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Autophagy plays a paramount role in mammalian antiviral immunity
including direct targeting of viruses and their individual components,
and many viruses have evolved measures to antagonize or even exploit
autophagy mechanisms for the benefit of infection. In plants, however,
the functions of autophagy in host immunity and viral pathogenesis
are poorly understood. In this study, we have identified both anti- and
proviral roles of autophagy in the compatible interaction of cauliflower
mosaic virus (CaMV), a double-stranded DNA pararetrovirus, with the
model plant Arabidopsis thaliana. We show that the autophagy cargo
receptor NEIGHBOR OF BRCA1 (NBR1) targets nonassembled and virus
particle-forming capsid proteins to mediate their autophagy-dependent
degradation, thereby restricting the establishment of CaMV infection.
Intriguingly, the CaMV-induced virus factory inclusions seem to protect
against autophagic destruction by sequestering capsid proteins and
coordinating particle assembly and storage. In addition, we found that
virus-triggered autophagy prevents extensive senescence and tissue
death of infected plants in a largely NBR1-independent manner. This
survival function significantly extends the timespan of virus production,
thereby increasing the chances for virus particle acquisition by aphid
vectors and CaMV transmission. Together, our results provide evidence
for the integration of selective autophagy into plant immunity against
viruses and reveal potential viral strategies to evade and adapt auto-
phagic processes for successful pathogenesis.
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Autophagy is a conserved intracellular pathway that engages
specialized double-membrane vesicles, called “autophago-
somes,” to enclose and transport cytoplasmic content to lytic
compartments for degradation and subsequent recycling (1).
Autophagosome formation relies on extensive membrane rear-
rangements and is mediated by the concerted action of a core set
of autophagy-related proteins (ATGs) (2, 3). At basal levels,
autophagy serves mainly housekeeping functions in cellular ho-
meostasis, whereas stimulated autophagy activity facilitates adap-
tation to developmental and environmental stress conditions
including starvation, aging, and pathogen infection (1, 4). Ample
evidence now indicates that autophagy, initially recognized as a
mainly bulk catabolic process, is able specifically to target and
degrade a multitude of cellular structures ranging from individual
and aggregated proteins to entire organelles and invading microbes
(5, 6). Selectivity is provided by a growing number of autophagic
adaptor or receptor proteins identified in eukaryotic organisms
that recruit the cargo to the developing autophagosome through
interaction with membrane-associated ATG8/LC3 proteins (7, 8).
Several mammalian autophagy receptors have been implicated in
the targeting of intracellular bacterial and viral pathogens in a
process called “xenophagy” (8-10). For instance, the cargo re-
ceptor p62 (SQSTM1) was shown to bind directly to and mediate
autophagic clearance of different viral capsid proteins (11-13).
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Autophagy is induced by a wide range of viruses and has been
ascribed both anti- and proviral roles during animal infections
(14, 15). Autophagic mechanisms contribute to various aspects of
adaptive and innate immunity, but many viruses have evolved
measures to suppress, evade, or even exploit the autophagy path-
way for their own benefit (10). Thus, autophagy-dependent processes
were found to be adapted for viral replication, particle maturation and
release, and the prolongation of cellular lifespan by preventing host
cell death (10). In plants, autophagy was shown to control hormone
levels and signaling in basal resistance to hemibiotrophic bacteria and
necrotrophic fungi and to regulate defense- and disease-associated cell
death (16). In addition, the recent identification of an ATG8-binding
oomycete effector that antagonizes the autophagy cargo receptor
NEIGHBOR OF BRCA1l (NBR1)JOKA?2 suggests an important
role of selective autophagy in plant immune responses (17). However,
the molecular mechanisms and functions of autophagy in the regula-
tion of immunity and pathogenesis during compatible plant virus in-
fections remain largely unknown.

In this study we investigated how bulk and selective autophagy
pathways affect viral accumulation and disease development in
response to cauliflower mosaic virus (CaMV; family Caulimovir-
idae) infection. CaMV is a plant pararetrovirus with a double-
stranded DNA genome and is a compatible pathogen of the model
plant Arabidopsis thaliana. The cellular infection cycle of CaMV
involves nuclear transcription of the circular genome followed by
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translation into six viral proteins, reverse transcription of pre-
genomic RNA, and particle assembly that occurs in cytoplasmic
inclusions referred to as “viroplasms” or “viral factories” (VFs)
(18). Here, we report that NBR1 binds the viral capsid protein and
particles to mediate their autophagic degradation, and we show
that this antiviral process is antagonized by protective functions of
the autophagy-resistant inclusions. Furthermore, we demonstrate
that NBR1-independent autophagy facilitates the survival of in-
fected plants and serves CaMV by extending the timespan for
particle production and potential viral transmission.

Results

Autophagy Promotes Plant Fitness During CaMV Infection. To address
whether autophagy affects disease development during CaMV
infection, we first evaluated symptom severity in Arabidopsis mu-
tants defective in the core autophagy machinery (azg5, arg7) and
the NBR1-mediated selective autophagy pathway (nbrl). Twenty-
eight days after inoculation (dai) with the CaMV isolate CM1841,
disease symptoms such as stunting, chlorosis, and vein clearing
were considerably more pronounced in atg5 and atg7 plants than in
nbrl and Col-0 wild-type (WT) plants (Fig. 14). In addition,
mature leaves of infected afg5 and atg7 plants developed signs of
early senescence and tissue necrosis that were absent in nbrl, WT,
and noninfected afg mutants. Age- and stress-induced senescence
in autophagy-deficient mutants is known to be stimulated by ele-
vated levels of salicylic acid (SA) and to be dampened by knockout
of the SA response regulator NONEXPRESSOR OF PR1
(NPR1) in the atg5 nprl double mutant (19, 20). However, we
observed that infected atg5 nprl plants developed symptoms
similar to and occasionally even more severe than the symptoms in
arg5 plants (Fig. 14), suggesting that the increased disease phe-
notype triggered by autophagy deficiency is not coupled to SA-
dependent NPR1 stress responses during CaMV infection. We
then analyzed total chlorophyll content as a proxy of biomass
accumulation and plant fitness (Fig. 1B). Consistent with the vi-
sual phenotype, infection-induced chlorophyll loss was much
higher in atg5, atg7, and atg5 nprl than in WT plants. In nbrl, the
effect of CaMV infection on chlorophyll content was less severe
than in the afg mutant backgrounds but still was significantly
stronger than in WT plants. Together, these results indicate that
autophagy has a critical role in maintaining overall plant fitness
during CaMV infection and is largely independent of NBR1
and NPRI.

NBR1-Mediated Selective Autophagy Suppresses CaMV P4 and DNA
Accumulation. Next, we investigated whether altered symptom
severity and plant fitness in autophagy-deficient mutants is ac-
companied by changes in CaMV accumulation. We used ELISA
to determine the abundance of the viral capsid protein P4 in plant
lysates at 14 dai and found a two- to fourfold increase in atg5 and
atg7 mutants as compared with WT plants (Fig. 1C). Notably, the
nbrl mutant accumulated P4 to similarly high levels as a#g5, in-
dicating that the severe infection phenotype of the core autophagy
mutants is not directly correlated with virus titer. Reduced capsid
protein levels in the strongly symptomatic atg5 nprl double mutant
compared with azg5 further supported this notion (Fig. 1C). Be-
cause of the apparent uncoupling of symptom severity and P4
levels in atg5 and nbrl mutants, we generated an atg5 nbrl double
mutant to assess genetically whether the impact of NBR1 on
CaMYV accumulation is indeed autophagy dependent. We did not
detect an additional increase in P4 levels in atg5 nbrl as compared
with atg5 plants (Fig. S14), verifying that NBR1-mediated sup-
pression of virus infection acts through the autophagy pathway.
P4 is the major structural protein of the CaMV capsid. The
ELISA results thus implicated an increased accumulation of viral
particles in autophagy- and NBR1-deficient plants. To analyze
these results further, we compared the amounts of virus DNA in
atg5 and nbrl mutants and WT plants using real-time quantitative
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Fig. 1. Autophagy promotes plant fitness and suppresses CaMV accumula-
tion. (A) Virus-induced symptoms in WT, atg5, atg7, atg5 npr1, npr1, and nbr1
plants at 28 dai with CaMV strain CM1841 (Lower Row) compared with non-
infected controls (Upper Row). (Scale bar, 20 mm.) (B) Ratio of total chlorophyll
content in infected and noninfected plants. Error bars represent SD (n = 6).
(C) CaMV capsid protein (CP; P4) levels determined by ELISA in systemic leaves of
the indicated genotypes at 14 dai. Values are shown as means + SD (n = 4) and
are presented as arbitrary units relative to WT plants. (D) CaMV DNA levels de-
termined by qPCR in systemic leaves of WT, atg5, and nbr1 plants at 14 dai. Values
represent means =+ SD (n = 4) relative to WT plants and were normalized with 185
ribosomal DNA as the internal reference. (E) CaMV RNA levels determined by RT-
qPCR as an individual 35S transcript or via the leader sequence as the sum of 35S,
195, and 8S transcripts in systemic leaves of WT, atg5, and nbr1 plants at 14 dai.
Values are shown as means + SD (n = 3 biological replicates) relative to the WT
35S transcript level. (F) Immunoblot analysis of CaMV P2, P3, P4, and P6 accu-
mulation in WT, atg5, and nbr1 plants. Total proteins were extracted from whole
plants at 14 dai and probed with specific antibodies. Noninfected WT plants
served as control (C) for signal background, and Ponceau S (PS) staining verified
comparable protein loading. Statistical significance (*P < 0.05; **P < 0.01) was
revealed by Student’s t test (compared with WT).

PCR (qPCR) and found increased amounts of viral DNA in the
mutants as compared with WT plants (Fig. 1D). A substantial
increase in viral DNA and P4 protein levels was also detectable at
a later time point (28 dai) in nbr! plants (Fig. S1B), demonstrating
that NBR1-dependent autophagy persistently restricts CaMV ac-
cumulation. We noted that the accumulation of CaMV P4 was
higher than the accumulation of CaMV DNA in nbrl relative to
WT plants, suggesting that NBR1 also could mediate the degra-
dation of non—particle-associated P4 (Fig. S1B).

To determine whether the observed phenotypes were isolate
specific, we repeated the experiments using a different isolate,
Cabb B-JI. As with CM1841, Cabb B-JI accumulated to high
levels, and symptom-related chlorophyll loss was increased in both
atg5 and nbrl mutants relative to WT plants (Fig. S1 C and D),
indicating that autophagy has a general, isolate-independent role
during CaMV infection. However, the analysis of virus production
and plant biomass over an extended time course showed that Cabb
B-JI-infected atg5 plants have a reduced lifespan and accumulate
many fewer particles in total than WT plants and nbr! mutants
(Fig. S1 E and F), revealing the importance of NBR1-independent
autophagy in maintaining plant vigor and virus replication.

One of the earliest events in the cellular infection cycle of
CaMV is the release of viral genomic DNA from the particle into
the nucleus, followed by the transcription of 35S, 19S, and 8S viral
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RNAs (21). Viral proteins P1-P5 are subsequently translated from
the 35S transcript, and P6 is translated from the 19S transcript. To
dissect the impact of autophagy on CaMV infection further, we
determined the abundance of viral RNAs and proteins in auto-
phagy mutants. qPCR analysis indicated that the levels of viral
RNAs were not altered by autophagy deficiency. Similarly, im-
munoblot analysis revealed no difference in P2, P3, and P6 pro-
teins, but P4 was specifically enhanced in the atg5 and nbrl mutants
as compared with WT plants (Fig. 1F). Unfortunately, P1 and P5
levels could not be determined because of the lack of available
antibodies. Nevertheless, unaltered RNA as well as P2, P3 and P6
levels indicated that autophagy does not interfere with CaMV
transcription and translation but instead specifically suppresses the
accumulation of CaMV P4 and viral DNA at the cellular level.

NBR1-Containing Autophagosomes Are Induced upon CaMV Infection.
The increased disease development and CaMV accumulation
observed in autophagy-deficient mutants prompted us to analyze
whether autophagy levels are altered during CaMV infection.
Autophagosome formation typically is monitored by GFP fusions
with ATGS isoforms, which bind to autophagosomal membranes
and remain associated with the completed vesicles until their
lytic destruction in the vacuole. We inoculated a GFP-ATG8a—
expressing marker line with CaMV strains Cabb B-JI and CM1841
and found only a modest increase of GFP-labeled autophagoso-
mal structures in systemically infected tissue as compared with
noninfected plants (Fig. 2 4 and B). However, when we applied
concanamycin A (ConA) to inhibit vacuolar acidification and
thereby autophagosome turnover, we observed greatly increased
numbers of autophagic bodies in CaMV-infected cells. This ob-
servation establishes that CaMV infection triggers the formation
of autophagosomes, which are efficiently delivered to the vacuole
for degradation.

We next monitored the expression of the autophagy core genes
ATG8a and ATGS8e and the autophagy receptor NBRI, which are
all elevated as part of an induced autophagy response during plant
heat stress (22). Both CaMV isolates stimulated the accumulation
of the autophagic markers’ transcripts and proteins relative to the
noninfected control (Fig. 2 C-E). However, the effect seemed to
be more pronounced with Cabb B-JI, causing a greater increase of
ATG8a and NBRI transcripts and ATG8a and ATGS8e protein
levels compared with CM1841 (Fig. 2 C-E). Notably, the strong
transcriptional up-regulation of NBRI in response to Cabb B-JI
occurred without concomitant protein accumulation, suggesting
enhanced NBR1 turnover and thus autophagic flux (23). To verify
this notion, we used direct ELISA to monitor NBR1 levels at
steady state and after ConA treatment in Cabb B-JI-infected
leaves. We found that ConA-mediated inhibition of vacuolar
degradation increased NBR1 protein levels in both infected and
control tissue. However, the total amount of NBR1 stabilized by
ConA was approximately doubled in response to Cabb B-JI (Fig.
2F), further supporting the observed increase in vacuolar delivery
and turnover of autophagosomes upon CaMV infection (Fig. 2B).

During selective autophagy, NBR1 is recruited to the developing
autophagosome through interaction with ATGS8 proteins (24).
Hence, we analyzed the association of NBR1 with infection-induced
autophagosomal structures in plants stably expressing NBR1-RFP
and GFP-ATG8a after ConA treatment (Fig. 2G). Compared with
the noninfected control, NBR1-RFP-labeled punctate structures
were more abundant in infected samples and colocalized mainly
with GFP-ATGSa. The relatively few NBRI1 structures present in
noninfected cells were equally colabeled by GFP-ATGS8a, in
agreement with previous reports (24). Together, these results sug-
gest that the strong induction of NBR1 during CaMV infection is
functionally connected to enhanced autophagy levels and flux.

NBR1 Binds to P4 and Viral Particles. To analyze whether NBR1
directly targets P4 and viral particles in infected plant tissue, we
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carried out immune pulldown experiments and found that both P4
and viral DNA coimmunoprecipitated with NBR1-GFP in stably
transformed transgenic plants (Fig. 34). We then infected WT,
nbrl, and arg5 plants and applied a customized ELISA that used
the anti-NBR1 antibody for coating and the anti-P4 antibody for
detection. Notably, P4 capture via NBR1 was clearly detectable
and was fourfold higher in azg5 mutants than in WT plants (Fig.
3B). We reasoned that NBR1-mediated degradation of viral par-
ticles would explain these findings and therefore used immuno-
capture transmission electron microscopy (IC-TEM) to confirm
the presence of NBRI1-associated viral particles. TEM grids
coated with anti-P4 antibody, which captured the characteristic
50-nm diameter CaMV particles along with other unidentified
structures from infected plant lysates (Fig. 3C), were used as a
positive control. Intriguingly, anti-NBR1 grids also captured
CaMYV particles from lysates of infected azg5 mutants (Fig. 3C) but
not from lysates of WT plants or nbr] mutants. This result dem-
onstrated that NBR1 binds to viral particles during infection, and
the prevalent accumulation of these complexes in afg5 mutants
further supported an efficient clearance by autophagy in WT
plants. Finally, we performed an in vitro pulldown experiment to
verify that NBRI1 is able to bind viral particles directly (Fig. 3D).
We used immobilized GST-tagged NBR1 protein that harbored a
PB1 domain mutation (K11A) to prevent aggregation (24) and
applied CaMV particles that had been purified from infected nbr!
plants to avoid potential interference by particle-associated plant
NBRI1. We detected a fivefold enrichment of viral DNA in GST-
NBR1¥"'* samples compared with the GST control, demon-
strating efficient capture of viral particles by recombinant NBR1.

Next, we investigated whether NBR1 could associate with P4 in
the absence of virus infection and coordinated particle assembly.
NBR1-RFP and GFP-P4 colocalized together in distinct foci upon
ConA treatment of transgenic Arabidopsis plants stably coexpress-
ing both proteins, supporting the hypothesis that P4 is targeted by
NBRI1-mediated autophagy (Fig. 3E). We then addressed the in-
teraction between NBR1 and P4 using the yeast two-hybrid (Y2H)
system. Both NBR1 and P4 showed autoactivation of reporter
genes when fused to the GAL4 binding domain (BD) and therefore
could not be tested. Fortunately, the C-terminal fragment of NBR1
(NBR1-C), which carries the LC3-interacting region (LIR) and two
flanking ubiquitin-associated (UBA) domains within amino acids
505-704 (24), did not auto-activate as a BD fusion and showed
positive interaction with the activation domain (AD)-fused P4 (Fig.
3F). Of note, P4 has previously been shown to contain instability
determinants in the N- and C-terminal domains (25), which po-
tentially could be responsible for NBR1-mediated targeting and
subsequent degradation. Indeed, both N- and C-terminal regions,
but not the middle (M) part of P4, interacted with NBR1 (Fig. 3F).
Deletion of the LIR and main ubiquitin-binding (UBA2) domains
from the NBR1-C fragment did not impact binding to full-length
P4 and the P4 N-terminal region (P4-N), but the interaction with
the P4 C-terminal region (P4-C) was substantially weakened. To
assess whether the interaction between P4 and NBR1 was direct,
we performed in vitro binding assays with maltose-binding protein
(MBP) fusions of the P4 variants and GST-NBR1¥''*, Full-length
P4 and P4-N displayed significant binding to NBR1¥"'* compared
with the MBP control, whereas P4-C showed reduced interaction,
and occasionally there was no interaction with the middle fragment
of P4 (P4-M) (Fig. 3G). By using the transient expression system in
Nicotiana benthamiana leaves, we verified that colocalization of
RFP-NBR1 and GFP-P4 was not affected by mutations in either
the LIR or UBA2 domain of NBR1 but was abolished completely
by N- and C-terminal deletions of P4 (Figs. S2 and S3). Further-
more, the P4-N and P4-C fragments were sufficient for partial
colocalization with NBR1 (Fig. S3).

Together, these data show that NBR1 can bind nonassembled P4
directly in an ubiquitin-independent manner. This binding may well
represent mechanisms underlying particle binding during infection.
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Fig. 2. NBR1-mediated selective autophagy is induced upon CaMV infection. (A) Transgenic expression of GFP-ATG8a for detection of autophagosome
structures in uninfected leaf tissue (control) and in leaf tissue infected with CaMV CM1841 or Cabb B-JI at 14 dai in the absence (Upper Row) or presence of
ConA compared with the noninfected control. Images represent single confocal planes from abaxial epidermal cells and were taken with identical microscope
settings. (B) Quantification of GFP-ATG8a puncta in mock-infected and infected tissue after DMSO or ConA treatment. The number of puncta was calculated
from areas of 0.0025 mm?Z. Values represent means + SD (n > 16 independent areas). (C and D) qPCR analysis of ATG8a, ATG8e, and NBRT transcript levels in
WT plants infected with CaMV CM1841 (C) or Cabb B-JI (D) at 14 dai compared with noninfected plants (mock). Values represent the mean + SD (n = 3
biological replicates) relative to the noninfected control. (E) Immunoblot analysis of the levels of ATG8a, ATG8e, and NBR1 proteins in CaMV-infected and
control samples from Cand D. The accumulation of the cell-cycle protein CDC2 and Ponceau S staining (PS) were used as loading control, and detection of viral
proteins (VP; P6 for CM1841 and P4 for Cabb B-JI) verified successful infection. (F, Upper) Direct ELISA quantitation of NBR1 protein levels in mock-infected
and infected tissue (Cabb B-JI; 21 dai) after DMSO and ConA treatment. Values represent means + SD (n = 3 biological replicates). (Lower) Immunoblot
detection of NBR1 in the identical samples; Ponceau S staining served as the loading control. (G) Colocalization of NBR1-RFP and GFP-ATG8a in CaMV CM1841-
infected leaves after ConA treatment in comparison with the control. Imaging was done with identical settings, and single confocal planes are shown to-
gether with the overlay. (Scale bars in A and G, 20 pm.) Statistical significance (*P < 0.05; **P < 0.01) was revealed by Student’s t test (compared with mock
treatment in B, C, and D and with DMSO control in F).

Inclusion Bodies Protect Viral Particles from Autophagy. The multi-
functional viral P6 protein is the main component of the CaMV-
induced VFs, which are sites for viral translation, replication,
particle assembly, and storage (18). We used immunofluorescence
microscopy to localize NBR1 together with P4 or P6 in infected
WT, atg5, and nbrl plants. NBR1-derived signals remained below
the detection limit in WT plants but were clearly visible in the atg5
mutant (Fig. S4). Because afg mutants are known to accumulate
NBRI strongly (20, 24), this observation verified the specificity of
the fluorescence signal but also indicated that the ability to visu-
alize NBR1 throughout the cell was limited by the sensitivity of the

Hafrén et al.

assay. Nevertheless, we observed that in 14-18% of P4- and P6-
labeled structures in afg5, NBR1 was localized in an adjacent but
not overlapping manner (Fig. 4 A-C), suggesting that VFs and P4
attract NBR1 in vivo.

The localization pattern observed for P4 and NBRI1 in the
coexpression analysis (Fig. 3E and Fig. S2) was strikingly different
from the more adjacent association observed during CaMV in-
fection (Fig. 4 A-C). This difference could be explained by regu-
latory mechanisms operating during authentic infection, including
sequestration and protection of P4 and particles by viral in-
clusion bodies. Indeed, P4 was recruited to P6 inclusions even
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Fig. 3. NBR1 binds to CaMV P4 and viral particles. (A) Presence of CaMV P4 in NBR1-GFP immunocomplexes from systemically infected transgenic plants. Im-
munoprecipitation was performed with anti-GFP monoclonal antibody; mock-treated NBR1-GFP as well as CaMV-infected GFP transgenic served as negative
controls. Immunoblot analysis with anti-GFP and anti-P4 antibodies is shown for input and immunoprecipitated fractions, respectively, and viral DNA was detected
by PCR using primers specific for the CaMV P1 movement protein. (B) Capture of CaMV P4 from lysates of infected WT, nbr1, and atg5 plants using anti-NBR1
antibody for coating and anti-P4 antibody for detection in a customized ELISA. Error bars represent SD (n = 3). (C) IC-TEM of CaMV particles (arrows) from infected
WT and atg5 plants using anti-P4 and anti-NBR1 antibodies, respectively. Noninfected atg5 plants served as a negative control. (Scale bars, 500 nm.) Insets show
enlargement of typical 50-nm particle structures. (Scale bars, 50 nm.) (D) In vitro pulldown of viral particles by the nonaggregating mutant GST-NBR1"'A, GST
alone and GST-NBR1X"" were coupled to glutathione Sepharose and incubated with viral particles purified from infected nbr1 mutant plants. (Left) The amount
of bound viral particles in eluates was quantified by gPCR of genomic DNA and is given as the percent relative to the input. (Right) Immunoblot analysis with anti-
GST antibodies indicates the presence of GST proteins in eluates. (E) Colocalization of GFP-P4 and RFP-NBR1 in roots of transgenic Arabidopsis seedlings after
treatment with DMSO and 0.5 pM ConA. Confocal images represent single planes of individual channels and the overlays. (Scale bar, 20 pm.) (F) Y2H-based
interaction of P4 variants with the NBR1 C terminus that contains (NBR1-C) or lacks (NBR1-C AUBA2) the UBA2 and LIR domains. Yeast cells coexpressing P4, P4-N,
P4-M, and P4-C as AD fusion and NBR1-C as BD fusion show growth on selective medium [without leucine and tryptophan (-LT) or without leucine, tryptophan,
and histidine (—LTH)] and LacZ activity. Combinations with empty BD or AD vectors served as controls for auto-activation. The different P4 fragments and their
amino acid coordinates are illustrated. (G) In vitro binding of GST-tagged NBR1"'* to MBP-fused P4 variants. MBP alone and MBP fusions were immobilized on
agarose and incubated with recombinant GST-NBR1X""* protein. Immunoblot analysis of the eluates was performed with anti-NBR1 antibodies to indicate specific
NBR1 binding (Upper) and with anti-MBP antibodies to demonstrate the amount of matrix-bound MBP proteins (asterisks) (Lower). Statistical significance (**P <
0.01) was revealed by Student'’s t test (compared with WT in B and with GST in D).

in the absence of infection when both proteins were coexpressed in
N. benthamiana leaves (Fig. 4D). Localization of P4 in P6 inclu-
sions appeared rather diffuse and clearly differed from the distinct,
small puncta of colocalized P4 and NBR1 (Fig. S2). Interestingly,
P6 coexpression strongly reduced the number of cells showing
characteristic P4/NBR1 colabeled punctate structures (Fig. 4 E and
F), suggesting that P6 can counteract the targeting of P4 by NBR1.
Expression of P6 had only a minor effect on NBR1 protein levels,
which remained low compared with the NBR1*'® mutant that is
impaired in autophagosome association and thus accumulated to
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high levels (Fig. 4G). Hence, P6 does not inhibit NBR1 flux effi-
ciently in the transient system and likely suppresses P4-NBR1 as-
sociation by other mechanisms.

To address the relevance of this finding in the context of in-
fection, we tested whether constitutive expression of P6 in WT
and atg5 plants impacted CaMV accumulation. Notably, P6-GFP
transgenic plants and afg5 mutants showed a similarly enhanced
level of viral particles as compared with WT plants (Fig. 4H),
However, P6-GFP expression did not further increase viral titers
in the atg5 background, suggesting that constitutively expressed
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Fig. 4. Inclusion bodies protect viral particles from autophagy. (A and B) Immunofluorescence detection of endogenous NBR1 together with viral P4 (A) or P6
(B) proteins in atg5 plants systemically infected by CaMV Cabb B-JI. Main images are projections of z-stacks showing P4 or P6 in red, NBR1 in green, and the
cell wall in cyan. Insets are single-plane images of the boxed areas highlighting the association of NBR1 with P4 or P6. (Scale bars, 20 pm.) (C) The percentage
of NBR1 structures associated with P4 or P6 structures in atg5 mutants. Values represent means + SD [n = 14 (P4) or n = 6 (P6) independent sections].
(D) Colocalization analysis of GFP-P4 with P6-RFP upon transient expression in N. benthamiana leaves. Confocal images represent single planes of individual
channels and their overlay with brightfield images. Arrows indicate P6 inclusions. N marks the nucleus that also shows a GFP fluorescence signal. (E) Lo-
calization of GFP-P4 (arrow) and RFP-NBR1 (arrowhead) upon coexpression of nonlabeled P6 in N. benthamiana leaves. N marks the nucleus also showing a
GFP signal. Confocal images are maximum projections of z-stacks except in the brightfield overlay, which represents a single plane. (Scale bars, 20 pm.) (F) The
frequency of cellssmm? showing characteristic GFP-P4 and RFP-NBR1 colabeled foci upon the expression of P6 or control p-glucuronidase (GUS). Values
represent means + SD (n = 12 independent areas). (G, Upper) Immunoblot analysis of GFP-NBR1 transiently expressed with GUS or P6 in N. benthamiana
leaves. Transient expression of the GFP-NBR1“R mutant (LIR) that accumulates NBR1 because of the lack of autophagosomal targeting; noninfiltrated
N. benthamiana leaves served as controls (C). (Lower) Ponceau S staining indicates protein loading. (H) CaMV particle levels determined by ELISA at 14 dai in
WT and atg5 plants in the absence or presence of constitutively expressed P6-GFP. Values represent means + SD (n = 4 biological replicates). (I, Upper)
Immunoblot analysis of native NBR1 levels in mock-infected (-) and CaMV-infected (+) WT, P6-GFP, P6-GFP/atg5, and atg5 plants (CaMV (+) samples cor-
respond to H) using anti-NBR1 antibodies. (Lower) Ponceau S staining of the anti-NBR1 membrane served as loading control, and immunoreaction with anti-
GFP antibodies verified expression of the P6-GFP transgene. (J) Viral DNA levels in soluble and inclusion fractions derived from the CaMV-infected WT, P6-GFP,
P6-GFP/atg5, and atg5 plants used for ELISA in H. DNA levels were determined by qPCR, and values are given as means + SD (n = 4 biological replicates)
relative to the amount of DNA in the soluble fraction of WT plants. (K) Viral DNA levels in soluble and inclusion fractions from CaMV-infected WT and nbr1
plants at 15 and 25 dai. Values are given as means + SD (n = 4) relative to the amount of DNA in the soluble fraction of WT plants at 15 dai. Statistical
significance (*P < 0.05; **P < 0.01) was revealed by Student’s t test (compared with GUS in F and with WT in H and J). n.s., not significant.

P6 interfered with the autophagic targeting or degradation of
viral particles. Similar to the transient expression of P6, we did
not detect significant accumulation of NBR1 in P6-GFP trans-
genic plants compared with WT plants (Fig. 47), confirming that
P6 counteracted antiviral autophagy by means other than the
inhibition of autophagic flux. We reasoned that P6 instead could
protect viral particles by sequestering the particles into viral in-
clusion bodies. To test this notion, we applied a cell fractionation
method to separate free and inclusion body-associated viral
particles (Fig. 47). Consistent with the view that CaMV particles
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are stored mainly in viral inclusions, we found that the majority
of viral DNA was present in the inclusion fraction. Although
atg5 mutants accumulated significantly more viral DNA in both
soluble and inclusion fractions than WT plants, the P6-GFP
transgenic line displayed higher levels of viral DNA only in the
inclusion fraction, suggesting that P6 antagonizes autophagic
degradation of viral particles via protective functions of the viral
inclusion bodies. This assumption also implied that soluble free
particles are more prone to autophagy degradation. Indeed, the
analysis of viral DNA levels in soluble and inclusion fractions of
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infected WT and nbrl plants revealed equal suppression of both
particle pools by NBR1 early during infection (15 dai) (Fig. 4K).
At a later stage of infection (25 dai), however, NBR1 suppres-
sion increased for the soluble and decreased for the inclusion
pool of viral DNA (Fig. 4K). Together, these findings indicate
that antiviral NBR1 flux is functional throughout CaMV in-
fection, and that the formation of inclusion bodies helps protect
particles from NBR1-mediated degradation.

NBR1 Suppresses Infection Initiation but Not CaMV Movement Within
and from Plants. Our final aim was to determine whether NBR1
affects the ability of CaMV particles to initiate infection suc-
cessfully, to spread within plants, and to engage in transmission.
Transmission bodies (TBs) are inclusions that function in aphid
transmission and are characterized by the exclusive presence of
viral protein P2 (26, 27). To analyze whether autophagy affects
TB-related functions, we used a CaMV mutant deleted in P2.
CaMV lacking P2 showed similarly elevated virus titers in the
atg5 and nbrl mutants as the Cabb B-JI WT strain (Figs. S1 and
S5). In addition, the overall morphology of TBs and the locali-
zation of enclosed particles appeared comparable in WT plants
and autophagy mutants (Fig. S5). Finally, we investigated the
efficiency of virus transmission by aphids feeding on atg5 and
nbr]l mutants and found no significant difference from WT plants
(Fig. 54). Together, these results suggest that the properties of
TB and their function in aphid transmission are unconnected to
the impact of autophagy on CaMV infection.

We finally looked at infection rates in WT and nbrl plants after
aphid inoculation or mechanical inoculation with a dilution series
of purified virus particles (Fig. 5 B and C). Initiation of plant virus
infections generally depends on the strength of the inoculum;
infection rates decrease when the inoculum is diluted (Fig. 5B).
The infection rates were 100% with the strongest inoculum, as
expected. However, when lower inoculum titers were used, nbr!
and arg5 plants showed significantly higher infection rates, sug-
gesting that they are more susceptible to infection. Similarly, nbri
mutants showed a trend toward increased susceptibility in our
standardized aphid inoculation assay (Fig. 5C). We also recorded
the time after inoculation at which symptoms appeared in
mechanically inoculated plants and found no difference between
WT, atg5, and nbrl plants (Fig. 5D). The results suggest that
NBRI1 can suppress some aspect of the early stages (initiation) of
infection but does not affect CaMV movement within and aphid
transmission from infected plants.

Discussion

Previous studies have established both anti- and proviral functions
of autophagy during virus infections in metazoans. Autophagy
contributes to host immunity and mediates the selective degra-
dation of viral components, but several animal viruses have
evolved mechanisms by which autophagic processes are counter-
acted or hijacked to promote virulence (10, 14). By analyzing the
compatible interaction of the dsDNA virus CaMV with A. thali-
ana, we provide a seminal description of the key role of autophagy
in the establishment of disease and host defense responses during
infection by a plant virus. Our findings suggest that (i) NBR1-
dependent selective autophagy restricts the establishment of
CaMV infection in a process resembling mammalian xenophagy,
(#7) the VF protein P6 and CaMV-induced viral inclusions an-
tagonize NBR1 targeting of viral capsid protein and particles, and
(i) NBR1-independent autophagy promotes plant fitness and
increases the probability of CaMV transmission by extending the
timespan for virus production (Fig. 5E).

Previously, autophagy has been implicated in the degradation of
host and viral proteins associated with virus-induced RNA si-
lencing (28, 29), which is regarded as the primary antiviral defense
pathway in plants (30). However, because viral RNA levels were
not altered in autophagy-deficient mutants, RNA silencing can
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Fig. 5. NBR1 contributes to resistance during the establishment of CaMV
infection. (A) Aphids were fed on infected WT, atg5, and nbr1 plants and were
moved to healthy turnips. The infection rate of 80 turnips for each genotype is
given as the mean + SD from three consecutive experiments (n = 3). (B) Me-
chanical inoculation of WT, nbr1, and atg5 plants with 200, 20, or 2 ng of
isolated CaMV Cabb B-JI particles. The infection rate is given as the mean + SD
(n = 9). Statistical significance (**P < 0.01) was revealed by Student'’s t test.
(C) Aphids were kept on infected turnips for 2 min to acquire CaMV and then
were moved to healthy WT and nbr1 plants. The number of infected plants
was scored 3 wk later, and the percentage of infected plants is shown for three
consecutive experiments analyzing 80 plants per genotype. (D) The kinetics of
symptom appearance in WT, atg5, and nbr1 plants after mechanical in-
oculation with 200 ng of CaMV Cabb B-JI particles (analyzed in B for infection
rates). (E) Model for autophagy roles in CaMV infection. (1) Antiviral NBR1-
mediated selective autophagy suppresses the establishment of infection by
mechanical or aphid-vectored inoculation. While viral transcription and
translation remain unaltered, NBR1 specifically targets P4 and particles for
xenophagy (2). However, the build-up of VFs and TBs protects viral particles
and thus reduces the potential harm of NBR1 on the spread of virus infection,
including cell-to-cell movement (3). Proviral bulk autophagy prevents extensive
disease-associated senescence and tissue death, thereby increasing the lifespan
of the infected plant, overall virus production (4), and the concomitant
probability of aphid acquisition (5).

be largely excluded as the basis for the observed suppression of
CaMV infection by autophagy. Instead, we have identified the
selective autophagy cargo receptor NBR1 to target specifically
both nonassembled and particle-associated P4 but not viral P2, P3,
or P6. Because NBR1-linked P4 complexes accumulated in azg5
mutants and were detectable in vacuoles upon chemical inhibition
of proteolytic turnover, they likely undergo degradation via xen-
ophagy in WT plants. Thus, autophagy deficiency results in ele-
vated levels of viral particles, detected as the accumulation of P4
and viral DNA, but not of viral RNA or other viral proteins whose
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levels remain unchanged. In plants, NBRI is the sole homolog and
functional hybrid of the paralogous p62 and NBRI gene pair in
mammals (24). Recent reports suggested that plant NBR1 binds
to polyubiquitinated substrates similar to the binding in mamma-
lian counterparts, although the identity of individual plant proteins
targeted by NBR1 for autophagic destruction has yet to be
determined (22, 24). We found direct ubiquitin-independent
interaction of NBR1 with CaMV P4. Notably, both ubiquitin-
dependent and -independent targeting of capsids by p62 has been
demonstrated for diverse animal viruses, including the dsDNA
virus herpes simplex virus (HSV-1) and the positive-stranded
RNA viruses foot-and-mouth disease virus (FMDYV), chikungunya
virus (CHIKYV), and sindbis virus (SINV) (11-13, 31, 32). To-
gether, our results advance NBR1/p62-mediated xenophagy of
viral capsids to a cross-kingdom function in antiviral immunity.

NBR1-mediated particle xenophagy could impact infection very
negatively because the epidemiology of CaMV critically depends
on virus particle functions during the establishment of new plant
infections, systemic movement within plants, and transmission to
new host plants (33). However, nbrl and atg5 mutants did not
show alterations in symptom appearance or aphid transmission
rates when used as feeding source, arguing against any significant
ability of NBR1 to suppress the spread of infection within and
from plants. Both systemic movement and virus particle acquisi-
tion by aphids occurs from infected cells and is tightly linked to
viral inclusion body functions (VFs and TBs) (27, 34, 35). Indeed,
we propose, based on several observations, that viral particles
stored in inclusions are protected from autophagy. First, the major
inclusion-forming viral constituents, P6 and P2, were not degraded
by autophagy. Second, NBR1 showed limited access to P4 in P6
inclusion bodies, as revealed by the absence of colocalization be-
tween P4/P6 and NBR1 during infection. Third, free particles
were more prone to NBR1-mediated degradation than those as-
sociated with inclusions. Fourth, P6 reduced the occurrence of
NBRI1-associated P4 structures, a likely consequence of P4 in-
teraction with P6 and its subsequent sequestration into P6 inclu-
sions (36). Fifth, viral particles escaped antiviral autophagy in P6
transgenic lines via specific accumulation in inclusion fractions.
Interestingly, NBR1 still associated alongside VFs during in-
fection, leading us speculate that NBR1 directly targets and
competes for P4 at sites of translation and assembly before P4
localization within the inclusions.

An additional viral countermeasure against NBR1-mediated
host defense may come from the recently proposed suppressive
effect of P6 on cellular autophagy through activation of the target-
of-rapamycin (TOR) kinase (37). However, our observation of
strongly enhanced autophagy flux during CaMV infection and the
increased accumulation of P4 and viral DNA in autophagy-
deficient mutant plants clearly indicate that P6 does not block
autophagy efficiently during CaMV infection. Although different
viral strategies eventually may contribute to minimize the impact of
NBRI1 on viral particle functions, NBR1-deficient plants showed
increased susceptibility to CaMV infection following mechanical
inoculation at lowered inoculum strength and to transmission by
aphids. These findings unequivocally reveal the biological signifi-
cance of NBR1-mediated xenophagy in suppressing the establish-
ment of infection upon primary CaMV inoculation, likely before
inclusion body formation.

In summary, we propose a model that places autophagy in the
CaMV infection cycle (Fig. 5E). During transmission, viral par-
ticles enter the cells of uninfected plants. NBR1-mediated xen-
ophagy suppresses this stage of the infection, likely because of
the absence of effective viral counteractions. However, processes
that follow the establishment of primary infection, including
systemic plant colonization and acquisition by aphids, are no
longer sensitive to NBR1 and suggest that CaMV largely escapes
the potential harm of xenophagy by functions of autophagy-
resistant inclusion bodies. NBR1 provides antiviral roles in CaMV

Hafrén et al.

infection, and bulk autophagy significantly extends the lifespan
of infected plants and virus particle production. Autophagy has
been observed to increase host viability during some metazoan
virus infections as well (10, 12, 31). This survival function of
autophagy benefits CaMV infection by increasing the likelihood
that infected plants will provide particles for transmission.

Materials and Methods

Plant Material and Growth Conditions. WT plants were A. thaliana ecotype
Columbia (Col-0). Mutants atg5-1, atg7-2, nbr1-2, npri1-1, atg5-1 npri1-1, and
the GFP-ATG8a transgenic line have been described previously (19, 22, 38,
39). For infection experiments, Arabidopsis plants were grown in soil in a
growth cabinet under short-day conditions (8/16-h light/dark cycles), and for
transient expression assays N. benthamiana plants were cultivated in
a growth room under long-day conditions (16/8-h light/dark cycles) at
150 pE-m~2s~", 21 °C, and 70% relative humidity. Sterile plants were cultivated
in vitro on half-strength Murashige and Skoog (MS) medium with a 16-h
photoperiod at 150 pE-m~2s~" and 21 °C.

Plasmid Construction, Generation of Transgenic Lines, and Transient Expression.
For stable expression in transgenic plants, a genomic fragment of NBR1 con-
taining 2 kb of the predicted promoter and the coding region without the
stop codon was amplified (see Table S1 for primer sequences), cloned into
PENTR/D-TOPO, and subsequently recombined into pAUL11 (40) to add 3’-end
sequences encoding Strep(S)-ll and 3xHA tags. The NBR1 fragment containing
the 3xHA and Slll extension was reamplified by PCR, cloned into pENTR/D-
TOPO, and recombined into pGWB459 or pGWB604 (41) to generate the
PNBR1:NBR1-5lll-3xHA-tagRFP and pNBR1:NBR1-Slll-3xHA-GFP constructs, re-
spectively. P6 and P4 of CaMV (Cabb B-JI) were cloned into pENTR/D-TOPO and
further recombined into pGWB5 (P6) and pGWB606 (P4), resulting in the fu-
sion constructs 355:P6-GFP (as described previously in ref. 42) and 355:GFP-P4,
respectively. The binary plasmids were electroporated into Agrobacterium
tumefaciens strain GV3101 and were transformed into Col-0 WT or atg5 plants
using the floral dip method (43). For colocalization of different markers, the
respective transgenic lines were crossed, and the F1 plants were analyzed. For
transient expression experiments, P6 of CaMV (Cabb B-JI) was cloned into
PENTR/D-TOPO and further recombined into pGWB561 to generate 35S5:P6-
tagRFP. P4 fragments encoding the N-terminal (amino acids 1-120), middle, or
C-terminal (amino acids 418-489) domains were cloned and recombined into
PGWB606 as described for full-length P4. The pENTR clones containing the
coding sequences of NBR1 WT, PB1 (K11A), UBA2, and LIR domain mutants
were described previously (24) and were used for recombination into the bi-
nary vector pUBN-DEST-mRFP (44). The plant expression constructs were
transformed into A. tumefaciens strain GV3101, and infiltration of N. ben-
thamiana was done at the four- to six-leaf stage.

CaMV Inoculation and Quantification. The first true leaves of 3-wk-old Arabi-
dopsis plants were inoculated by Agrobacterium-mediated infiltration of the
CaMV strain CM1841 or mechanically with particles purified from turnip plants
infected with CaMV strains Cabb B-JI and CaMVAP2 (45). Plants were sampled
in biological replicates, each containing three individual plants from which
inoculated leaves were removed. For ELISA, four replicate samples per condi-
tion were homogenized in 2 mL 100 mM Tris (pH 7.5) and 1 M urea per gram
fresh weight, incubated under shaking for 1 h at 4 °C, and diluted 10-fold in
100 mM Tris (pH 7.5), 150 mM NaCl, 2% (wt/vol) polyvinylpyrrolidone (PVP),
0.1% Tween 20, and 2% (wt/vol) skimmed milk powder. Antibodies for CaMV
double-antibody sandwich (DAS)-ELISA were purchased from Neogen (product
code 1210). Standard curves were generated from serial dilutions of isolated
viral particles. For CaMV transcript analysis, total RNA was isolated from three
replicates using the RNeasy Plant Mini Kit (Qiagen), and on-column DNA di-
gestion was performed with DNase | (Qiagen). First-strand cDNA was synthe-
sized from 1 pg of total RNA using the Maxima First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific). qPCR analysis was done with Maxima SYBR Green/
Fluorescein qPCR Master Mix (Thermo Fisher Scientific) using the CFX Connect
Real-Time PCR detection system (Bio-Rad) with the gene-specific primers listed
in Table S1. Control reactions without reverse transcription were performed
to exclude DNA contamination, and normalization was done using PP2A
(AT1G69960) and UBQ9 (AT5G37640). For CaMV DNA quantitation, total DNA
was isolated from four replicates using the NucleoSpin Plant Il Kit (Macherey-
Nagel), followed by gPCR with ribosomal DNA as reference essentially as de-
scribed in ref. 46.

Soluble and inclusion-associated CaMV particles were obtained essentially as
described in ref. 47. Briefly, infected plant tissue was homogenized in 100 mM Tris
(pH 8.0), 150 mM Nadl, and 1% Triton X-100 and was centrifuged at 17,000 x g
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for 10 min at 4 °C. The supernatant represented the soluble fraction of free
particles, and the pellet contained the inclusion-associated particles. Total DNA
was precipitated from both fractions, and CaMV DNA levels were determined
by qPCR using primers specific for the chloroplast genome as reference.

Aphid Transmission and Mechanical Inoculation of CaMV for Susceptibility
Testing. Wingless green peach aphids (Myzus persicae Sulzer) were starved
for 1 h on Parafilm membranes (Bemis Company, Inc.), and were fed for
2 min on infected Arabidopsis or turnip (Brassica rapa L. Just Right) plants
before being placed on turnip seedlings at the cotyledon stage or on
Arabidopsis plants at the five-leaf stage for subsequent 1-h inoculation.
Then aphids were killed by insecticide treatment, and plants were culti-
vated as described (48). For assaying the susceptibility to mechanically in-
oculated CaMV, different amounts of isolated particles were rubbed on a
single true leaf of 3-wk-old Arabidopsis plants using a sponge and carbo-
rundum as abrasive. Infected plants were identified by visual inspection of
typical symptoms.

Confocal Microscopy, Immunofluorescence, and Inhibitor Treatment. 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-
552 nm and 561 nm/569-652, respectively, and the sequential scanning mode
was used for covisualization of both fluorophores. Inhibitor treatment was
carried out by syringe-infiltration of mature leaves by or incubation of seed-
lings in 0.5 uM ConA in half-strength MS medium 14 h before confocal anal-
ysis. For immunofluorescence, Arabidopsis leaf segments (approximately
25 mm?®) were immersed in fixation buffer (1% glutaraldehyde in 50 mM
Hepes, pH 8) for 1 h; then the borders were removed, and the remaining tissue
was embedded in 5% (wt/vol) agarose. Vibratome-cut sections (approximately
50 um) were processed as described (27). Inmunolabeling was performed with
the primary antibodies rabbit anti-P2 (49), anti-P3 (50), anti-P4 (Neogen), anti-
P6 (51), and anti-NBR1 (24) and with mouse anti-P4 and rat anti-P6 (produced
by Eurogentec), as well as Alexa 488 and Alexa 594 conjugates (Thermo
Fisher), as secondary antibodies. To visualize cell walls, the slides were coun-
terstained with 0.002% Fluostain | (Sigma-Aldrich) before mounting. Im-
munofluorescence images were acquired with a Zeiss LSM 700 confocal
microscope using excitation/detection parameters of 405/415-500 nm for
Fluostain I, 488 nm/490-535 nm for Alexa 488 dye, and 555/560-630 nm for
Alexa 594 dye. Confocal images were processed with ZEN version 2011 (Zeiss)
and Image J version 1.48v software.

NBR1-Dependent IC-TEM and ELISA. Plants were inoculated with CaMV C1841,
and infected tissue was harvested 14 d later along with noninfected controls.
Lysates were prepared by homogenizing 1 g of tissue in 2 mL 100 mM Tris
(pH 7.5), 150 mM NaCl, 2% (wt/vol) PVP, 0.1% Tween 20, and 2% (wt/vol)
skimmed milk powder and were cleared by centrifugation at 1,000 x g for
5 min at 4 °C. The lysates then were applied to carbon-coated TEM grids or
ELISA plates coated with anti-NBR1 (1:200) and were incubated overnight at
4 °C. TEM grids were subsequently washed six times for 2 min with PBS and
0.1% Tween 20 and twice for 2 min with double-distilled H,O, followed by
staining with 3% (wt/vol) uranyl acetate for 30 s. Ultrastructural analysis and
imaging were performed with an FEI Tecnai G2 transmission electron micro-
scope. P4 bound to the anti-NBR1—coated ELISA plates was detected with
conjugated anti-P4 (Neogen) and was quantified using the standard curve
derived from standard CaMV particle ELISA. NBR1 direct ELISA was performed
by binding crude plant extracts directly to ELISA plates after homogenizing
tissue in 8 M urea, followed by incubation with primary anti-NBR1 (1:4,000)
and secondary anti-rabbit alkaline phospatase (AP) (1:4,000) antibodies. A
serial dilution of plant extract functioned as a standard series, and extracts
from nbr1 plants served as a negative control.

Immunoblot Analysis. Proteins were extracted in 100 mM Tris (pH 7.5) with
2% (wt/vol) SDS, boiled for 5 min in Laemmli sample buffer, and cleared by
centrifugation. The protein extracts then were separated by SDS/PAGE, trans-
ferred to PVDF membranes (Amersham, GE Healthcare), blocked with 5% (wt/vol)
skimmed milk in PBS, and incubated with the primary antibodies anti-NBR1 (24),
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3. Lamb CA, Yoshimori T, Tooze SA (2013) The autophagosome: Origins unknown,
biogenesis complex. Nat Rev Mol Cell Biol 14(12):759-774.
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anti-ATG8a (52), anti-ATG8e (53), anti-P2 (49), anti-P3 (50), anti-P4 (Neogen),
anti-P6 (54), anti-MBP (New England Biolabs), or anti-GST (MicroMol GmbH)
using a 1:1,000 dilution in PBS, 0.1% Tween 20, and secondary horseradish
peroxidase (HPR)-conjugated antibodies (1:5,000) in PBS and 0.1% Tween 20
(Amersham, GE Healthcare). The immunoreaction was developed using the
ECL Prime kit (Amersham, GE Healthcare) and was detected in a LAS-3000
Luminescent Image Analyzer (Fujifilm).

Immunoprecipitation. For analysis of NBR1-GFP immunocomplexes, total
proteins were extracted from infected pNBR1:NBR1-5Ill-3xHA-GFP transgenic
plants (CM1841) at 21 dai, and immunoprecipitation was done according to
the protocol provided with anti-GFP microbeads (WMACS GFP Isolation Kit;
Miltenyi Biotec). Mock-treated NBR1-GFP or infected free-GFP transgenic
lines were used as controls. The presence of viral DNA was detected after
precipitation of total DNA from the immunoprecipitated samples.

In Vitro Binding Assays. Several P4 variants including the full-length, N-ter-
minal (amino acids 1-120), middle (amino acids 76-438), and C-terminal
(amino acids 418-489) regions were cloned into a gateway-compatible
pMAL-c2 (Invitrogen) vector to generate MBP fusions. The nonaggregating
NBR1 mutant K11A (NBR1%'"?) was recombined into pDEST15 (Invitrogen) to
produce a GST fusion construct. Recombinant MBP and GST proteins were
expressed using the E. coli strain BL21 DB3.1. MBP proteins were immobi-
lized on amylose resin (New England Biolabs) followed by 2-h incubation
under constant rotation at 4 °C with cleared bacterial lysates containing GST-
NBR1¥"" in buffer solution [20 mM Tris (pH 7.5), 100 mM NaCl, and 1 mM
EDTA]. Washing was done four times with two volumes of the same buffer,
and matrix-bound protein complexes were eluted with one volume of buffer
supplemented with 50 mM maltose. Samples were analyzed by immunoblot
analysis in comparison with the MBP control.

For in vitro pull-down of CaMV particles, GST and GST-NBR1<"™ were
immobilized on glutathione Sepharose (GE Healthcare) and incubated for 2 h
under constant rotation at 4 °C with CaMV particles purified from infected
nbr1 plants in buffer containing 20 mM Tris (pH 8.0) and 100 mM NaCl. Washing
was done four times with two volumes of buffer, and the elution step was
performed with one volume of 5 mM Tris (pH 8.0) with 6 mg glutathione/mL.
Input and eluate fractions were directly subjected to gPCR analysis to determine
the amount of CaMV DNA as a proxy of in vitro-bound particles.

Y2H Analysis. Y2H techniques were performed according to the Yeast Protocols
Handbook (Clontech). The gateway-compatible Y2H vectors described in ref.
55 were used to generate fusions of the C-terminal portions of NBR1 (amino
acids 505-704 and amino acids 505-656 lacking the LIR and UBA2 domains)
and of the different CaMV P4 fragments (full-length, P4-N, P4-M, and P4-C; see
above) with GAL4 BD and AD, respectively. Yeast strain AH109 was cotrans-
formed with the respective plasmid combinations, including empty vector
controls, followed by selection on solid SD medium lacking Trp/Leu for 3 d at
28 °C. Interaction was analyzed by growth on Trp/Leu medium lacking His
supplemented with 4 mM 3-Aminotriazole (3-AT) (Sigma) and by lacZ assays.

Data Analysis and Presentation. Data are presented as mean =+ SD. Statistical
significance was analyzed by Student’s t test; *P < 0.05, **P < 0.01. Signif-
icance level with P values <0.001 was not specifically indicated. The number
of replicates (n) is given in the figure legends.
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