEFP, all vi-
ruses including TuMV-GFP were agroinoculated.

Direct ELISA was done essentially as described (Hafrén et al., 2017). Briefly,
TuMV-infected individual wild-type, nbr1, and atg5 plants were harvested and
assayed for the relative amount of viral CP using anti-CP antibodies (1 = 6 in-
dividual plants per genotype). A serial dilution of the same infected plant ex-
tracts served as standard curve for quantitation and verified that quantitative
detection was in the linear range.

For RT-qPCR, plants were sampled in biological replicates, each con-
taining three individual plants from which inoculated leaves were removed.
Total RNA was isolated using the RNeasy Plant Mini Kit (Qiagen), and
on-column DNA digestion was performed with DNase I (Qiagen). First-
strand cDNA was synthesized from 1 ug of total RNA using Maxima First
Strand ¢cDNA Synthesis Kit (Thermo Fisher Scientific). Quantitative PCR
analysis was done with Maxima SYBR Green/Fluorescein qPCR Master
Mix (Thermo Fisher Scientific) using the CFX Connect Real-Time PCR de-
tection system (Bio-Rad) with gene-specific primers listed in Supplemental
Table S1. Normalization was done using PP2A (AT1G69960) and UBQ9
(AT5G37640).

Confocal Microscopy

Live cell images were acquired from abaxial leaf epidermal cells using a
Zeiss LSM 780 microscope. Excitation/detection parameters for GFP and RFP
were 488 nm /490 to 552 nm and 561 nm/569 to 652 nm, respectively, and the
sequential scanning mode was used for covisualization of both fluorophores.
Inhibitor treatment was carried out by syringe-infiltration of (mature leaves) or
incubation (seedlings) in 0.5 uM concanamycin A (ConA) in 1/2 Murashige
and Skoog medium 14 h before confocal analysis. Confocal images were
processed with ZEN (version 2011) and Image J (version 1.48v) software.
Quantification of GFP-ATG8a puncta was done on Z-stacks comprised of
10 plains and acquired at 2-um intervals from the epidermal cell layer.
Single plain images (100 um x 100 wm) were converted to eight-bit grayscale
and then counted for GFP-ATG8a puncta either manually or by the Particle
Analyzer function of Image].

Immunoprecipitation

Ten-d-old XVE:YFP-HCpro transgenic seedlings were incubated on liquid
1/2 Murashige and Skoog containing 0.5 um ConA either with or without 20 um
estradiol for inducing YFP-HCpro expression. Seedlings were homogenized in
5 mL buffer [100 mm Tris pHS8, 150 mm NaCl, 1% Triton X-100 supplemented
with protease inhibitor cocktail (Roche)] per gram of fresh weight, centrifuged
for 5 min with 4000g at 4°C, and filtered through two layers of miracloth. The
resulting lysates were subjected to GFP-based immunoprecipitation using the
anti-GFP microbeads (nMACS GFP Isolation Kit; Miltenyi Biotec) according to
the manufacturer manual.

Immunoblot Analysis

Proteins were extracted in 100 mm Tris pH 7.5 with 2% SDS, boiled for 5 min
in Laemmli sample buffer, and cleared by centrifugation. The protein extracts
were then separated by SDS-PAGE, transferred to polyvinylidene difluoride
membranes (Amersham, GE Healthcare), blocked with 5% skimmed milk in
PBS, and incubated with primary antibodies anti-NBR1 (Svenning et al., 2011),
anti-ATG8a (Yoshimoto et al., 2004), anti-CP (gift of F. Rabenstein), anti-HCpro
(Kasschau et al., 2003), anti-Ub (Agrisera), and anti-GFP (Clonetech) using
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1:2000 dilution in PBS 0.1% Tween 20 and secondary horseradish peroxidase-
conjugated antibodies 1:5000 in PBS 0.1% Tween 20 (Amersham, GE Healthcare).
The immunoreaction was developed using the ECL Prime kit (Amersham, GE
Healthcare) and detected in a LAS-3000 Luminescent Image Analyzer (Fujifilm,
Fuji Photo Film).

Data Analysis and Presentation

Data are presented as mean * sp and statistical significance was analyzed
by Student’s t test with P values < 0.05 denoted * and P values < 0.01
denoted **. Significance levels with P values < 0.001 or < 0.0001 were not
specifically indicated. The number of replicates is given in the respective
figure legends (n).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers NBR1 (AT4G24690), ATG5 (AT5G17290),
ATG7 (AT5G45900), NPR1 (AT1G64280), ATG8a (AT4G21980), DCL2
(AT3G03300), DCL4 (AT5G20320), and Ubiquitin/UBQ11 (AT4G05050).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. NBR1-mediated autophagy suppresses TuMV
infection.

Supplemental Figure S2. NBR1-RFP aggregates in TuMV-infected tissue.
Supplemental Figure S3. GFP-ATG8a and NBR1-RFP in noninfected tissue.

Supplemental Figure S4. PB1, LIR, and UBA domains recruit NBR1 to
large PGs.

Supplemental Figure S5. Colocalization of YFP-HCpro and NBR1-RFP in
roots upon ConA treatment.

Supplemental Figure S6. RT-PCR analysis detecting HCpro and VPg cis-
trons in TuMV and TuMV*"P™ inoculated plants.

Supplemental Table S1. Primers used in this study.
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