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ABSTRACT

In plants and some animal lineages, RNA silenc-
ing is an efficient and adaptable defense mecha-
nism against viruses. To counter it, viruses encode
suppressor proteins that interfere with RNA silenc-
ing. 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 under-
stood. 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 in-
volves 22-nt vsiRNA production by DCL2, and their
preferential loading into AGO1. Moreover, we iden-
tify vascular secondary siRNA produced from plant
transcripts and initiated by DCL2-processed AGO1-
loaded vsiRNA. Unexpectedly, and despite the viral
encoded VSR P0 previously shown to mediate degra-
dation of AGO proteins, vascular AGO1 undergoes
specific post-translational stabilization during TuYV
infection. Collectively, our work uncovers the com-
plexity of antiviral RNA silencing against phloem-
restricted TuYV and prompts a re-assessment of the
role of its suppressor of silencing P0 during genuine
infection.

INTRODUCTION

To defend themselves against pathogens, plants have devel-
oped a molecular arsenal allowing them to detect and re-
sist the incoming threat. In turn, pathogens have adopted
numerous evasion 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 silenc-
ing, with traces of such interactions evident across both
plant and virus diversity (1,2). All RNA silencing pathways
rest on the action of small RNA (sRNA) whose production
depends on the enzymatic activity of RNAse III proteins
called Dicer-like (DCLs). In the case of RNA viruses, pro-
duction of viral small interfering (vsi)RNA is triggered by
double-stranded (ds)RNA replication intermediates or in-
tramolecular foldback structures in the viral genome mainly
by the action of DCL4 and DCL2, generating 21- and 22-
nt vsiRNA duplexes respectively (3–5). This first layer of
detection and degradation is reinforced by specialized ef-
fector proteins called ARGONAUTE (AGO) that associate
with the vsiRNA to form the antiviral RNA-inducted si-
lencing complex (RISC) (6). The RISC can target RNA
in a sequence-specific manner, leading to endonucleolytic
cleavage (slicing) catalyzed by the AGO and/or via transla-
tional repression coupled with mRNA decay (7). The silenc-
ing signal can further be amplified through the conversion
of single stranded (ss)RNA targets into dsRNA by host-
encoded RNA-dependent RNA polymerase (RDR) pro-
teins, providing new template for secondary vsiRNA pro-
duction by DCLs, that are important to achieve optimal si-
lencing for some viruses (8–11). Its layered, self-reinforcing
and sequence specific mechanism makes RNA silencing a
particularly potent immune system.
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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 dif-
ferent virus families that are highly diverse have adopted
various strategies to impair different steps of RNA silenc-
ing (1,12). Their deployment usually results in the abroga-
tion of the cell-to-cell and eventual long distance movement
of vsiRNA and therefore of plant immunization (13–15),
resulting in the accumulation of high amounts of the vi-
ral genome often accompanied by strong symptoms. Con-
sequently, viruses for which VSR activity has been abro-
gated are impaired in their ability to move long distances
and achieve systemic infection (5,11,15–19). This observa-
tion has been instrumental in deciphering the silencing com-
ponents involved in plant defense, since their inactivation
leads to a rescue of viral movement. However, a causal
link between VSR and virus movement has only been es-
tablished for comparatively few viruses, while many more
known VSRs await in vivo characterization in the context
of infection.

The P0 VSR of phloem-restricted poleroviruses presents
an interesting case: while the intricacies of its mode of ac-
tion 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 degra-
dation of most AGO proteins, P0 impedes the formation
of vsiRNA-RISC (20–22). In the case of the AGO1 pro-
tein, it has been shown that its interaction with P0 leads to
its ubiquitination and vacuolar degradation (23,24). This
strategy seems to be particularly effective, as in heterolo-
gous patch assays in N. benthamiana, P0 of turnip yellows
virus (TuYV) is able to suppress the potent RNA silencing
reaction to transgenes, enabling strong and persistent ex-
pression of GFP. Accordingly, strong dosage of P0 leads to
developmental phenotypes reminiscent of AGO1 knockout
plants (25,26) because P0 also disables miRNA-RISC as-
sembly (22,27).

On the opposite spectrum, studies employing a TuYV
that is unable to produce P0 show that it is dispens-
able for systemic infection (28) while the resulting sys-
temic infection by the wild type (WT) virus is asymp-
tomatic in Arabidopsis (29). Furthermore, P0 proteins from
polerovirus isolates collected throughout the world dis-
play varying degrees of silencing efficiency in patch as-
say, ranging from strong (27,30–33) and moderate (34–
36) to non-existent (31,37). Intriguingly, the start codon
of ORF0 encoding P0 of TuYV has a poor initiation con-
text (38) 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 (39). Simi-
larly, potato leafroll virus (PLRV) genomic leader sequence
exerts an inhibitory effect on translation of the down-
stream ORF0 and ORF1 (40). These observations sug-
gest that neither high accumulation nor strong suppres-
sion activity are traits that have been selected for during
plant-polerovirus coevolution. These contrasting observa-
tions raise the question of the role of P0 during infection of

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

We recently uncovered a suppressor of the P0-dependent
developmental phenotype typically associated with AGO1
degradation, that we called ago1-57 (41). This single Gly
to Asp substitution in the DUF1785 of AGO1 inhibits the
SCFP0–AGO1 interaction and therefore renders the mutant
AGO1 protein non-degradable by P0. 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, lead-
ing to a mild developmental phenotype, while endogenous
siRNA-programmed RISC is strongly affected, which re-
sults in the near-complete loss of secondary siRNA. Thus,
this unique allele of AGO1 allows for unprecedented de-
coupling of miRNA-guided pathways from siRNA guided
ones, which are relied upon to perform antiviral RNA si-
lencing.

Here, we take advantage of this unique allele to inves-
tigate the silencing components required for efficient an-
tiviral immunity against phloem-restricted TuYV. We show
that TuYV-derived vsiRNAs are largely channelled towards
AGO1, and that its antiviral importance is only evident in
some missense mutants. 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. Our study also provides ev-
idence for the production of secondary siRNA from host
transcripts, a feature that is dependent on both DCL2 and
AGO1. Finally, while transgenic vascular P0 can recapitu-
late AGO1 degradation in the phloem, AGO1 undergoes
vascular post-translational stabilization during TuYV in-
fection in a P0-independent manner.

MATERIALS AND METHODS

Plant lines

AGO1 point mutants have been described previously: ago1-
57 (41), ago1-38 (42), ago1-27 (43). ago2-1 (SALK 003380),
ago5-1 (SALK 063806), ago7-1 (SALK 037458), ago10-3
(SALK 019738) and the resulting combination mu-
tants have been described previously (18). dcl2-1
(SALK 064627), dcl4-2 (GABI 160G05), dcl2-1/dcl4-
2 (5), dcl2-5/dcl3-1 (3) dicer-like single and combination
mutants have been described previously. rdr6-12 and
sgs3-14 (SALK 001394) (44), SUC-SUL (45), SUC-SUL/
pSUC:P15-FHA (15) 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/ago1-57 were obtained by crossing and selected by
genotyping and for Basta resistance. The triples dcl2-
1/dcl4-2/ago1-57 was obtained by crossing the double
dcl2-1/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 (41).
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For overexpression constructs of P0: TuYV (21), CABYV
(20), BMYV (46) and PLRV (39), all ORF0s were cloned
into a pBIN vector, under a 35S promoter as described pre-
viously (39).

35S:tagRFP and 35S:tagRFP-AGO1 are in the
pEAQ�P19-GG vector and were cloned as described
(47). AGO1 cDNA was amplified with primers containing
SapI restriction sites and combined with N-terminal
tagRFP fragment in a Golden Gate reaction.

For 35S:P0-tagRFP constructs, the P0 coding sequences
with T156A/T159C mutations (to avoid translation of a
truncated P1 protein from the P0 vector) were amplified
from the XVE:P0-myc constructs (22,41) with oligo primers
containing the AttB1 and AttB2 sites and the PCR product
was cloned in a pDONR221 by BP recombination. The en-
try clones were then recombined with the pGWB660 vector
by LR gateway reaction producing 35S promoter driven P0
construct fused to tagRFP at the C terminus.

For 35S:DCL2-tagRFP and 35S:DCL4-tagRFP con-
structs 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 re-
combination. The entry clones were then recombined with
the pGWB660 vector by LR gateway reaction producing
35S promoter driven genomic constructs fused to tagRFP
at their C termini.

To obtain the pCoYMV:P0-HA lines, the promoter se-
quence of CoYMV (1039bp) was amplified from the vec-
tor pGEM 3zf + CoYMV-Suc51 (48) with oligo primers
containing AttB4 and AttB1R recombination sites and
the sequences was mobilized into the pDONR P4P1r vec-
tor by BP Gateway recombination. The P0-3xHA fusions
(WT or LP1) were obtained by seamless Gibson assem-
bly (NEB) of the P0 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 re-
combination LR reaction to obtain the final binary plas-
mid. The plasmid was then introduced into Agrobacterium
strain GV3101 pMP90 and used to transform SUC-SUL
plants (49).

To obtain the pSUC:Flag-AGO1 lines, the SUC2 pro-
moter (943 bp) was amplified from the pEP1 plasmid (50)
with oligo primers containing AttB4 and AttB1R recom-
bination 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 recombi-
nation. 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 trans-
form 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 Plat-
inum SuperFi DNA Polymerase (Invitrogen) was used, fol-
lowing the manufacturer’s protocol. All clones were veri-
fied by in-house Sanger sequencing before proceeding to the
next step. All primers used for cloning are available in Sup-
plemental Table S2.

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 stan-
dard 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 un-
der a 12-h-light/12-h-dark regime for about 4 weeks.
Agrobacterium tumefaciens GV3101 pMP90 containing bi-
nary plasmids of TuMV-GFP, TuMV-AS9-GFP, TRV-PDS
(RNA1 + RNA2-PDS) recombinant viruses were grown
overnight at 28◦C in antibiotic-supplemented LB media,
pelleted 15 min at 4000g and resuspended in infiltration
medium (10 mM MgCl2/10 mM MES/200 �M Acetosy-
ringone). The cells were then adjusted to an OD600 nm 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 pel-
leting of the initial cultures, cells were resuspended in 10.5
g/l K2HPO4/4.5 g/l KH2PO4/1 g/l (NH4)2SO4/0.5 g/l
sodium citrate/0.1 g/l MgSO4/0.4% (v/v) glycerol/0.1 g/l
MES/200 �M Acetosyringone and incubated 5–6 h in the
dark. Cells were pelleted again and resuspended in infiltra-
tion medium and handled as described above. Infections
were left to progress until the time indicated in the figure leg-
ends, and systemic leaves were collected from the indicated
number of individuals. Plants were photographed at the in-
dicated time using a DSLR camera mounted on a stand at
a fixed distance, or for systemic TuMV-AS9-GFP propaga-
tion, 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 needle-
less 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
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challenged with two Myzus persicae fed on either 20% su-
crose solution, 20% sucrose solution containing 67 mg/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 fluores-
cent light for 25 days before sampling. Each plant was indi-
vidually weighed (after removal of root system and cotyle-
dons) and ground with liquid N2 with a mortar and pestle.
For each, 100 mg (±5 mg) were kept at –80◦C in Eppendorf
tubes for DAS-ELISA.

Transient expression assays and local leaf infection in N. ben-
thamiana

Binary constructs were transformed in Agrobacterium
GV3101 pMP90 and infiltrated in N. benthamiana for tran-
sient 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
OD600nm of 0.1–0.3 per construct, and incubated for 2–4
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. benthami-
ana plants (51) were first screened under UV light in or-
der to select plants with visible GFP. These plants were in-
filtrated 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 immunosor-
bent assay (52). Flat-bottomed NUNC 96-wells plates were
coated with 1:400 BWYV IgG (Loewe) (53) in 1.59 g/l
Na2CO3/2.93 g/l NaHCO3 pH 9.6, 100 �l per well and in-
cubated at 37◦C in the dark for 4 h. N2 chilled samples were
ground in safe lock Eppendorf tubes using a Silamat S7
(Ivoclar vivadent) and extracted in 400 �l 1× PBS/0.05%
(v/v) Tween 20/2% (w/v) soluble PVP 360, resuspended
by shaking for 15 min and centrifuged for 5 minutes at
3000 rpm at 4◦C. Coated plates were washed three times
with 1× PBS/0.05% (v/v) Tween 20 and 100 �l of super-
natant was loaded into each well for an overnight bind-
ing at 4◦C. The plates were then washed three times in
1× PBS/0.05% (v/v) Tween 20, and 100 �l per well of
1:400 BWYV AP conjugate (Loewe) in 1× 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 h. Plates were
washed three time as described above and 100 �l per
well of freshly prepared substate buffer was added (1 M
diethanolamine/5 mM MgCl2/1 mg/ml substrate tablet
[4-nitrophenyl phosphate Na2-salt]). O.D405 nm was deter-
mined after 90 min 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.

Infection kinetic scoring by dot blot

A leaf disk (5 mm Ø) 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 �l of 2× Laemmli buffer (200 mM
Tris–HCl 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 min in a Retsch mixer mill at room tempera-
ture. The plates were then centrifuged for 5 min at 4000g
and the supernatant was transferred to a fresh 96-well plate
to denature proteins for 5 min at 95◦C. 5 �l of the dena-
tured protein sample was manually spotted onto an acti-
vated 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 di-
mension, one wet whatman filter paper cut to membrane
dimension in 25 mM Tris base/192 mM glycine/20% (v/v)
ethanol), for a maximum of 96 samples per membrane, mir-
roring the plate. The membrane was left to dry at 60◦C
for about 10 min, reactivated in absolute ethanol, washed
in deionized water for 2 min, incubated in TBST + 5%
milk (20 mM Tris base/150 mM NaCl/0.1% Tween 20, pH
7.4) for about 20 min, washed in TBST without milk and
hybridized overnight in 1:15000 (v/v) of anti-readthrough
(RT) (54) 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 over-
layed to pinpoint infected individuals. This process was re-
peated several times for each inoculated plant, and individ-
ual plants were counted as positive only if at least two inde-
pendent time points returned positive signals.

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 leg-
ends) 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. An-
other tape was added on the adaxial side of the leaf, and
this tape was slowly removed, taking away the adaxial epi-
dermal cells. During preparation of the remaining leaves,
the processed leaves on tape containing the abaxial epider-
mis were left face down in ice cold 0.4 M mannitol/10 mM
CaCl2/20 mM KCl/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 pro-
toplast 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 2× buffer
for protein extraction, or in 1 ml Tri-Reagent for RNA ex-
traction. The tapes were left face down in ice-cold wash
buffer (154 mM NaCl/125 mM CaCl2/5 mM KCl/5 mM
glucose/2 mM MES pH 5.7), were gently shaken, and the
buffer was refreshed once for further washing. The vascular
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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
Ø glass beads. Proteins were extracted in Laemmli 2× as
described in the immunoblotting section, and RNA was ex-
tracted in tri-reagent after grinding of the frozen vascula-
tures in the silamat S7.

Protein analysis and immunoblotting

N2 chilled samples were ground in safe lock Eppendorf
tubes containing 2 mm Ø glass beads, using a Silamat S7
(Ivoclar vivadent) and total proteins were extracted in 2X
Laemmli buffer by mixing again in the Silamat S7 for 20 s.
Samples were denatured for 5 min at 95◦C and quantified
using the amido black method. 10 �l of supernatant mixed
with 190 �l of deionized water and added to 1 ml of nor-
malized 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 min at maximum speed.
Pellets are then washed in 1 ml of 10% (v/v) acetic acid/90%
(v/v) ethanol, centrifuged 5 min at maximum speed and re-
suspended in 0.2N NaOH. OD630 nm was determined, with
NaOH solution as blank, and protein concentration is cal-
culated using the OD = a[C] + b determined curve. 2.5–40
�g of total protein extracts were separated on SDS-PAGE
gels and blotted onto PVDF Immobilon-P membrane (Mil-
lipore). 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 polyclonal, AS13 2682; Agrisera)
diluted 1:5000 (v/v). AGO4 protein was detected using the
anti-AGO4 antibody (rabbit polyclonal, AS09 617; Agris-
era) diluted 1:5000 (v/v). Myc-tagged proteins were de-
tected using anti-myc antibody (mouse monoclonal; Roche)
diluted 1:5000 (v/v), or anti-myc antibody HRP-coupled
(mouse monoclonal, Miltenyi Biotec) diluted 1:2000 (v/v).
GFP-tagged proteins were detected using the anti-GFP an-
tibody (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 mono-
clonal, A8592; Sigma-Aldrich) diluted 1:5000 (v/v). HA-
tagged proteins were detected using the anti-HA HRP-
coupled antibody (mouse monoclonal, Miltenyi Biotec) di-
luted 1:5000 (v/v). TuYV Readthrough protein was de-
tected 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 mono-
clonal 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; Invit-
rogen) diluted 1:10 000 (v/v). Hybridized membranes were
reacted with Clarity or Clarity Max ECL (Biorad) and im-
aged using a Fusion FX (Vilbert). For signal quantifica-
tion, 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 sub-

sequently 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 treat-
ment (∼treat).

sRNA library preparation

Total RNA samples and AGO1 IP samples were both ob-
tained from Col-0 and ago1-57 rosette leaves from TuYVs81
infected of mock -inoculated plants 16 days after inocula-
tion as described in RNA related methods and immuno-
precipitation of AGO1 and AGO2 sections. For both geno-
types, 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 tis-
sue 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 per-
formed from 1 g starting material. AGO1-loaded sRNAs
were then extracted by adding Tri-Reagent directly on the
magnetic beads. Library preparation and sRNA sequenc-
ing (single-read, 50 bp, V4 chemistry) on Illumina HiSeq
were performed by Fasteris (http://www.fasteris.com), with
each sample split and sequenced in two independent lanes.
FASTQ file generation, demultiplexing, and adapter re-
moval were done by Fasteris.

Mapping, quantification and differential analysis of sRNA

Reads (18–26 nucleotides long) were aligned and quantified
using Shortstack v3.8.5 with the ‘fractional’ option (55), al-
lowing for no mismatches, with the Arabidopsis genome
(TAIR10) and TuYVs81 genome as reference. Mapping
statistics are provided in Supplementary Figure S2A. Total
20–24 nucleotide reads mapped per library were normal-
ized in read per million mapped (RPM) and the obtained
values per category were plotted as stacked histograms us-
ing 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 Soft-
ware (56)) and plotted with the TuYVs81 genome on the
x-axis. For coverage plots of target genes, 18–26 nucleotide
reads were mapped to TAIR10 genome only, no mismatches
allowed, using bowtie1.2.3 (57) and normalized in Count
per million mapped reads (CPM) with a bin size = 1 us-
ing deepTools version 3.3.0 (58). Reads from minus strand
were converted into negative values, and the resulting big-
Wig files were visualized using JBrowse (59). Raw counts
for TAIR10 loci (>10 counts across conditions) were used
for differential analysis between mock and TuYVs81 li-
braries, Col-0 mock and TuYVs81 libraries, ago1-57 mock
and TuYVs81 libraries, ago1-57 and Col-0 libraries, either
from total RNA of AGO1-purified sRNA using DEseq2
v1.12.4 (60). Heatmaps were generated from the top vari-
able loci across either total RNA or AGO1 IP datasets, us-
ing the pheatmap R package. See Supplemental Table S1
for all DA loci. Deep sequencing files have been deposited
to the NCBI Gene expression Omnibus (GSE176378).

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkab802/6382391 by IBM

P user on 12 O
ctober 2021

http://www.fasteris.com


6 Nucleic Acids Research, 2021

RNA related methods

Total RNA extraction was performed in Tri-Reagent
(MRC) and RNA blots were performed as described previ-
ously (41) with starting material between 10 and 20 �g total
RNA. DNA oligo sequences used for [� -32P]ATP labeling
and DNA oligos used to generate the PCR products for [�-
32P]CTP-labeled Klenow products are available in Supple-
mental Table S2. For quantitative RT-PCR, 1–2 �g of total
RNA treated with DNase I (Thermo Fisher Scientific) was
reverse transcribed using either the High-capacity cDNA
reverse transcription kit (Applied Biosystems) or the Super-
Script IV Reverse Transcriptase (Invitrogen). All RT reac-
tions performed from TuYVs81-infected samples and their
control counterparts contained 2.5 �M random hexamers
and 0.05 �M Tu-4942-rev primer. Quantitative PCR reac-
tions were performed in a total volume of 10 �l of SYBR
Green master mix I (Roche) in 384-wells plates on a Light-
cycler LC480 apparatus (Roche) with the following settings:
initial denaturation: 95◦C 5 min. Cycling: 95◦C 10 s, 60◦C
15 s, 72◦C 15 s single acquisition mode. Each cycle was
repeated 45 times. Melting curve: 95◦C 5 s, 55◦C 1 min,
95◦C in continuous acquisition mode with a ramp rate of
0.11◦C/s, 5 acquisition per ◦C. All primers were designed
using either Quant prime qPCR primer design tool (https:
//quantprime.mpimp-golm.mpg.de/) or Light cycler design
software 2.0 with the following settings: min amplicon size
60, primer Tm 64, reaction conditions LC DNA master
SYBR. For each cDNA, technical triplicates were obtained
from the same plate, and expression data was normalized
using the SAND (AT2G28390) and EF1a (AT5G60390)
genes as internal controls for adult leaves and the TIP41
and EXP (AT4G26410) for seedlings. Relative quantifica-
tion was done using the ��Ct method using a in house ex-
cel macro.

Immunoprecipitation of AGO1 and AGO2

Immunoprecipitation of endogenous AGO1 were per-
formed as described previously (41), using the anti-AGO1
and anti-AGO2 antibodies, described in the immunoblot-
ting section. In both cases, 5 �g of water-resuspended anti-
body was used to bind to 30 �l 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 three different leaves per combination, on sepa-
rate 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. Emissions were collected
using the system’s hybrid (Hyd) detectors and sequential
scanning was employed for all acquisitions. Images were
processed using FIJI (61).

RESULTS

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

We have previously demonstrated that the G371D muta-
tion, carried by the ago1-57 allele of AGO1, allows eva-
sion from the P0 VSR while simultaneously causing reten-
tion of perfect siRNA duplexes, leading to the inhibition of
secondary siRNA production (41). We therefore addressed
the implications of this dual phenotype during TuYV infec-
tion in the model plant Arabidopsis thaliana (hereafter Ara-
bidopsis), using an infectious clone of TuYV containing an
81 bp insertion of the AtCHLI1 gene in the 3′ non-coding
region of the genome (29), 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, si-
lencing of the CHLI1 gene in the neighbouring cells through
virus-induced gene silencing (VIGS) typically leads to yel-
lowing around the veins. WT (Col-0) and different ago1 mu-
tant alleles were inoculated with either a WT TuYVs81 or
the P0-deficient clone TuYVs81P0– and viral RNA accumu-
lation was assessed in systemic tissues. Intriguingly, while
absence of P0 consistently resulted in less viral RNA accu-
mulation relative to the WT TuYVs81, none of the tested
ago1 alleles exhibited the same phenotype. ago1-27 plants
(that contain a point mutation in the PIWI domain) ac-
cumulated a similar amount of TuYVs81 RNA to the WT
plants. The ago1-57 and ago1-38 plants (the latter contain-
ing a point mutation in the N domain) accumulated moder-
ately more viral RNA (Figure 1A). While Col-0 and ago1-
27 plants display clear vein yellowing, ago1-57 plants pre-
sented reduced yellowing despite elevated viral RNA levels,
indicating that this mutant allele of AGO1 is impaired in its
ability to establish VIGS (Figure 1B). None of the ago1-38
plants displayed any vein yellowing, despite the presence of
the viral RNA in the systemic leaves. Any VIGS defect ob-
served in presence of the WT virus was exacerbated when in-
fected with TuYVs81P0–, resulting in even less vein yellow-
ing 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 combi-
nations (6). We therefore tested the contribution of differ-
ent AGOs to TuYV silencing by infecting single or multiple
knock out mutants for AGO5, AGO10, AGO2 and AGO7,
in addition to ago1-27, which is a missense allele. Quan-
tification of the viral RNA in systemic leaves revealed that
only the ago1-57 mutation caused enhanced accumulation
of TuYV (Supplementary Figure S1A), further demonstrat-
ing 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 (62–64) or to function in tandem
with AGO1 (18,65), we introgressed the ago2-1 mutation
into the ago1-57 background and tested for antiviral per-
formance against several well-studied RNA viruses. Plants
were inoculated with an infectious clone of turnip mosaic
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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, ago1-57, ago1-27 and ago1-38 plants at 19 days post-infiltration (dpi) with either WT or P0-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. Samples were run on the same gel on two levels.
Samples that ran on the bottom row are thus separated by a line. (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 (IL) is clearly visible. (D) Rescue of the TuMV-AS9-GFP systemic movement in the single ago1-57 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. (I) 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]/total mapped
reads). 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.
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virus (TuMV) containing a GFP reporter and a point mu-
tation inactivating the VSR activity of HC-Pro, referred
to as TuMV-AS9-GFP (11). While GFP was clearly visi-
ble in inoculated leaves of ago2-1 plants, systemic spread
of the virus did not occur (Figure 1C and D). By con-
trast, ago1-57 containing plants allowed spread of TuMV-
AS9-GFP into the systemic leaves. This reveals a previ-
ously 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 (66), which trig-
gers 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 in-
fection (65). Accordingly, we observed increased viral RNA
and impaired PDS silencing in the double ago1-57/ago2-
1 mutant, while single mutants behaved like Col-0 (Fig-
ure 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 accumu-
lation and an identical impairment in VIGS (Figure 1G–
I). This suggests that, as opposed to TuMV and TRV, ef-
ficient antiviral silencing of TuYV by the plant does not
rely on the coordinated action of AGO1 and AGO2, but
rather that AGO1 alone is necessary to mount an efficient
response.

Since AGO proteins can bind overlapping cohorts of
sRNA and act redundantly on an RNA target, impair-
ment of a particular AGO can result in compensatory load-
ing by another AGO. We reasoned that if AGO2 can act
as a surrogate to AGO1, then compromising AGO1 func-
tion should lead to an increase in AGO2 loading with
vsiRNA. We therefore performed immunoprecipitations
of both AGO1 and AGO2 (Supplementary Figure S1B)
and analyzed the associated sRNA in plants systemically
infected by TRV-PDS and TuYVs81. TRV-PDS-derived
vsiRNA were loaded into AGO1 and AGO2, and in the
ago1-57 background we observed increased loading into
AGO2 (Figure 1J). TuYVs81 vsiRNA were found to be
predominantly associated with AGO1, with increased pro-
duction of vsiRNA in ago1-57 plants likely leading to in-
creased loading of AGO1-57. 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
(Supplementary Figure S1C) and found increased AGO2
loading with vsiRNA only in ago1-27, 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 (Supplementary Figure
S1D) caused by lessened miR403-AGO1 complex assem-
bly (Supplementary Figure S1C), a feature not observed in
the ago1-57 mutant. Like for TuYVs81, we also found that
loading of AGO1 and AGO2 with SUL siRNA was identi-
cal in WT and ago1-57 plants (Supplementary Figure S1E
and F), indicating that the mutant protein is not affected in
siRNA loading, as we have previously shown (41). Taken to-
gether, these results suggest that ago1-57 presents a unique

opportunity for deciphering the antiviral role of AGO1
in planta.

Next, we performed sRNA deep sequencing of total
RNA and AGO1 IPs from mock-inoculated and TuYVs81
infected Col-0 and ago1-57 plants (Supplementary Figure
S2A). After verifying successful immunoprecipitation of
AGO1 in all replicates and samples (Supplementary Fig-
ure S2B), sRNA reads of 18–26nt were mapped to the ref-
erence Arabidopsis genome (67) and the TuYVs81 genome
and normalized 21–24nt reads mapping to the different cat-
egories are shown in Figure 1K. As expected, AGO1 IPs
of mock samples contained abundant reads mapping to
miRNA, that were mostly of 21-nt (Supplementary Figure
S2C). In infected samples, a large amount of vsiRNA were
recovered from both the total RNA and the AGO1 IP, indi-
cating that a large amount of the produced vsiRNA is chan-
nelled 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 Sup-
plementary Figure 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 Sup-
plementary Figure S2C) suggesting that DCL2, among the
four Arabidopsis DCL proteins, is predominantly responsi-
ble for TuYVs81 processing. We also observed an impaired
5′U bias in AGO1 IPs from the ago1-57 plants (Supplemen-
tary Figure S2E). This is explained by the molecular pheno-
type of the allele, which retains both the guide strand and
the passenger strand (41), 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
ago1-57 plants developed VIGS, in contrast to Col-0 in-
oculated plants that showed up to 100% systemic infec-
tion rate (Supplementary Figure S3A). Since ago1-57 is im-
paired in VIGS, we chose to monitor the presence of the
viral readthrough protein (RT) in young leaves of the in-
oculated plant population during the progression of in-
fection. 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 TuMV-GFP and TRV-PDS
reached 100% (Supplementary Figure S3A). We hypothe-
sized that this observation could be explained by the eva-
sion of AGO1-57 from P0-mediated degradation or alterna-
tively, that the ago1-57 mutation leads to constitutive activa-
tion of defense-related genes leading to enhanced resistance,
as observed for TRV-infected ago1-27 (65), and regulated
by miRNA and phasiRNA in multiple plant species (68–
70). To discriminate between these two hypotheses, we per-
formed similar infection kinetics in the three ago1 hypomor-
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phic mutants used previously. We found that only the ago1-
57 plant population exhibited a 50% loss of systemic infec-
tion by TuYVs81, while ago1-27 and ago1-38 both reached
100% infection, albeit with very dissimilar kinetics (Figure
2A and B). Importantly, this loss was not observed during
establishment of TuMV-GFP infection (Figure 2C and D),
indicating that it is unique to the ago1-57-TuYVs81 interac-
tion, and likely results from the undegradable nature of the
mutant protein.

P0-less mutants of TuYV show lower viral replication in
protoplasts (28), and PLRV P0 is essential for viral multi-
plication in inoculated tissues (71), suggesting that suppres-
sion of RNA silencing is important during early steps of in-
fections. Since AGO1-57 is resistant to P0-mediated degra-
dation, it should exert a similar effect to the loss of viral
P0 during the local establishment of infection. We therefore
assayed viral RNA abundance in Arabidopsis leaves agro-
inoculated with TuYVs81 in ago1-57 compared to Col-0
and ago1-27. In all experiments, ago1-57 leaves contained
significantly less viral RNA than Col-0 (Figure 2E and Sup-
plementary Figure S3B) and less viral RT protein (Fig-
ure 2F). This slower build-up of infection in ago1-57 was
not shared by the ago1-27 mutant, that is sensitive to P0-
mediated degradation (41), and is thus the consequence of
resistance to P0.

Because P0 proteins from different poleroviruses con-
tain the minimal F-box consensus motif (LPxxL/I), we
tested if the G371D mutation enables AGO1 evasion from
a range of P0 proteins. WT and CFP-AGO1G371D were
co-infiltrated with P0 proteins from TuYV, PLRV, cucur-
bit aphid-borne yellows virus (CABYV) and beet mild yel-
lowing virus (BMYV), and CFP-AGO1 degradation was
assayed as previously described (21). Surprisingly, while
the G371D mutation protected AGO1 from P0Tu-mediated
degradation, the mutation failed to prevent degradation by
the three other P0 proteins tested (Figure 2G). This high-
lights the existence of different modes of AGO1 recognition
employed by viral P0s and indicates that the strategy em-
ployed 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 mon-
itored 25 days after transmission we found that the num-
ber 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 ago1-57 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 reduc-
tion in fresh weight for the TuYV-infected ago1-57 plants
(Figure 2I), suggesting that impairment of AGO1 function
leads to symptomatic infection. Taken together, our analy-
sis shows that evasion of degradation by the mutant AGO1
causes delay in the establishment of local infection, leading
to a decrease in systemic infection. However, 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 de-
fense

To test the contribution of DCLs to vsiRNA production,
we performed northern blots from tissues systemically in-
fected by TuYVs81, in single and multiple mutants con-
taining the dcl2-1 or dcl2-5, dcl4-2, dcl3-1 and ago1-57 alle-
les. In dcl2-1 infected plants, the main 22-nt TuYV vsiRNA
band present in wild-type was replaced by a 21-nt band, in-
dicating 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 re-
sulted in the sole accumulation of a 24-nt signal that is oth-
erwise minimal in WT plants, while the dcl2-5/dcl3-1 com-
bination led to a single 21-nt signal. Loss of 22-nt vsiRNA
in dcl2-1 was consistently accompanied by reduced silenc-
ing signal spread, a feature that was not observed in the
dcl4-2 plant (Figure 3B and Supplementary Figure S4A),
mirroring their relative contribution to vsiRNA produc-
tion in the phloem cells. VIGS signal was abolished in dcl2-
1/dcl4-2 plants, while dcl2-5/dcl3-1 were identical to single
dcl2-1, indicating that the residual 24-nt do not constitute
a mobile silencing signal sufficient to initiate VIGS. Identi-
cal vsiRNA patterns were observed when the ago1-57 mu-
tation was added to each combination (Figure 3A). Com-
bining dcl2-1 and 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 abun-
dant vsiRNA. Like ago1-57, single dcl2-1 and dcl4-2 mu-
tations lead to a two-fold increase of TuYV RNA in sys-
temic tissues, that was not exacerbated when introduced
in the ago1-57 background (Figure 3C). Only the double
dcl2-1/dcl4-2 lead to a dramatic increase in the amount
of TuYV RNA accompanied by severe symptoms (Figure
3B). Intriguingly, the triple mutant combination led 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 func-
tion mutants for RDR6 and SGS3, that are both required
for production of dsRNA and silencing signal amplifica-
tion from AGO1 cleavage products, a mechanism that par-
ticipates in antiviral silencing for some plant RNA viruses
(8,10,11,72). This revealed that neither VIGS (Supplemen-
tary Figure S4A), vsiRNA profiles (Supplementary Figure
S4B) nor TuYV RNA accumulation (Supplementary Fig-
ure S4C) were affected in those mutants. The same mutants
presented systemic infection kinetics that were comparable
to those of WT and dcl mutant plants (Supplementary Fig-
ure S4D). This shows that silencing signal amplification via
RDR6/SGS3 is dispensable for antiviral silencing during
infection by TuYVs81.

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 local-
ization relative to viral replication complexes (VRCs). We
took advantage of the recently established stable N. ben-
thamiana line expressing the eGFP-tagged dsRNA binding
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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 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 ago1-38 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 h 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, five infiltrated leaves
from four 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 h 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 P0 from diverse polerovirus species. Left panel: Schematic representation of the P0 protein, with
the region containing the F-box motif highlighted in red and the corresponding alignment of P0 from turnip yellows virus (TuYV), cucurbit aphid-borne
yellows virus (CABYV), 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 (ø) or with the indicated P0 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 P0 constructs was verified by
RNA blot using DNA probes specific for each sequence (@ P0) 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 ago1-57 individual plants
by DAS-ELISA. 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 OD at 405 nm (technical
triplicate measurements) for a single individual within the considered category, and error bars represent SD. Individuals for which the OD was ≤ to those
of the NI and +Suc control plants are considered as non-infected and are colored in black. Difference between the Col-0 and ago1-57 populations is
statistically different (Kruskal and Wallis test). (I) Fresh weight measurement of all the analyzed plants in (H) 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).
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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
dcl2-1 single or combination mutant. ‘@’ indicates hybridization with the indicated DNA probe. Endogenous siRNA are used to control for the proper
identity of the dcl 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
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 3–5 days post-infiltration. Inset scale bar is 10 �m. See also Supplementary Figure S5
for additional images.

domain of flock house virus (FHV) B2 protein (B2-GFP)
that allows in vivo visualization of dsRNA, the minimal
component of the VRCs (51). Consistent with their abil-
ity 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 labeled
VRCs (Figure 3D and Supplementary Figure 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 de-
fense against TuYVs81, but DCL2 is the major source of
vsiRNA in systemically infected tissues.

DCL4 and DCL2 operate normally in TuYV-infected vascu-
lature

To characterize more specifically the relative roles of DCL2
and DCL4 in infected vasculature, we employed MeSelect
(mechanical separation of leaf compound tissues), a tech-
nique which enables isolation of vascular bundle cells (73).
As expected, TuYVs81 RNA was enriched when compared
to whole leaf extracts (Figure 4A and Supplementary Fig-
ure S6A), and the loss of DCL2 lead to an increased ac-
cumulation of TuYVs81 RNA, as observed in whole leaves
(Figure 3C). Vascular vsiRNA were 22-nt in size (Figure 4B
and Supplementary Figure S6B), confirming that their pres-
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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 = 8–10 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 ago1-57 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 dcl2-1 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 Supplementary 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 = 8–10 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 P0-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 P0-less
TuYVs81 by RNA gel blot. Samples are the same as in (F), infected dcl2-1 is used a control for the absence of 22-nt. ‘@’ indicates hybridization with DNA
probe and U6 signal is the loading control.
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ence 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 (Supplementary Figure S6B) suggesting persis-
tence 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 (74) which itself represses DCL4 and DCL3 via an
unknown mechanism (8). We observed a mild decrease in
the miR162 signal in both Col-0 and ago1-57 infected vas-
culature (Figure 4B), but no appreciable difference in the
abundance of the DCL1 protein in the same tissue (Fig-
ure 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 Supplementary Figure S6C). To test if the activity of
DCL4 is impaired in the presence of TuYVs81, we mon-
itored 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 hierar-
chy 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 (5) and found that the
vsiRNA profiles were identical both for the PDS reporter
and the 3′ of RNA1 and RNA2 (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 expres-
sion or overall activity of DCL2 in infected vasculature.
Neither DCL2 nor DCL4 show vasculature-specific antivi-
ral activity when challenged with an unrelated RNA virus,
suggesting in turn manipulation of the DCL balance by the
TuYV. To test whether P0 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 TuYVs81P0–. 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. Al-
though the signal was weaker, TuYVs81P0– infection still
resulted in a major 22-nt signal (Figure 4G), indicating that
P0 is not responsible for preponderant processing of TuYV
by DCL2.

Vascular AGO1 is sensitive to P0 but is unexpectedly stabi-
lized in presence of TuYV

Next, we took advantage of the MeSelect method to observe
viral P0-driven degradation of AGO1, a feature that is ob-

scured in whole leaf tissues, and habitually observed with
over-expression of P0 in Arabidopsis (22,24,41) or in tran-
sient co-expression assays (Figure 2G). We therefore sepa-
rated vasculature from Col-0 and ago1-57 infected plants,
with both genotypes presenting a significant enrichment of
TuYVs81 RNA in the vasculature (Figure 5A and Supple-
mentary Figure S7A). Strikingly, rather than a depletion,
we observed an increased accumulation of vascular AGO1
protein in the presence of the virus, irrespective of the back-
ground used (Figure 5B and Supplementary Figure S7B).
This enrichment relative to the mock inoculated vascula-
ture 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 ob-
served for either AGO2 and AGO4 (Figure 5B and Supple-
mentary Figure S7B).

Because this observation was unexpected, given that
SCFP0 enables vacuolar degradation of ARGONAUTE
proteins (23,24), 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
(Figure 5D and Supplementary Figure S8A). This localiza-
tion was reminiscent of that of the ssRNA and CP of potato
virus X (PVX) relative to that of B2-GFP labelled dsRNA,
that are partitioned within larger ‘viral factories’ (51) also
referred to as X-bodies (75). 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 P0-tRFP, which presented bright
punctate cytosolic structures in non-inoculated leaves, colo-
calized with the VRCs in infected leaves (Figure 5E and
Supplementary Figure S8B). Thus, AGO1 and P0 localiza-
tions only partially overlap during TuYVs81 infection, sug-
gesting that only a fraction of AGO1 would be available for
ubiquitination by viral P0 at any given time.

Since AGO1 mRNA level is under tight control by the
AGO1-miR168 feedback loop (76), we monitored miR168
abundance in TuYVs81-infected Arabidopsis vasculature
(Figure 4B and Supplementary Figure S7C) and found
it to be unchanged by TuYV. Accordingly, AGO1 and
AGO2 mRNA abundance was identical in mock and
TuYVs81-infected vasculature (Figure 5F, Supplementary
Figure S7D and S7E), 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 (Supplementary Figure
S7F) that itself did not result from transcriptional activa-
tion of the transgene (Supplementary Figure S7G). We also
tested the possible involvement of the viral P0 in AGO1 sta-
bilization, or a correlation between this phenomenon and
TuYVs81 processing by DCL2 by analyzing AGO1 abun-
dance in vasculature isolated from TuYVs81P0– infected
plants, as well as in dcl2-1 plants. In both cases, AGO1 over-
accumulation was still evident (Figure 5G).

Finally, we tested the ability of P0 to degrade AGO1 and
its consequences on silencing in vascular cells by engineer-
ing a P0-HA stable line under the control of the commelina
yellow mottle virus promoter (pCoYMV) that drives spe-
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Figure 5. Vascular AGO1 is post-translationally stabilized in presence of TuYVs81 and loaded viral 22-nt siRNA promotes production of secondary
siRNA. (A) Measurement of TuYVs81 RNA in systemic whole leaves of Col-0 and ago1-57 plants (n = 8) or enriched vascular bundles of the equivalent
plants (n = 24 leaves) at 16 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 < 0.05, ***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 ago1-57, 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 �m. See also Supplementary Figure S8A for additional images. (E) P0
colocalizes with viral double stranded RNA. Representative confocal images of transiently expressed 35S:P0-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 �m. See also Supplementary Figure S8B for additional images. (F) Levels of AGO1 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-qPCR, 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 Supplementary Figure S7E for an additional experiment. (G) Analysis of AGO1 and AGO2 protein level in enriched vascular bundles of Col-0
or dcl2-1 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
P0–. ‘@’ 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 P0 enhances spreading of SUL siRNA. Image of representative individual adult
plants of WT, pCoYMV:P0-HA WT and LP1 in the SS background. (I) Vascular AGO1 is degraded in presence of WT P0-HA. Immunoblot of AGO1
and P0-HA accumulation in whole leaves (n = 4 individuals) and in enriched vascular bundles of the equivalent plants (n = 10–16 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 (I). ‘@’ indicates hybridization with DNA probe and U6 signal is the loading control. (K) Degradation
of AGO1 by vascular P0 leads to increased abundance of the AGO1 mRNA in the vasculature and decrease of the total amount of CHLI1 and CHLI2
mRNA. mRNA abundance in the same samples as (J) 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. (L) Heatmap of annotation
units showing the most variation in small RNA abundance across the eight AGO1 IP libraries. (M) Top panel: Schematic representation of the TuYVs81
genomeSUL 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 CHLI1 and CHLI2 genes (0mm). 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 ago1-57 plants.
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cific expression in companion cells (77). This transgene was
introduced into the SUC-SUL background (45) to mon-
itor silencing. Lines expressing the transgene were con-
firmed by RT-qPCR in in vitro grown seedlings and ex-
hibited vein yellowing (Supplementary Figure S9), in con-
trast to a pSUC:P15-FHA lines that prevented movement
of SUL siRNA to the neighbouring cells (15). Strikingly,
older plants containing the WT P0-HA exhibited a strong
enhancement of leaf yellowing that was absent from plants
of the same age containing the LP1 version of P0-HA (Fig-
ure 5H). Isolation of vasculature revealed the enrichment of
the P0-HA protein compared to whole leaves and the degra-
dation of vascular AGO1 by P0-HA, that was dependent
on an intact F-box motif (Figure 5I), demonstrating that
vascular cells are a suitable environment for P0-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 quantity was not changed by P0-
HA presence in the vasculature, indicating that movement
rather than biogenesis was impaired. Overall CHLI1 and
CHLI2 mRNA were decreased in the pCoYMV:P0-HA-
WT plants, due to SUL siRNA accessing transcripts far re-
moved from the vascular initiation site (Figure 5K). Vas-
cular 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 P0,
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 tis-
sues. Nevertheless, during genuine TuYVs81 infection, vas-
cular AGO1 protein is stabilized via a mechanism that is not
caused by a post-transcriptional regulation and depends
neither on P0 nor DCL2.

AGO1-loaded 22-nt vsiRNA promote production of sec-
ondary siRNA from Arabidopsis transcripts

Given that 22-nt sRNA can initiate secondary siRNA cas-
cade from AGO-targeted RNA (78,79), we wondered if
the abundant TuYV-derived 22-nt vsiRNA could lead to
production of secondary siRNA from Arabidopsis tran-
scripts. We therefore performed pairwise differential enrich-
ment analysis of sRNA reads mapping to the Arabidop-
sis genome between infected and mock samples and found
very little change apart from a few loci. Figure 5L shows
the 20 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 (41). The top-most
cluster contains nine loci that accumulate sRNA reads only
in the presence of TuYVs81. Analysis of the total RNA
datasets showed a similar behaviour for five out of nine
loci and uncovered an additional gene following this pat-
tern (Supplementary Figure S10A). Additional quantitative
analysis of the AGO1 IPs revealed very few loci presenting
sRNA enrichment with an adjusted P-value < 0.05 that did
not overlap with pre-existing sRNA, namely AT1G18480,
AT5G45930, AT5G11000 and AT4G31540 (Supplemen-
tary Figure S10B). The fact that these sRNA cohorts are

bound to AGO1 and less abundant in AGO1-57 IPs sug-
gests that they are part of a functional RISC, and that their
biogenesis is partly affected by the ago1-57 passenger strand
retention phenotype.

The two top variable loci in all cases were CHLI1
(AT1G18480) and CHLI2 (AT5G45930). Since TuYVs81
contains the 81 bp reporter fragment of CHLI1 and that
62 bp of that insert present an almost 100% sequence iden-
tity with CHLI2, we checked the siRNA distribution along
these two loci. As expected, the regions overlapping with
the s81 insert contained abundant siRNAs, but an addi-
tional population of siRNA was found corresponding to
the 3′ half of the two transcripts, that cannot be directly
attributed to TuYVs81 processing, and was mostly lost in
AGO1-57 IP (Figure 5M). We interpret this observation
as a primary source of abundant 22-nt vsiRNAs originat-
ing from the viral genome loaded into AGO1 and initi-
ating production of secondary siRNA downstream of the
targeting site. Since these primary vsiRNA are made from
a largely double stranded RNA precursor, they form per-
fectly matched duplexes that are retained into AGO1-57
(41), thus disabling production of transitive siRNA in the
mutant. Next, we analyzed CHLI1-derived siRNA (SUL
3′) by northern blot (Supplementary Figure S10C). This re-
vealed that TuYVs81-triggered secondary siRNA are 21-
nt in length, are greatly diminished in both ago1-57 and
ago1-27, are entirely lost in dcl2-1, rdr6-12 and sgs3-14 mu-
tants, and that DCL2 can replace DCL4 for their biogenesis.
Their production is specific to TuYV containing the s81 in-
sert, as neither WT TuYV nor the unrelated TuMV-GFP
elicited their production. Regarding the cause of siRNA
production from the other unrelated loci, we hypothesize
the existence of discrete TuYV regions that present micro-
homologies with the candidate genes that support produc-
tion of 22-nt vsiRNA sufficient to guide de novo transitiv-
ity. Whether vsiRNA targeting of host transcripts is merely
accidental or contributes to the infection and/or the host
response will need further investigations.

DISCUSSION

Antiviral RNA silencing mechanism against phloem-
restricted TuYV

In this study, we dissected the molecular machinery mediat-
ing antiviral silencing of the phloem-restricted polerovirus,
TuYV, which revealed several unusual characteristics. First,
we find that DCL2, rather than DCL4, is the major sup-
plier of antiviral sRNA, which results in accumulation of
large quantities of 22-nt vsiRNA produced in the vascula-
ture, in accordance with the tropism of poleroviruses. This
is in stark contrast with most viruses that have been de-
scribed and form compatible interactions with Arabidop-
sis, which usually relies on DCL4 to produce the bulk of
antiviral siRNA (4,5,11,18,80,81), or for which processing
by DCL2 is a consequence of virus manipulation, like in
the case of TCV (8,74). For TuYV, we do not observe any
perturbation of the activity of DCL2 and DCL4 in infected
vasculature, nor does loss of viral P0 affect the pattern of
vsiRNA production. Nevertheless, both DCL2 and DCL4
are required to mount a full antiviral response, as loss of
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both results in a dramatic accumulation of TuYVs81 RNA.
Accordingly, 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 dsRNA remains to be investigated, a recent
work suggests that in vivo DCL4 enzymatic activity is sen-
sitive to the intrinsic properties of target RNA, and that its
processivity might be more tunable than that of other DCL
proteins (82). Thus, although both can access the dsRNA,
perhaps TuYV dsRNA structural properties are less com-
patible with efficient processing by DCL4, leaving DCL2
free to cleave it into 22-nt. One might also ponder if depen-
dence on DCL2 might be common in nature and in diverse
pathosystems, in other words, if Arabidopsis Col-0 appar-
ent 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) (83), in maize leaves containing a novel
polerovirus (33) and in wheat infected with barley yellow
dwarf virus (BYDV) (84), suggesting that DCL2 is active
against Luteoviridae in general.

Another unexpected feature observed in our study is the
simultaneous reliance on AGO1 for silencing, with its spe-
cific stabilization in infected vasculature. Effective antivi-
ral silencing requires the function of AGO–vsiRNA effec-
tor complexes and for most well-described RNA viruses,
AGO2 seems to play a major antiviral role, alongside AGO1
(18,62–65,85). The situation is quite different in the case of
TuYVs81, for which the ago1-57 mutation was sufficient to
induce a two-fold increase in the amount of viral RNA and
the addition of the ago2-1 mutation did not lead to further
increase. We also found that the vast majority of vsiRNA
were loaded into AGO1, further underscoring its impor-
tance. Remarkably, none of the defects observed in ago1-
57 were observed in ago1-27, which is the most commonly
used hypomorphic ago1 allele. It is therefore possible that
the contribution of AGO1 to antiviral silencing in many
plant-virus interactions has been underestimated. Use of
the ago1-57 allele, that uncouples AGO1 activity in siRNA
pathways from miRNA pathways and shows little develop-
mental phenotype will no doubt prove valuable to future
investigations.

Finally, we observed that some of the TuYVs81-derived
vsiRNA can trigger the production of siRNA from host
encoded transcripts. The production of these vsiRNA-
primed secondary siRNA is made possible by the fact
that TuYVs81 RNA is cleaved by DCL2 over DCL4
to generate a cohort of 22-nt vsiRNA, which can ini-
tiate secondary siRNA cascades while 21-nt isoforms
cannot (78,79). Moreover, TuYVs81 siRNA are pref-
erentially loaded into AGO1 rather than AGO2. This
fact also converges towards the production of secondary
siRNA, as AGO1 initiates tasiRNA biogenesis (86,87).
By contrast, AGO2 loaded with a 22-nt siRNA can di-
rect cleavage of the matching RNA but cannot stimu-
late production of secondary siRNA (88). To our knowl-
edge, this is the first report of vsiRNA-directed silencing
amplification.

Curtailed role of P0 in the context of TuYV infection

Along with the sole reliance on AGO1, we clearly observe
increased accumulation of the protein, only in infected vas-
culature, a feature that did not extend to AGO2 or AGO4.
This is counterintuitive, as the experimentally validated ac-
tion of the VSR P0 is the degradation of unloaded AGO
molecules to prevent formation of vsiRNA-RISC. We fur-
ther show that this increase in vascular AGO1 protein is not
a response to the viral P0, nor a consequence of the accumu-
lation of 22-nt vsiRNA. The differences between the results
obtained with P0 in heterologous systems and the results
reported here obtained during genuine virus infection are
stark. This contrast highlights how expression of viral pro-
teins as overexpressed transgenes, while often necessary to
study their molecular features in vivo, does not always ade-
quately recapitulate their true activity within the viral life-
cycle.

When reconstituting the P0 degradation system in the
vasculature, by expressing P0 under a companion cell pro-
moter, we show that P0 leads to AGO1 degradation in the
vasculature and that this degradation depends on its F-
box motif. Thus, the local environment of the vasculature
does not hinder the function of P0, nor is vascular AGO1
insensitive to P0. Interestingly, we observe an increase of
leaf chlorosis in SUC-SUL plants that contain WT vascu-
lar P0, a phenotype opposite to that of a phloem-restricted
VSR that sequesters sRNA duplexes and leads to suppres-
sion of SUL siRNA cell-to-cell movement (15). 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 du-
plexes to exit the companion cells. This leads to increased
reach of the silencing signal to additional recipient cells,
where these siRNAs are loaded in turn and cause down-
regulation of CHLI1/2. Our observation is consistent with
the ‘consumption’ model proposed by Devers et al. (89)
in which cell-autonomous AGO proteins consume mobile
sRNAs 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 ac-
tive AGO1 population - as exemplified here in the vascula-
ture.

As commented above, however, these results are in con-
trast with our data from TuYV infections. Given that AGO1
over-accumulates in TuYV-infected vasculature, it is un-
likely that the production of the P0 protein from the viral
genome is sufficient to cause measurable AGO1 decay. As
underlined in the introduction, several observations suggest
that strong suppression activity is not necessarily favoured
by poleroviruses at large. The observations gathered here
support the notion that the activity of TuYV P0 is mostly
curtailed during infection. First: vascular AGO1 is stabi-
lized during TuYV infection (although this does not rule
out that a fraction of the AGO1 molecules can undergo P0-
directed degradation). Second: non-degradable AGO1-57
offers no advantage to the host in the context of the nat-
ural mode of infection. Third: P0 and AGO1 have contrast-
ing localizations relative to the VRCs, with AGO1 local-
izing in the proximity of the VRCs, while P0 signal over-
laps with VRCs. The specific localization of P0 at what is

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkab802/6382391 by IBM

P user on 12 O
ctober 2021



Nucleic Acids Research, 2021 17

most likely the replicating viral genome contrasts with its
described localization when overexpressed in absence of the
TuYV RNA and suggests that P0’s main activity during in-
fection is restricted to the VRCs rather than spread through-
out the cell. We therefore propose that viral P0 is mostly act-
ing 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 level of antiviral silencing and therefore
minimizing perturbation to the host miRNA pathways
is expected to increase host fitness during infection and
could be a driving mechanism for adaptation, likely to be
favoured over time. Tolerance could be achieved by tempo-
rally and/or spatially restricting silencing suppression, as
we propose for TuYV P0. Furthermore, this would theoret-
ically allow re-routing of the host RNAi pathways for the
benefit of the pathogen, as discussed above. In accordance
with this notion, several recent examples of viruses dampen-
ing their VSRs have emerged. The coat protein of Cucum-
ber mosaic virus (CMV Fny strain) inhibits the translation
of the 2b suppressor, which allows a degree of antiviral si-
lencing, promoting self-attenuation and symptom recovery
in the infected plants (90). Similarly, �C1 protein of Cotton
leaf curl Multan Betasatellite, a virulence factor for bego-
moviruses that exhibits silencing suppression activity (91),
seems to be both an activator and a target of autophagy, ef-
fectively driving its own downregulation, leading to milder
symptoms (92,93). We expect that more examples of viruses
exercising ‘self-control’ via different strategies will emerge
in the coming years.
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Graff and Pascal Genschik.

FUNDING

Pascal Genschik acknowledges support from the European
Research Council under the European Union’s Seventh
Framework Programme [FP7/2007–2013]; ERC advanced
grant [338904], IdEx Unistra [ANR-10-IDEX-0002]; SFRI-
STRAT’US project [ANR 20-SFRI-0012]; EUR IMCBio
[IMCBio ANR-17-EURE-0023]; Labex NetRNA [ANR-
10-LABX-0036]. Funding for open access charge: ERC ad-
vanced Grant [338904].
Conflict of interest statement. None declared.

REFERENCES
1. Pumplin,N. and Voinnet,O. (2013) RNA silencing suppression by

plant pathogens: defence, counter-defence and
counter-counter-defence. Nat. Rev. Microbiol., 11, 745–760.

2. Yang,Z. and Li,Y. (2018) Dissection of RNAi-based antiviral
immunity in plants. Curr. Opin. Virol., 32, 88–99.

3. Blevins,T., Rajeswaran,R., Shivaprasad,P. V., Beknazariants,D.,
Si-Ammour,A., Park,H.S., Vazquez,F., Robertson,D., Meins,F.,
Hohn,T. et al. (2006) Four plant Dicers mediate viral small RNA
biogenesis and DNA virus induced silencing. Nucleic Acids Res., 34,
6233–6246.
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