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HC-Pro inhibits HEN1 methyltransferase
activity, leading to autophagic degradation
of AGO1

A list of authors and their affiliations appears at the end of the paper

Helper-component proteinase (HC-Pro), encoded by potyviruses, function as
viral suppressors of RNA silencing (VSRs). Despite their conserved role, HC-
Pros share approximately 40% similarity, implying potential differences in VSR
efficiency, particularly in their ability to inhibit HEN1 methyltransferase activ-
ity. This study investigated the inhibitory potential of HC-Pros from different
potyviruses in transgenic plants. P1/HC-Pro from turnip mosaic virus (P1/HC-
ProTu) exhibited the most potent inhibition of HEN1, followed by P1/HC-Pro
from zucchini yellow mosaic virus (P1/HC-ProZy), while P1/HC-Pro from
tobacco etch virus (P1/HC-ProTe) showed the weakest inhibitory effect. These
differential effectual effects corresponded to variations in unmethylated
microRNAs (unMet-miRNAs) accumulation across the transgenic lines. Fluor-
escence resonance energy transfer (FRET) analysis indicated that HC-ProTu

recruitsHEN1 andATG8a toHC-Probodies (H-bodies) and indirectly associates
with AGO1, potentially influencing the assembly of the RNA-induced silencing
complex (RISC) and leading to the accumulationof free-formmiRNAduplexes.
The ability of HC-ProTu to sequester HEN1 and AGO1 in H-bodies may, there-
fore,modulatemiRNA loading. This observation alignswith thefinding thatP1/
HC-ProTuplants harbored approximately 50%unMet-miRNAs and exhibited the
lowest AGO1 levels, suggesting a positive correlation between HEN1 inhibition
and autophagic degradation of AGO1. Interestingly, unMet-miRNAs are absent
in the AGO1 of P1/HC-ProTu plants but reappeared in P1/HC-ProTu/hen1-8/heso1-1
plants, accompanied by signs of AGO1 recovery. These findings highlight the
functional diversity of HC-Pro VSRs and provide new insights into their dif-
ferential effects on miRNA methylation, RISC assembly, and the regulation of
RNA silencing pathways.

Potyviruses, known for their diversity, are prevalent plant viruses1,2.
The P1/helper-component protease (P1/HC-Pro) of potyvirus is the first
viral suppressor of RNA silencing (VSR) discovered to inhibit RNA
silencing mediated by microRNA (miRNA) and short-interfering RNA
(siRNA)3–7. Previous studies resulted in the identification of HC-Pro as
the primary suppressor, with the P1 protein enhancing the suppressive
effect of HC-Pro8,9. RNA silencing is a critical viral defense mechanism

in plants3, making VSRs essential for plant viruses to counteract this
defense10. Mutations in VSRs can diminish virulence and impair the
ability of viruses to inhibit RNA silencing11,12. Previous studies have
shown that various P1/HC-Pros in potyviruses can suppress RNA
silencing, leading to abnormal mature miRNA and miRNA* accumula-
tion, thus preventing miRNAs from regulating target mRNAs10–12.
Transgenic plants expressing different potyviral P1/HC-Pro genes
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exhibit similar serrated leaf phenotypes10–12. Analysis of the protein
similarity between P1 andHC-Pro in different potyviruses revealed that
P1 proteins share less than 20% sequence similarity, while HC-Pro
proteins are more divergent at the N-terminus, with ~40% similarity9,13.
This variation suggested that the RNA silencing suppression abilities of
P1/HC-Pros from different potyviruses may differ.

In addition to RNA silencing, Hafrén et al. highlighted the role of
NEIGHBOR OF BRCA1 (NBR1)-dependent autophagy in resisting turnip
mosaic virus (TuMV)14, which prompts elevated expression of NBR1
and autophagy-related protein 8a (ATG8a) in Arabidopsis, leading to
autophagic degradation of the HC-Pro from TuMV (HC-ProTu)14. Con-
versely, nbr1 mutant and autophagy mutants, such as atg5, and atg7,
exhibit increased susceptibility to TuMV, consistent with autophagy
contributing to an antiviral mechanism in plants14. The study also
revealed that the TuMV proteins 6K2 and VPg inhibit autophagic HC-
ProTu degradation, indicating the presence of a complex host-virus
interaction14. Furthermore, Hafrén et al. noted that the HC-Pro from
potato virus A (PVA) induced the formation of RNA granules, known as
PVA-induced RNA granules (PGs)15, which we refer to as HC-Pro-bodies
(H-bodies) for this study. Several studies have shown that PGs contain
ATG8a, HC-Pro, argonaute 1 (AGO1), oilgouridylate-binding protein
(UBP1), varicose (VCS), and eukaryotic initiation factor iso4E, corro-
borating a significant link between autophagy, RNA silencing sup-
pression, and PGs14,15.

Autophagy, a vital and evolutionarily conserved cellular process,
involves the formation of an autophagosome, a double-membrane
enclosed vesicle that encapsulates and transports cellular components
to the lysosome for degradation and recycling16. Autophagy-related
(ATG) proteins, particularly ATG8a, which has been identified as a
critical marker for autophagy and is instrumental in autophagosome
formation, are essential for this process14,17. Notably, disruptions in the
assembly of the RNA-induced silencing complex (RISC) can lead to the
autophagic degradation of AGO118–20. Johnston et al. highlight that
AGO1 requires the assistanceofHSP90 for stabilizationwhenAGO1has
not been loaded with miRNAs20. Without miRNA association, non-
functional AGO1 undergoes autophagic degradation, a process facili-
tated by F-box and WD repeat domain-containing 2 (FWB2)18,19. This
finding underscores that autophagy regulates AGO1, serving as a cri-
tical quality control mechanism to maintain cellular homeostasis and
ensure the effective functioning of RNA silencing. Hu et al. demon-
strated that Arabidopsis plants expressing P1/HC-ProTu (P1/HC-ProTu

plants) exhibited lower endogenous AGO1 levels than wild-type Col-0
plants9. In contrast, transgenicplants expressing either P1/HC-Pro from
zucchini yellow mosaic virus (P1/HC-ProZy) or P1/HC-Pro from tobacco
etch virus (P1/HC-ProTe) did not exhibit decreased AGO1 levels in their
respective P1/HC-ProZy and P1/HC-ProTe plants9. These data suggested
that P1/HC-ProTu has a unique function comparedwith P1/HC-ProZy and
P1/HC-ProTe, which might be useful for further probing RNA silencing
mechanisms.

The methyltransferase HUA ENHANCER 1 (HEN1) plays a crucial
role in stabilizing small RNAs through the process of 2′-O-
methylation21,22. This methylation acts as a protective mechanism,
safeguarding these small RNAmolecules frompremature degradation.
However, once AGO1-bound miRNAs fulfill their functional roles and
require metabolic degradation, the enzymes Small-RNA Degrading
Nucleases (SDNs) step in to initiate the degradation process by first
removing the methyl group from the miRNA23–27. Following demethy-
lation, the miRNA undergoes uridylation by HEN1 SUPPRESSOR1
(HESO1), a terminal uridylyltransferase (TUTase)25. This modification
marks the miRNA for subsequent degradation. Yu et al. demonstrated
that in various VSR transgenic plants, including those expressing HC-
ProTu, p19, and p21, unmethylated miRNAs (unMet-miRNAs) were
detected21. Furthermore, Sanobar et al. demonstrated that the FRNK
amino-acid motif of HC-ProTu can physically interact with HEN1 and
inhibit HEN1 activity both in vivo and in vitro28. The FRNK motif is

highly conserved in potyvirus HC-Pros and plays an important role in
suppressing themiRNApathway. The Arg182Lysmutant (FKNK) of HC-
ProTu (HC-ProTu-K) compromises the ability to suppress HEN1 activity
and RNA silencing11.

In light of recent findings, we propose four key questions: (1) In
which cellular compartment does P1/HC-Pro accumulate miRNA and
miRNA*? (2) How do RNA silencing components interact with HC-Pro
when both are located inside H-bodies? (3) Since different potyvirus
HC-Pros contain the FRNK motif, do they all have the same ability to
inhibit HEN1? (4) Does P1/HC-ProTu cause the degradation of AGO1
through autophagy?

In this study, we demonstrated that three species of P1/HC-Pros
can lead to the accumulation of miRNA and miRNA* in the cytoplasm.
Notably, HC-ProTu can recruit AGO1, HEN1, and ATG8a into H-bodies,
either indirectly or directly. A critical distinction of P1/HC-ProTu, as
opposed to P1/HC-ProZy and P1/HC-ProTe, lies in its efficient inhibition
of HEN1 activity, resulting in unMet-miRNAs accumulation. We also
found a positive correlation between the accumulation of unMet-
miRNAs and the extent of autophagic AGO1 degradation. These results
indicate a more potent RNA silencing suppression ability in P1/HC-
ProTu, highlighting the complex interplay between viral proteins and
host cellular mechanisms.

Results
Consistent and variable molecular characteristics associated
with RNA silencing suppression in different P1/HC-Pro variants
To investigate the role of P1/HC-Pro in modifying the regulatory
miRNA pathway, different species or modified P1/HC-Pro genes were
utilized (Fig. 1a). P1/HC-ProTu, P1/HC-ProZy, and P1/HC-ProTe plants
express the wild-type VSR with an intact FRNK motif, whereas P1/HC-
ProTu-K plants contain an HC-ProTu with a mutated FRNK motif
(Fig. 1a)9,11. Moreover, two recombinant P1/HC-Pro genes, P1Zy/HC-ProTu

and P1Tu/HC-ProZy, were also used for testing the suppressive abilities of
various HC-Pros (Fig. 1a)9.

As previously demonstrated, the P1/HC-ProTu, P1/HC-ProZy, and P1/
HC-ProTe plants exhibited serrated and curled leaves, whereas the P1/
HC-ProTu-Kplants displayed a normal developmental phenotype, similar
to that of the Col-0 wild-type (Fig. 1b). Abnormal miRNA and miRNA*
accumulation is a common phenomenon in VSR transgenic
plants11,12,29–33. We observed that miR159 and miR168 accumulated to
1.3- to 5.9-fold greater levels in P1/HC-ProTu, P1/HC-ProZy, and P1/HC-
ProTe plants than in wild-type plants (Fig. 1c). MiR168* also significantly
accumulated in all P1/HC-Pro plants (Fig. 1c). Notably, P1/HC-ProTu-K

plants also exhibited slight miRNA accumulation (1.5 to 2.9-fold)
(Fig. 1c), supporting the notion that HC-ProTu-K retains partial sup-
pressive ability11.

To investigate the cellular distribution of abnormally accumu-
lated miRNAs, crude plant extracts were subjected to size exclusion
chromatography (SEC). In Col-0 plants, a large form of AGO1 (AGO1-L)
was distributed in fractions 4–8, and we defined these fractions as
high-molecular-weight RISC (HMW-RISC) (Fig. 1d). A small form of
AGO1 (AGO1-S) was distributed in fractions 12–16, and we defined
these fractions as low-molecular-weight RISC (LMW-RISC) (Fig. 1d). In
P1/HC-ProTu plants, HC-ProTu was present in fractions 8–12 becauseHC-
Pro forms amultimer (Fig. 1d)34,35. HA-HEN1wasdistributed in fractions
6–18, consistent with the possible spatial and temporal localization of
HA-HEN1 in the HC-ProTu (Fig. 1d).

Next, we extracted small RNAs from each SEC fraction for miRNA
detection. The distribution of miR159 was in fractions 4 to 20, which
included both HMW-RISC and LMW-RISC in Col-0, P1/HC-ProTu, and P1/
HC-ProTu-K plants (Fig. 1e(i)). Surprisingly, in P1/HC-ProTu plants, we
detected a high abundance of miR159 accumulation in fractions 22 to
28, which were defined as free-form fractions because synthesized
double-stranded miR159 localizes to these fractions (Fig. 1e(i)). Inter-
estingly, we also observed the free-form miR159 accumulation in P1/
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HC-ProTu-K and P1/HC-ProZy plants (Fig. 1e(i)). Moreover, observations
also revealed a pronounced accumulation of bothmiR165 andmiR165*
within free-form fractions (Fig. 1e(ii)). These data imply that P1/HC-Pro
impedes the loading of miRNA duplexes into RISC, causing them to
accumulate in a free-form state, which is a phenomenon that is com-
monly characteristic of HC-Pro in potyviruses.

Given that HC-ProTu has been demonstrated to inhibit HEN1
methyltransferase activity, we proceeded to mix fractions from SEC
samples for subsequent β-elimination analysis. In Col-0 plants, all
fraction mixtures exclusively contained methylated miR159 (Met-
miR159) (Fig. 1f). In contrast, both Met-miR159 (21-nt position) and
unmethylated miR159 (unMet-miR159) (20-nt position) were found in
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all fraction mixtures from P1/HC-ProTu plants, with a notable enrich-
ment in the free-form fraction (Fig. 1f), suggesting that unmethylated
miRNAs (unMet-miRNAs) exist in the free-form and other fractions in
P1/HC-ProTu plants. Additionally, a third band was observed between
the 20-nt and 21-nt positions in fraction-mix III and the free-form
fraction of P1/HC-ProTu plants. The molecular status of this inter-
mediate miR159 species remains undetermined (Fig. 1f, asterisks).

According to the transcriptomic profiles, most of the miRNA tar-
gets in each of the four P1/HC-Pro plants were upregulated compared
to those in the wild-type Col-0 plants (Fig. 1g). The upregulation of the
target genes in the P1/HC-ProTu plants wasmore pronounced than that
in the other three P1/HC-Pro plants (Fig. 1g), indicating that the ability
of the P1/HC-ProTu plants to suppress RNA silencing differed from that
of the other P1/HC-Pro plants. Notably, plants expressing P1/HC-ProTu-K

with a mutated FRNK motif exhibited reduced silencing suppression
capability compared to P1/HC-ProTu plants, yet these plants exhibited a
suppressive effect akin to that observed in P1/HC-ProZy plants (Fig. 1g).
This led to a moderate increase in the expression of target genes,
corroborating prior research indicating that P1/HC-ProTu-K has a partial
ability to suppress silencing11. Principal component analysis (PCA)
revealed that the first two PCs contributed 80.4% of the total variance
(Fig. 1h). The PC2 comprised 24.2% of the data variance could differ-
entiate between P1/HC-Pro plants and Col-0 plants, whereas 56.2% of
the data variance of PC1 separated P1/HC-ProTu plants and other plants
(Fig. 1h). Therefore, compared with those of other P1/HC-Pro plants,
the RNA silencing suppression ability of P1/HC-ProTu plants is unique.

Hafrén et al. demonstrated HC-Pro-induced PGs in the
cytoplasm15. Thus, we evaluated round cytoplasmic H-bodies
(1200–2000nm in diameter) in HC-ProTu-CFP and HC-ProTu-K-CFP
transient expression cells (Fig. 1i(i, ii)). HC-ProTu localizes to the
nucleus and forms amorphous inclusion bodies (>6000nm) in the
cytoplasm (Supplementary Fig. 1), which is a natural property of HC-
Pro34–36. Surprisingly, we did not observe HC-ProZy-CFP-forming H-
bodies, even those co-expressing HC-ProTu-YFP (Fig. 1i(iii, iv)). How-
ever, HC-ProZy-CFP was detected in the nucleus and formed amor-
phous inclusion bodies in the cytoplasm (Fig. 1i(iii)). These data imply
that various HC-Pros have conserved morphogenic and molecular
phenotypes but also possess unique traits and diverse subcellular
localization tendencies in plant cells.

HC-ProTu enhances AGO1 degradation and recruits AGO1 to
H-bodies
Endogenous AGO1 levels were quantified acrossmultiple genotypes to
assess the impact of different P1/HC-Pro variants. InP1/HC-ProTu andP1/
HC-ProZy plants, AGO1 levels were significantly reduced to 0.27-fold
and 0.55-fold, respectively, compared to those in Col-0 plants
(Fig. 2a(i)). In contrast, AGO1 levels in P1/HC-ProTu-K (0.86-fold) and P1/
HC-ProTe (0.87-fold) plants were comparable to that observed in Col-0
plants (Fig. 2a(i)). These observations were supported by quantifying
five independent western blot experiments (Fig. 2a(ii); Supplementary
Fig. 2). The relative expression levels of AGO1 for each genotype were
statistically analyzed and depicted in a bar chart (Fig. 2a(ii)),

confirming a significant reduction in AGO1 levels in P1/HC-ProTu plants,
with a moderate decrease in P1/HC-ProZy plants (Fig. 2a(i, ii)). Further
validation was performed using LC-MS/MS, reinforcing the western
blot findings. The P1/HC-ProTu and P1/HC-ProZy plants exhibited
reduced AGO1 levels, while the P1/HC-ProTe and Col-0 plants showed
comparable AGO1 expression (Fig. 2a(iii)). In summary, the data indi-
cate that different P1/HC-Pro variants distinctly modulate AGO1
expression levels. Notably, the P1/HC-ProTu/atg8age plants discussed in
Fig. 2a are atg8a mutants derived from the P1/HC-ProTu background,
with a detailed characterization of thismutant provided in subsequent
sections.

Although the AGO1 protein levels were decreased in some of the
P1/HC-Pro plants (Fig. 2a), the AGO1 mRNA levels increased in P1/HC-
ProTu, P1/HC-ProZy, and P1/HC-ProTe plants (Fig. 2b), likely because the
miR168-AGO1 regulatory module was suppressed. AGO1 mRNA levels
were similar between P1/HC-ProTu-K and Col-0 plants (Fig. 2b).

Weemployed cell biology techniques to explore the impactofHC-
Pro on AGO1. HC-ProTu-CFP formed numerous H-bodies within the
cytoplasm,with YFP-AGO1 co-located in these speckles (Fig. 2c(i, ii)). In
contrast, HC-ProTu-K-CFP resulted in the formation of only a limited
number of H-bodies, with the majority of YFP-AGO1 being located in
the cytoplasm and nucleus and only a minor fraction of YFP-AGO1 co-
localizing in H-bodies (Fig. 2c(iii, iv); Supplementary Fig. 3). To deter-
mine whether HC-Pro physically interacts with AGO1, we utilized
fluorescence resonance energy transfer (FRET). HC-Pro can form
cytoplasmic multimers34,35; therefore, we chose HC-ProTu-CFP and HC-
ProTu-YFP as positive controls (Fig. 2d). H-bodies composed of HC-
ProTu-CFP and HC-ProTu-YFP exhibited 70% FRET efficiency, whereas
the HC-ProTu-CFP + YFP sample (a negative control) exhibited only 5%
FRET efficiency (Fig. 2d). HC-ProTu-K-CFP and HC-ProTu-K-YFP also
demonstrated a 72% FRET efficiency, implying that HC-Pro is prone to
forming dimers or multimers through self-interaction (Fig. 2d). Sur-
prisingly, no FRET signals were detected in the H-bodies formed by
YFP-AGO1 and either HC-ProTu-CFP or HC-ProTu-K-CFP (Fig. 2d), indi-
cating that there was no physical interaction between AGO1 and either
HC-ProTu or HC-ProTu-K. Moreover, the size of YFP-AGO1 foci co-
expressedwithHC-ProTu-CFPwas ~1400–2400nm(Fig. 2e, f), similar to
that of H-bodies (Fig. 1i). In summary, HC-ProTu, but not HC-ProTu-K,
attracts AGO1 to H-bodies by indirect interaction, perhaps triggering
AGO1 degradation.

HC-ProTu triggers autophagic AGO1 degradation and physically
interacts with ATG8a
Previous reports have indicated that AGO1 is degraded via
autophagy18,19,22, and indeed, the YFP-AGO1 signal disappeared 3 days
after co-infiltration with HC-ProTu-CFP, consistent with the triggering
of AGO1 degradation in P1/HC-ProTu plants. A heatmap of 41 ATG genes
revealed that some autophagy genes, such as ATG8a/b/c/g, ATG18b/c/
d/e/f,ATG4a,ATG9,ATG12a, ATG101, and ATI3C, etc., were significantly
upregulated in P1/HC-ProTu plants (Fig. 3a). We detected significant
differential expression of the ATG8 family of genes, including ATG8a,
ATG8b, ATG8g, and ATG8h, in these P1/HC-Pro plants (Fig. 3b),

Fig. 1 | The common molecular features of various P1/HC-Pro variants during
RNA silencing. a Schematic binary plasmids containing the various P1/HC-Pro
constructs used in this study. b Phenotypes of transgenic P1/HC-Pro plants. Pho-
tographs of 3-week-oldplantswere taken. A representative plant of eachcategory is
shown. Bar, 1 cm. c Abnormal miRNA/miRNA* accumulation in various P1/HC-Pro
plants. U6 small nuclear RNA was used as a loading control. The numbers on the
panels represent the average signal strengths of themiRNAs relative to those in the
non-transformed wild-type plants (Col-0) after normalization against the loading
control. The levels in the Col-0 plants were set at 1.0. Two independent lines for
each construct were analyzed. NA, not available. d The SEC distributions of AGO1,
HC-Pro, and HA-HEN1 in various plants. AGO1-L, the large form of AGO1. AGO1-S,
the small form of AGO1 (n = 10). e The miR159 SEC distribution in various plants

(n = 10). Syn-ds-miR159, the synthetic miR159 duplex (i). The miR165 and miR165*
SEC distribution in P1/HC-ProTu plants (ii). f The methylation status of different SEC
fractions in various plants. Fraction-mix I wasmixedwith fractions 4 and6; fraction-
mix II was mixed with fractions 10 and 12; fraction-mix III was mixed with fractions
14 and 16; and the free-form fraction was mixed with fractions 24 and 26. Two
asterisks indicate an unknown additional band (n = 3). g Heatmap showing the
expression levels of 103miRNA target genes in Col-0 and various P1/HC-Pro plants.
The color scale bar indicates the fold change in target gene expression. h Principal
component analysis (PCA) for Col-0 and various P1/HC-Pro plants. i H-bodies
observed in HC-ProTu-CFP (i) and HC-ProTu-K-CFP (ii). Evaluation of the subcellular
colocalization between HC-ProZy-CFP (iii) and HC-ProTu-YFP (iv). A representative
image of each category is shown. Bars, 10μm. In, inclusion body.
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suggesting that upregulation of autophagy genes may be a common
phenomenon under the suppressive effects of HC-Pro.

GFP-ATG8a has been used as a marker in autophagy studies14,37.
Hafrén et al. noted that HC-Pro induced ATG8a expression and colo-
calized with ATG8a in PGs14. Therefore, we generated ATG8a null
alleles in the P1/HC-ProTu background (P1/HC-ProTu/atg8age) via CRISPR-

Cas with 4 guided RNAs (gRNAs) for further investigation (Fig. 3c(i)).
We obtained four individual knockout lines, each with a large genomic
deletion of ATG8a, and all alleles exhibited recovered AGO1 levels
(Supplementary Fig. 4). Line #4-5 was selected to represent the P1/HC-
ProTu/atg8age genotype because it has a large ATG8a genomic deletion
and undetectable ATG8a transcripts (Fig. 3c(ii), d). Western blotting
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revealed that AGO1 was degraded in 14-day-old P1/HC-ProTu plants
(0.27-fold) compared with Col-0 plants (1.0-fold) (Fig. 2a(i)). The
amount of AGO1 (0.87-fold) was greater in the P1/HC-ProTu/atg8age

plants (Fig. 2a(i)). The quantitative results from western blotting and
LC-MS/MS analyses consistently indicate that AGO1 levels in P1/HC-
ProTu/atg8age plants have been restored to those observed in Col-0
plants (Fig. 2a(ii, iii)). Notably, the HC-ProTu levels of the P1/HC-ProTu

and P1/HC-ProTu/atg8age plants line #4–5 and others were similar
(Supplementary Fig. 4b). The cotyledon morphology of P1/HC-ProTu/
atg8age plants was similar to the round shape of Col-0 cotyledons,
unlike the elliptical shape of P1/HC-ProTu cotyledons (Supplementary
Fig. 5), suggesting that the narrow cotyledon phenotype in the P1/HC-
ProTu background was partially recovered in atg8a mutants.

We conducted a comparative transcriptomic comparison to
assess the recovery of AGO1 levels and morphology in P1/HC-ProTu/
atg8age plants. Hierarchical cluster analysis of the transcriptome data
revealed that P1/HC-ProTu/atg8ageplants closely resembledCol-0 plants
(Fig. 3e). Additionally, in P1/HC-ProTu/atg8age plants, the expression
levels of several autophagy-related genes, such as ATI3A, ATI3C,
UBAC2A, and ATG1, were comparable to those in Col-0 plants (Fig. 3f;
Supplementary Fig. 6). However, NBR1 remained consistently highly
expressed in both P1/HC-ProTu and P1/HC-ProTu/atg8age plants (Fig. 3f).
This effect is likely due to NBR1, a selected autophagy receptor posi-
tioned at the upstream level of the pathway. The expression ofNBR1 is
induced in both transgenic plants by the presence of P1/HC-ProTu.
Furthermore, the transcript levels of miRNA targets such as AGO1 (a
target ofmiR168),GRF1 (a target ofmiR156/157), and ARF16 (a target of
miR160) were 3- to 8-fold higher in P1/HC-ProTu plants than those in
Col-0 plants (Fig. 3g). In contrast, these targets showed a 2- to 4-fold
increase of expression in P1/HC-ProTu/atg8age plants (Fig. 3g). These
results implied that ATG8a is involved in the AGO1 degradation trig-
gered by P1/HC-ProTu and the restored levels of AGO1 contribute under
atg8a mutation to effective RNA silencing.

Yanagisawa et al. demonstrated frequent observation of autop-
hagic vacuole (Av)/autophagic-related (Ap) structures in the cyto-
plasm surrounding chloroplasts and at the periphery of central
vacuoles (Cv)38. When visualized using immunoelectron microscopy,
these double-membrane stromule-baring Ap structures are initiated
with an Av surrounded by a white ring-like structure38. The final size of
these selective Ap structures is diverse in plants, with a range of
~40–500nm in diameter in the mesophyll cells of Arabidopsis39. We
similarly detected the presence of Av/Ap structures that emerged near
the chloroplast edges within the leaf cells of P1/HC-ProTu

plants (Fig. 3h).
Immunogold labeling with α-ATG8 antibodies detected

ATG8 signals around the Av/Ap structures (Fig. 3h(i), red arrowheads),
indicating that these signals likely correspond to ATG8-
phosphatidylethanolamine (ATG8-PE) associated with autophago-
somemembranes. Additionally, a subset of ATG8 immunogold signals
was observed in the cytoplasm (Fig. 3h(i), blue arrowheads). Immu-
nogold labeling with α-HC-ProTu antibodies revealed significant signal
accumulation within the Av/Ap structures, suggesting that HC-ProTu is
incorporated into these structures (Fig. 3h(ii), red arrowheads).

Furthermore, AGO1 immunogold signals were detected within the Av/
Ap structures (Fig. 3h(iii), red arrowhead), with one observation
showing AGO1 localization in the matrix of an Av/Ap structure, mer-
ging into a Cv for degradation (Fig. 3h(iii), lower panel). The AGO1
immunogold signals were less abundant than those of ATG8 and HC-
ProTu, potentially due to the low endogenous levels of AGO1 in P1/HC-
ProTu plants.

Additionally, Yoshimoto et al. demonstrated that YFP-ATG8a
localizes in a dotted pattern, indicative of autophagosome
precursors40. These YFP-ATG8a foci (~750 nm) were observed in both
the cytoplasm and nucleus, with no significant changes in their dis-
tributionwhenYFP-ATG8awas co-expressedwithCFP (Supplementary
Fig. 7a). However, some ATG8a foci colocalized with HC-ProTu-CFP or
HC-ProTu-K-CFP, and these YFP-ATG8a foci increased in size to
~1600 nm in diameter (Fig. 3i; Supplementary Fig. 7b). Approximately
30% of the FRETs showed colocalization of YFP-ATG8a with HC-ProTu-
CFP or HC-ProTu-K-CFP, suggesting a direct interaction between HC-
ProTu and YFP-ATG8a, which likely facilitates the recruitment of YFP-
ATG8a to H-bodies (Fig. 3j).

Various HC-Pro variants have different inhibition abilities of
HEN1 activity
Next, we assessed the ability of various P1/HC-Pro plants to inhibit
miRNA methylation. Analysis of β-elimination-treated miRNAs
revealed that P1/HC-ProTu plants contained ~50% unMet-miR159 and
unMet-miR165, both appearing at the 20-nt positions (Fig. 4a(i)).
Quantitative analysis from three independent biological replicates
indicates that P1/HC-ProTu plants exhibited 49.1% unMet-miR159 and
45.7% unMet-miR165, respectively (Fig. 4a(ii)). In contrast, P1/HC-ProZy

and P1/HC-ProTe plants displayed only modest levels of unMet-miR159
and unMet-miR165 (Fig. 4a(i)). Notably, P1/HC-ProTu-K plants showed
the slight presence of unMet-miR159 (Fig. 4a(i)). A more detailed
quantification revealed that P1/HC-ProZy plants retained 23.3–25%
unMet-miRNAs, while P1/HC-ProTe plants retained 12.5–16.1% unMet-
miRNAs (Fig. 4a(ii)). These findings suggest that the ability of P1/HC-
ProZy and P1/HC-ProTe plants to inhibit HEN1-mediated miRNA methy-
lation is significantly weaker than that of P1/HC-ProTu plants. Addi-
tionally, P1/HC-ProTu-K plants exhibited a substantial reduction in the
ability to suppress HEN1 methyltransferase activity, retaining only
7.9–16.9% unMet-miRNAs (Fig. 4a(ii)).

In addition, among the two recombinant P1/HC-Pro plants, only
the P1Zy/HC-ProTu plants exhibited ~50% unMet-miRNAs, while the P1Tu/
HC-ProZy plants exhibited 100% Met-miRNAs (Fig. 4b). These findings
suggest that the ability of HC-ProZy and HC-ProTe to inhibit HEN1 is not
as potent as that of HC-ProTu. To address potential concerns regarding
the suitability of Arabidopsis as a host for ZYMV, which could lead to
inadequate suppression of HEN1 byHC-ProZy, weutilized squashplants
infected with ZYMV for further analysis of miRNA methylation. Both
severe and mild strains of ZYMV-infected squash plants displayed
100%Met-miRNA in thepresenceofHC-ProZy (Fig. 4c(i, ii)). Notably, P1/
HC-ProTu plants served as a positive control for the detection of unMet-
miRNA in this experiment (Fig. 4b, c). Notably, the unMet-miRNA levels
resulting from the inhibition of HEN1 by HC-ProZy are very low,

Fig. 2 | HC-ProTu specifically attracts AGO1 and initiates its degradation.
a Endogenous AGO1 protein levels (AGO1-L and AGO1-S) in Col-0 and various P1/
HC-Pro plants (i). Actin (ACT)was used as a loading control. The fold change values
are indicated below the gel image. The levels in the Col-0 plants were set at 1.0. The
average signal strengths of AGO1 relative to those in the non-transformedwild-type
plants (Col-0) after normalization against the ACT loading control. Bar charts
showed the relative amount of AGO1-L protein quantified from western blotting
(WB) (ii) and from LC-MS/MS (iii). Data are presented as mean values ± standard
errors (SE, n = 5 for WB, and n = 5 for LC-MS/MS). Significant differences based on
Student’s t-test; *, **, and *** indicate P values < 0.05, <0.01, and 0.001, respectively.
b AGO1 expression in Col-0, P1/HC-ProTu, and P1/HC-ProTu-K plants was evaluated by

real-time RT-PCR. Relative expression levels were normalized to the ubiquitin level.
Data are presented as mean values ± standard deviations (n = 3). Significant differ-
ences were determined by Student’s t-test; * indicates P values < 0.05. c The sub-
cellular colocalization of HC-ProTu-CFP (i) or HC-ProTu-K-CFP (iii) with YFP-AGO1 (ii
and iv). N, nucleus; In, inclusion body. Arrowheads indicate speckle-like structures.
Bar, 50μm. d FRET efficiency of co-infiltrated plants. Data are presented as mean
values ± standard deviations (n = 10). e Image size measurement for speckle-like
structures. Bar, 50μm. (i) CFP channel for HC-ProTu-CFP. (ii) YFP channel for YFP-
AGO1. Bar, 50μm. f Size comparison of different foci (n = 15). Data are presented as
mean values ± standard deviations. Source data are provided as a Source Data file.
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sometimes undetectable. Thismaybe influencedby factors suchas the
northern blot washing conditions or the intensities of the
radiolabeling.

YFP-HEN1 forms cytoplasmic foci that are ~598–733 nm in dia-
meter, and these foci also aggregate to form irregular bodies (Fig. 4d).
When co-expressed, YFP-HEN1 colocalized with HC-ProTu-CFP in the

same foci (Fig. 4e), and the size of the YFP-HEN1 foci was increased to
2000 nm (Fig. 4e, f), suggesting that HEN1 can be recruited into the
H-body by HC-ProTu. YFP-HEN1 was detectable in both the cytoplasm
(Fig. 4e(ii)) and nucleus (Fig. 4g(ii)). In instances where YFP-HEN1
colocalized with HC-ProTu-CFP within the same cellular foci, the YFP-
HEN1 signal was absent from the nucleus (Fig. 4g(iii, iv)). A substantial
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FRET efficiency of ~55% was observed (Fig. 4h), indicating a physical
interaction between YFP-HEN1 and HC-ProTu-CFP. However, YFP-HEN1
did not colocalize with HC-ProTu-K-CFP in H-bodies, maintaining its
presence in the nucleus (Fig. 4g(ii)). Consequently, there was no
detectable FRET efficiency between HC-ProTu-K-CFP and YFP-
HEN1 (Fig. 4h).

In vitro HC-ProTu-mediated HEN1 inhibition
We purified recombinant proteins, including GST, his-HEN1, GST-HC-
ProTu, GST-HC-ProTu-K, GST-HC-ProZy, and his-P19CIRV, for conduction of
in vitro experiments (Fig. 5a). An in vitro HEN1 activity assay revealed
100% Met-miRNA in his-HEN1 or His-HEN1 +GST samples (Fig. 5b).
GST-HC-ProTu inhibited his-HEN1 activity in a dose-dependentmanner,
whereas neither GST-HC-ProTu-K nor GST alone inhibited his-HEN1
(Fig. 5b). Thus, the in vivo and in vitro data suggest that HC-ProTu

directly inhibits HEN1 activity through physical interactions9.
Radioisotope-labeled miRNA/miRNA*s exhibited a mobility shift

when incubatedwithHis-HEN1 orHis-HEN1withGST, suggestingHEN1-
miRNA duplex binding ability (Fig. 5c). Notably, His-p19CIRV, which is a
small RNA binding VSR, was employed as a positive control and
exhibited a mobility shift (Fig. 5c). Interestingly, neither GST-HC-ProTu

nor GST-HC-ProZy displayed any EMSA signal, indicating that both HC-
Pros lacked small RNA binding activity (Fig. 5c). Moreover, the binding
ability of HEN1 to the miRNA duplex was inhibited when the reaction
included co-incubation with either GST-HC-ProTu or GST-HC-ProZy

(Fig. 5d). This inhibition of HEN1 by HC-Pro increased in a dose-
dependent manner with the amount of recombinant proteins present
(Fig. 5d), indicating that the FRNK motif plays a role in mediating the
competitive binding of HEN1 to miRNA duplexes. In the samples with
varying concentrations of HC-ProTu, the levels of free miRNA duplexes
were measured at 0.8-fold and 0.9-fold greater than the original
miRNA concentration. In contrast, samples with HC-ProZy exhibited
free miRNA duplex levels 0.65-fold and 0.67-fold greater than the
initial concentration (Fig. 5d). These findings indicate that HC-ProTu is
more effective than HC-ProZy in inhibiting HEN1 binding to miRNA
duplexes.

The unMet-miRNAs are not detectable in the AGO1 of P1/HC-
ProTu plants
ThemiRNAmethylation status of AGO1-IP fromCol-0, P1/HC-ProTu, and
P1/HC-ProTu/atg8age plants was evaluated. All the AGO1-IPs contained
Met-miR159, whereas the total RNA contained both Met- and unMet-
miR159 (Fig. 6a). This result implies two possibilities. One is that
unMet-miR159 cannot load into AGO1 due to the unknown ability of
HC-ProTu. The other is that unMet-miR159 canbe loaded intoAGO1, but
this unMet-miR159-AGO1 complex is further degraded, leading to
undetectable signals of unMet-miR159 in AGO1-IP. Notably, AGO1 from

different samples was successfully immunoprecipitated from these
plants (Supplementary Fig. 8a).

To determinewhether unMet-miRNAcanbe loaded intoAGO1, we
employed the hen1-8/heso1-1 mutant as a model. Examination of total
RNA following β-elimination treatment revealed that ~50% of the
miRNAs in the P1/HC-ProTu plants remained unMet-miRNAs (Fig. 6b).
However, the β-elimination signals of miRNAs in hen1-8/heso1-1
mutantswereveryweak, likely due to theoverall reducedmiRNA levels
in thehen1-8/heso1-1mutant. Notably, unMet-miR165wasdetectable in
these samples (Fig. 6b, black arrowhead), confirming that the miRNAs
in hen1-8/heso1-1 are predominantly unmethylated. This finding was
further corroborated by similar results in P1/HC-ProTu/hen1-8/heso1-1
plants, where only unMet-miR159 and unMet-miR165 were present
(Fig. 6b). Amore detailed characterization of P1/HC-ProTu/hen1-8/heso1-
1 plants will be presented subsequently.

Next, we analyzed the AGO1-IP samples from hen1-8/heso1-1
mutants. Our results revealed that AGO1 was indeed associated with
unMet-miRNAs (Fig. 6b). To assess the functional capacity of these
AGO1 complexes, we conducted an in vitro RISC assay using the
immunoprecipitated AGO1-IP samples from hen1-8/heso1-1 mutants
(Supplementary Fig. 8b). The results demonstrated that these AGO1
complexes, similar to those purified from Col-0 plants, retained RISC
activity and effectively cleaved theMYB33_230 substrate (Fig. 6c). This
indicates that AGO1 loaded with unMet-miRNAs remains competent
for RNA cleavage. These findings align with those reported by Tu et al.,
who observed that despite the loss of miRNA methylation in hen1-8/
heso1-1 mutants, RISC activity was not compromised25. Furthermore,
the AGO1-IP from the ago1-27 mutant exhibited significantly reduced
RNA cleavage activity (Fig. 6c). This reduced activity is attributable to
the ago1-27 mutation, characterized by an Ala992Val substitution,
which renders it a weak allele41. This mutant served as a negative
control in the experiments.

Given that both P1/HC-ProTu plants and hen1-8/heso1-1 mutants
produce unMet-miRNAs, butwithHESO1 remainingwild-type in P1/HC-
ProTu plants, we generated P1/HC-ProTu/hen1-8/heso1-1 progeny by
crossing these two genotypes (Fig. 6b). Analysis of AGO1-IP samples
from P1/HC-ProTu/hen1-8/heso1-1 plants revealed the presence of
unMet-miRNAs (Fig. 6b). Additionally, the levels of AGO1 protein in P1/
HC-ProTu/hen1-8/heso1-1 plants were restored to 0.62-fold relative to
wild-type levels (Fig. 6d). However, whether unMet-miRNAs in P1/HCTu

plants are loaded onto or associated with AGO1 and how HEN1 and
HESO1 influence this process, remains unclear and further
investigation.

The hen1-8/heso1-1 and dcl2-4/dcl4-1 double mutants were
inoculated with a severe (TuGR) or mild (TuGK) strain of TuMV,
which contains the HC-ProTu-K protein11. The results showed that
infectionswith TuGR in Col-0 plants, dcl2-4/dcl4-1, and hen1-8/heso1-1

Fig. 3 | HC-ProTu triggers autophagic AGO1 degradation. a Heatmaps of
autophagy-related genes in various P1/HC-Pro plants were generated from tran-
scriptome profiles. The color scale bar indicates the fold change in target gene
expression. b Differential expression of ATG8 family genes in various P1/HC-Pro
plants relative to their expression levels. Data are presented as mean values ±
standard deviations (n = 3). Significant differences were determined by Student’s
t-test; * indicates P values < 0.05. ** indicates P values < 0.01. *** indicates P
values < 0.001. c Diagram of the gRNA positions in the ATG8a gene (i) and the
gene-editing results (ii) for P1/HC-ProTu/atg8age. d ATG8a transcript levels in P1/
HC-ProTu and P1/HC-ProTu/atg8age plants compared with those of Col-0. Data are
presented as mean values ± standard errors (n = 3). e Hierarchical clustering
dendrogram on the transcriptomes of Col-0, P1/HC-ProTu and P1/HC-ProTu/atg8age

plants. f Relative expression of autophagy-related genes in P1/HC-ProTu and P1/HC-
ProTu/atg8age plants compared to that in Col-0 plants. Data are presented as mean
values ± standard deviations (n = 3). Significant differences based on Student’s t-
test; * indicates P values < 0.05. ** indicates P values < 0.01. g Evaluation of the
suppression efficiency ofmiRNA-mediated target gene regulation between P1/HC-

ProTu and P1/HC-ProTu/atg8age plants by real-time RT-PCR. Relative expression
levels were normalized to the ubiquitin level. Data are presented as mean
values ± standard errors (n = 6). Significant differences were determined by Stu-
dent’s t-test; ** indicates P values < 0.01. h Subcellular localization of ATG8a (i),
HC-ProTu (ii), and AGO1 (iii) within leaf cells as revealed by immunogold labeling
and transmission electron microscopy (TEM). Immunogold signals were detected
within and/or surrounding autophagic structures, many of whichwere encased by
autophagic vacuoles. Red arrowheads highlight the presence of immunogold
particles within autophagic vacuoles (Av) or autophagic-like structures (Ap),
while blue arrowheads denote signals found in the cytoplasm (n = 3). Cw, cell wall;
Cv, central vacuole; Ch, chloroplast. Scale bars, 200nm. i Image size measure-
ments for speckle-like structures. Data are presented as mean values ± standard
deviations (n = 10). j FRET efficiency of co-infiltrated plants in which HC-ProTu-CFP
or HC-ProTu-K-CFP interacts with YFP-ATG8a. Data are presented as mean
values ± standard deviations (n = 9). Source data are provided as a Source
Data file.
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mutants resulted in viral titers exceeding 1.5 at OD405 (Fig. 6e).
Notably, the viral titers in dcl2-4/dcl4-1 and hen1-8/heso1-1 mutants
were greater than those in TuGR-infected Col-0 plants (Fig. 6e). In
contrast, TuGK infection of Col-0 plants led to a lower viral titer, ~1.0
at OD405 (Fig. 6e). However, in the dcl2-4/dcl4-1 mutants, a higher

viral titer was observed (Fig. 6e), corroborating the findings of Kung
et al.11 Additionally, the hen1-8/heso1-1 mutants exhibited a viral titer
of ~2.0 at OD405 (Fig. 6e). These results collectively suggest that hen1-
8/heso1-1 mutants, similar to dcl2-4/dcl4-1 mutants, are highly sus-
ceptible to TuMV infection.
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Discussion
Potyviral HC-Pro variants differentially inhibit HEN1 activity
This study presents a comparative analysis of the RNA silencing sup-
pression abilities of various P1/HC-Pros, highlighting how distinct
potyviral HC-Pro variants differentially inhibit HEN1. Our findings
reveal that HC-ProTu exerts the most potent inhibition of HEN1
methyltransferase activity, achieving ~49% suppression. In contrast,
HC-ProZy and HC-ProTe exhibit progressively weaker inhibitory effects,
with reductions in HEN1 activity of 15–20% and 8–12%, respectively.
The observed variability in HEN1 inhibition among these HC-Pros may
be attributed to the significant sequence divergence across the var-
iants, which share only 40% overall sequence similarity. Notably, the
C-terminus of these proteins is relatively conserved (75.6% similarity)
and possesses protease activity essential for processing the viral
polyprotein into functionalHC-Pro (Supplementary Fig. 9). In contrast,
the N-terminus is less conserved (48.8% similarity) but contain the

highly conserved FRNK motif, which is crucial for mediating interac-
tions between HC-Pro and HEN1. Moreover, the EMSA results provide
further insights into these interactions, demonstrating that HC-ProZy is
capable of bindingHEN1 and competingwithmiRNA forHEN1 binding.
This suggests that the N-terminus of HC-ProTu may endow it with a
unique capacity to inhibit HEN1 activity, a feature that might be less
prominent in HC-ProZy or absent in HC-ProTe. Therefore, potential
motifs or sequences on HC-ProTu that can inhibit methyltransferase
activity are worthy of further investigation.

HC-ProTu and HC-ProZy exhibit a binding affinity for HEN1 rather
than miRNA
Mérai et al. obtained VSR extracts using susceptible materials or
transient expression methods to conduct EMSA experiments42 and
reported that many viral VSRs have miRNA duplex binding activity,
especially when HC-ProTe is present in plant extracts. In contrast, PVY

Fig. 4 | HC-ProTu explicitly inhibits and interacts with HEN1. a Evaluation of
miRNA methylation status in various P1/HC-Pro plants by β-elimination (i). Total
RNA samples were treated with β-elimination (+) or without treatment (−). The β-
elimination assay was used to determine the presence of methylation in miRNAs
(ii). Bar charts represent the percentage of methylated (Met) and unmethylated
(unMet)miR159 andmiR165 in the samples. Error bars indicate standard deviations
based on three biological replicates (n = 3). b Evaluation of miRNA methylation in
recombinant P1/HC-Pro plants by β-elimination. c Evaluation of the miR159
methylation status in ZYMV-infected squash plants by β-elimination (n = 3) (i). P1/
HC-ProTu plants were used as a positive control. HC-ProZy detection in ZYMV-
infected squash plants (ii). The asterisk indicates the RUBISCO loading control.

d YFP channel for the YFP-HEN1 sample. The yellow arrowheads indicate HEN1 foci.
In, inclusion body. Bar, 50 μm. e Image size measurements for speckle-like struc-
tures. (i) CFP channel for HC-ProTu-CFP, which was co-expressed with YFP-HEN1. (ii)
YFP channel for YFP-HEN1, which is co-expressed with HC-ProTu-CFP. Bar, 50μm.
f The sizes of various bodies. Error bar, standard deviation Data are presented as
mean values ± standarddeviations (n = 10).g Subcellular colocalization ofHC-ProTu-

K-CFP (i) or HC-ProTu-CFP (iii) with YFP-HEN1 (ii and iv). Bar, 50 μm. In, inclusion
body. N, nucleus. Arrowheads indicate speckle-like structures. h FRET efficiency of
co-infiltrated plants in which HC-ProTu-CFP or HC-ProTu-K-CFP interacts with YFP-
HEN1. Data are presented asmean values ± standard deviations (n = 9). Source data
are provided as a Source Data file.

Fig. 5 | In vitro assays for HC-Pro inhibition of HEN1 activity. a Recombinant
protein purification (n = 10). b In vitro HEN1 methylation inhibition assay with the
GST-HC-ProTu or GST-HC-ProTu-K protein. The methylation of synthetic miRNAs was
examined via oxidation/β-elimination and small RNA northern blotting assays. The

methylation status is indicated on the lower side of the panel. GST served as a
negative control (n = 8). c In vitro EMSA for HEN1 binding tomiRNA duplexes with/
without various recombinant HC-Pros (n = 5). d In vitro EMSA for various HC-Pro in
inhibiting HEN1-miRNA duplex binding activity (n = 8).
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HC-Pro exhibited weaker EMSA signals, indicating variations in miRNA
duplex binding capabilities among the different potyviruses HC-Pros.
In contrast, immunoprecipitation experiments with other VSR trans-
genic plants revealed clearmiRNA signals in the p19 andp21 IP samples
but no miRNA signals in the HC-ProTu IP samples. This finding aligns
with our EMSA results, where neither GST-HC-ProTu nor GST-HC-ProZy

had miRNA duplex binding signals in the EMSA. Shiboleth et al. and
Garcia-Ruiz et al. reported that in susceptible materials infected with
ZYMV and TuMV, respectively, immunoprecipitated HC-Pro contained
miRNAs and viral siRNAs43,44. However, it is challenging to exclude
complexes formed between HC-Pro and other viral proteins in sus-
ceptible materials, which might provide small RNA binding capability.
Moreover, our SEC data demonstrated that HC-ProTu can form

multimers concentrated in fractions 8–12 and that these fractions did
not show a significant accumulation of miRNAs, with most miRNAs
accumulating in free-form fractions, suggesting that HC-ProTu alone
does not directly bind miRNA duplexes. Therefore, the high-
molecular-weight unMet-miRNAs found in P1/HC-ProTu plants may be
bound to other plant proteins rather than to AGO1.

H-bodies might restrict the activity of HEN1 and AGO1
FRET can be employed to assess physical interactions between two
different proteins. The FRNKmotif of HC-ProTu plays a crucial role in its
interaction with HEN128. Therefore, HC-ProTu-K lacks the ability to bind
HEN1 and cannot recruit HEN1 to H-bodies. We demonstrated a 60%
FRET efficiency between HC-ProTu and HEN1, consistent with

Fig. 6 | HC-ProTu prevents unMet-miRNA loading into AGO1. a β-elimination of
the miRNA methylation status in the total RNA and AGO1-IP samples from 1-week-
old Col-0, P1/HC-ProTu, and P1/HC-ProTu/atg8age plants (n = 3). bMiRNAmethylation
status in total RNA and AGO1-IP samples from 1-week-old hen1-8/heso1-1 mutants
and P1/HC-ProTu/hen1-8/heso1-1plants thatwere comparedwithCol-0 plants and P1/
HC-ProTu plants (n = 3). c In vitro RISC assay in Col-0, hen1-8/heso1-1, and ago1-27
mutants (n = 3). d The endogenous AGO1 levels in the P1/HC-ProTu/hen1-8/heso1-1
plant were compared to those in Col-0 and P1/HC-ProTu plants (i). Relative AGO1

protein expression levels were normalized to the actin (ACT) loading control and
quantified using the bar chart (ii). Data are presented as mean values ± standard
errors (SE, n = 3). Significant differences based on Student’s t-test; ** indicates
P values < 0.01. e The enzyme-linked immunosorbent assay (ELISA) analysis for
evaluation of the TuMV severe strain (TuGR) and mild strain (TuGK) infectivity in
Col-0, dcl2-4/dcl4-1, andhen1-8/heso1-1plants at 14 days post-inoculation (dpi) using
TuMV coat protein (CP) antibody at 1/20,000 dilution. Data are presented as mean
values ± standard deviations (n = 20). Source data areprovided as a SourceData file.
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colocalization and physical interaction. The recruitment of HEN1 to
H-bodies by HC-ProTu could hinder HEN1 frommethylatingmiRNA and
siRNA duplexes. ATG8a co-localizes with HC-ProTu and AGO1 in
H-bodies14. Our FRET analysis detected ~30% energy transfer between
ATG8a and HC-ProTu in H-bodies, indicating a physical interaction.
Although fewer colocalized foci were observed in the HC-ProTu-K-
CFP + YFP-ATG8a sample, the FRET data still revealed a similar 30%
energy transfer, suggesting that HC-ProTu-K also physically interacts
with ATG8a, but is unable to trigger H-bodies. Although it remains
unclear whether this recruitment of ATG8a to H-bodies is related to
autophagy induction or whether it serves as a means for HC-ProTu to
evade autophagic attack, the physical interaction between HC-ProTu

and ATG8a in H-bodies holds significant biological importance and
warrants further investigation.

Similarly, Hafrén et al. and Ivanov et al. observed the colocaliza-
tion of HC-Pro and AGO1 in PGs14,45. FRET analysis indicated that HC-
ProTu does not interact physically with AGO1, suggesting that a third
protein might assist HC-ProTu in recruiting AGO1 into H-bodies. In a
study of PVA HC-Pro, Ivanov et al. reported that HC-Pro requires the
ribosomalprotein L18B (RPL18B) for indirectbindingwithAGO1,which
is consistent with the FRET observation thatHC-ProTu does not directly
interact with AGO145. Although the formation of H-bodies induced by
HC-Pro has been observed in TuMV and PVA, H-body formation was
not observed in HC-ProZy, highlighting the variation among different
HC-Pro proteins. Consequently, we propose that HC-ProTu physically
interacts with HEN1 and ATG8a to recruit them to H-bodies, whereas
HC-ProTu might indirectly recruit AGO1 to H-bodies through
RPL18B (Fig. 7a).

Confocal microscopy revealed that H-bodies range in diameter
from ~1000–2000nm, significantly larger than the AP/AV structures
(<1000 nm) observed via TEM. Through immunogold TEM, we iden-
tified the presence of HC-Pro and AGO1 within peroxisomes, which
also measured between 1000 and 2000 nm in diameter (Supplemen-
tary Fig. 10). Peroxisomes in plant cells play a multifaceted role, being
essential for the metabolism of reactive oxygen species (ROS) and
reactive nitrogen species, photorespiration, the glyoxylate cycle, and
the modulation of transcriptional response via H2O2 signaling, parti-
cularly in the context of disease resistance and biotic stress46. VSRs
from cucumber mosaic virus and barley stripe mosaic virus modulate
peroxisomal ROS levels by degrading catalase and reducing H2O2

through interaction with glucose oxidase, respectively47,48. Addition-
ally, the P15 of the peanut clump virus induces the sequestration of
viral siRNAs within peroxisomes49. These interactions between viruses
and peroxisomes are implicated in modulating plant defense
mechanisms, as well as viral replication and infection. Based on our
observations, we hypothesize that H-bodies may be associated with
peroxisomes. Regardless, using FRET technology, H-bodies present an
ideal platform for further investigation of HC-Pro and host protein
interactions.

HESO1might play an essential role in RNA silencing suppression
HEN1, a plant-specific methyltransferase, plays a critical role in the
distinct process of Met-miRNA-mediated RNA silencing. In the miRNA
turnover pathway, SDNs initiate miRNA degradation by targeting
AGO1-bound miRNAs, leading to their 3′ truncation (demethylation).
Subsequently, these truncated miRNAs are uridylated by HESO1 and
URT1, further degrading them and significantly affecting the growth
and development of hen1-8mutants. Similarly, our investigation using
hen1-8/heso1-1 mutants confirmed that unMet-miRNAs can be effec-
tively loaded into AGO1, enabling the RISC complex to target and
cleave RNA.

Tu et al. demonstrated that AGO1-IP from hen1 heso1-2 urt1-3
mutants contain uridylated unMet-miRNAs, and AGO1 levels in these
mutants remain stable25. However, in the P1/HC-ProTu/hen1-8/heso1-1
plants, we observed both the presence of unMet-miRNAs and recovery

of AGO1 levels. Interestingly, althoughHC-ProTu strongly inhibits HEN1,
we did not detect uridylated unMet-miRNAs in P1/HC-ProTu plants. This
observation is consistent with the established understanding that
uridylation of unMet-miRNAs by HESO1 and URT1 predominantly
occurs within the RISC complex. The absence of uridylated unMet-
miRNAs could be attributed to the ability of HC-ProTu to sequester
HEN1 and AGO1 within H-bodies (Fig. 7A), preventing the methylation
of free-form miRNAs and their subsequent loading onto AGO1. This
distinction between P1/HC-ProTu plants and hen1-8/heso1-1 mutants
suggests that HC-ProTu possesses unique properties that deserve fur-
ther exploration.

Furthermore, hen1-8/heso1-1 mutants, like dcl2-4/dcl4-1 mutants,
are susceptible to themild strain TuGK. DCL2 and DCL4 are crucial for
processing replicated viral RNA, and mutations in these genes com-
promise the primary defense against viruses of plants, leading to
severe symptoms and viral accumulation in dcl2-1/dcl4-1mutants akin
to those caused by the severe strain TuGR. However, the susceptibility
of hen1-8/hseo1-1 mutants to TuGK, despite intact DCL2 and DCL4
functions, raises significant questions. These results suggest that HEN1
and HESO1 not only participate in the antiviral defense mechanism of
plants but may also play a more central regulatory role, possibly
superseding the functions of DCL2 and DCL4 in this context.

HC-Pro-mediated unMet-miRNA abundance modulates autop-
hagic AGO1 degradation
Several studies demonstrated that AGO1 is regulated by autophagy,
particularly in the presence of certain VSRs. For instance, Polerovirus
VSR P0 can cause autophagic AGO1 degradation, indicating that AGO1
degradation is a common suppression strategy used by various
viruses18. Cell biological assays indicate that ATG8a can colocalize with
AGO1, NBR1, and HC-Pro in PGs14,15, and several ATG8 family genes
(ATG8a, ATG8b, ATG8g, and ATG8h) are induced by P1/HC-Pro. Among
these genes, GFP-ATG8awas chosen as a marker gene for studying the
regulation of AGO1 autophagy. The presence of ATG8a null alleles in
P1/HC-ProTu plants leads to the restoration of AGO1 levels. Why other
ATG8 family members cannot compensate for the loss of function of
ATG8a is not known. VSP29, a protein involved in vacuolar protein
trafficking and the recycling of vacuolar sorting, interacts with P1 of
TuMV9. According to the transcriptome profile of P1/HC-ProTu plants,
CML24 appears in the positive regulatory network, and CML24 inter-
acts with ATG4b to participate in the cleavage of the C-terminus of
ATG8a and can activate autophagy50. Additionally, immunoelectron
microscopy revealed the presence of HC-Pro, AGO1, and ATG8 gold
particles within AP/AV structures in the cells of P1/HC-ProTu plants.
These findings indicate that P1/HC-ProTu-mediated AGO1 degradation
is associated with the autophagy pathway.

Although P1/HC-ProTu plants exhibited a significant upregulation
of ATG-related genes, a similar but less pronounced increase was also
observed in P1/HC-ProTu-K, P1/HC-ProZy, and P1/HC-ProTe plants, and this
differential gene expression is reflected in the varying degrees of AGO1
degradation across these plants. We hypothesize that the difference in
HEN1 inhibition by distinct HC-Pro variants, leading to the accumula-
tion of unMet-miRNAs at varying concentrations, may be linked to
their ability to induce autophagic degradation of AGO1 (Fig. 7b).

Accumulation of free-form miRNAs indicates the impact of HC-
Pro on RISC formation
In animal cells, the empty state ofDrosophila AGO1 (notmiRNA-loaded
AGO1) is degraded by selective autophagy51. Similarly, in Arabidopsis,
FBW2 is involved in the autophagic degradation of non-functional
AGO1 that is not loaded withmiRNA19. Wang et al. showed that HEN1 is
involved not only in miRNA methylation but also in miRNA-AGO1
loading and RISC assembly52. HC-ProTu can bind and inhibit HEN1
activity, which can significantly impact RISC assembly. Moreover,
various P1/HC-Pros cause abnormal accumulation of free-formmiRNA
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methylation activity. This inhibition results in the incorporation of unmethylated
miRNAs (unMet-miRNAs) into AGO1 complexes, which subsequently activate
autophagy pathways, leading to the degradation of AGO1.
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duplexes, suggesting defects in miRNA loading onto AGO1. Notably,
the P1/HC-ProTu-K plants also exhibited an accumulation of free-form
miRNAs, implying that free-form miRNA accumulation might cause
multiport effects,whichmight be related toother factors in addition to
HEN1 inhibition. Iki et al. and Iwasaki et al. demonstrated that HSP90
assists in the loading of miRNA and siRNA duplexes into AGO1, a
process that consumes ATP53,54. Removing miRNA* from AGO1 also
requires the ATP hydrolysis ability of HSP90. PVY HC-Pro inhibits
NtMinD ATPase activity, suggesting that HC-Pro might affect cellular
ATPproduction25.Wehypothesize thatHC-Pro impacts RISC assembly,
potentially by disrupting miRNA biogenesis or altering ATP produc-
tion. Such interference could indirectly affect the energy dynamics
necessary for HSP90-AGO1 to facilitate the loading ofmiRNA duplexes
onto the RISC. Consequently, this disruption in miRNA-AGO1 loading
could be a common mechanism leading to the accumulation of free-
form miRNA duplexes.

Different isoforms of AGO1
Finally, we observed various isoforms of AGO1 in this study. AGO1-L
emerged as the dominant and most abundant isoform, in contrast to
AGO1-S, which was found in lower quantities and was sometimes
undetectable (Fig. 2a). The α-AGO1 antibodies utilized in this research
were produced using a recombinant protein from the N-terminus of
AGO1 (1-to-256 aa) as the antigen55. This approach differs from other
studies in which peptides were used to generate commercial AGO1
antibodies18. Consequently, the AGO1 antibodies used in this study can
recognize a more extensive portion of the N-terminus of AGO1. This
N-terminal region is a long and unstructured N-terminal extension
(NTE) whose function in the miRNA-AGO1 loading process has not
been identified56. Moreover, Bressendorff et al. discovered that the
N-terminus of AGO1 exhibits structural flexibility in the N-coil region57.
When AGO1 is loaded with miRNA, the N-coil region becomes con-
cealed. Conversely, in AGO1, which is not loaded with miRNA, the
N-coil region is exposed and directly interacts with the autophagy
cargo receptor ATI1, triggering the degradation of unloaded AGO1.
These findings underscore the significance of the NTE region in the
functionality and stability of AGO1, suggesting that more in-depth
research into the AGO1-L and AGO1-S isoforms is needed.

HC-Pro is a multifunctional protein with various specific motifs
and domains. Apart from interfering with RNA silencing, HC-Pro is
involved in protein cleavage, aiding virus transmission by aphids, and
participating in virus replication.While different types of potyvirusHC-
Pros all possess RNA silencing suppression abilities, the degree of
suppression varies among them, leading to various impacts on the
expression of endogenous plant genes. Specifically, due to its ability to
inhibit HEN1 methyltransferase and induce autophagic AGO1 degra-
dation more effectively, HC-ProTu has more potent RNA suppression
capabilities than the other two species of HC-Pro examined here. We
also observed that P1/HC-Pro led to the accumulation of free-form
miRNA duplexes, which might be related to the impact of HC-Pro on
RISC assembly. Finally, the ability of HC-ProTu to inhibit HEN1 leading to
autophagic AGO1 degradation, represents a compelling area for future
research. This opens up new opportunities for exploring various
aspects of P1/HC-Pro suppression, as well as further investigation into
miRNA-loading and RISC assembly.

Methods
Plant material, growth conditions, chemical treatment, and
virus inoculation
Arabidopsis ecotype Columbia (Col-0), mutants (ago1-27, dcl2-4/dcl4-1,
and hen1-8/heso1-1), and transgenic plants in the Col-0 background
(P1/HC-ProTu, P1/HC-ProTu-K, P1/HC-ProZy, P1/HC-ProTe, P1Zy/HC-ProTu, and
P1Tu/HC-ProZy plants) were used in this study9,11,12. P1/HC-ProTu/hen1-8/
heso1-1 seeds were obtained by crossing with P1/HC-ProTu and hen1-8/
heso1-1 plants. Seeds were surface-sterilized and plated on MS media

supplemented with or without the appropriate antibiotics and incu-
bated in a growth room (16 h light/8 h darkness, 22–24 °C). Seven-day-
old seedlings were used for analysis or transferred to a Florabella
potting compost/sand mix (3:1) and maintained under 16 h light/8 h
darkness at 22–24 °C. Fourteen-day-old seedlings were treated with
15μM E64-d (Sigma) or 40μM MG132 (Sigma) for 12 h, after which
AGO1 levels were assessed via western blotting.

Arabidopsis seedlings were subjected to mechanical inoculation
with TuMV. Zucchini squash seedlings were subjected to mechanical
inoculation with ZYMV. TuMV or ZYMV inoculum was prepared by
homogenizing 0.5 g of virus-infected leaves with 2mL of 0.01M
sodiumphosphate buffer, pH7.2. The newlydeveloped leaves at 10 dpi
were collected to evaluate virus levels.

CRISPR-mediated knockout of the ATG8a gene in P1/HC-
ProTu plants
ATG8a-edited P1/HC-ProTu plants were generated via CRISPR technol-
ogy. Four gRNA sequences (Supplementary Table 1) were designed,
and off-target effects were predicted by CRISPR-P 2.0 (crispr.hzau.e-
du.tw/CRISPR2/). Underlined nucleotides indicate the PAM sequence.
The four gRNAsequenceswerecloned and inserted into thepEHH401E
binary vector58 under theU6-26, U6-27, U6-28, andU6-29promoters to
generate thepEH401E-T8a vector. pEH401E-T8was introduced intoP1/
HC-ProTu plants to generate P1/HC-ProTu/atg8age plants.

Size exclusion chromatography, RNA purification, and small
RNA northern blotting
One-week-old seedlings (1 g)werehomogenized in 1.5mLof extraction
buffer [200mM Tris-HCl, pH 7.4, 150mM NaCl, 5mM DTT, Protease
Inhibitor Cocktail (Roche Applied Science) and Proteasome Inhibitor
Set II (Calbiochem)], followed by centrifugation at 13,000× g for
10min to remove cell debris. After filtration through a 0.22μm filter,
the extract was loaded onto a HiPrep 16/60 Sephacryl S-200 HR col-
umn (GE Healthcare) via an AKTA explore FPLC system. The FPLC
systemwas run at a constant flow rate of 0.5mL/min, and every 1.5mL
fractionwas collected. Additional FPLC runsof given sizemarkerswere
conducted to determine the relative size of the FPLC fractions. Protein
was extracted from each fraction for western blotting. Uncropped
blots are shown in the Source Data file.

TRIzol reagent was used to purify RNA from the fractionated
solution, and glycogen was employed as a carrier to precipitate small
amounts of RNA. Small RNA northern blotting was conducted by
separating total RNA in a 15% acrylamide gel with 8M urea. The blot
was then hybridized with 32P radioisotope-labeled oligonucleotide
probes complementary to the specific miRNA sequence59. The probes
were stripped out, and the blot was rehybridized with another miRNA
probe. Uncropped blots are shown in the Source Data file.

Recombinant protein purification
Protein expression clones of pET-HEN1, pGEX-HC-ProTu, pGEX-HC-
ProTu-K, pGEX-HC-ProZy, and pET-p19CIRV were transformed into the E.
coli BL21 strain. For his-HEN1 and his-P19CIRV purification, the input
lysate was loaded into a HiTrap FF column, washed with wash buffer
(50mM Tris-HCl pH 8.0, 300mM NaCl, 1mM DTT, and 20mM imida-
zole) and eluted with elution buffer (50mM Tris-HCl, pH 8.0, 300mM
1mM DTT, and 200mM imidazole). The purified protein was dialyzed
in dialysis buffer (10mM Tris-HCl, pH 8.0, 100mM NaCl, 1mM DTT,
0.1mM EDTA, and 2mMMgCl2). For the purification of GST-HC-ProTu,
GST-HC-ProTu-K, and GST-HC-ProZy, the lysis, wash, and dialysis buffers
were all 1× PBSbuffer. GSTrap FF column (GEHealthcare)wasused. The
elution buffer was prepared with 10mM glutathione in 1× PBS buffer.

HEN1 methylation assay and β-elimination
For the in vivo HEN1 methylation assay, it was performed as
described28. The 0.4 ng of ds-syn-miR159 was then subjected to a
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methylation process with 8 µL of purified his-HEN1 protein, 10 µL NEB
Cutsmart buffer, and 3.2mM SAM. Periodate treatment followed by β-
elimination was performed22. Purified RNA was dissolved in 176μL of
0.06Mborax/boric acid (pH8.6) and 24μL of 0.2M sodiumperiodate,
followed by incubation in the dark at RT for 1 h. One-tenth volume of
glycerol was then added, followed by incubation for an additional
30min. The solution was cleaned with prepacked Sephadex G-25 resin
(GE Healthcare), 1μL of glycogen (15μg/μL) was added, and the RNA
was precipitated as described. After RNA precipitation, β-elimination
was performed with 0.055M borax/boric acid/NaOH (pH 9.5) at 45 °C
for 90min. The solution was then cleaned with Sephadex G-25 resin.
Finally, the RNA was precipitated again and subjected to small RNA
northern blotting. Uncropped blots are shown in the Source Data file.

In vivo AGO1-IP and in vitro RISC assay
For in vivo IP, 1-week-old seedlings (1 g) were homogenized with 1mL
of IP buffer (25mM Tris-HCl, pH 7.5, 150mM NaCl, 1mM EDTA, 5%
glycerol, 1% NP-40) followed by centrifugation for 10min at 4 °C.
Notably, IgG α-AGO155 or α-HA (Santa Cruz Biotech.) was used for the
in vivo IP in this study. IP was performed by mixing cleaned protein
A-agarose beads (50μL of suspension per IP reaction) (Santa Cruz, sc-
20001), IgG (30μL per IP reaction), and the lysate. The IP mixture was
gentlymixed at 4 °C for 3 h. The tubewas centrifuged at 300 × g to pull
down the beads, and nonspecific binding was washed twice with
0.3mLof IP buffer, afterwhich themixturewas suspended in0.3mLof
IP buffer. The IP eluates were used for western blotting or small RNA
extraction. Moreover, the AGO1-IP eluates were used for AGO1-
containing small RNA extraction and β-elimination.

cDNA fragments of MYB33_230 containing a miR159 target site
were amplified with the primer sets listed in Supplementary Table 1
and cloned and inserted into a pGEM-T easy vector (Promega). In vitro
transcription was performed using a MEGAscript T7 Transcription Kit
(Invitrogen) with the MYB33_230 template, and the products were
incubatedwith 1μL of fresh [α-P32] UTP (PerkinElmer). Unincorporated
UTP was removed with G50 resin (GE Healthcare). The RNA transcript
was separated a 6% denaturing polyacrylamide gel in 1× TBE buffer
[29:1 acrylamide/bis (Bio-Rad), 8M urea]. The gel was exposed to
chemiluminescence film (GE Healthcare) to visualize the RNA. The
band with a strong signal was excised and mashed in 300μL of
extraction buffer (250mM NaOAc and 1mM EDTA) and passed
through centrifuge tube filters (Costar). The supernatant was further
cleaned up by the TRIzol method. RNA was diluted with water to
300–500CPM radioactive strength in 5μL.

For the AGO1-IP reaction for RISC activity, 15μL of 1mg/mL IgG,
30μL of beads, and 500μL of lysate were added, and the mixture was
subsequently resuspended in 50μL of 1× PBS. For the slicer assay, 5μL
of RNA and 25μL of 2× cleavage buffer [2× PBS, 266.6mM KCl,
26.6mM MgCl2, 33.4mM DTT, 6.6mM ATP, 1.4mM GTP, 0.25% Ribo-
Lock (Thermo Scientific)] were added to 5–20μL of AGO1-IP beads in
1× PBS. The reaction mixture was incubated at 25 °C for 1 h under
rotation. The RNA fragment was purified by the TRIzol method and
solubilized in 10μL of water with 10μL of RNA Gel Loading Dye
(Invitrogen) at 85 °C for 2min of denaturation. The RNAwas separated
on a 6% denaturing polyacrylamide gel and exposed to chemilumi-
nescence film for 5 days to obtain images. Uncropped blots are shown
in the Source Data file.

Electrophoretic mobility shift assay (EMSA)
The syntheticmiR159 sense and antisense strandswere annealed using
5× annealing buffer (300mM KCl, 30mM HEPES, pH 7.5, and 1mM
MgCl2) at 95 °C for 5min and then cooled to room temperature.
Double-stranded synthetic miR159 (ds-syn-miR159) was labeled with γ-
32P by using T4 polynucleotide kinase and subsequently purified with
G-25 beads. Different purified proteins were added to a solution of
0.4 ng radioisotope-labeled ds-syn-miR159 with 5× reaction buffer

(40mM Tris-HCl, pH 8.0, 1mM MgCl2, 30mM KCl, 0.01% NP-40, and
1mM dithiothreitol). The mixture was incubated at room temperature
for 1 h. Afterward, the mixture was mixed well with 6× loading dye
(0.25% bromophenol blue, 0.25% xylene cyanol, and 40% glycerol) and
subsequently loaded into a 5% native gel (30% acrylamide 37.5:1, 0.5×
TBE buffer, 10% APS, and 1% TEMED). The electrophoresis gel was run
at 60V for 1 h. The gel was dried at 60 °C for 45min and then exposed
to the X-ray film. Uncropped blots are shown in the Source Data file.

Western blotting and real-time RT-PCR
For western blotting, plant tissue was ground with 10mM sodium
phosphate buffer (pH 7.0) and mixed with denaturing buffer (50mM
Tris-HCl, pH 6.8, 4% SDS, 2% 2-mercaptoethanol, 10% glycerol, and
0.001% bromophenol blue). The protein extract was then boiled at
100 °C for 10min, separated via SDS-PAGE and transferred to a
Hybond-P PVDF membrane (GE Healthcare). Western blotting was
performed using α-AGO1 (10,000× dilution), α-HC-ProZy (10,000×
dilution), and α-HC-ProTu (10,000× dilution) antibodies generated in
our previous study9,60. The α-ACT (8000× dilution) (Sigma) antibody
was used as a loading control.

For real-time RT-PCR, 3μg of total RNA was subjected to reverse
transcription with poly-dT primers using the SuperScript III First-
Strand Synthesis System (Invitrogen). Real-time PCR was performed
using a LightCycler 480 instrument (Roche) with the primer sets listed
in Supplementary Table 1. All detections were performed with 4
independent replicates. Relative expression was calculated and nor-
malized according to the expression levels of AtUBQ10.

Confocal microscopy and FRET
To observe the localization of HC-ProTu-CFP or HC-ProTu-K-CFP with
YFP-HEN1, YFP-AGO1, and YFP-ATG8a, the YFP and CFP fluorescence
was detected in 3-day infiltrated Nicotiana benthamiana leaves. Each
sample, with a total of 10 biological replicates, was examined using a
Leica TCS SP5 II confocal laser‐scanning microscope (Joint Center for
Instruments and Research, College of Bioresources and Agriculture,
National Taiwan University) equipped with amultiline argon laser with
a filter set for CFP (458nm laser line, PMT1 gain = 467–521 nm), and
YFP fluorescence (514 nm laser line, PMT2 gain = 525–564 nm). Single
foci, but not aggregated foci, were chosen for the size measurements.
Each particle’s size equals the constant 2.355multiplied by the d result
generated by ImageJ. The FRET value reported in this study is the
average value of FRET efficiency taken from 20 colocalized foci for
each protein pair. The error bar is the standard deviation.

Transcriptome analysis
The total RNA extraction using the Plant Total RNA Extraction
Miniprep System (VIOGENE, Taipei, Taiwan) and the PF-Total RNA
Purification Kit (XenoHelix, Incheon, Korea). The FPKMs of the genes
of interest from each sample were considered significant according
to Student’s t-test. Genes with a p value < 0.05 are labeled in red
based on the significance level. PCA was performed via R (version
4.2.2, www.R-project.org) using the built-in R functions prcomp().
Cluster dendrogram analysis was performed using the R based on
the Euclidean distance and hierarchical Ward’s method with the
package “stats.”

Transmission electron microscopy
First true leaves of 14-day-old seedlings were fixed in 4% paraf-
ormaldehyde and 0.1 % glutaraldehyde in 0.1M sodium phosphate
buffer (PBS) with pH 7.0 at room temperature overnight. After three
times PBS rinses, samples were dehydrated in a graded ethanol series
at room temperature and embedded in LR White resin. Ultrathin sec-
tions, 90–120 nm,were cut using aReichert Ultracut S or Leica EMUC6
or UC7 ultramicrotome (Leica, Vienna, Austria) and collected with 50
mesh nickel grids.
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For immunogold labeling, the individual gridswerefloatedonPBS
for 15min, and then were blocked with PBS containing 1% BSA for
15min. The gridswere incubatedwith primary polyclonal antibodiesα-
ATG8 (35×dilutedwith PBS and 1%BSA),α-HC-ProTu (100× dilutedwith
PBS and 1% BSA), and α-AGO1 (100× diluted with PBS and 1% BSA) for
1 h at room temperature. After being washed four times with PBS, the
grids were floated on an excess amount (1:20 dilution) of 18 nm col-
loidal anti-rabbit IgG (Jackson ImmunoResearch,WestGrove, PA, USA)
at room temperature for 1 h. The grids were washed sequentially with
four droplets of PBS, followed by five times ddH2O washes. After
immunogold labeling, the sections were stainedwith 5% uranyl acetate
in water for 10min and 0.5% lead citrate for 4–6min. Sections were
observed using a Joel, JEM1400 Transmission Electron Microscope
(Tokyo, Japan) at 80kV, and the images were obtained with a Gatan
Orius CCD camera.

LC-MS/MS analysis and database search
Proteins were reduced by 10mM dithiothreitol (DTT) at 29 °C for 1 h
followed by alkylation in 55mM iodoacetamide (IAA) in 1M TEAB
(Triethylammonium bicarbonate) at 29 °C for 1 h in the dark. After
adding 5mMDTT at 29 °C for 45min, proteins were digested by 0.1μg
of trypsin (Promega,Madison,WI,USA) at 37 °C for 16 h.Afterdigestion,
10% TFA was added to a final concentration of 0.5% in the sample.
Tryptic peptides were separated on Ultimate system 3000 nanoLC
system (Thermo Fisher Scientific, Bremen, Germany) by using a 75-μm-
ID, 25-cm-length C18 Acclaim PepMap column packed with 2μm par-
ticles with a pore size of 100Å (Thermo Scientific, San Jose, CA, USA).
Mobile phase A was 0.1% formic acid in water, and mobile phase B was
composed of 100% acetonitrile with 0.1% formic acid. A segmented
gradient from 2% to 40% acetonitrile was used over 90min. The flow
rate was 300nl/min. MS/MS analysis was performed on an Orbitrap
Fusion Lumos Tribrid quadrupole-ion trap-Orbitrapmass spectrometer
(Thermo Fisher Scientific, San Jose, CA) by using data-dependentmode
with full-MS under the condition of a mass accuracy <5 ppm, a resolu-
tion of 120,000 at m/z = 200, AGC target 5e5, and maximum injection
time of 50ms. HCD-MS/MS was performed on the most intense ions in
3 s with a resolution of 15,000, within a 1.4Da isolation window at a
normalized collision energy of 32%, AGC target 5e4, previously selected
ionsdynamically excluded for 60 s, andmax injection timeof 50ms. For
protein identification, the raw MS/MS data were searched against the
Uniprot Arabidopsis thaliana database (downloaded on August 2023)
by using the Mascot and SEQUEST search algorithms via the Proteome
Discoverer (PD) package (version 2.2, Thermo Scientific). The search
parameterswere set as follows: peptidemass tolerance, 10ppm;MS/MS
ion mass tolerance, 0.02Da; enzyme set as trypsin and allowance of up
to twomissed cleavages; and variable modifications included oxidation
on methionine, deamidation on asparagine and carbamidomethylation
on cysteine residues. Peptides were filtered based on a 1% FDR. For
relative protein quantification across different samples, each protein
group is represented by a single master protein (PD grouping feature),
and the raw abundance of each protein was calculated.

Reagents and chemicals
All the reagents and chemicals used in this study are provided in
Supplementary Table 2.

Statistics and reproducibility
Statistical analyses were performed using R (version 4.2.2, www.R-
project.org). Sample size, p values, and statistical methods employed
are described in the respective figure legends or in the Source Data.
Differences were considered to be significant at p < 0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Raw sequence reads from different P1/HC-Pro plants in this study have
been deposited in the NCBI SRA database under Bioproject
PRJNA1156224 and Bioproject PRJNA1154811. Source data are provided
with this paper.
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