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Abstract

In plants and some animal lineages, RNA silencing is an efficient and adaptable defense mechanism
against viruses. To counter it, viruses encode suppressor proteins that interfere with RNA silencing.
Phloem-restricted viruses are spreading at an alarming rate and cause substantial reduction of crop
yield, but how they interact with their hosts at the molecular level is still insufficiently understood. Here,
we investigate the antiviral response against phloem-restricted turnip yellows virus (TuYV) in the
model plant Arabidopsis thaliana. Using a combination of genetics, deep sequencing, and mechanical
vasculature enrichment, we show that the main axis of silencing active against TuYV involves 22-nt
vsiRNA production by DCL2, and their preferential loading into AGO1. Unexpectedly, and despite the
viral encoded VSR PO previously shown to mediate degradation of AGO proteins, vascular AGO1
undergoes specific post-translational stabilization during TuYV infection. We also identify vascular
novel secondary siRNA produced from conserved plant transcripts and initiated by DCL2-processed
AGO1-loaded vsiRNA, supporting a viral strategy to modulate host response. Collectively, our work
uncovers the complexity of antiviral RNA silencing against phloem-restricted TuYV and prompts a re-

assessment of the role of its suppressor of silencing PO during genuine infection.
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Introduction

To defend themselves against pathogens, plants have developed a molecular arsenal allowing them
to detect and resist the incoming threat. In turn, pathogens have adopted numerous evasions
strategies and can exploit plant defenses with the resulting arms race leading to complex and ever-
changing host-microbe interactions. One such focal point of plant defense and viral counter-defense
is RNA silencing, with traces of such interactions evident across both plant and virus diversity
(Pumplin & Voinnet, 2013; Yang & Li, 2018). All RNA silencing pathways rest on the action of small
RNA (sRNA) whose production depends on the enzymatic activity of RNAse lll proteins called Dicer-
like (DCLs). In the case of RNA viruses, production of viral small interfering (vsi)RNA is triggered by
double-stranded (ds)RNA replication intermediates or intramolecular foldback structures in the viral
genome mainly by the action of DCL4 and DCL2, generating 21- and 22-nt vsiRNA duplexes
respectively (Blevins et al, 2006; Bouché et al, 2006; Deleris et al, 2006). This first layer of detection
and degradation is reinforced by specialized effector proteins called ARGONAUTE (AGO) that
associate with the vsiRNA to form the antiviral RNA-inducted silencing complex (RISC) (Carbonell &
Carrington, 2015). The RISC complex can target RNA in a sequence-specific manner, leading to
endonucleolytic cleavage (slicing) catalyzed by the AGO and/or via translational repression coupled
with mRNA decay (Poulsen et al, 2013). The silencing signal can further be amplified through the
conversion of single stranded (ss)RNA targets into dsRNA thanks to host-encoded RNA-dependent
RNA polymerase (RDR) proteins, providing new template for secondary vsiRNA production by DCLs,
that are important to achieve optimal silencing for some viruses (Qu et al, 2008; Donaire et al, 2008;
Wang et al, 2010; Garcia-Ruiz et al, 2010). Its layered, self-reinforcing and sequence specific

mechanism makes RNA silencing a particularly potent immune system.

In order to foil this mechanism most, if not all, plant viruses deploy specialized proteins that are known
as viral suppressor of RNA silencing, or VSRs. VSRs across different virus families that are highly
diverse have adopted various strategies to impair different steps of RNA silencing (Incarbone &
Dunoyer, 2013; Pumplin & Voinnet, 2013). Their deployment usually results in the abrogation of the
movement of vsiRNA and therefore of plant immunization (Guo & Ding, 2002; Schott et al, 2012;
Incarbone et al, 2017), resulting in the accumulation of high amounts of the viral genome often
accompanied by strong symptoms. Consequently, viruses for which VSR activity has been inactivated
are strongly affected in their ability to move long distances and achieve systemic infection (Havelda
et al, 2003; Bayne et al, 2005; Wang et al, 2011; Chiba et al, 2013; Deleris et al, 2006; Garcia-Ruiz
etal, 2010; Incarbone et al, 2017). This observation has been instrumental in deciphering the silencing
components involved in plant defense, since their mutation leads to a rescue of viral movement.
However, a causal link between VSR and movement has only been established for comparatively few

viruses, while many more known VSRs await in vivo characterization in the context of infection.
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The PO VSR of phloem-restricted poleroviruses presents an interesting case: while the intricacies of
its mode of action are understood, they do not necessarily reconcile with observations made in the
context of infection nor with the behaviour of natural variants of the protein. By hijacking the S phase
kinase associated protein 1 (SKP1) - Cullin 1 — F-box (SCF) E3 ubiquitin ligase complex and enforcing
degradation of most AGO proteins, PO impedes the formation of vsiRNA-RISC (Pazhouhandeh et al,
2006; Baumberger et al, 2007; Bortolamiol et al, 2007). In the case of the AGO1 protein, it has been
shown that it's interaction with PO leads to its ubiquitination and vacuolar degradation (Derrien et al,
2012; Michaeli et al, 2019). This strategy seems to be particularly effective, as in heterologous assays
in N. benthamiana (patch assays) PO of turnip yellows virus (TuYV) is able to suppress the potent
RNA silencing reaction to transgenes, enabling strong and persistent expression of GFP. Accordingly,
strong dosage of PO leads to developmental phenotypes reminiscent of AGO7 knockout plants
(Bohmert et al, 1998) because PO also disables miRNA-RISC assembly (Bortolamiol et al, 2007;
Fusaro et al, 2012).

On the opposite spectrum, studies employing a TuYY that is unable to produce PO show that it is
dispensable for systemic infection (Ziegler-Graff et al, 1996) while the resulting systemic infection by
the wild type (WT) virus is asymptomatic in Arabidopsis (Bortolamiol-Bécet et al, 2018). Furthermore,
PO proteins from polerovirus isolates collected throughout the world display varying degrees of
silencing efficiency in patch assay, ranging from strong (Mangwende et al, 2009; Han et al, 2010; Liu
et al, 2012; Chen et al, 2016; Fusaro et al, 2012) and moderate (Delfosse et al, 2014; Cascardo et al,
2015; Almasi et al, 2015) to non-existent (Kozlowska-Makulska et al, 2010; Han et al, 2010).
Intriguingly, the start codon of ORFO encoding PO of TuYV has a poor initiation context (Mayo &
Ziegler-Graff, 1996) which results in leaky scanning by the ribosomes and therefore reduced initiation.
Optimization of the 5’ context decreases viral RNA accumulation and leads to second-site mutations
of the start codon that restore low translation initiation in the systemic progeny (Pfeffer et al, 2002).
Similarly, potato leafroll virus (PLRV) genomic leader sequence exerts an inhibitory effect on
translation of the downstream ORFO0 and ORF1 (Juszczuk et al, 2000). These observations suggest
that neither high accumulation nor strong suppression activity are traits that have been selected for
during plant-polerovirus coevolution. These contrasting observations raise the question of the role of

PO during infection of the plant host, and of its interaction with the RNA silencing machinery.

By means of a genetic screen, we have recently uncovered a suppressor of the PO-dependent
developmental phenotype typically associated with AGO1 degradation (Derrien et al, 2018). The
single Gly to Asp substitution in the DUF1785 of AGO1 leads to the loss of the SCF™-AGO1
interaction and therefore renders the mutant AGO1 protein non-degradable by PO, which could have
potential practical applications. We also showed that this mutation hinders sRNA duplex “unwinding”
by AGO1 itself, particularly for perfect duplexes, a hallmark of siRNA rather than miRNA. Accordingly,
miRNA-programmed RISC activity is mostly unperturbed by the mutation, leading to a mild
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developmental phenotype, while endogenous siRNA-programmed RISC is strongly affected, which
results in the near-complete loss of secondary siRNA. Thus, this unique allele of AGO7 allows for
unprecedented decoupling of miRNA-guided pathways from siRNA guided ones, which are relied

upon to perform antiviral RNA silencing.

Here, we take advantage of this unique allele, ago7-57, to investigate the silencing components
required for efficient antiviral immunity against TuYV. We show that TuYV-derived vsiRNA are largely
channelled toward AGO1, and that its antiviral importance is only evident in some missense mutants.
ago1-57 causes a 50% reduction in systemic TuYV infection by delaying the establishment of the
infection in agroinoculated leaves but fails to provide any protection in aphid-mediated infection of the
plant vascular system. We further show that TuYV RNA is mainly cleaved into 22-nt vsiRNA by
vascular DCL2 in a mechanism that is distinct from that described for turnip crinckle virus (TCV)
infection. While transgenic vascular PO can recapitulate AGO1 degradation in the phloem, AGO1
undergoes vascular post-translational stabilization during TuYV infection in a PO-independent
manner. Finally, we show that both DCL2 processing and AGO1 stabilization concur to vsiRNA-AGO1
mediated targeting of a set of conserved endogenous messenger RNA to produce secondary siRNA,
highlighting a potential mechanism for viruses to modulate their host’s transcriptome by manipulating

antiviral silencing pathways.

Results

siRNA-RISC-deficient point mutation in AGO1 highlights its crucial role in antiviral defense

against TuYV

We have previously demonstrated that the G371D mutation, carried by the ago1-57 allele of AGO1,
allows evasion from the PO VSR while simultaneously causing retention of perfect siRNA duplexes,
leading to the inhibition of secondary siRNA production (Derrien et al, 2018). We therefore addressed
the implications of this dual phenotype during TuYV infection in the model plant Arabidopsis thaliana
(hereafter Arabidopsis), using an infectious clone of TuYV containing an 81 bp insertion of the
AtCHLI1 gene in the 3’ non-coding region of the genome (Bortolamiol-Bécet et al, 2018), referred to
as TuYVs81. Since the systemic viral propagation is limited to the phloem and can act as a trigger to
produce vsiRNA that move cell-to-cell, silencing of the CHLI1 gene in the neighbouring cells through
virus-induced gene silencing (VIGS) typically leads to yellowing around the veins. To assess the
importance of AGO1 during TuYV infection and for VIGS, WT (Col-0) and different ago 7 mutant alleles
were inoculated with either a WT TuYVs81 or the PO-deficient clone TuYVs81P0O™ and viral RNA
accumulation was assessed in systemic tissues. Intriguingly, while absence of PO consistently
resulted in less viral RNA accumulation relative to the WT TuYVs81, none of the tested ago1 alleles

exhibited the same phenotype. ago7-27 plants accumulated a similar amount of TuYVs81 RNA to the
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WT plants, while the ago1-57 and ago7-38 plants accumulated moderately more viral RNA (Figure
1A). While Col-0 and ago7-27 plants display clear vein yellowing, ago7-57 plants presented reduced
yellowing despite elevated viral RNA levels, indicating this mutant allele of AGO1 is impaired in its
ability to establish VIGS (Figure 1B). None of the ago7-38 plants displayed any vein yellowing,
despite the presence of the viral RNA in the systemic leaves. Any VIGS defect observed in presence
of the WT virus was exacerbated when infected with TuYVs81P0", resulting in even less vein yellowing
in ago1-57. We conclude that TuYVs81-based VIGS is sensitive to the amount of trigger RNA, relies
on AGO1 for its completion, and that different AGO1 point mutations result in varying VIGS as well

as antiviral RNA silencing efficacy.

Other AGO proteins have been shown to be involved in the silencing of several RNA viruses,
sometimes in combinations (Carbonell & Carrington, 2015). We therefore tested the contribution of
different AGOs to TuYV silencing by infecting single or multiple knock out mutants for AGO5, AGO10,
AGO2 and AGO7, in addition to ago7-27, which is a missense allele. Quantification of the viral RNA
in systemic leaves revealed that only the ago7-57 mutation caused enhanced accumulation of TuYV
(Figure S1A), further demonstrating the importance of AGO1 in TuYV antiviral defense. Here too, the

ago1-27 mutant did not exhibit any difference, neither did the combinations that contained that allele.

Because AGO2 has been described in several studies as the main antiviral AGO (Harvey et al, 2011;
Jaubert et al, 2011; Garcia-Ruiz et al, 2015) or to function in tandem with AGO1 (Ma et al, 2015;
Wang et al, 2011), we introgressed the ago2-1 mutation into the ago7-57 background and tested for
antiviral performance against several well-studied RNA viruses. Plants were inoculated with an
infectious clone of turnip mosaic virus (TuMV) containing a GFP reporter and a point mutation
inactivating the VSR activity of HC-Pro, referred to as TuMV-AS9-GFP (Garcia-Ruiz et al, 2010).
While GFP was clearly visible in inoculated leaves of ago2-1 plants, systemic spread of the virus did
not occur (Figure 1C and D). By contrast, ago7-57 plants allowed limited spread of TuUMV-AS9-GFP
into the systemic leaves while the ago7-567/ago2-1 combination allowed for strong GFP signal in the
vasculature with elevated amounts of GFP protein. This reveals a previously unreported role for AGO1
in defense against TuMV and shows that both fully functional AGO1 and AGO2 are needed to mount
efficient defense against TUMV-AS9-GFP. We then infected the same genotypes with tobacco rattle
virus (TRV) carrying a PHYTOENE DESATURASE (PDS) fragment, referred to as TRV-PDS (Ratcliff
etal, 2001), which triggers potent VIGS against this gene resulting in a bleached leaf phenotype. Both
AGO1 and AGO2 have been reported as necessary for efficient antiviral silencing during TRV
infection (Ma et al, 2015). Accordingly, we observed increased viral RNA and impaired PDS silencing
in the double ago1-57/ago2-1 mutant, while single mutants behaved identically to Col-0 (Figure 1E
and F). In contrast, ago2-1 single mutation did not affect TuYVs81 RNA accumulation, while the single
ago1-57 and the double mutant showed enhanced accumulation and an identical impairment in VIGS

(Figure 1G and I). This suggests that, as opposed to TuMV and TRV, efficient antiviral silencing of
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TuYV by the plant does not rely on the coordinated action of AGO1 and AGOZ2, but rather that AGO1

alone is necessary to mount an efficient response.

Since AGO proteins can bind overlapping cohorts of sSRNA and act redundantly on an RNA target,
impairment of a particular AGO can result in compensatory loading by another AGO. We reasoned
that if AGO2 can act as a surrogate to AGO1, then compromising AGO71 function should lead to an
increase in AGO2 loading with vsiRNA. We therefore performed immunoprecipitations of both AGO1
and AGO2 (Figure S1B) and analyzed the associated sRNA in plants systemically infected by TRV-
PDS and TuYVs81. TRV-PDS-derived vsiRNA where loaded into AGO1 and AGO2, and in the ago17-
57 background we observed increased loading into AGO2 (Figure 1J). TuYVs81 vsiRNA were found
to be predominantly associated with AGO1, with increased production of vsiRNA in ago7-57 plants
likely leading to increased loading of AGO1-57. More importantly, little or no compensatory loading of
AGO2 was observed, further establishing the pivotal role of AGO1 in TuYVs81 antiviral defense. We
also compared loading abilities of AGO1-57 and AGO1-27 (Figure S1C) and found increased AGO2
loading with vsiRNA only in ago7-27, concomitant with impaired loading of the AGO1-27 protein of
both vsiRNA and miRNA. This can be explained by the increased AGO2 protein level observed in
ago1-27 (Figure 1SD) caused by lessened miR403-AGO1 complex assembly (Figure S1C), a feature
not observed in the ago7-57 mutant. Like for TuYVs81, we also found that loading of AGO1 and
AGO2 with SUL siRNA was identical in WT and ago7-57 plants (Figure S1E and F), indicating that
the mutant protein is not affected in siRNA loading, as we have previously shown (Derrien et al, 2018).
Taken together, these results suggest that ago7-57 presents a unique opportunity for the study of the
antiviral role of AGO1 in planta, since it selectively impacts siRNA guided pathways and only

marginally affects miRNA-RISC regulation.

Next, we performed sRNA deep sequencing of total RNA and AGO1 IPs from mock-inoculated and
TuYVs81 infected Col-0 and ago7-57 plants (Figure S2A). After verifying successful
immunoprecipitation of AGO1 in all replicates and samples (Figure S2B), sRNA reads of 18-26nt
were mapped to the reference Arabidopsis genome (Cheng et al, 2017) and the TuYVs81 genome
and normalized 21-24nt reads mapping to the different categories are shown in Figure 1K. As
expected, AGO1 IPs of mock samples contained abundant reads mapping to miRNA, that were mostly
of 21-nt (Figure S2C). In infected samples, a large amount of vsiRNA were recovered from both the
total RNA and the AGO1 IP, indicating that a large amount of the produced vsiRNA are channelled
towards AGO1, as observed by northern blot. These vsiRNA were found to originate from both strands
and to completely cover the TuYVs81 genome, with some hotspots found across the replicates and
samples (Figure 1L and S2D). TuYVs81-mappers were enriched in AGO1 IP with some reaching a
read count of over 400.000 in AGO1-57 IPs. Intriguingly, most reads mapping to the TuYVs81 genome
were of 22-nt (Figure 1L and S2C) suggesting that DCL2, among the four Arabidopsis DCL proteins,

is predominantly responsible for TuYVs81 processing. We also observed an impaired 5’U bias in
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AGO1 IPs from the ago7-57 plants (Figure S2E). This is explained by the molecular phenotype of the
allele, which retains both the guide strand and the passenger strand (Derrien et al, 2018), the latter
having a 5’ extremity that can be any nucleotide, artificially raising the amount of 5’ C, G and A reads.
Altogether our results show that AGO1 plays a key role in orchestrating antiviral defense against

TuYV, by loading a vast population of vsiRNA which are mostly 22nt-long.

Non-degradable AGO1-57 impairs establishment of systemic TuYVs81 infection

After numerous TuYVs81 infections using agro-inoculation we noticed that about only half of the
initially inoculated ago7-57 plants developed VIGS, in contrast to Col-0 inoculated plants that showed
up to 100% systemic infection rate (Figure S3A). Since ago1-57 is impaired in VIGS, we chose to
monitor the presence of the viral readthrough protein (RT) in young leaves of the inoculated plant
population during the progression of infection. This showed a similar kinetic to that of VIGS, with only
43,3% of the ago1-57 plants exhibiting infection, while infection of ago1-57 with TuUMV-GFP and TRV-
PDS reached 100% (Figure S3A). We hypothesized that this observation could be explained by the
evasion of AGO1-57 from PO-mediated degradation or alternatively, that the mutation in AGO1 leads
to constitutive activation of defense-related genes leading to enhanced resistance, as observed for
TRV-infected ago7-27 (Ma et al, 2015), and regulated by miRNA and phasiRNA in multiple plant
species (Li et al, 2012; Shivaprasad et al, 2012; Deng et al, 2018; Lépez-Marquez et al, 2020). To
discriminate between these two hypotheses, we performed similar infection kinetics in the three ago1
hypomorphic mutants used previously. We found that only the ago7-57 plant population exhibited a
50% loss of systemic infection by TuYVs81, while ago1-27 and ago 7-38 both reached 100% infection,
albeit with very dissimilar kinetics (Figure 2A and B). Importantly, this loss was not observed during
establishment of TuUMV-GFP infection (Figure 2C and D), indicating that it is unique to the ago7-57-

TuYVs81 interaction, and likely results from the undegradable nature of the mutant protein.

PO-less mutants of TuYV show lower viral replication in protoplasts (Ziegler-Graff et al, 1996), and
PLRV PO is essential for viral multiplication in inoculated tissues (Sadowy et al, 2001), suggesting
that suppression of RNA silencing is important during early steps of infections. Since AGO1-57 is
resistant to PO-mediated degradation, it should exert a similar effect to the loss of viral PO during the
local establishment of infection, before systemic movement can be achieved. We therefore assayed
viral RNA abundance in Arabidopsis leaves agro-inoculated with TuYVs81 in ago7-57 compared to
Col-0 and ago1-27. In all experiments, ago1-57 leaves contained significantly less viral RNA than Col-
0 at any given time (Figure 2E and S3B) and showed lower RT protein accumulation (Figure 2F).
This slower build-up of infection in ago7-57 was not shared by the ago7-27 mutant, that is sensitive

to PO-mediated degradation (Derrien et al, 2018), and is thus the consequence of resistance to PO.
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Because PO proteins from different poleroviruses have low sequence identity (Mayo & Ziegler-Graff,
1996) but seem to all contain the minimal F-box consensus motif (LPxxL/l), we tested if the G371D
mutation enables AGO1 evasion from a range of PO proteins. WT and G371D CFP-AGO1 were co-
infiltrated with PO proteins from TuYV, PLRV, cucurbit aphid-borne yellows virus (CABYV) and beet
mild yellowing virus (BMYV), that all contain the F-box motif, and CFP-AGO1 degradation was
assayed as previously described (Baumberger et al, 2007). Surprisingly, while the G371D mutation
conferred protection from PO™ degradation to AGO1, the mutation failed to prevent degradation by
the three other PO proteins tested (Figure 2G). This highlights the existence of different modes of
AGO1 recognition employed by viral POs and indicates that the strategy employed by TuYV to target

AGO1 is not a conserved feature of poleroviruses.

Finally, we assayed the performance of ago1-57 when TuYV is delivered by its natural aphid vector,
that directly injects virions into phloem cells. When infection was monitored 25 days after transmission
using DAS-ELISA for each individual, we found that the number of plants that scored positive for the
presence of the virus was comparable between Col-0 (89,5%) and ago1-57 (87,5%) (Figure 2H). Not
only did the ago7-567 plants not display the reduced systemic infection as observed for agro-
inoculation, but all the plants contained significantly more virion than their WT counterparts.
Intriguingly, while TuYV infection normally leads to a symptomless infection in Arabidopsis, we
observed a statistically significant reduction in fresh weight for the TuYV-infected ago7-57 plants
(Figure 2I), suggesting that impairment of AGO1 function leads to symptomatic infection. Taken
together, our analysis shows that evasion of degradation by the mutant AGO1 causes delay in the
establishment of local infection, leading to a decrease in systemic infection. This apparent resistance

phenotype is overruled by direct inoculation into phloem cells.

TuYV RNA is mostly processed by DCL2, but both DCL2 and DCL4 are necessary to mount an

effective antiviral defense

To test the contribution of DCLs to vsiRNA production, we performed northern blots from tissues
systemically infected by TuYV, in single and multiple mutants containing the dc/2-1 or dc/2-5, dcl4-2,
dcl3-1 and ago1-57 alleles. In dc/2-1 infected plants, the main 22-nt TuYV vsiRNA band present in
wild-type was replaced by a 21-nt band, indicating that the bulk of vsiRNA is indeed the product of
DCL2, while loss of DCL4 did not affect the main vsiRNA population (Figure 3A). Loss of both DCL2
and DCL4 resulted in the sole accumulation of a 24-nt signal that is otherwise minimal in WT plants,
while the dcl2-5/dci3-1 combination led to a single 21-nt signal. Loss of 22-nt vsiRNA in dc/2-1 was
consistently accompanied by lesser silencing signal spread, a feature that was not observed in the
dcl4-2 plant (Figure 3B and S4A), mirroring their relative contribution to vsiRNA production in the
phloem cells. VIGS signal was abolished in dc/2-1/dcl4-2 plants, while dcl2-5/dci3-1 were identical to
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single dc/2-1, indicating that the residual 24-nt do not constitute a mobile silencing signal sufficient to
initiate VIGS. Identical vsiRNA patterns were observed when the ago7-57 mutation was added to
each combination (Figure 3A). Combining dc/2-1 an ago1-57, that both exhibit weak VIGS, led to a
complete loss of cell-to-cell silencing spread, which was not the case in dcl4-2/ago1-57, that produces
abundant vsiRNA. We measured TuYV RNA content in the same tissues and found that, like ago7-
57, single dcl2-1 and dcl4-2 mutations lead to a two-fold increase of TuYV RNA in systemic tissues,
that was not increased when introduced in the ago7-57 background (Figure 3C). Similarly, the loss
of both DCL2 and DCL3 resulted in a two-fold increase while the double dc/2-1/dcl4-2 lead to a
dramatic increase in the amount of TuYV RNA accompanied by severe symptoms (Figure 3B).
Intriguingly, the triple mutant combination lead to an even greater viral RNA accumulation, supporting
that the 24-nt vsiRNA are able to exert antiviral activity through AGO1.

In order to test the contribution of secondary siRNA to antiviral silencing of TuYVs81, we infected loss
of function mutants for RDR6 and SGS3, that are both required for production of dsRNA and silencing
signal amplification from AGO1 cleavage products, a mechanism that participates in antiviral silencing
for some plant RNA viruses (Mourrain et al, 2000; Qu et al, 2008; Wang et al, 2010; Garcia-Ruiz et
al, 2010). This revealed that neither VIGS (Figure S4A), vsiRNA profiles (Figure S4B) nor TuYV RNA
accumulation (Figure S4C) were affected in those mutants. The same mutants presented systemic
infection kinetics that were comparable to those of WT and dc/ mutant plants (Figure S4D). This
shows that silencing signal amplification via RDR6/SGS3 is dispensable for antiviral silencing during
infection by TuYVs81. Note that this does not rule out production of secondary vsiRNA from the viral
RNA after AGO1 slicing.

Since both DCL2 and DCL4 have antiviral activity against TuYVs81, but DCL2 rather than DCL4 is
the major contributor of vsiRNA, we sought to establish their localization relative to viral replication
complexes (VRCs). We took advantage of the recently established stable N. benthamiana line
expressing the eGFP-tagged dsRNA binding domain of flock house virus (FHV) B2 protein (B2-GFP)
that allows in vivo visualization of dsRNA, the minimal component of the VRCs (Monsion et al, 2018).
Consistent with their ability to produce vsiRNA from double stranded TuYV RNA, both AtDCL2-tRFP
and AtDCL4-tRFP were found to equally re-localize from the nucleus to the B2-GFP labelled VRCs
(Figure 3D and S5), which was not the case for the nucleo-cytoplasmic tRFP control. In summary,
our results show that both DCL2 and DCL4 are directed to VRCs upon infection to initiate antiviral
defense against TuYVs81, but DCL2 appears to be the major source of vsiRNA in systemically

infected tissues.

DCL4 and DCL2 operate normally in TuYV-infected vasculature
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To characterize more specifically the relative roles of DCL2 and DCL4 in infected vasculature, we
employed MeSelect (mechanical separation of leaf compound tissues), a technique which enables
isolation of vascular bundle cells (Svozil et al, 2015). As expected, TuYVs81 RNA was enriched when
compared to whole leaf extracts (Figure 4A and S6A), and the loss of DCL2 lead to an increased
accumulation of TuYVs81 RNA, as observed in whole leaves (Figure 3C). Vascular vsiRNA were 22-
ntin size (Figure 4B and S6B), confirming that their presence in whole leaf arises from the processing
of TuYVs81 RNA by DCL2 in the vasculature. We also observed a smearing pattern above the 22-nt
signal only in the enriched vasculature (Figure S6B) suggesting persistence of precursor RNA

species/replication intermediates.

Similarly to TuYV, turnip crinkle virus (TCV) is also processed mainly into 22-nt-long vsiRNA in
Arabidopsis, its VSR P38 inhibiting the AGO1-miR162 regulation of DCL1 (Azevedo et al, 2010) which
itself represses DCL4 and DCL3 via an unknown mechanism (Qu et al, 2008). To assess whether
this is the case during TuYV infection, we monitored the abundance of miR162 and DCL1 in infected
vasculature. We observed a mild decrease in the miR162 signal in both Col-0 and ago1-57 infected
vasculature (Figure 4B), but no appreciable difference in the abundance of the DCL1 protein in the
same tissue (Figure 4C), ruling out a mechanism similar to TCV regulation of DCL1 in the case of
TuYV. Measurement of DCL2 and DCL4 mRNA abundance showed that neither are affected by the
presence of the virus in the vasculature (Figure 4D and S6C). To test if the activity rather than the
expression of DCL4 is impaired in the presence of TuYVs81, we monitored the accumulation of DCL4-
dependent endogenous sRNA. While miR822 is barely produced in the vasculature, siR255 (TAS1)
abundance was unperturbed by the presence of the virus in the vasculature (Figure 4B), suggesting
that DCL4 functionality is intact. Similarly, IR71 22-nt siRNA are unaffected by the virus,
demonstrating that DCL2 is functioning normally. Because DCL4 and DCL2 usually exhibit
hierarchical activity towards transgenes and RNA viruses, with DCL4 being the prime source of siRNA
over DCL2, we wondered whether in the vasculature this hierarchy could be inverted. We thus
compared sRNA profiles in whole leaf to those in vasculature recovered from TRV-PDS infected
plants, an RNA virus that is primarily processed into 21-nt by DCL4 in WT plants (Deleris et al, 2006)
and found that the vsiRNA profiles were identical both for the PDS reporter and the 3’ of RNA1 and
RNAZ2 (Figure 4E), demonstrating that the vascular DCL hierarchy is identical to that of the leaves.

Collectively, these results show that processing of TuYVs81 by DCL2 is not a consequence of
attenuated DCL4 expression and/or activity, nor of increased expression or overall activity of DCL2
in infected vasculature. Neither DCL2 nor DCL4 show vasculature-specific antiviral activity when
challenged with an unrelated RNA virus, suggesting in turn manipulation of the DCL balance by the
TuYV. To test whether PO could affect the balance between DCL2 and DCL4 in TuYV processing, we
compared the vsiRNA profiles in systemic tissues infected with either WT TuYVs81 or TuYVs81PO0'.
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As observed previously in whole leaves (Figure 1A), TuYVs81P0™ was less abundant than its WT
counterpart in the isolated vasculatures (Figure 4F) but was nonetheless enriched comparatively to
the leaf. Although the signal was weaker, TuYVs81PO0" infection still resulted in a major 22-nt signal
(Figure 4G), indicating that PO is not responsible for preponderant processing of TuYV by DCL2. The

factor responsible for this phenomenon remains to be identified.

Vascular AGO1 is sensitive to PO but is unexpectedly stabilized in presence of TuYV

Next, we took advantage of the MeSelect method to observe viral PO-driven degradation of AGO1, a
feature that is obscured in whole leaf tissues, and habitually observed with over-expression of PO in
Arabidopsis (Bortolamiol et al, 2007; Derrien et al, 2018; Michaeli et al, 2019) or in transient co-
expression experiments (Figure 2G). We therefore separated vasculature from Col-0 and ago71-57
infected plants, with both genotypes presenting a significant enrichment of TuYVs81 RNA in the
vasculature, and a 3.5-fold enrichment in ago7-57 compared to Col-0, as expected (Figure 5A).
Strikingly, rather than a depletion, we observed an increased accumulation of vascular AGO1 protein
in the presence of the virus, irrespective of the background used (Figure 5B, S7A and S7B). This
enrichment relative to the mock inoculated vasculature was very robust and observed in vasculatures
collected at different days post inoculation as quantified in Figure 5C (n=5 separate infection
experiments), and was not observed for either AGO2 and AGO4 (Figure 5B and S7B).

Because this observation was unexpected, given that SCF™ enables vacuolar degradation of
ARGONAUTE proteins (Derrien et al, 2012; Michaeli et al, 2019), we explored their localization
relative to TuYVs81 VRCs using the B2-GFP assay in N. benthamiana. In contrast to what was
observed for DCL proteins, tRFP-AGO1 did not fully colocalize with the dsRNA but rather re-localized
to the immediate vicinity of TuYVs81 VRCs, with which it appeared to be enmeshed (Figure 5D and
S8A). This localization was reminiscent of that of the ssSRNA and CP of potato virus X (PVX) relative
to that of B2-GFP labelled dsRNA, that are partitioned within larger “viral factories” (Monsion et al,
2018) also referred to as X-bodies (Tilsner et al, 2012). This suggests that AGO1 does not fully access
TuYV VRCs, which contain dsRNA, but rather peripheral viral structures that could be rich in viral
ssRNA. On the contrary WT PO-tRFP, which presented bright punctate cytosolic structures in non-
inoculated leaves, colocalized with the VRCs in infected leaves (Figure 5E and S8B). Thus, AGO1
and PO localizations only partially overlap during TuYVs81 infection, suggesting that only a fraction

of AGO1 would be available for ubiquitination by viral PO at any given time.

Since AGO71 mRNA level is under tight control by the AGO1-miR168 feedback loop (Mallory &

Vaucheret, 2009), we monitored miR168 abundance in TuYVs81-infected Arabidopsis vasculature
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(Figure 4B and S7C) and found it to be unchanged by TuYV. Accordingly, AGO7 and AGO2 mRNA
abundance was identical in mock and TuYVs81-infected vasculature (Figure 5F, S7F and S7G),
ruling out a transcriptional or post-transcriptional regulation of AGO1 caused by the virus. We also
observed stabilization of a vascular-restricted Flag-AGO1 protein (pSUC:Flag-AGO1, two
independent lines) in TuYVs81 infected whole leaves (Figure S7D) that itself did not result from
transcriptional activation of the transgene (Figure S7E). We also tested the possible involvement of
the viral PO in AGO1 stabilization, or a correlation between this phenomenon and TuYVs81
processing by DCL2 by analyzing AGO1 abundance in vasculature isolated from TuYVs81P0O
infected plants, as well as in dc/2-1 plants. In both cases, AGO1 overaccumulation was still evident,

ruling out involvement of PO and DCL2 (Figure 5G).

Finally, we tested the ability of PO to degrade AGO1 and its consequences on silencing in vascular
cells by engineering a PO-HA stable line under the control of the Commelina yellow mottle virus
promoter (pCoYMV) that drives specific expression in the companion cells of leaves, stems and roots
(Matsuda et al, 2002). This transgene was introduced into the SUC-SUL background (Himber et al,
2003) to monitor silencing. Lines expressing the transgene were confirmed by RT-qPCR in in vitro
grown seedlings and exhibited vein yellowing (Figure S9), in contrast to a pSUC:P15-FHA lines that
prevented movement of SUL siRNA to the neighbouring cells (Incarbone et al, 2017). Strikingly, older
plants containing the WT P0O-HA exhibited a strong enhancement of leaf yellowing that was absent
from plants of the same age containing the LP1 version of PO-HA (Figure 5H), suggesting that PO
facilitates cell-to-cell movement of SUL siRNA. Isolation of vasculature revealed the enrichment of
the PO-HA protein compared to whole leaves and the clear degradation of vascular AGO1 in the
presence of PO-HA, that was dependent on an intact F-box motif (Figure 5l), demonstrating that
vascular cells are a suitable environment for PO-mediated degradation. Degradation of AGO1 was
accompanied by stabilization of miR160c*, a hallmark of miR160 duplex accumulation, as well as
destabilization of guide miRNA (Figure 5J). SUL siRNA production was not changed by PO-HA
presence in the vasculature, indicating that movement rather than biogenesis was impaired. Overall
CHLI1 and CHLI2Z mRNA were decreased in the pCoYMV:PO-HA-WT plants, due to SUL siRNA
accessing transcripts far removed from the vascular initiation site (Figure 5K). Vascular AGO1
homeostasis was perturbed (Figure 5K), most likely as a consequence of disturbance in the miR168-
AGO1 feedback loop. All in all, we demonstrate that vascular PO, when produced by a transgene, is
competent in degrading AGO1, and the resulting depletion of AGO1 potentiates the cell-to-cell
movement of siRNA to the surrounding tissues. Surprisingly, TuYVs81 infection results in stabilization
of vascular AGO1 via an unknown mechanism that is not caused by a post-transcriptional regulation

and depends neither on PO nor DCL2.
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AGO1-loaded 22-nt vsiRNA promote production of secondary siRNA from Arabidopsis

transcripts

Given that 22-nt sRNA can initiate secondary siRNA cascade from AGO-targeted RNA (Chen et al,
2010; Cuperus et al, 2010), we wondered if the abundant TuYV-derived 22-nt vsiRNA could lead to
production of secondary siRNA from Arabidopsis transcripts. We therefore performed pairwise
differential enrichment analysis of SRNA reads mapping to the Arabidopsis genome between infected
and mock samples and found very little change apart from a few loci. Figure 6A shows the twenty
most deregulated loci across all IP datasets, with the two bottom-most clusters corresponding to MIR
genes and phasiRNA producing loci that we have previously shown to be affected by the ago1-57
mutation (Derrien et al, 2018). The top-most cluster contains nine loci that accumulate sRNA reads
only in the presence of TuYVs81, and analysis of the total RNA datasets shows a similar behaviour
for five out of nine loci and uncovers an additional gene following this pattern (Figure S10A).
Additional quantitative analysis of the AGO1 IPs revealed very few loci presenting sSRNA enrichment
with an adjusted p.value < 0.05 that did not overlap with preexisting sRNA, namely AT1G18480,
AT5G45930, AT5G11000 and AT4G31540 (Figure S10B). The fact that these sRNA cohorts are
bound to AGO1 and less abundant in AGO1-57 IPs suggests that they are part of a functional RISC,

and that their biogenesis is partly affected by the ago7-57 passenger strand retention phenotype.

The two top variable loci in all cases are CHLIT (AT1G18480) and CHLI2 (AT5G45930). Since
TuYVs81 contains the 81bp reporter fragment of CHL/1 and that 62bp of that insert present an almost
100% sequence identity with CHLI2, we checked the siRNA distribution along these two loci. As
expected, the regions overlapping with the s81 insert contained abundant siRNA, but an additional
population of siRNA was found in 3’ of the two transcripts, that cannot be directly attributed to
TuYVs81 processing, and was mostly lost in AGO1-57 IP (Figure 6B). We interpret this observation
as a primary source of abundant 22-nt vsiRNA originating from the viral genome loaded into AGO1
and initiating production of secondary siRNA downstream of the targeting site. Since these primary
vsiRNA are made from a largely double stranded RNA precursor, they form perfectly matched
duplexes that are retained into AGO1-57 (Derrien et al, 2018), thus disabling production of transitive
siRNA in the mutant. To ascertain this hypothesis, we analyzed CHLI/1-derived siRNA (SUL 3’) by
northern blot (Figure 6C). This revealed that TuYVs81-triggered secondary siRNA are 21-nt in length,
are greatly diminished in both ago7-57 and ago1-27, are entirely lost in dcl/2-1, rdr6-12 and sgs3-14
mutants, and that DCL2 can replace DCL4 for their biogenesis. Their production is specific to TuYV
containing the s81 insert, as neither WT TuYV nor the unrelated TuMV-GFP elicited their production.
Thus, DCL2 processing of TuYVs81 is necessary and sufficient to induce transitivity from Arabidopsis
transcripts through loading into AGO1, production of dsRNA by RDR6/SGS3 and subsequent
processing by DCL4/DCL2.
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We next wondered what could be the cause of siRNA production from the other unrelated loci. We
hypothesized the existence of discrete TuYV regions that present complementary base-pairing with
the candidate genes and that support production of 22-nt vsiRNA that are sufficient to guide de novo
transitivity. We employed psRNATarget V2 (Dai et al, 2018) to predict which cohort of vsiRNA could
match the mRNA sequence of the nine candidates. We defined a target region with the following
criteria: existence in 5’ of the observed secondary siRNA and expectation score < 3.5. This produced
nine predicted TuYV-target paired regions of an average 31bp (x5bp) for the plant transcripts and
30bp (+4bp) for TuYVs81, that contained overlapping vsiRNA, the majority of which were 22-nt in
length. Their positions on the TuYVs81 genome are indicated in Figure 6B, with the corresponding
matched sequence indicated above all target genes in Figure 6D. For eight of these targets, some
secondary siRNA were observed in infected leaves with perturbed patterns in ago7-57 suggesting
that their biogenesis is affected when unwinding is impaired. In only one instance, MAGLS5, a single
peak was observed that overlapped with the predicted targeting region. This peak corresponds to a
single 21-nt vsiRNA originating from the minus strand of the virus that has 100% identity to 20bp of
the sense MAGL5 messenger. Accordingly, no signal amplification was observed from MAGLS.
Functional annotation clustering (Huang et al, 2009) only revealed a moderate enrichment (cluster1
— score 0.86) for GO terms related to membrane and cell periphery for six out of nine genes (Figure
S$10C). Because targeting by vsiRNA implies downregulation in TuYVs81-infected vasculature, we
measured the mRNA abundance of each target in infected and mock vasculatures by RT-qPCR, using
CHLI2 as benchmark (Figure 6E). For six out of nine genes, we observed a decrease in infected
plants in one or two independent infection experiments. This decrease was lost, or an increase was
observed, in vasculatures of both ago7-57 and dcl2-1 infected plants, supporting this phenomenon
as a direct consequence of the siRNA production and amplification loop. All in all, we show that host
transcript stability can be controlled by viral encoded, host produced vsiRNA, and these transcripts
can directly lead to the production of vascular secondary siRNA. This “silencing cascade” strategy
could be commonly employed by phloem-restricted poleroviruses and potentially others, to fine tune

host gene expression in this key tissue.

Discussion

Antiviral RNA silencing mechanism against phloem-restricted TuYV

In this study we dissected the molecular machinery mediating antiviral silencing of the phloem-
restricted polerovirus, TuYV, which revealed several unusual characteristics. First, we find that DCL2,

rather than DCL4, is the major supplier of antiviral SRNA, which results in accumulation of large

15


https://doi.org/10.1101/2021.03.19.436175
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.19.436175; this version posted March 22, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

quantities of 22-nt vsiRNA produced in the vasculature, in accordance with the tropism of
poleroviruses. This is in stark contrast with most viruses that have been described and form
compatible interactions with Arabidopsis, which usually relies on DCL4 to produce the bulk of antiviral
siRNA (Bouché et al, 2006; Deleris et al, 2006; Diaz-Pendon et al, 2007; Donaire et al, 2009; Garcia-
Ruiz et al, 2010; Wang et al, 2011), or for which processing by DCL2 is a consequence of virus
manipulation, like in the case of TCV (Qu et al, 2008; Azevedo et al, 2010). For TuYV, we do not
observe any perturbation of the activity of DCL2 and DCL4 in infected vasculature, nor does loss of
viral PO affect the pattern of vsiRNA production. This suggests that if DCL2 processing is caused by
viral manipulation, then it is not exerted via its VSR but rather via a factor that remains to be identified.
However, it is just as likely that processing by DCL2, rather than a consequence of viral modification
of plant processes, could be a specific plant reaction to TuYV and/or poleroviruses in general,

highlighting the promise of this virus as a tool to probe the little-understood antiviral biology of DCL2.

Nevertheless, both DCL2 and DCL4 are required to mount a full antiviral response, as loss of both
results in a dramatic accumulation of TuYVs81 RNA, whereas the corresponding single mutants only
allow two-fold accumulation of TuYV. Thus, the outcome of a WT TuYV infection resembles the
outcome of infection by many VSR-deficient RNA viruses, and for which only loss of both DCL2 and
DCL4 restores systemic movement. Accordingly, using an assay to visualize viral replication
complexes, we show that both DCL2 and DCL4 are able to re-localize to TuYV VRCs in N.
benthamiana infected leaves, showing that both retain their ability to access viral dsRNA, likely via
their dsRNA-binding motifs and/or their cofactors. Although the reason for which DCL2 over DCL4
cleaves TuYV remains to be investigated, a recent work provides insight into DCL4 processing ability
in vivo and might be applicable here: recent evidence suggests that point mutants of DCL4 are
sufficient to uncouple production of 21-nt siRNA from RDR-dependent dsRNA substrates and
intramolecular foldback structures, although binding to dsRNA is retained (Montavon et al, 2018). This
suggests that DCL4 enzymatic activity is sensitive to the intrinsic properties of target RNA, and that
its processivity might be more tunable than that of other DCL proteins. Thus, although both can access
the dsRNA, perhaps TuYV dsRNA structural properties are incompatible with efficient processing by
DCL4, leaving DCL2 free to cleave it into 22-nt. One might also ponder if dependence on DCL2 might
be common in nature and in diverse pathosystems, in other words, if Arabidopsis Col-0 apparent low
reliance on DCL2 represents the exception rather than the norm. Interestingly, abundant 22-nt vsiRNA
were detected in cotton plants infected with cotton leafroll dwarf virus (CLRDV) (Silva et al, 2011), in
maize leaves containing a novel polerovirus (Chen et al, 2016) and in wheat infected with barley

yellow dwarf virus (BYDV) (Shen et al, 2020), suggesting that DCL2 is active against Luteoviridae.

Another unexpected feature observed in our study is the simultaneous reliance on AGO1 for silencing,
with its specific stabilization in infected vasculature. Effective antiviral silencing requires the function

of AGO-vsiRNA effector complexes and for most well-described RNA viruses, AGO2 seems to play
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a major antiviral role, alongside AGO1 (Harvey et al, 2011; Jaubert et al, 2011; Brosseau & Moffett,
2015; Ma et al, 2015; Wang et al, 2011; Garcia-Ruiz et al, 2015). The situation is quite different in the
case of TuYVs81, for which the ago7-57 mutation was sufficient to induce a two-fold increase in the
amount of viral RNA and the addition of the ago2-17 mutation did not lead to further increase. We also
found that the vast majority of vsiRNA were loaded into AGO1, further underscoring its importance.
Remarkably, none of the defects observed in ago71-57 were observed in ago7-27, which is the most
commonly used hypomorphic ago1 allele, and the one used in most studies to assess the importance
of AGO1 relative to other AGOs. It is therefore possible that the contribution of AGO1 to antiviral
silencing in many plant-virus interactions has been underestimated. Use of the ago7-57 allele, that
uncouples AGO1 activity in siRNA pathways from miRNA pathways and shows little developmental

phenotype will no doubt prove valuable to future investigations.

Curtailed role of PO in the context of TuYV infection

Along with the sole reliance on AGO1, we clearly observe increased accumulation of the protein, only
in infected vasculature, a feature that did not extend to AGO2 or AGO4. This is counterintuitive, as
the experimentally validated action of the VSR PO is the degradation of unloaded AGO molecules to
prevent formation of vsiRNA-RISC. We further show that this increase in vascular AGO1 protein is
not a response to the viral PO, nor a consequence of the strong accumulation of 22-nt vsiRNA, as
dcl2-1 plant still exhibit the response. The differences between the results obtained with PO in
heterologous systems and the results reported here obtained during genuine virus infection are stark.
This contrast highlights how expression of viral proteins as overexpressed transgenes, while often
necessary to study their molecular features in vivo, does not always adequately recapitulate their full

activity within the viral lifecycle.

When reconstituting the PO degradation system in the vasculature, by expressing PO under a
companion cell promoter, we show that PO leads to AGO1 degradation in the enriched vasculature
and that this degradation depends on its F-box motif. Thus, the local environment of the vasculature
does not hinder the function of PO, nor is vascular AGO1 insensitive to PO. Interestingly, we observe
an increase of leaf chlorosis in SUC-SUL plants that contain WT vascular PO, a phenotype opposite
to that of a phloem-restricted VSR that sequesters sRNA duplexes and leads to suppression of SUL
siRNA cell-to-cell movement (Incarbone et al, 2017). We interpret this observation as a direct
consequence of the decrease of AGO1 (and possibly additional AGOs) in the incipient cells, which
allows an increased population of mobile siRNA duplexes to exit the companion cells. This leads to
increased reach of the silencing signal to additional recipient cells, where these siRNA are loaded in
turn and cause downregulation of CHL/1/2. Our observation is consistent with the “consumption”

model proposed by Devers et al, (2020), in which cell-autonomous AGO proteins consume mobile
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sRNA as they travel cell-to-cell, leading to a modulation of the traveling silencing signal. Our results
show that this holds true at the initiation site - provided it contains an active AGO1 population - as

exemplified here in the vasculature.

As commented above, however, these results are in contrast with our data from TuYV infections.
Given that AGO1 over-accumulates in TuYV-infected vasculature, it is unlikely that the production of
the PO protein from the viral genome is sufficient to cause measurable AGO1 decay. This gives rise
to a dilemma regarding the role of PO during genuine infection. How is PO relevant as a VSR for
poleroviruses? What causes the increase of AGO1 protein levels at the site of infection? A possible
answer to the latter question is that the very abundant vsiRNA loaded into AGO1 could increase its
stability and render it unsusceptible to PO-mediated degradation. In this scenario, de novo synthetized
AGO1 molecules undergo rapid loading, are unavailable to both PO and endogenous degradation
pathways, and reiterated use of vsiRNA-RISC artificially prolongs their half-life, raising the overall

population over time in the infected tissues.

As underlined in the introduction, strong initiation at the start of ORFO is not favoured by TuYV and
PLRYV (Pfeffer et al, 2002; Juszczuk et al, 2000) and several isolates of polerovirus encode PO proteins
that perform poorly in silencing suppression assays, suggesting that strong suppression activity is not
necessarily favoured by poleroviruses at large. The observations gathered here support the notion
that the activity of TuYV PO is mostly curtailed during infection. First: vascular AGO1 is stabilized
during TuYV infection (although this does not rule out that a fraction of the AGO1 molecules can
undergo PO-directed degradation). Second: non-degradable AGO1-57 offers no advantage to the host
in the context of the natural mode of infection. Third: PO and AGO1 have contrasting localizations
relative to the VRCs, with AGO1 localizing in the proximity of the VRCs, while PO signal overlaps with
VRCs. The specific localization of PO at what is most likely the replicating viral genome contrasts with
its described localization when overexpressed in absence of the TuYV RNA and suggests that PQ’s
main activity during infection is restricted to the VRCs rather than spread throughout the cell. We
therefore propose that viral PO is mostly acting at the site of TuYV replication and causes degradation
of a relatively small pool of AGO1 at contact sites between viral factories and bona fide replication

complexes.

Tolerating a certain level of antiviral silencing and therefore minimizing perturbation to the host miRNA
pathways is expected to increase host fithess during infection and could be a driving mechanism for
adaptation, likely to be favoured over time. Tolerance could be achieved by temporally and/or spatially
restricting silencing suppression, as we propose for TuYV PO. Furthermore, this would theoretically
allow re-routing of the host RNAI pathways for the benefit of the pathogen, as discussed below. In
accordance with this notion, several recent examples of viruses dampening their VSRs have

emerged. The coat protein of Cucumber mosaic virus (CMV Fny strain) inhibits the translation of the
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2b suppressor, which allows a degree of antiviral silencing, promoting self-attenuation and symptom
recovery in the infected plants (Zhang et al, 2017). Similarly, BC1 protein of Cotton leaf curl Multan
Betasatellite, a virulence factor for begomoviruses that exhibits silencing suppression activity (Amin
et al, 2011), seems to be both an activator and a target of autophagy, effectively driving its own
downregulation, leading to milder symptoms (Haxim et al, 2017; Ismayil et al, 2020). We expect that
more examples of viruses exercising ‘self-control’ via different strategies will emerge in the coming

years.

DCL2/AGO1-dependent hijacking of vascular antiviral silencing

Finally, we observe that some of the TuYVs81-derived vsiRNA can trigger the production of siRNA
from host encoded transcripts that bear the hallmarks of secondary siRNA. These are due to
microhomologies between the plant transcripts and the viral RNA genome. Although there are some
examples of vsiRNA targeting host transcripts in several plant-virus interactions (reviewed in Ramesh
et al, 2021), they have mostly been associated with pathogenesis and symptoms (Smith et al, 2011;
Shimura et al, 2011; Navarro et al, 2012; Yang et al, 2019). This is fundamentally at odds with the
notion that many plant viruses produce strong VSRs which, by definition, restrict the use of vsiRNA,
including targeting of host transcripts. As discussed above, TuYV restricts the use of its own VSR,
thus offering a solution to this conundrum. Furthermore, TuYV infection of Arabidopsis is
symptomless, suggesting that unlike the examples above, the function of these vsiRNA is unrelated

to symptom manifestation.

It is significant that the detection of these vsiRNA-primed secondary siRNA is made possible by
several key findings of this study. First: TuYVs81 RNA is cleaved by DCL2 over DCL4 to generate a
cohort of 22-nt vsiRNA, amongst which the initiators of host MRNA targeting. This is of importance as
22-nt sRNA can initiate secondary siRNA cascades while 21-nt isoforms cannot (Chen et al, 2010;
Cuperus et al, 2010). Second: TuYVs81 siRNA are preferentially loaded into AGO1 rather than AGO2.
This fact also concurs to the production of secondary siRNA, as AGO1 can initiate tasiRNA biogenesis
(Vazquez et al, 2004; Arribas-Hernandez et al, 2016). By contrast, AGO2 loaded with a 22-nt siRNA
can direct cleavage of the matching RNA but cannot stimulate production of secondary siRNA
(Carbonell et al, 2012). Third: We observe curtailed action of PO and stabilization of the AGO1 protein.
This is necessary, as having excessive PO activity would disable the targeting of these transcripts.
Taken together, these observations suggest that TuYV takes advantage of the DCL2-AGO1-RDR6
axis to modify the vascular transcriptome of its host. This is made possible by the restrained VSR
activity of PO. To our knowledge, this is the first report of primary vsiRNA causing amplification and

spreading of silencing signal on plant host transcripts.
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However, what benefit does the virus obtain from such manipulation is currently unknown. It is
possible that the observed microhomologies and subsequent targeting are merely accidental and
tolerated by the host. It is also unknown if the use of the amplification system is favored over a non-
amplifying system in order to target additional host transcripts, or if the appearance of secondary
siRNA simply reflects the reliance on DCL2 and AGO1. Among the targets, two genes, STP4 (SUGAR
TRANSPORTER 4) and CINV2 (CYTOSOLIC INVERTASE 2), are involved in sugar transport and
carbon partitioning. Cytosolic invertase can break down sucrose into monosaccharides, while STPs
are monosaccharide/proton symporters located at the plasma membrane and responsible for the
uptake of sugars. Their regulation during infection could fine tune levels of cytosolic monosaccharides
in infected cells. Interestingly, STP4 expression is induced in response to aphid feeding (Moran &
Thompson, 2001), a prerequisite to TuYV infection. PPR336/rPPR1 and MTERF are both organelle
proteins, the first being an integral part of the mitoribosome (Waltz et al, 2019) and the second
predicted to be involved in regulation of organelle transcription (Kleine, 2012). MAGLS is part of a
family of chloroplastic monoacyglycerol lipase, whose activity releases glycerol and fatty acids (Kim
et al, 2016). There is thus an enrichment in genes involved in carbon and energy metabolism, which
could be partly reshaped by the infection. The set also contains two additional plasma membrane-
localized proteins: LRR-RK, one of many plant leucine rich repeat receptor kinase that act as
extracellular sensors for various ligands to help regulate development and immune responses (Sun
et al, 2017) and a DUF868-containing protein, which is a conserved domain found exclusively in plant
proteins. On the other hand, EXO70G1 is part of the conserved exocyst complex, which is involved
in the secretion of post Golgi-vesicles, enabling delivery of lipids and proteins to the plasma
membrane (Chong et al, 2010). Finally, we also find TCP1/CCT4, a component of the chaperonin
oligomeric complex involved in tubulin folding (Ahn et al, 2019). Deciphering how these genes
contribute to the infection and/or the host response will help to better understand plant-polerovirus

interactions.

Finally, we wondered if the observations obtained from a TuYV-A. thaliana interaction could be
extended to other polerovirus-plant interactions, especially for crop species like cabbage and beet in
which poleroviruses cause extensive symptoms. Using thirteen species representative of angiosperm
diversity, we were able to find orthologues for all target genes identified in A. thaliana. This approach
revealed the extent of the conservation of the target regions, with well-conserved blocks in
Brassicaceae and in the tested dicotyledon species for most, while in the case of LRR-RK and CINV?2,
target region conservation was also observed in the two monocotyledon species tested (Figure S11).
The only exception was TCP1, which is targeted in the 5’UTR and presented two major insertions
relative to A. thaliana. Interestingly, targeting regions cluster in six positions along the TuYV genome
(Figure 6B) with overlapping regions for three gene pairs. A conservation analysis performed on
representative either beet-infecting (BMYV, BChV, BWYV-USA) or non-infecting (TuYV, CABYV,
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PLRV) poleroviruses revealed good conservation in protein coding regions of the genome, with the
exception of the MTERF-DUF868 pair, that was located at the start of the subgenomic RNA and for
which sequence identity with TuYV was only found in brassica yellows virus (BrYV-ABJ) (Figure S$12).
This suggests that several polerovirus species could potentially target the same cluster of genes in
their respective plant hosts, opening new avenues in the dissection of viral manipulation of host

transcriptomes.

Materials and Methods
Plant lines

AGO1 point mutants have been described previously: ago7-57 (Derrien et al, 2018), ago1-38
(Gregory et al, 2008), ago1-27 (Morel et al, 2002). ago2-1 (SALK_003380), ago5-1 (SALK_063806),
ago7-1 (SALK_037458), ago10-3 (SALK_519738) and the resulting combination mutants have been
described in Wang et al, 2011. dc/2-1 (SALK_064627), dcl4-2 (GABI_160G05), dcl2-1/dcl4-2 (Deleris
et al, 2006), dcl2-5/dcl3-1 (Blevins et al, 2006) dicer-like single and combination mutants have been
described previously. rdr6-12 and sgs3-14 (SALK_001394) (Peragine, 2004), atg5-1 (SAIL129_B07)
(Thompson et al, 2005), atg7-2 (GABI655_B06) (Chung et al, 2010), SUC-SUL (Himber et al, 2003),
SUC-SUL/ pSUC:P15-FHA (Incarbone et al, 2017) have been described previously. ago1-57/ago2-
1, ago1-57/dcl2-1 and ago1-57/dcl4-2 plants were obtained by crossing their respective single
mutants and selected by genotyping of the F2 population. SUC-SUL/ago7-57 were obtained by
crossing and selected by genotyping and for Basta resistance. The triples dc/2-1/dcl4-2/ago1-57 was

obtained by crossing the double dc/2-1/dcl4-2 with the double dcl2-1/ago1-57 and selected by
genotyping.

Constructs
35S:CFP-AGO1 construct and its mutant derivative were previously described in Derrien et al, 2018.

For overexpression constructs of PO: TuYV (Baumberger et al, 2007), CABYV (Pazhouhandeh et al,
2006), BMYV (Klein et al, 2014) and PLRV (Pfeffer et al, 2002), all ORFOs were cloned into a pBIN

vector, under a 35S promoter as described in Pfeffer et al, (2002).

35S:tagRFP and 35S:tagRFP-AGO1 are in the pEAQAP19-GG vector and were cloned as described
in Incarbone et al, (2020). AGO1 cDNA was amplified with primers containing Sapl restriction sites

and combined with N-terminal tagRFP fragment in a Golden Gate reaction.
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For 35S:P0-tagRFP constructs, the PO coding sequences with T156A/T159C mutations (to avoid
translation of a truncated P1 protein from the PO vector) were amplified from the XVE:P0-myc
constructs (Bortolamiol et al, 2007; Derrien et al, 2018) with oligo primers containing the AttB1 and
AttB2 sites and the PCR product was cloned in a pDONR221 by BP recombination. The entry clones
were then recombined with the pGWB660 vector by LR gateway reaction producing 35S promoter

driven PO construct fused to tagRFP at the C terminus.

For 35S:DCL2-tagRFP and 35S:DCL4-tagRFP constructs the genomic sequence from start codon to
the last codon before the stop codon was amplified with oligo primers containing the attB1 and AttB2
sites and the PCR product was subsequently cloned in a pDONR221 by BP recombination. The entry
clones were then recombined with the pGWBG660 vector by LR gateway reaction producing 35S

promoter driven genomic constructs fused to tagRFP at their C termini.

To obtain the pCoYMV:PO-HA lines, the promoter sequence of CoYMV (1039bp) was amplified from
the vector pGEM 3zf+ CoYMV-Sucb1 (Srivastava et al, 2009) with oligo primers containing AttB4 and
AttB1R recombination sites and the sequences was mobilized into the pDONR P4P1r vector by BP
Gateway recombination. The P0-3xHA fusions (WT or LP1) were obtained by seamless Gibson
assembly (NEB) of the PO coding sequences with T156A/T159C mutations and a 3xHA-stop fragment
with overlapping primers into the pFK202 plasmid. The resulting fusion was then amplified with AttB1
and AttB2 containing primers and mobilized into the pDONR221 plasmid by gateway BP reaction.
Pieces were assembled into the pK7m24GW plasmid (http://www.psb.ugent.be/gateway/) by double
recombination LR reaction to obtain the final binary plasmid. The plasmid was then introduced into
Agrobacterium strain GV3101 pMP90 and used to transform SUC-SUL plants (Clough & Bent, 1998).

To obtain the pSUC:Flag-AGO1 lines, the SUC2 promoter (943bp) was amplified from the pEP1
plasmid (Imlau et al, 1999) with oligo primers containing AttB4 and AttB1R recombination sites and
the sequences was mobilized into the pDONR P4P1r vector by BP Gateway recombination. The
3xFlag sequences was amplified from a pENTRY-3xFlag vector with primers containing attB1 and
attB2 sites and a 5’ Kozak consensus sequence and the PCR product was subsequently cloned in a
pDONR Zeo by BP recombination. AGO1 CDS sequence was amplified with primers containing
attB2R and attB3 sites and mobilized into the p2R-P3 plasmid by gateway BP reaction. All fragments
were assembled by three-way LR gateway reaction into the pB7m34GW vector. The plasmid was

then introduced into Agrobacterium strain GV3101 pMP90 and used to transform Col-0 plants.

For cloning PCR products, Phusion high fidelity DNA polymerase 2X master mix (Thermo Scientific)
was used, except for the genomic DCL2 and DCL4 for which Platinum SuperFi DNA Polymerase
(Invitrogen) was used, following the manufacturer’s protocol. All clones were verified by in-house
Sanger sequencing before proceeding to the next step. All primers used for cloning are available in

supplemental Table 4.
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Plant growth and infection conditions

For in vitro culture, seeds were surface sterilized using ethanol, plated on growth medium (MS salts
[Duchefa], 1% sucrose, and 0.8% agar, pH 5.7), stored 2 days at 4°C in the dark, and then transferred
to a plant growth chamber under a 16-h-light/8-h-dark photoperiod (22°C/20°C). For standard plant
growth, seeds were directly sown on soil (Hawita Fruhstorfer) in trays and kept under a 12-h-light/12-
h-dark regime for 14 days, then transferred in 16-h-light/8-h-dark growth chambers, under fluorescent
light (Osram Biolux 49W/965).

For infection conditions, seeds were directly sown on soil (Hawita Fruhstorfer) in trays and kept under
a 12-h-light/12-h-dark regime for about 4 weeks. Agrobacterium tumefaciens containing binary
plasmids of TuUMV-GFP, TuMV-AS9-GFP, TRV-PDS (RNA1+RNA2-PDS) recombinant viruses were
grown overnight at 28°C in antibiotic-supplemented LB media, pelleted 15 minutes at 4000g and
resuspended in infiltration medium (10mM MgCl./10mM MES/200uM Acetosyringone). The cells were
then adjusted to an ODeoonm Of 0.5 and agroinfiltrated into three leaves per plants with a needleless
syringe. Plants post-inoculation were then grown in either 12-h-light/12-h-dark period with fluorescent
light or under long day condition in greenhouse. For TuYVs81, TuYVs81P0™ or the empty vector
(mock), the procedure was the same with the following modifications: after pelleting of the initial
cultures, cells were resuspended in 10.5 g/L K2HPO4/4.5 g/L KH2PO4/1 g/L (NH4)2S04/0.5 g/L sodium
citrate/0.1 g/L MgS0./0.4% (v/v) glycerol/0.1 g/L MES/200 uyM Acetosyringone and incubated 5-6
hours in the dark. Cells were pelleted again and resuspended in infiltration medium and handled as
described above. Infections were left to progress until the time indicated in the figure legends, and
systemic leaves were collected from the indicated number of individuals. Plant picture were taken at
the indicated time using a DSLR camera mounted on a stand at a fixed distance, or for systemic

TuMV-AS9-GFP propagation, using a Zeiss axio zoom equipped with GFP filter.

For analysis of infiltrated leaves, the same protocol was used, but five leaves per plant were infiltrated
with a needleless syringe. Only the inoculated leaves were sampled at the indicated time points. To
account for biological variation, several inoculated leaves were harvested per time point. For one
given experiment either all the inoculated leaves were taken off a set number of plants, or one

inoculated leaf from each individual was harvested per time point, with identical result.

For aphid-mediated inoculation, seeds were directly sown on soil (Hawita Fruhstorfer) in trays and
kept under a 12-h-light/12-h-dark regime for 18 days. Each plant was then challenged with two Myzus
persicae fed on either 20% sucrose solution, 20% sucrose solution containing 67mg/ml TuYV virions
or alternatively were left untreated. After 4 days, insecticide was applied to kill the aphids and plants
were kept under a 12-h-light/12-h-dark period with fluorescent light for 25 days before sampling. Each

plant was individually weighed (after removal of root system and cotyledons) and ground with liquid

23


https://doi.org/10.1101/2021.03.19.436175
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.19.436175; this version posted March 22, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

N2 with a mortar and pestle. For each, 100mg (+ 5mg) were kept at -80°C in Eppendorf tubes for DAS-
ELISA.

Transient Expression Assays and local leaf infection in N. benthamiana

Binary constructs were transformed in Agrobacterium GV3101 pMP90 and infiltrated in N.
benthamiana for transient expression assays. Agrobacterium cells were grown overnight at 28°C in 5
to 10 mL LB medium supplemented with antibiotics, resuspended in infiltration medium at an ODgoonm
of 0.1-0.3 per construct, and incubated for 2 to 4 h at room temperature before being infiltrated into
leaves of 4-week-old plants with a needleless syringe. Plants were maintained in growth chambers
under a 16-h-light/8-h-dark photoperiod with a constant temperature of 22°C. For VRC colocalization
assays, 35S:B2-GFP N. benthamiana plants (Monsion et al, 2018) were first screened under U.V light
in order to select plants with visible GFP. These plants were infiltrated with a mixture of the TuYVs81
infectious clone or the empty vector and with the construct of interest. Plants were kept 3 days in the

growth chamber before imaging.

DAS-ELISA

TuYV was detected in non-inoculated leaves of A. thaliana by double-antibody sandwich enzyme-
linked immunosorbent assay (Clark & Adams, 1977). Flat-bottomed NUNC 96-wells plates were
coated with 1:400 BWYV IgG (Loewe) (Herrbach et al, 1991) in 1.59 g/L Na>CO03/2.93 g/L NaHCO3
pH=9.6, 100 pl per well and incubated at 37°C in the dark for 4 hours. N2 chilled samples were ground
in safe lock Eppendorf tubes using a Silamat S7 (lvoclar vivadent) and extracted in 400 ul 1X
PBS/0.05% (v/v) Tween 20/2% (w/v) soluble PVP 360, resuspended by shaking for 15 minutes and
centrifuged for 5 minutes at 3000rpm at 4°C. Coated plates were washed three times with 1X
PBS/0.05% (v/v) Tween 20 and 100 ul of supernatant was loaded into each well for an overnight
binding at 4°C. The plates were then washed three times in 1X PBS/0.05% (v/v) Tween 20, and 100
ul per well of 1:400 BWYV AP conjugate (Loewe) in 1X PBS/0.05% (v/v) Tween 20/2% (w/v) PVP
360 was added and plates were incubated at 37°C in the dark for 3 hours. Plates were washed three
time as described above and 100 pl per well of freshly prepared substate buffer was added (1M
diethanolamine/5SmM MgCl./1mg/ml substrate tablet [4-Nitrophenyl phosphate Nag-salt]). O.Daosnm
was determined after 90 minutes of incubation. Technical triplicates were obtained for one given
sample, and each plate contained a positive control (TuYVs81 with yellow veins) and a negative

control (Mock-infected individual). Blank was obtained by performing the reaction on buffer only.
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Infection kinetic scoring by dot blot

A leaf disk (5mm @) from young systemic leaves of each individual plant inoculated with TuYVs81
was removed at the indicated time after inoculation. Protein extracts were obtained by adding 50 pl
of 2X Laemmli buffer (200 mM Tris HCI pH 6.8/ 8% [w/v] SDS/ 40% [v/v] Glycerol/ 0.05% [w/V]
Bromophenol Blue/ 3% [v/v] B-mercaptoethanol) to each leaf disk in 96-well plates and grinding at
maximum speed for 3 minutes in a Retsch mixer mill at room temperature. The plates were then
centrifuged for 5 minutes at 4000g and the supernatant was transferred to a fresh 96-well plate to
denature proteins for 5 minutes at 95°C. 5 pl of the denatured protein sample was manually spotted
onto an activated PVDF Immobilon-P membrane (Millipore) mounted on top of a paper stack (bottom
up: dry stack of paper towel, one dry whatman filter paper cut to membrane dimension, one wet
whatman filter paper cut to membrane dimension in 25mM Tris base/192mM glycine/20% (v/v)
ethanol), for a maximum of 96 samples per membrane, mirroring the plate. The membrane was left
to dry at 60°C for about 10 minutes, reactivated in absolute ethanol, washed in deionized water for 2
minutes, incubated in TBST +5% milk (20mM Tris base/150mM NaCl/0.1% Tween 20, pH 7.4) for
about 20 minutes, washed in TBST without milk and hybridized overnight in 1:15000 (v/v) of anti-
readthrough (RT) (Reutenauer et al, 1993) rabbit antibody in TBST +2.5% (w/v) BSA. Membranes
were then processed as indicated for western blots, and signal was acquired on ECL films.
Membranes were then colored in Coomassie blue to mark the position of the samples, dried, and film
and membrane were overlayed to pinpoint infected individuals. This process was repeated several
times for each inoculated plant, and individual plants were counted as positive only if at least two

independent time points returned positive signals.

Protein analysis and immunoblotting

N2 chilled samples were ground in safe lock Eppendorf tubes containing 2mm @ glass beads, using
a Silamat S7 (lvoclar vivadent) and total proteins were extracted in 2X Laemmli buffer by mixing again
in the Silamat S7 for 20 seconds. Samples were denatured for 5 minutes at 95°C and quantified using
the amido black method. 10 pl of supernatant mixed with 190 pl of deionized water and added to 1 mi
of normalized 10% (v/v) Acetic acid/90% (v/v) methanol/0,05% (w/v) Amido Black (Naphtol Blue
Black, Sigma N3393) buffer, mixed and centrifuged for 10 minutes at maximum speed. Pellets are
then washed in 1 ml of 10% (v/v) Acetic acid/90% (v/v) ethanol, centrifuged 5 minutes at maximum
speed and resuspended in 0.2N NaOH. O.Des30nm was determined, with NaOH solution as blank, and
protein concentration is calculated using the O.D=a[C]+b determined curve. 2.5 to 40 ug of total
protein extracts were separated on SDS-PAGE gels and blotted onto PVDF Immobilon-P membrane
(Millipore). AGO1 protein was detected using the anti-AGO1 antibody (rabbit polyclonal, AS09 527;
Agrisera) diluted 1:10,000 (v/v). AGO2 protein was detected using the anti-AGO2 antibody (rabbit
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polyclonal, AS13 2682; Agrisera) diluted 1:5000 (v/v). AGO4 protein was detected using the anti-
AGO4 antibody (rabbit polyclonal, AS09 617; Agrisera) diluted 1:5000 (v/v). Myc-tagged proteins were
detected using anti-myc antibody (mouse monoclonal; Roche) di- luted 1:5000 (v/v), or anti-myc
antibody HRP-coupled (mouse monoclonal, Miltenyi Biotec) diluted 1:2000 (v/v). CULLIN1 protein
was detected using anti-CUL1 antibody (Shen et al., 2002) diluted 1:5000. GFP-tagged proteins were
detected using the anti-GFP antibody (JL-8, Clontech Takara) diluted 1:2000 (v/v) or anti-GFP HRP-
coupled (mouse monoclonal, Miltenyi Biotec) diluted 1:5000 (v/v). Flag-tagged proteins were detected
using the anti-Flag HRP-coupled antibody (mouse monoclonal, A8592; Sigma-Aldrich) diluted 1:5000
(v/v). H-tagged proteins were detected using the anti-HA HRP-coupled antibody (mouse monoclonal,
Miltenyi Biotec) diluted 1:5000 (v/v). tagRFP fusion proteins were detected using the anti-tRFP (rabbit
polyclonal, Evrogen AB233) diluted 1:5000 (v/v). TuYV Readthrough protein was detected as
described in the dot blot section. DCL1 protein was detected using anti-DCL1 antibody (rabbit
polyclonal, AS19 4307; Agrisera) diluted 1:2000 (v/v). Mouse monoclonal antibodies were detected
with a goat anti-mouse IgG HRP-linked antibody (62-6520; Invitrogen) diluted 1:10,000 (v/v). Rabbit
polyclonal antibody were detected with a goat anti-rabbit IgG HRP-linked antibody (65-6120;
Invitrogen) diluted 1:10,000 (v/v). Hybridized membranes were reacted with Clarity or Clarity Max ECL
(Biorad) and imaged using a Fusion FX (Vilbert). For signal quantification, the plot lane function of
ImageJ was used to obtain the raw intensity for a signal of interest as well as from the whole
Coomassie stained lane. Each signal was subsequently normalized to the total protein signal, and the
values obtained from all the replicates were plotted using with(data,boxplot(value~treat)) command

in R were data contains the imputed values, separated according to treatment (~treat).

RNA related methods

Total RNA extraction was performed in Tri-reagent (MRC) and RNA blots were performed as
described in Derrien et al, 2018 with starting material between 10 to 20 pg total RNA. DNA oligo
sequences used for [y-**P]ATP labelling and DNA oligos used to generate the PCR products for [a-
32P]CTP-labeled Klenow products are available in supplemental Table 4. For quantitative RT-PCR,
1-2 ug of total RNA treated with DNase | (Thermo Fisher Scientific) was reverse transcribed using
either the High-capacity cDNA reverse transcription kit (Applied Biosystems) or the SuperScript IV
Reverse Transcriptase (Invitrogen). All RT reactions performed from TuYVs81-infected samples and
their control counterparts contained 2.5 yM random hexamers and 0.05 yM Tu-4942-rev primer.
Quantitative PCR reactions were performed in a total volume of 10 uL of SYBR Green master mix |
(Roche) in 384-wells plates on a Lightcycler LC480 apparatus (Roche) according to the

manufacturer’s instructions. For each cDNA, technical triplicates were obtained from the same plate,
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and expression data was normalized using the SAND (AT2G28390) and EF1a (AT5G60390) genes

as internal controls, using the AACt method.

Immunoprecipitation of AGO1 and AGO2

Immunoprecipitation of endogenous AGO1 were performed as described in Derrien et al, 2018, using
the anti-AGO1 and anti-AGO2 antibodies, described in the immunoblotting section. In both cases, 5
ug of water-resuspended antibody was used to bind to 30 ul of PureProteome Protein A magnetic

beads (Millipore).

Confocal microscopy

All confocal imaging was done using a Leica SP8 CLSM. For agro-infiltrated tobacco leaves, abaxial
epidermal cells were imaged from leaf-disks (at least two disks per leaf, with at least 3 different leaves
per combination, on separate plants). Leaf disks were mounted between a microscope slide and a
coverslip, with a tape in between to account for the thickness and the coverslip was further taped to
the slide before adding deionized water. Leaf disks were vacuum infiltrated before microscopy. Usual
excitation/detection range parameters for GFP and tagRFP were 488 nm/505-520 nm and 561
nm/570-630 nm. For CFP and GFP simultaneous imaging, excitation/detection range parameters
were 405 nm/440-475 nm, 488 nm/505-520 nm, respectively. Emissions were collected using the
system’s hybrid (Hyd) detectors and sequential scanning was employed for all acquisitions. Images

were processed using FIJI (Schindelin et al, 2012).

Meselect for vascular bundle enrichment

To obtain one sample of vascular tissues for protein or RNA analysis, the indicated amount of leaves
(in the figure legends) from a given genotype or treatment were harvested fresh from different plants.
Leaves were carefully laid on their abaxial side to the sticky side of a labelling tape. Another tape was
added on the adaxial side of the leaf, and this tape was slowly removed, taking away the adaxial
epidermal cells. During preparation of the remaining leaves, the processed leaves on tape containing
the abaxial epidermis were left face down in ice cold 0.4 M mannitol/10 mM CaCl./20 mM KCI/0.1 %
(w/v) BSA/20 mM MES pH 5.7. Once all were processed, they were incubated face down in the same
buffer with the addition of 1% (w/v) cellulase Onozuka (Yakult) and 0.25% (w/v) macerozyme
Onozuka R10 (Yakult) for 15 minutes under gentle rotation at room temperature. Mesophyll cells that
were released in the protoplast buffer were collected by pipetting gently with a cut tip and centrifuged

at 200g at 4°C with brakes on. The pelleted cells were extracted either in Laemmli 2X buffer for protein
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extraction, or in 1ml Tri-Reagent for RNA extraction. The tapes were left face down in ice-cold wash
buffer (154 mM NaCl/125 mM CaCl./5 mM KCI/5 mM Glucose/2 mM MES pH 5.7), were gently
shaken, and the buffer was refreshed once for further washing. The vascular tissue network was then
lifted off the leaves with tweezers, starting from the central vein, and collected into a tube with ice cold
wash buffer until all were processed. All collected vascular bundles were quickly drained on paper
towel, and flash frozen in a safelock Eppendorf tube containing 2mm @ glass beads. Proteins were
extracted in Laemmli 2X as described in the immunoblotting section, and RNA was extracted in tri-

reagent after grinding of the frozen vasculatures in the silamat S7.

sRNA library preparation

Total RNA samples and AGO1 IP samples were both obtained from Col-0 and ago7-57 rosette leaves
from TuYVs81 infected of mock -inoculated plants 16 days after inoculation. For both genotypes, only
plants with vein yellowing were included in the analysis. Plants were separated into pools of 7-8 plants
per biological replicate, and the resulting mixed and ground tissue was used as the input material for
the AGO1 IP and the total RNA. About 100 mg of material was used to extract total RNA using tri-
reagent as described, and IPs were performed from 1 g starting material. AGO1-loaded sRNAs were
then extracted by adding Tri-Reagent directly on the magnetic beads. Library preparation and sRNA
sequencing (single-read, 50bp, V4 chemistry) on lllumina HiSeq were performed by Fasteris
(http://lwww.fasteris.com), with each sample split and sequenced in two independent lanes. FASTQ

file generation, demultiplexing, and adapter removal were done by Fasteris.

Mapping, quantification, and differential analysis of SRNA

Reads (18 to 26 nucleotides long) were aligned and quantified using using Shortstack v3.8.5 with the
‘fractional’ option (Johnson et al, 2016), allowing for no mismatches, with the Arabidopsis genome
(TAIR10) and TuYVs81 genome as reference. Mapping statistics are provided in Figure S2A. Total
20 to 24 nucleotides reads mapped per library were normalized in read per million mapped (RPM)
and the obtained values per category were plotted as stacked histograms using ggplot2 in R.
Alternatively, RPM values for the 21, 22 and 24-nt subsets were used for filled histograms per
category. To obtain the vsiRNA distribution graphs over TuYVs81 genome, bam files were used as
input in MISIS (Mapped short interfering RNA Spots Identification Software, Seguin et al, 2014) and
plotted with the TuYVs81 genome on the x-axis. For coverage plots of target genes, 18 to 26
nucleotide reads were mapped to TAIR10 genome only, no mismatches allowed, using bowtie1.2.3
(Langmead et al, 2009) and normalized in Count per million mapped reads (CPM) with a bin size =1

using deepTools version 3.3.0 (Ramirez et al, 2016). Reads from minus strand were converted into
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negative values, and the resulting bigWig files were visualized using JBrowse (Buels et al, 2016).
Raw counts for TAIR10 loci (>10 counts across conditions) were used for differential analysis between
mock and TuYVs81 libraries, Col-0 mock and TuYVs81 libraries, ago7-57 mock and TuYVs81
libraries, ago1-57 and Col-0 libraries, either from total RNA of AGO1-purified sRNA using DEseq2
v1.12.4 (Love et al., 2014). Loci with an adjusted p value < 0.05 were considered as having differential
sRNA accumulation as represented in the MAplot in Figure S12B. Heatmaps were generated from
the top variable loci across either total RNA or AGO1 IP datasets, using the pheatmap R package.
See supplemental Table 1 for all DA loci.

Primary vsiRNA target prediction

For vsiRNA-target pairing predictions, TuYVs81 matching vsiRNA counts (18 to 26-nt) were matched
against the mRNA sequence of the genes identified by the differential analysis using psRNATarget
V2 (Dai et al, 2018). Only regions in the transcript that contained a continuous population of matching
vsiRNA in 5’ of secondary siRNA and with an expectation score < 3.5 were considered. The same
analysis was conducted from Col-0 total RNA library R1 and Col-0 AGO1 IP library R1 with identical

regions delineated. Output files are Supplemental Table 2 and 3.

Multiple sequence alignments and target region conservation analysis

Thirteen angiosperm species representing known polerovirus host species and relatives in the same
clades were used for multiple sequence alignments. For Brassicaceae, Arabidopsis thaliana,
Arabidopsis lyrata, Eutrema salsugineum, Capsella rubella, Brassica rapa, Brassica oleracea,
Brassica napus were used, with Theobroma cacao and Medicago truncatula for the larger Rosid
clade, Solanum tuberosum as representative for Asterids and host of PLRV, Beta vulgaris as
representative for Amaranthaceae and host to several poleroviruses, as well as Oryza sativa and
Sorgum bicolor as representative of monocotyledones. For each target identified in A. thaliana,
orthologues sequences from angiosperms were mined using the interMine interface of Phytozome12
(https://phytozome.jgi.doe.gov/pz/portal.html). Orthologues in Brassica napus and Beta vulgaris were
retrieved from EnsemblPlants (https://plants.ensembl.org/index.html). Nucleotide sequences were
aligned using multiple sequence comparison by log-expectation web service (muscleWS) bundled
with Jalview 2.11.1.3, with parameters set to default, and targeted regions were defined based on the
ones predicted in Arabidopsis thaliana. In the event that more than one orthologue was identified in
one species, all orthologues from that species were used for a first multiple alignment, and only ones
that did not introduce indels in the target region was kept per alignment block, and the alignment was

redone with the same parameters using only the preferred orthologue. All alignments were refined by
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removing species that introduced indels in the target region and realigning after removal. Codon
triplets based on A.thaliana are indicated between dashed lines, and sequence logo for the

considered regions were obtained using Weblogo3.

For polerovirus diversity, whole genomes of poleroviruses
(https://www.ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi?taxid=119164) were recovered from
NCBI and aligned using muscleWS bundled with Jalview 2.11.1.3, with parameters set to default.
Because of the extensive sequence variability observed for fast evolving polerovirus genomes, only
turnip yellows virus (TuYV, NC_003743.1), cucurbit aphid-borne yellows virus (CaBYV,
NC_003688.1), potato leafroll virus (PLRV, NC_001747.1) were used as representative of non-beet
infecting poleroviruses, while beet mild yellowing virus (BMYV, NC_003491.1), beet chlorosis virus
(BchV, NC_002766.1) and beet western yellows virus stain USA (BWYV-USA, AF473561.1) were
used as beet-infecting representatives. An additional alignment containing brassica yellows virus
(BrYV-ABJ NC_016038.2) was obtained for the MTERF/AT5G 11000 targeting region located at the

start of the subgenomic that has several extensions found only in TuYV and BrYV.
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Figure legends

Figure 1: AGO1 is the main Argonaute protein involved in defense against turnip yellows virus.
(A.) Accumulation of TuYVs81 RNA in systemic leaves of Col-0, ago7-57, ago1-27 and ago1-38
plants at 19 days post-infiltration (dpi) with either WT or PO-less (P0") virus. Mock stands for mock-
inoculated plants. Each lane represents a pool of four to seven individuals from which RNA was
extracted from either the youngest rosette leaves (1) or older rosette leaves with yellow veins (2). For
ago1-38 that did not display any vein yellowing, leaves were sampled in a similar fashion from plants
displaying reddened leaves (left) or not (right, no virus accumulation). Viral RNA abundance was
measured by RNA gel blot; loading control is obtained by staining the membrane with methylene blue
(MB). “@” indicates hybridization with DNA probe against the 3’ part of the TuYV genome. (B.)
Representative image of the infected genotypes analyzed in A. (C.) Representative image of the
TuMV-AS9-GFP infected plants at 9 dpi. Successful systemic movement is achieved only in ago1-57
and the double mutant while expression of viral-derived GFP in the inoculated leaves (I.L) is clearly
visible. (D.) Rescue of the TUMV-AS9-GFP systemic movement in the single ago7-57 and the double
ago1-57/ago2-1 genetic backgrounds. Systemic leaves of TuMV-AS9-GFP inoculated plants were
harvested at 13 dpi (n=5 plants), and GFP protein content was measured by immunoblot. “‘@”
indicates hybridization with GFP antibody, loading control is obtained by post-staining the membrane
with coomassie blue (CB). (E.) Accumulation of TRV-PDS RNA in systemic leaves in the indicated
genotypes at 20 dpi (n=5 plants) measured by RNA gel blot. “@” indicates hybridization with DNA
probe against the PDS insert and loading control is obtained by staining the membrane with
methylene blue (MB). (F.) Representative individuals infected with TRV-PDS displaying systemic leaf
whitening due to the silencing of the PDS gene. (G.) Accumulation of TuYVs81 RNA in systemic
leaves in the indicated genotypes at 20 dpi (n=5 plants) measured by RNA gel blot. “@” indicates
hybridization with DNA probe and loading control is obtained by staining the membrane with
methylene blue (MB). (H.) Representative individuals infected with TuYVs81 displaying systemic vein
yellowing. (l.) Quantification of viral RNA signal in E and G relative to Col-0 and normalized to MB
signal. (J.) vsiRNA abundance in total RNA, AGO1 and AGO2 immunoprecipitates in TuYVs81 and
TRV-PDS infected leaves. “@” indicates hybridization with DNA probe or use of a specific antibody
for immunoprecipitation. (K.) Global quantification of 21-nt to 24-nt small RNA reads aligned to the
reference Arabidopsis genome and TuYVs81 genome per functional categories (araport11),
expressed as (RPM) reads per million ([category count * 1.000.000]/library size). Libraries were
obtained from total RNA and AGO1 IP in mock-inoculated (mock) or infected (TuYVs81) systemic
leaves at 16 dpi (n= 7 or 8 individual plants per replicate). R1 = replicate 1, R2 = replicate 2. (L.)
Distribution of TuYVs81-derived sRNA reads (20-nt to 25-nt) along the TuYVs81 genome in Col-0
total RNA and AGO1 IP replicate 1 (R1), with MISIS. Bars indicate the position of the 5’ (+ strand)
and 3’ (-strand) extremity of each mapped sRNA. Y-axis represents read counts, and each size
category is represented in the indicated color.

Figure 2: ago1-57 uniquely affects systemic movement of TuYVs81 due to delayed viral RNA
accumulation after agrobacterium-mediated inoculation but fails to provide any protective
effect in vector-mediated infection. (A.) Kinetic of systemic TuYVs81 infection in Col-0, ago1-57,
ago1-27 and ago1-38 represented as the cumulated percentage of infected plants in the inoculated
population (n=14 individuals per genotype). To avoid any confounding effect introduced by VIGS
deficiency in the mutants, infected individuals were scored by the detection of the TuYVs81
readthrough protein (RT, ORF5) in leaf patch from young systemic leaves at 6, 7, 9, 12, 15 and 21
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dpi using either western or dot blot. Plants that exhibit systemic VIGS in between these sampling
times are also counted as infected at the time point at which the VIGS was first observed. (B.)
TuYVs81 viral RNA abundance in systemic leaves of the indicated mutants at 15 dpi measured by
RNA blot. Each sample represents a mix of leaf patches for all infected individuals at that time point
in the kinetic. “@” indicates hybridization with DNA probe and loading control is obtained by staining
the membrane with methylene blue (MB). (C.) Kinetic of systemic TuMV-GFP infection in Col-0, ago1-
57, ago1-27 and ago7-38 represented as the cumulated percentage of infected plants in the
inoculated population (n=6 individuals per genotype). Infected individuals were scored by the
detection of GFP in systemic leaves at the indicated day. (D.) Detection of TUMV-GFP in systemic
leaves of the indicated mutants at 9 dpi measured by immunoblot. “@” indicates hybridization with
GFP antibody, loading control is obtained by post-staining the membrane with Coomassie blue (CB).
(E.) ago1-57 displays delayed viral RNA accumulation after inoculation. Measurement of TuYVs81
RNA in inoculated leaves at 0, 49, 95, and 120 hours post infiltration (hpi) measured by RT-qPCR in
the indicated genetic backgrounds represented as bar graph relative to Col-0 49hpi. Represented
values are means of technical triplicates, error bars represent the SEM. For each time point, 5
infiltrated leaves from 4 individuals were harvested for each genotype. *p<0.05, **p<0.01, ***p<0.001
with Student’s t-test, one-tailed, paired. (F.) Accumulation of TuYVs81 readthrough protein (RT) at 0,
49, 95, and 120 hours post infiltration (hpi) measured by immunoblot. Samples are from the same
tissues as in E. “@” indicates hybridization with RT antibody, loading control is obtained by post-
staining the membrane with Coomassie blue (CB). (G.) G371D mutation does not confer
undegradability to AGO1 in presence of PO from diverse polerovirus species. Left panel: Schematic
representation of the PO protein, with the region containing the F-box motif highlighted in red and the
corresponding alignment of PO from turnip yellows virus (TuYV), cucurbit aphid-borne yellows virus
(CABYYV), beet mild yellowing virus (BMYV) and potato leafroll virus (PLRV) shown below. The
minimal F-box motif is boxed in red, and the sequence logo for the alignment is shown below. Right
panel: AGO1 degradation test in N. benthamiana. Both versions of CFP-AGO1 (WT or G371D) were
expressed either without (@) or with the indicated PO proteins in two separate leaves and an equivalent
amount of leaf patches were collected at 4 dpi. All infiltrated patches contain P19. Fusion protein
levels were assessed by immunoblot on two different membranes (GFP corresponds to Coomassie
stain CB1 and cMyc to CB2) and “@” indicates hybridization with the corresponding specific antibody.
Expression of the untagged PO constructs was verified by RNA blot using DNA probes specific for
each sequence (@ PO0) and equal loading was assessed by staining the corresponding membrane
with methylene blue (MB1 and MB2). (H.) Detection and quantification of aphid-transmitted WT TuYV
virions in systemic leaves of Col-0 or ago7-57 individual plants. Eighteen-day-old plants were
individually challenged with two Myzus persicae fed on either 20% sucrose solution (+Suc) or 20%
sucrose solution containing 67mg/ml TuYV virions (+TuYV) or alternatively were left untreated (N.I).
Each bar represents the mean O.D at 405nm (technical triplicate measurements) for a single
individual within the considered category, and error bars represent SD. Individuals for which the O.D
was < to those of the N.I and +Suc control plants are considered as non-infected and are colored in
black. Difference between the Col-0 and ago7-57 populations is statistically different (Kruskal and
Wallis test). (I.) Fresh weight measurement of all the analyzed plants in Figure 2H after removal of
the non-infected plants, expressed in mg. ***p < 0.001 (two-way ANOVA followed by Tukey honest
significant differences test to compare both genotypes and treatments).

Figure 3: TuYvs81 RNA is mainly processed by DCL2 into 22-nt vsiRNA, yet both DCL2 and
DCL4 are necessary to efficiently silence the virus.

(A.) Analysis of vsiRNA size in infected TuYVs81 infected plants at 17 dpi using RNA gel blot. Most
of the vsiRNA populations is of 22-nt and is lost in a dc/2-1 single or combination mutant. “@” indicates
hybridization with the indicated DNA probe. Endogenous siRNA are used to control for the proper
identity of the dc/ mutants and U6 signal is the loading control. (B.) Representative image of the
infected genotypes analyzed in A. Left panel: whole plant view. Right panel: inset of young systemic
leaves. White arrow indicate very feint vein yellowing. (C.) TuYVs81 viral RNA abundance in systemic
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leaves of the indicated mutants at 17 dpi measured by RT-qPCR. Levels are displayed relative to
infected Col-0. Each sample represents a pool of several individuals from the indicated genotype.
Only individuals that scored positive for the presence of systemic TuYVs81 (via detection of the RT
protein in leaf patches) were harvested. p value above each sample is for pairwise comparison of the
sample to Col-0. *p<0.05, **p<0.01, ***p<0.001 with Student’s t-test, two-tailed, unequal variance.
(D.) Both DCL2 and DCL4 are redirected to cytosolic viral replication complexes (VRC) during
TuYVs81 infection and colocalize with viral double stranded RNA. Representative single plane
confocal images of transiently expressed 35S:tRFP, 35S:DCL2genomic-tRFP and
35S:DCL4genomic-tRFP with (TuYVs81) or without (mock) the virus in leaves of transgenic N.
benthamiana stably expressing the double-stranded RNA-binding B2-GFP protein. Observations are
from leaf discs of 3 to 5 days post-infiltration. Inset scale bar is 10 um. See also Figure S5 for
additional images.

Figure 4: DCL2 processing is not a consequence of detectable viral manipulation in the
infected vasculature. (A.) Measurement of TuYVs81 RNA in systemic whole leaves of Col-0 and
dcl2-1 plants (n=8 to 10 individuals) or enriched vascular bundles of the equivalent plants (n=20
leaves) at 17 dpi by RT-qPCR represented as bar graph relative to infected Col-0 leaves. Represented
values are means of technical triplicates, error bars represent the SEM. **p<0.01, with Student’s t-
test, one-tailed, paired. (B.) Analysis of SRNA abundance in total RNA extracted from the whole leaf
or the vasculature of mock (-) or TuYVs81 infected (+) Col-0 and ago7-57 plants by RNA gel blot. For
leaf tissue, a mixture of infected leaves from several individual was used (n=8) and enriched vascular
bundles (n=24 leaves) were obtained from the equivalent plants at 16 dpi. “@” indicates hybridization
with DNA probe and U6 signal is the loading control. (C.). Detection of the DCL1 and viral RT proteins
in total protein extracted from the whole leaf or the vasculature of mock (-) or TuYVs81 infected (+)
Col-0 and ago1-57 plants by immunoblot. Samples were prepared from the same material as in B.
‘@’ indicates hybridization antibodies, loading control is obtained by post-staining the membrane with
Coomassie blue (DCL1 corresponds to Coomassie stain CB1 and RT to CB2). (D.) Measurement of
DCL2 and DCL4 mRNA abundance in the same samples as A by RT-qPCR, represented as bar
graph relative to - Col-0 vasculatures. Note that loss-of-function allele dc/2-1 contains WT level of
DCL2 messenger RNA. Represented values are means of technical triplicates, error bars represent
the SEM. **p<0.01, ns p>0.05 with Student’s t-test, two-tailed, paired. See Figure S6C for an
additional experiment. (E.) Analysis of TRV-PDS (+) infected whole leaves and vasculature of Col-0
plants (n=9 individuals, 8 leaves for vasculature) at 16 dpi by RNA gel blot. Top panel: sRNA blot
shows equivalent profiles of vsiRNA made against the PDS insert that are mostly processed by DCL4
into 21-nt. An oligoprobe recognizing the conserved 3’ of RNA1 and 2 of TRV shows that this portion
of the viral RNA is mostly processed by DCL2 into 22-nt, irrespective of the tissue. Bottom panel: TRV
RNA is present in both tissue types and is not enriched in the vasculature. “@” indicates hybridization
with DNA probe, U6 signal and methylene blue staining are the loading control. Note that chloroplastic
16S and 23S rRNA are only visible in whole leaf. (F.) Measurement of TuYVs81 RNA in systemic
Col-0 whole leaves (n=8 to 10 individuals) or enriched vascular bundles of the equivalent plants (n=20
leaves) at 17 dpi by RT-qPCR represented as bar graph relative to infected leaves. Plants were
inoculated either with the empty vector (mock), with the WT TuYVs81 or with a PO-less mutant.
Represented values are means of technical triplicates, error bars represent the SEM. **p<0.01,
***p<0.001 with Student’s t-test, one-tailed, paired. (G.) Analysis of vsiRNA profile from whole leaf of
Col-0 plants infected with either WT TuYVs81 or the PO-less TuYVs81 by RNA gel blot. Samples are
the same as in F, infected dc/2-1 is used a control for the absence of 22-nt. “@” indicates hybridization
with DNA probe and U6 signal is the loading control.

Figure 5: Vascular AGO1 is post-translationally stabilized in presence of TuYVs81, despite the
ability of a transgenic, companion cell restricted PO to degrade AGO1. (A.) Measurement of
TuYVs81 RNA in systemic whole leaves of Col-0 and ago7-57 plants (n=8) or enriched vascular
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bundles of the equivalent plants (n=24 leaves) at 16 dpi by RT-gPCR represented as bar graph
relative to infected Col-0 leaves. Represented values are means of technical triplicates, error bars
represent the SEM. *p<0.05, ***p<0.001 with Student’s t-test, one-tailed, paired between tissues,
unequal variance between genotypes. (B.) Representative immunoblot of AGO1 and AGO2
accumulation in systemic whole leaves (n=12 individuals) and in enriched vascular bundles of the
equivalent plants (n=18 leaves) at 21 dpi in Col-0 and ago7-57, in the absence (-) or presence (+) of
TuYVs81. “@” indicates hybridization with the indicated antibodies, and loading control is obtained by
post-staining the membrane with Coomassie blue (AGO1 on CB1 and AGO2 on CB2). (C.)
Quantification of the AGO1 signal normalized to total protein signal (Coomassie blue stain, whole
lane) in Col-0 vasculatures without (mock) or in the presence of TuYVs81. Collected values represent
5 biological replicates in which vasculatures were enriched at either 15, 16, 17 or 21 dpi from different
infection experiments. p-value = 0.001196 with Student’s t-test, one-tailed, paired. (D) Representative
single plane confocal images of transiently expressed 35S:tRFP-AGO1 with (TuYVs81) or without
(mock) the virus in leaves of transgenic N. benthamiana stably expressing the double-stranded RNA-
binding B2-GFP protein. Observations are from leaf discs at 3 dpi. Inset scale bar is 10 um. See also
Figure S8A for additional images. (E.) PO colocalizes with viral double stranded RNA. Representative
confocal images of transiently expressed 35S:PO-tRFPwith (TuYVs81) or without (mock) the virus in
leaves of transgenic N. benthamiana stably expressing the double-stranded RNA-binding B2-GFP
protein. Observations are from leaf discs at 3 dpi. Inset scale bar is 10 um. See also Figure S8B for
additional images. (F.) Levels of AGO71 and AGO2 mRNA are not significantly affected by the
presence of TuYVs81 in the plant vasculature. MRNA abundance in the same samples as A by RT-
gPCR, represented as bar graph relative to Col-0 vasculatures. Represented values are means of
technical triplicates, error bars represent the SEM. *p<0.05, ns p>0.05 with Student’s t-test, two-tailed,
paired. See Figure S8G for an additional experiment. (G.)Analysis of AGO1 and AGO2 protein level
in enriched vascular bundles of Col-0 or dc/2-1 plants (n=20 leaves from 8 to 10 individuals per
genotype and treatment) at 17 dpi after inoculation with E.V (-), TuYVs81 WT or TuYVs81 PO". “@”
indicates hybridization with the indicated antibodies, and loading control is obtained by post-staining
the membrane with Coomassie blue (AGO1 on CB1 and AGO2 on CB2). (H.) Persistent companion
cell expression of PO enhances spreading of SUL siRNA. Image of representative individual adult
plants of WT, pCoYMV:P0-HA WT and LP1 in the SS background. (l.) Vascular AGO1 is degraded
in presence of WT PO-HA. Immunoblot of AGO1 and P0O-HA accumulation in whole leaves (n=4
individuals) and in enriched vascular bundles of the equivalent plants (n=10 to 16 leaves) in the
indicated genotypes. Plants are the same as in H. “@” indicates hybridization with the indicated
antibodies, and loading control is obtained by post-staining the membrane with Coomassie blue (CB).
(J.) Analysis of SRNA abundance in total RNA extracted from the whole leaf or vasculature by RNA
gel blot. RNA were obtained from the same samples as in |. “@” indicates hybridization with DNA
probe and U6 signal is the loading control (K.) Degradation of AGO1 by vascular PO leads to
increased abundance of the AGO7 mRNA in the vasculature and decrease of the total amount of
CHLI1 and CHLI2 mRNA. mRNA abundance in the same samples as L by RT-qPCR, represented as
bar graph relative to SS leaf. Represented values are means of technical triplicates, error bars
represent the SEM. ***p<0.001, **p<0.01, ns p>0.05 with Student’s t-test, two-tailed, equal variance.

Figure 6: AGO1-loaded viral 22-nt siRNA promote production of secondary siRNA from
Arabidopsis transcripts. (A.) Heatmap of annotation units showing the most variation in small RNA
abundance across the eight AGO1 IP libraries. (B.) Top panel: Schematic representation of the
TuYVs81 genome. Coordinates and strandedness of predicted discrete TuYV regions spawning
sRNA for the indicated genes (psRNATarget 2017 release, expectation < 3.5). SUL insert is
represented as a red square in 3’ of the viral sequence. Bottom panel: Browser view of normalized
sRNA reads (CPM count per million of mapped reads) mapping on both strands of CHL/7 and CHLI2
genes (Omm). Red squares represent the regions in the transcript that are identical to the SUL insert
of TuYVs81. sRNA reads present within the pink highlighted area are directly produced from the viral
RNA and trigger the production of the secondary siRNA population found in 3’ of both transcripts.
Production of secondary siRNA is impaired in ago7-57 plants. (C.) Production of 21-nt secondary
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siRNA produced from CHLI1 depends on the canonical AGO1/SGS3/RDR6/DCL2/4-mediated
amplification pathway required for S-PTGS. Left panel: Analysis of sSRNA abundance in total RNA
extracted from the whole leaf of the indicated genotypes in either non-infected (E.V), TuYVs81
infected and WT TuYV infected aphid transmitted by RNA gel blot. For E.V and TuYVs81, a mixture
of infected leaves from several individual was used (n=4) at 20 dpi. For aphid-infected samples, RNA
from representative individuals in Figure 2H was used. Right panel: Analysis of SRNA abundance in
total RNA extracted from the whole leaf of the indicated genotypes in either TuYVs81 or TuUMV-GFP
infected plants at 14 dpi. “@” indicates hybridization with indicated DNA probe and U6 signal is the
loading control. Position of the SUL 3p probe is indicated in B. (D.) Browser view of normalized sRNA
reads (CPM count per million of mapped reads) in AGO1 IP libraries from Col-0 and ago7-57 plants
for the nine vsiRNA-targeted Arabidopsis genes. The position of the predicted region directly targeted
by primary vsiRNA is indicated above the scheme and highlighted in pink. Production of secondary
endogenous siRNA from these genes is partially affected by the ago7-57 mutation. (E.) mRNA
abundance of the indicated target genes in isolated vascular tissues measured by RT-gPCR and
expressed as Log: fold change in TuYVs81-infected over mock.. Data from both panels are from
separate experiments. Left panel: enriched vascular bundles of Col-0 and ago7-57 plants (n=24
leaves) at 16 dpi. Right panel: enriched vascular bundles of Col-0 and dc/2-1 plants (n=20 leaves) at
17 dpi. Represented values are means of technical triplicates, error bars represent the SEM. **p<0.01,
*p<0.05, ns p>0.05 with Student’s t-test, two-tailed, equal variance.
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FIGURE 6
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Supplement figure legends

Supplemental Figure 1: ago7-57 is the only tested argonaute allele that affects TuYV RNA
abundance (Supports Figure 1). (A.) TuYVs81 viral RNA abundance in systemic leaves of the
indicated mutants at 21 dpi measured by RT-qPCR. Mock stands for mock-inoculated plants. Levels
are displayed relative to infected Col-0. For each genotype, two independent samples were acquired
from separate pools of infected plants to account for biological variability. Only leaves exhibiting yellow
veins were harvested. *p value = 0.015371<0.05, with Student’s t-test, one-tailed, unequal variance.
(B.) AGO1 and AGO2 protein abundance in systemic leaves of TuYVs81 and TRV-PDS inoculated
plants at 20 dpi (n=5 plants), measured by immunoblot. Samples are input fractions of the AGO1 and
AGO2 IPs presented in Figure 1J “@” indicates hybridization with antibody, and loading control is
obtained by post-staining the membrane with Coomassie blue (CB). (C.) Analysis of AGO1 and
AGO2-bound sRNA in WT, ago1-57 and ago7-27 TuYVs81 infected plants at 20 dpi (n=4). ‘@”
indicates hybridization with DNA probe or use of a specific antibody for immunoprecipitation.
Hybridization with  miR159 (AGO1-bound) and miR408 (AGO2-bound) show efficient
immunoprecipitation of the RISC in all samples. (D.) AGO1 and AGO2 protein abundance in mock
and TuYVs81 systemic leaves measured by immunoblot. Samples are input fractions of the AGO1
and AGO2 IPs presented in Figure S1C. “@” indicates hybridization with antibody, and loading control
is obtained by post-staining the membrane with Coomassie blue (CB). (E.) Analysis of AGO1 and
AGO2-bound sRNA from rosette leaves of Col-0, SUC:SUL (SS), and SS/ago7-57 plants. AGO1
binding of SS-derived siRNA is not affected by the ago7-57 mutation nor does it lead to an increase
of SS 21-nt siRNA in AGO2. “@” indicates hybridization with DNA probe or use of a specific antibody
for immunoprecipitation. Hybridization with miR159 (AGO1-bound) and miR408 (AGO2-bound) show
efficient immunoprecipitation of the RISC in all samples. (F.) AGO1 and AGO2 protein abundance in
the rosette leaves used for the IP in Figure S1E before (input) and after (flowthrough) formation of
the immune complexes. “@” indicates hybridization with antibody, and loading control is obtained by
post-staining the membrane with Coomassie blue (CB).

Supplemental Figure 2: small RNA sequencing of TuYVs81- infected systemic leaves (A.)
Library-to-sample matching for the sixteen sRNA libraries obtained. For each library the number of
mapped reads and percentage of mapped reads in the 18-26-nt interval is shown. Mapped reads
were then used for further analysis and normalization. (B.) AGO1 protein abundance in mock-
inoculated (mock) and TuYVs81 infected systemic leaves, measured by immunoblot, before (input)
and after (flowthrough) formation of the immune complexes. Samples are from the AGO1 IPs sRNA
deep sequencing experiment. “@” indicates hybridization with AGO1 antibody, and loading control is
obtained by post-staining the membrane with Coomassie blue (CB). (C.) Percentage of normalized
(RPM) sRNA reads aligned to the reference Arabidopsis genome and TuYVs81 genome per
functional categories, broken down by size (21-nt, 22-nt and 24-nt). (D.) Distribution of TuYVs81-
derived sRNA reads (20-nt to 25-nt) along the TuYVs81 genome in replicate 1 (R1, left panels) and
replicate 2 (R2, right panel). Top panels compare Col-0 and ago71-57 samples (fixed Y-axis) read
distribution and abundance in total RNA samples. Bottom panels compare Col-0 and ago7-57
samples (fixed Y-axis) read distribution and abundance in AGO1 immunoprecipitated samples. Bars
indicate the position of the 5’ (+ strand) and 3’ (-strand) extremity of each mapped sRNA. Y-axis
represents read counts, and each read size is represented in the indicated color. (E.) TuYVs81
nucleotide composition (%) and 5’ nucleotide frequency of the vsiRNA reads mapped to the TuYVs81
genome in the indicated libraries.

Supplemental Figure 3: Unique interaction of TuYVs81 and ago7-57 results in slower infection
and lesser movement (supports Figure 2) (A.) Comparative infection kinetic between Col-0 and
ago1-57 for TuYVs81, TuMV-GFP and TRV-PDS. While TuYVs81 reaches 100% infection rate in the
Col-0 plant population (n=25), only 43,3% of the ago7-57 plants (n=30) result in a successful systemic
infection (top panel). This is markedly different from either TuMV-GFP (middle panel, n=15 for both
genotypes) or TRV-PDS infection (bottom panel, n=15 for both genotypes), in which ago1-57 displays
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delayed infection but still reaches 100% systemic infection success. To avoid any confounding effect
introduced by VIGS deficiency in the mutants, infected individuals were scored by detection of the
TuYVs81 readthrough protein (RT, ORF5) in leaf patches from young systemic leaves at 5, 6, 7, 9,
11, 12, 14 and 17 dpi using western blot. Apparition of VIGS was counted separately and plotted as
a dotted line. TUMV-GFP infection was scored by the detection of GFP in systemic leaves at the
indicated day either using western blot on individual leaf patches or by illuminating the plants with a
U.V lamp. TRV-PDS infection was scored by the detection of systemic leaf whitening at the indicated
day. (B.) Accumulation of TuYVs81 RNA in inoculated leaves at 0, 45, 92, and 135 hours post
infiltration (hpi) measured by RT-qPCR in the indicated genetic backgrounds represented as bar
graph (left panel) or scatter plot along time (right panel), relative to Col-0 92hpi. Represented values
are means of technical triplicates, error bars represent the SEM. For each time point, 1 infiltrated leaf
from each individual (n=10 per genotype) was harvested, and plants were kept in the analyzed pool
for the following time point. *p<0.05, **p<0.01, ***p<0.001 with Student’s t-test, one-tailed, paired.

Supplemental Figure 4: Impact of silencing mutants during TuYVs81 infections (supports
Figure 3). (A.) Representative systemic infected leaves from the indicated genotypes. Pictures were
taken at 17dpi from plants that scored positive for the virus at 9dpi. (B.) Analysis of vsiRNA
accumulation in systemic leaves of the indicated genotypes at 22 dpi measured by RNA gel blot. Each
lane represents a pool of four to ten individuals that scored positive for the presence of systemic
TuYVs81 (via detection of the RT protein in leaf patches). “@” indicates hybridization with DNA probe
against the 3’ part of the TuYV genome, U6 signal is the loading control. (C.) Accumulation of
TuYVs81 RNA from the same samples as in B. Loading control is obtained by staining the membrane
with methylene blue (MB). “@” indicates hybridization with DNA probe against the 3’ part of the TuYV
genome. (D.) Kinetic of systemic TuYVs81 infection in the indicated genotypes represented as the
cumulated percentage of infected plants in the inoculated population (n=16 individuals per genotype).
Infected individuals were scored by the detection of the TuYVs8 RT protein in leaf patch from young
systemic leaves at 9, 12 and 18 dpi by dot blot. Plants that exhibit systemic VIGS outside these
sampling times are also counted as infected at the time point at which the VIGS was first observed.
(E.) Top panel: Measurement of TuYVs81 RNA in inoculated leaves at 41, 60, 72 and 96 hour post
infiltration (hpi) in the indicated genetic backgrounds measured by RNA gel blot. “@” indicates
hybridization with TuYV 3’ probe and loading control is obtained by staining the membrane with
methylene blue (MB). Bottom panel: Accumulation of TuYVs81 readthrough protein (RT) measured
by immunoblot in equivalent samples. “@” indicates hybridization with RT antibody, loading control is
obtained by post-staining the membrane with Coomassie blue (CB). For each time point, 5 infiltrated
leaves from 4 to 5 individuals were harvested for each genotype.

Supplemental Figure 5: Localization of DCL2 and DCL4 upon TuYVs81 infection in N.
benthamiana (supports Figure 3). Additional single plane confocal images of transiently expressed
35S:tRFP, 35S:DCL2genomic-tRFP and 35S:DCL4genomic-tRFP with (TuYVs81) or without (mock)
the virus in leaves of transgenic N. benthamiana stably expressing the double-stranded RNA-binding
B2-GFP protein. Observations are from leaf discs of 3 to 5 days post-infiltration. Inset scale bar is 10
pum.

Supplemental Figure 6: DCL2 expression is not elevated in TuYVs81-infected vasculatures
(supports Figure 4) (A.) Measurement of TuYVs81 RNA in systemic whole leaves of Col-0 plants
(n=12 individuals) or enriched vascular bundles of the equivalent plants (n=18 leaves) at 21 dpi by
RT-gPCR represented as bar graph relative to infected vasculatures. Represented values are means
of technical triplicates, error bars represent the SEM. **p<0.01, with Student’s t-test, one-tailed,
paired. (B.) Uncropped RNA blot from Figure 4C. Abundant TuYVs81 replication intermediates/sRNA
precursors are detected in enriched vascular tissues. “@” indicates hybridization with DNA probe and
U6 signal is the loading control. (C.) Measurement of DCL2 and DCL4 mRNA abundance in the same
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samples as in A by RT-qPCR, represented as bar graph relative to - Col-0 vasculatures. Represented
values are means of technical triplicates, error bars represent the SEM. ***p<0.001, ns p>0.05 with
Student’s t-test, two-tailed, paired.

Supplemental Figure 7: Stabilization of vascular AGO1 in presence of TuYVs81 (supports
Figure 5). (A.) MeSelect was applied to enrich vascular bundles (vasculature), which were compared
to the leaf mesophyll cells (protoplasts). Both were prepared from 10 leaves from a pool of 6
individuals of the indicated genotype at 15dpi. TuYVs81 RNA abundance was measured by RT-gPCR
and is represented as a bar graph relative to the infected protoplasts. Values are means of technical
triplicates, error bars represent the SEM. **p<0.01 with Student’s t-test, one-tailed, paired. (B.) The
viral RT protein is enriched in vasculatures compared to protoplasts and AGO1 is the only tested
ARGONAUTE protein to exhibit consistently increased abundance in response to the infection, in the
three genotypes assayed. Protein samples are from the same experiment as in A. “@” indicates
hybridization with the indicated antibodies, and loading control is obtained by post-staining the
membrane with Coomassie blue. (C.) Abundance of vascular miR168 is not significantly affected by
TuYVs81 infection as measured by RNA gel blot. RNA samples are the same as in A. “@” indicates
hybridization with DNA probe and U6 signal is the loading control. The membrane was also stained
with methylene blue (MB) which allows for visualization of cytoplasmic rRNA (here 18S) as well as
chloroplastic 16S, that is absent from the vasculature. (D.) Phloem-restricted Flag-AGO1 is
overaccumulated in TuYV infected leaves. Systemic whole leaves (n=6 individuals) at 21 dpi in Col-
0, ago1-57 and two transgenic lines expressing Flag-AGO1 from the SUC2 promoter in the absence
(-) or presence (+) of TuYVs81. “@” indicates hybridization with the indicated antibodies, and loading
control is obtained by post-staining the membrane with coomassie blue (CB). (E.) Accumulation of
the Flag-AGO1 transcript measured by RT-gPCR in the absence (-) or presence (+) of TuYVs81 in
the indicated genetic backgrounds represented as bar graph. Represented values are means of
technical triplicates, error bars represent the SEM. ns>0.05, **p<0.01 with Student’s t-test, two-tailed,
paired. (F.) Accumulation of AGO7 and TuYV RNA measured by RT-qPCR in the same samples as
D and E. Represented values are means of technical triplicates, error bars represent the SEM.
ns>0.05, **p<0.01, ***p<0.001 with Student’s t-test, two-tailed, paired for AGO7 and two-tailed equal
variance for TuYV. (G.) Levels of AGO7T mRNA is not significantly affected by the presence of
TuYVs81 WT or PO in the plant vasculature. mRNA abundance in the same samples as Figure 4A
& F measured by RT-gPCR, represented as bar graph relative to - Col-0 vasculatures. Represented
values are means of technical triplicates, error bars represent the SEM. ns p>0.05 with Student’s t-
test, two-tailed, paired.

Supplemental Figure 8: Localization of AGO1 and PO upon TuYVs81 infection in N.
benthamiana (supports Figure 5). Additional confocal images of transiently expressed (A.)
35S:tRFP-AGO1, (B.) 35S:P0O-tRFP with (TuYVs81) or without (mock) the virus in leaves of transgenic
N. benthamiana stably expressing the double-stranded RNA-binding B2-GFP protein. Observations
are from leaf discs of 3 dpi. Inset scale bar is 10 ym.

Supplemental Figure 9: Phloem companion cell expression of PO does not suppress cell-to-
cell movement of SUL siRNA (supports Figure 5). (A.) SUL-silencing phenotype in SUC:SUL (SS),
SS/pSUC:P15-FHA, SS/pCoYMV:PO WT and LP1 mutant in 11 day-old seedlings grown on MS
medium. (B.) Expression levels of transgenic PO and endogenous AGO1 in the same seedlings (n=20
per sample) as in A by RT-gPCR represented as bar graphs. Represented values are means of
technical triplicates, error bars represent the SEM.

Supplemental figure 10: Production of vsiRNA-triggered secondary siRNA (supports Figure 6)
(A.) Heatmap of annotation units showing the most variation in small RNA abundance across eight
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total RNA libraries. The first cluster contains genes that present enrichment of SRNA during TuYVs81
infection only, while the second and third clusters contain genes for which sRNA abundance if affected
by the ago7-57 mutation. (B.) Differential analysis of mock inoculated (mock) normalized sRNA reads
compared to TuYVs81-infected normalized sRNA reads. Top panel: Normalized AGO1 IP sRNA
libraries in Col-0. Bottom panel: Normalized AGO1 IP libraries in ago7-57. Abundance (mean of
normalized counts) is displayed on the horizontal axis and log: fold change on the vertical axis. Loci
with an adjusted p-value lower than 0.05 are highlighted in red. (C.) Functional annotation clustering
using DAVID 6.8 (2D view) for vsiRNA-targeted genes. Annotation cluster 1 (enrichment score 0.86)
reveals enrichment for GO-terms related to membrane and cell periphery.

Supplemental figure 11: Alignment of TuYV vsiRNA targeted regions for the nine affected
mRNA siRNA (supports Figure 6) For each candidate in Arabidopsis, orthologues sequences from
angiosperms were found using the interMine interface of Phytozome12
(https://phytozome.jgi.doe.gov/pz/portal.html) for Arabidopsis lyrata, Eutrema salsugineum, Capsella
rubella, Brassica rapa, Brassica oleracea, Theobroma cacao, Medicago truncatula, Solanum
tuberosum, Oryza sativa and Sorgum bicolor. Orthologues in Brassica napus and Beta vulgaris were
retrieved from EnsemblPlants (https://plants.ensembl.org/index.html). Nucleotide sequences were
aligned using aligned using multiple sequence comparison by log-expectation web service
(muscleWS) bundled with Jalview 2.11.1.3, with parameters set to default, and targeted regions were
defined based on the ones predicted in Arabidopsis thaliana. Apart from TCP1, which is predicted to
be targeted in the 5’UTR, all alignments were refined by removing species that introduced indels in
the region of interest. Codon triplets based on A. thaliana are indicated between dashed lines, and
sequence logo for the considered regions were obtained using Weblogo3. Conserved regions
potentially targetable by TuYV are found for eight out of nine genes in at least Brassicaceae.

Supplemental figure 12: Alignment of Polerovirus targeting clusters siRNA (supports Figure
6) Six clusters for targeting sequences were defined based on the predicted regions in TuYVs81.
Whole genomes of poleroviruses
(https://www.ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi?taxid=119164) were recovered from
NCBI and aligned using muscleWS bundled with Jalview 2.11.1.3, with parameters set to default.
Because of the extensive sequence variability observed for fast evolving polerovirus genomes, only
turnip yellows virus (TuYV, NC_003743.1), cucurbit aphid-borne yellows virus (CaBYV,
NC_003688.1), potato leafroll virus (PLRV, NC_001747.1) were used as representative of non-beet
infecting poleroviruses, while beet mild yellowing virus (BMYV, NC_003491.1), beet chlorosis virus
(BchV, NC_002766.1) and beet western yellows virus stain USA (BWYV-USA, AF473561.1) were
used as beet-infecting representatives. An additional alignment containing brassica yellows virus
(BrYV-ABJ NC_016038.2) was obtained for the MTERF/AT5G 11000 targeting region located at the
start of the subgenomic that has several extensions found only in TuYV and BrYV. Apart from the
latter, all defined regions are conserved and could potentially serve as template for vsiRNA production
targeting the nine candidate genes in the Brassicaceae family and beyond.

Supplemental table 1: Output table for DEseq2 pairwise comparisons, showing loci differentially
accumulating sRNA reads. Pairwise comparisons for AGO1 IPs are the following: TuYVs81 vs. Mock
all genotypes, ago1-57 vs. Col-0 all treatments, TuYVs81 vs. Mock Col-0, TuYVs81 vs. Mock ago17-
57, TuYVs81 ago1-57 vs. TuYVs81 Col-0. Pairwise comparisons for total RNA are the following:
TuYVs81 vs. mock all genotypes, TuYVs81 vs. mock Col-0, TuYVs81 vs. mock ago7-57. Rows
colored in orange have a LFC>0, rows colored in blue have a LFC<0. Only annotations units with
adjusted p-value<0.05 are shown.

Supplemental table 2: psRNATarget output table for the Col-0 TuYVs81 R1 library (JBT5) 18-26nt
reads mapping only to the TuYVs81 genome (Omm) matched against the nine candidate target
messengers. For each the region presumed to at the origin of the primary vsiRNA is colored in blue
(expectation < 3.5).
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Supplemental table 3: psRNATarget output table for the Col-0 AGO1 IP TuYVs81 R1 library (JBT13)
18-26nt reads mapping only to the TuYVs81 genome (Omm) matched against the nine candidate

target messengers. For each the region presumed to at the origin of the primary vsiRNA is colored in
blue (expectation < 3.5).

Supplemental table 4: Oligonucleotides used in this study.
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FIGURE S2
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