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Abstract

In eukaryotes, ARGONAUTE proteins (AGOs) associate with microRNAs (miRNAs), short
interfering RNAs (siRNAs), and other classes of small RNAs to regulate target RNA or tar-
get loci. Viral infection in plants induces a potent and highly specific antiviral RNA silencing
response characterized by the formation of virus-derived siRNAs. Arabidopsis thaliana has
ten AGO genes of which AGO1, AGO2, and AGO7 have been shown to play roles in antivi-
ral defense. A genetic analysis was used to identify and characterize the roles of AGO pro-
teins in antiviral defense against Turnip mosaic virus (TuMV) in Arabidopsis. AGO1, AGO2
and AGO10 promoted anti-TuMV defense in a modular way in various organs, with AGO2
providing a prominent antiviral role in leaves. AGO5, AGO7 and AGO10 had minor effects
in leaves. AGO1 and AGO10 had overlapping antiviral functions in inflorescence tissues
after systemic movement of the virus, although the roles of AGO1 and AGO10 accounted
for only a minor amount of the overall antiviral activity. By combining AGO protein immuno-
precipitation with high-throughput sequencing of associated small RNAs, AGO2, AGO10,
and to a lesser extent AGO1 were shown to associate with siRNAs derived from silencing
suppressor (HC-Pro)-deficient TuUMV-AS9, but not with siRNAs derived from wild-type
TuMV. Co-immunoprecipitation and small RNA sequencing revealed that viral siRNAs
broadly associated with wild-type HC-Pro during TuMV infection. These results support the
hypothesis that suppression of antiviral silencing during TuMV infection, at least in part,
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Author Summary

RNA silencing is a primary, adaptive defense system against viruses in plants. Viruses
have evolved counter-defensive mechanisms that inhibit RNA silencing through the activi-
ty of silencing suppressor proteins. Understanding how antiviral silencing is controlled,
and how suppressor proteins function, is essential for understanding how plants normally
resist viruses, why some viruses are highly virulent in different hosts, and how sustainable
antiviral resistance strategies can be deployed in agricultural settings. We used a mutant
version of Turnip mosaic virus lacking a functional silencing suppressor (HC-Pro) to un-
derstand the genetic requirements for resistance in the model plant Arabidopsis thaliana.
We focused on ARGONAUTE proteins, which have long been hypothesized to bind short
interfering RNAs (siRNAs) derived from virus genomes for use as sequence-specific
guides to recognize and target viral RNA for degradation or repression. We demonstrated
specialized antiviral roles for specific ARGONAUTES and showed that several can bind
viral siRNAs from across the entire viral genome. However, ARGONAUTE proteins are
only loaded with virus-derived siRNAs in the absence of HC-Pro, which we showed binds
siRNAs from the viral genome. This indicates that several AGO proteins, which collective-
ly are necessary for full anti-TuMV defense, need to properly load virus-derived siRNAs to
execute their antiviral roles.

Introduction

In plants, RNA silencing is a highly specific and adaptive defense mechanism against viruses
[1, 2]. Factors involved in antiviral silencing overlap with those of endogenous small RNA
pathways, and include i) small RNA biogenesis components such as Dicer-like ribonucleases
(DCLs), RNA-dependent RNA polymerases (RDRs), and double-stranded RNA (dsRNA)
binding proteins, and ii) ARGONAUTE (AGO) proteins, which function as small RNA-
binding effectors [3-6].

RNA-based silencing is triggered by dsRNA that is processed by DCLs into 21- to 24-nt
short interfering RNAs (siRNAs), which subsequently associated with AGO proteins to form
the RNA-induced silencing complex (RISC) [7, 8]. Inhibition of target RNA can occur by en-
donucleolytic cleavage (“slicing”), translational repression, or delivery of chromatin-modifying
complexes to alocus [9-11, 12]. In some cases, amplification of the silencing response occurs
by triggering dsRNA synthesis and secondary siRNA accumulation [13].

Viruses are inducers of RNA silencing; infected plants accumulate large amounts of siRNAs
derived from viral RNAs [1]. Most plant viruses encode one or more silencing suppressor pro-
teins that interfere with antiviral RNA silencing [13, 14]. One mechanism of silencing suppres-
sion by viral suppressors is through sequestration of siRNA duplexes [1], preventing assembly
of the RISC effector complex. Other viral silencing suppressors promote AGO degradation
[15-19], prevent slicing or degradation of target RNAs by associating with AGOs [20, 21], or
use other mechanisms (for a recent review see Nakahara and Masuta 2014 [22]). In effect, viral
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suppressors mask the effects of antiviral silencing, making genetic analysis of antiviral silencing
factors in host plants dependent on the use of suppressor-deficient viruses [3, 4, 6, 23].

A. thaliana has ten AGO genes [24], of which AGO1, AGO2 and AGO7 have been implicat-
ed in antiviral defense against various viruses by genetic and biochemical criteria [6, 25-31].
Antiviral roles for AGO3 and AGO5 have also been suggested based on virus-derived siRNA
association and/or in vitro analyses [8, 32]. One model for AGO antiviral activity states that
AGO proteins bind virus-derived siRNAs and directly repress viral RNA through slicing, trans-
lational repression, or other mechanisms [2, 8, 33]. Given that AGO-dependent regulation of
gene expression affects numerous biological processes, including DNA repair [34], AGO pro-
teins might also affect virus replication indirectly through regulation of genes with roles in de-
fense. For example, AGO2-miR393* complexes regulate the expression of MEMBRIN 12
(MEMB12), which is required for resistance to Pseudomonas syringae in A. thaliana [35].
Moreover, some AGO proteins are known to modulate the activity of other AGO proteins
[36, 37], which could affect AGOs with roles in antiviral defense.

Potyviral HC-Pro is a suppressor of RNA silencing. As shown using potyviruses like Turnip
mosaic virus (TuMV) [23, 38], the counter-defensive function of HC-Pro is necessary for estab-
lishment of infection or systemic spread. HC-Pro has been proposed to function through se-
questration of virus-derived siRNAs [39-44]. HC-Pro may also function through physical
interaction with factors like the transcription factor RAV2 [45], translation initiation factors
elF(is0)4E and eIF4E [46], calmodulin-related protein (CaM) [47], auxiliary proteins like Heat
Shock Protein 90 (HSP90) [48], and/or through effects on downstream defense or silencing fac-
tors [49, 50]. Here, the role of several A. thaliana AGOs in antiviral defense against TuMV was
analyzed in various organs of systemically infected plants. The impact of HC-Pro on the load-
ing of antiviral AGOs with virus-derived siRNAs was also studied.

Results
AGO2 has a strong antiviral effect in leaves

Three of the ten A. thaliana AGO genes have been implicated in antiviral defense: AGO1 against
Cucumber mosaic virus (CMV) [25], Turnip crinkle virus (TCV) [6, 33], and Brome mosaic virus
(BMV) [30]; AGO2 against TCV [26], Potato virus X (PVX) [27], CMV [26, 28, 29], and TuMV
[31]; and AGO?7 against TCV [6]. To identify the complete set of AGOs required for antiviral de-
fense against TuMV in A. thaliana, single, double, and triple ago mutants were inoculated with a
GFP-expressing form of parental TuMV (TuMV-GFP) and HC-Pro-deficient TuMV-AS9-GFP
[23]. The GFP sequence was inserted between P1 and HC-Pro sequences (Fig. 1A). Both TuMV
and TuMV-GFP require translation factor eIF(is0)4E [51], and lead to similar virus-derived
siRNA profiles in wild-type and dicer-like mutant A. thaliana [23]. To determine if AGOs have
spatially distinct functions, TuMV-GFP and TuMV-AS9-GFP accumulation was analyzed in in-
oculated rosette leaves, and in noninoculated cauline leaves and inflorescences. Establishment of
local and systemic infection was monitored using GFP fluorescence, and virus accumulation in
inoculated and noninoculated tissues was measured by immunoblotting assays (coat protein) as
described [23].

Parental TuMV-GFP was detected in inoculated leaves and noninoculated inflorescences of
all single ago mutants analyzed (Table 1 and Fig. 1B). Local infection of single agol mutants
was significantly lower than that of wild-type Col-0 (Fig. 1B), but this was likely due to the dif-
ficulty of inoculating the smaller leaves of hypomorphic mutants containing ago! alleles.

As described for A. thaliana rdr and dcl mutants [23], suppressor-deficient TuMV-AS9-GFP
was expected to infect only those plants lacking one or more AGOs with a role in antiviral de-
fense. No infection foci were detected in wild-type Col-0 plants (Fig. 1B and Table 1). Local
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A Schematic representation of TuMV and TuMV-GFP genomes
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Fig 1. Local and systemic infection of A. thaliana single ago mutants by TuMV-GFP and
TuMV-AS9-GFP. (A) Schematic representation of the TuMV and TuMV-GFP genomes showing insertion of
GFP between P1 and HC-Pro, and the AS9 mutation on HC-Pro. (B) Visualization of local infection of
inoculated rosette leaves. Pictures were taken at 7 days post inoculation (dpi). Col-0 infected by TuMV-GFP
is shown for comparison. The histogram shows average (+ SE) infection efficiency of 14 plants, each with
four inoculated leaves. Infection efficiency by TuMV-GFP or TuMV-AS9-GFP is expressed relative to Col-0
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(9.8 £ 2 foci per leaf) or to dcl2-1 dcl3-1 dcl4-2 (3.5 + 1.4 foci per leaf), respectively. For each virus, bars with
the same letter are not statistically different (Tukey’s test with a = 0.05). (C) TuMV-AS9-GFP coat protein
(CP) accumulation in noninoculated cauline leaves and in inflorescence at 15 dpi is determined by
immunoblotting and expressed relative to dc/2-1 dcl3-1 dcl4-2. The histogram shows average (+ SE) of four
biological replicates. Bars with the same letter are not statistically different (Tukey’s test with a = 0.05). The
experiment was repeated twice with similar results.

doi:10.1371/journal.ppat.1004755.9001

infection foci of suppressor-deficient TuMV-AS9-GFP were readily visible at 7 days post inocu-
lation (dpi) in ago2-1 mutant plants (Fig. 1B and Table 1), and infection efficiency was not sig-
nificantly different than that of the dcl2-1 dcI3-1 dcl4-2 triple mutant, which served as the
hypersusceptible, silencing-deficient control (Fig. 1B) [23]. Low numbers of infection foci were
also detected in single ago5-2, zip-1 (ago7), and ago10-5 mutant plants (Fig. 1B and Table 1).
Systemic movement of TuMV-AS9-GFP into cauline leaves was detected at 15 dpi in ago2-1
plants, and also in ago5-2, zip-1, and ago10-5 plants though at significantly lower levels (Fig. 1C

Table 1. TUMV-GFP and TuMV-AS9-GFP infection in single ago mutants 2.

Virus Arabidopsis genotype

TuMV-GFP
Col-0
ago1-25
ago1-27
ago2-1
ago3-2
ago4-2
ago5-2
ago6-3
zip-1
ago8-1
ago9-5
ago10-5
dcl2-1 dcl3-1 dcl4-2

TuMV-AS9-GFP
Col-0
ago1-25
ago1-27
ago2-1
ago3-2
ago4-2
ago5-2
ago6-3
zip-1
ago8-1
ago9-5
ago10-5
dcl2-1 dcl3-1 dcl4-2

Plants inoculated Local infection Cauline leaves Inflorescence
14 14 14 14
14 14 14 14
14 14 14 14
14 14 14 14
14 14 14 14
14 14 14 14
14 14 14 14
14 14 14 14
14 14 14 14
14 14 14 14
14 14 14 14
14 14 14 14
14 14 14 14
14 0 0 0
14 0 0 0
14 0 0 0
14 14 14 0
14 0 0 0
14 0 0 0
14 6 6 0
14 0 0 0
14 5 5 0
14 0 0 0
14 0 0 0
14 7 7 0
14 14 14 14

& Number of plants showing local and systemic infections were scored by GFP fluorescence under UV illumination. Local infection foci were counted at 7
days post-inoculation (dpi). All other data is from plants at 15 dpi.

doi:10.1371/journal.ppat.1004755.t001
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and Table 1). In cauline leaves from single ago2-1 mutant plants, TuMV-AS9-GFP accumulated
to approximately 60% of the level measured in dcl2-1 dcl3-1 dcl4-2 plants, while ago5-2, zip-1,
and ago10-5 plants accumulated TuMV-AS9-GFP to approximately 10% of the levels measured
in the hypersusceptible control (Fig. 1C). In contrast to dcl2-1 dcl3-1 dcl4-2 plants, systemic in-
fection by TuMV-AS9-GFP did not reach inflorescence tissues in any of the single ago mutant
or Col-0 plants (Fig. 1C and Table 1). Systemic infection did not reach cauline leaves in any of
the other single ago mutants or Col-0 plants (Fig. 1C and Table 1).

AGO1 and AGO10 have modest antiviral effects in inflorescences

To determine if the major effect of AGO2 was additive with the minor effects of AGO5, AGO7
and AGO10, and to examine if AGO1 possessed redundant or masked activities, double and
triple ago mutant plants were inoculated with TuMV-GFP or TuMV-AS9-GFP, and virus ac-
cumulation was measured in inoculated and noninoculated organs as described above. To re-
duce the effect of differences in leaf size, we planted mutant lines with the agol-27 allele one
week earlier than the other mutant lines inoculated at the same time. Parental TuMV-GFP in-
fected locally (Fig. 2A panels I and IT) and moved systemically into the inflorescence of all dou-
ble and triple ago mutants analyzed (Tables 2 and 3), with no significant differences in
infection efficiency.

In double mutants harboring the ago2-1 allele and one of ago5-2, zip-1, or ago10-5 alleles,
no significant differences in number of infection foci were detected at 7 dpi in rosette leaves in-
oculated with TuMV-AS9-GFP (Fig. 2A panel I and Table 2). Similarly, no significant differ-
ences were detected in TuMV-AS9-GFP coat protein accumulation in cauline leaves at 15 dpi
(Fig. 2B panel I). As observed for the ago single mutants, TuMV-AS9-GFP was not detected in
inflorescences from double mutant plants containing the ago2-1 allele (Fig. 2B panel I). These
results indicate that the minor activities of AGO5, AGO7 and AGO10 are not additive with the
major antiviral activity of AGO2. Double and triple mutants harboring the ago1-27 allele were
generated and inoculated with parental TuMV-GFP or suppressor-deficient TuMV-AS9-GFP.
Col-0 plants and agol-27, ago2-1 and ago10-5 single mutant lines were included as controls.
Local TuMV-AS9-GFP infection foci were observed in inoculated rosette leaves, and virus was
detected in noninoculated cauline leaves, from agol-27 ago2-1 double mutant plants, but
agol-27 had no enhancing or suppressing effects when combined with ago2-1 (panel II in
Fig. 2A and 2B, Table 3). Combining agol-27 with ago10-5, or with ago2-1 and ago10-5in a
triple mutant, had no effects on local TuMV-AS9-GFP infection foci (Fig. 2A panel II) or accu-
mulation in cauline leaves beyond those measured in the single ago2 or double ago2 ago10 mu-
tants (Fig. 2B panels I and II, and Table 3). However, combining ago1-27 with ago10-5
resulted in an increase in TuMV-AS9-GFP CP accumulation in cauline leaves relative to single
ago10-5 mutants (Fig. 2B panel II). Infection efficiency of agol single, double or triple mutants
by TuMV-GFP was similar to that of wild type plants (Fig. 2A panels IT and III), and infection
efficiency of agol-27 ago2-1 double and ago1-27 ago2-1 ago10-5 triple mutants by TuM-
V-AS9-GFP was similar to that of dcl2-1 dcl3-1 dcl4-2 plants used as susceptible control
(Fig. 2A panel IT). Thus, both the lack of TuMV-AS9-GFP infection in single agol mutants and
the lack of systemic infection of inflorescence in agol-27 ago2-1 double mutants were not due
to pleiotropic effects.

Surprisingly, systemic infection of inflorescence tissue was detected in the ago1-27 ago10-5
double mutant and agol-27 ago2-1 ago10-5 triple mutant plants (Fig. 2B panel III and
Table 3). Among all single and combination ago mutants tested, only those containing both
agol and agol0 defects exhibited movement to, and accumulation in, inflorescences. However,
while TuMV-AS9-GFP was detected in all inflorescence clusters of the dcl2-1 dcl3-1 dcl4-2

PLOS Pathogens | DOI:10.1371/journal.ppat.1004755 March 25, 2015 6/27
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A Local infection by TuMV-GFP and TuMV-AS9-GFP at 7 dpi
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Fig 2. Local and systemic infection of a selected group of double and triple ago mutants by TuMV-GFP and TuMV-AS9-GFP. (A) Local infection
efficiency. Panel I: infection efficiency of TUMV-GFP or TuUMV-AS9-GFP is expressed relative to Col-0 (19.6 + 3.3 foci per leaf) or to dc/2-1 dcl3-1 dcl4-2
(2.2 £ 0.7 foci per leaf), respectively. The histogram shows the average (+ SE) of 10 plants, each with four inoculated leaves. Panel Il: local infection of
inoculated rosette leaves for a selected group of mutants harboring ago7-27. The histogram shows average (+ SE) infection efficiency of 14 plants, each with
four inoculated leaves. Infection efficiency of TUMV-GFP or TuUMV-AS9-GFP is expressed relative to Col-0 (4.1 + 1.2 foci per leaf) or to dc/2-1 dcl3-1 dcl4-2
(2.8 £ 1.1 foci per leaf), respectively. Panel lll: Representative leaves of ago7-27 single and ago1-27 ago2-1 double mutants showing TuMV-GFP local
infection foci. ago1-27 ago2-1, but not ago1-27, was infected by TuMV-AS9-GFP. Col-0 is shown for comparison. Pictures were taken at 7 dpi under UV
light. (B) Systemic infection. TuMV-AS9-GFP coat protein accumulation in noninoculated cauline leaves and in inflorescence at 15 dpi. Panel I: double
mutants harboring ago2-1. Panel II: double and triple mutants harboring ago7-27 and ago710-5. The histograms show average (+ SE) of four biological
replicates, expressed relative to dc/2-1 dcl3-1 dcl4-2. Bars with the same letter are not statistically different (Tukey’s test with a = 0.05). Panel llI: in double
and triple mutants harboring ago7-27, inflorescence samples were collected only from clusters showing systemic GFP.

doi:10.1371/journal.ppat.1004755.9002

triple mutant reference, in ago1-27 ago10-5 and in ago1-27 ago2-1 ago10-5 TuMV-AS9-GFP
was detected only in 4% and 14% of the inflorescence clusters, respectively (Table 3). In inflo-
rescences of agol-27 ago10-5 and agol-27 ago2-1 ago10-5 plants with visible GFP fluores-
cence, TuMV-AS9-GFP CP accumulated to 5% and 10% relative to the dcl2-1 dcl3-1 dcl4-2
triple mutant (Fig. 2B panel III).

Collectively, the genetic analysis of local and systemic infection using TuMV-AS9-GFP re-
vealed two sets of AGOs that limit infection. In inoculated rosette and noninoculated cauline
leaves, AGO2 plays a major antiviral role, while AGO5, AGO7 and AGO10 play minor roles
that are non-additive with AGO2. In noninoculated inflorescence tissues, AGO1 and AGO10
play overlapping or redundant antiviral roles, but these functions likely account for only a frac-
tion of the RNA-mediated antiviral activity. It is possible that other factors, including AGO
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Table 2. TUMV-GFP and TuMV-AS9-GFP infection in selected ago2-1 based double mutants®.

Virus

TuMV-GFP

TuMV-AS9-GFP

Arabidopsis
genotype

Col-0

ago2-1

ago2-1 ago5-2
ago2-1 zip-1

ago2-1 ago10-5
dcl2-1 dcl3-1 dcl4-2

Col-0

ago2-1

ago2-1 ago5-2
ago2-1 zip-1

ago2-1 ago10-5
dcl2-1 dcl3-1 dcl4-2

Plants
inoculated

10
10
10
10
10
10

10
10
10
10
10
10

Local
infection

10
10
10
10
10
10

0

10
10
10
10
10

Cauline
leaves

10
10
10
10
10
10

0

10
10
10
10
10

Inflorescence

10
10
10
10
10

- O O O O o

0

& Number of plants showing local and systemic infections were scored by GFP fluorescence under UV illumination. Local infection foci were counted at 7
days post-inoculation (dpi). All other data is from plants at 15 dpi.

doi:10.1371/journal.ppat.1004755.t002

Table 3. TUMV-GFP and TuMV-AS9-GFP infection in selected ago71-27 based combination mutants 2.

Virus

TuMV-GFP

TuMV-AS9-GFP

Arabidopsis
genotype

Col-0

ago1-27

ago2-1

ago10-5

ago1-27 ago2-1

ago1-27 ago10-5
ago1-27 ago2-1 ago10-5
dcl2-1 dcl3-1 dcl4-2

Col-0

agoi1-27

ago2-1

ago10-5

ago1-27 ago2-1
ago1-27 ago10-5
ago1-27 ago2-1 ago10-5
dcl2-1 dcl3-1 dcl4-2

Plants
inoculated

14
14
14
14
14
14
14
14

14
14
14
14
14
14
14
14

Local
infection

14
14
14
14
14
14
14
14

0
0
14
8
14
14
14
14

Cauline
leaves

14
14
14
14
14
14
14
14

0
0

14
6

14
14
14
14

Inflorescence

14
14
14
14
14
14
14

- 00 W O O O O o

4

Percent ®

100
100
100
100
100
100
100
100

—_

+

- =4 N~ O O O O O

0

412
0

& Number of plants showing local and systemic infections were scored by GFP fluorescence under UV illumination. Local infection foci were counted at 7

days post-inoculation. All other data is from plants at 15 dpi.

® Proportion (%) of inflorescence clusters showing GFP with respect to the total number of clusters on each plant with inflorescence GFP fluorescence.

doi:10.1371/journal.ppat.1004755.t003
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proteins not analyzed here, have a role in protecting inflorescence tissue from virus infection.
The scope of subsequent AGO analyses was restricted to the functions of AGO1, AGO2 and
AGO10 in the presence and absence of functional HC-Pro.

Differential association of AGO2 with viral siRNAs in the presence and
absence of functional HC-Pro

We hypothesized that AGO proteins with anti-TuMV activity associate with TuMV-derived
siRNAs. This idea was tested first with epitope-tagged AGO2 in plants inoculated with parental
TuMYV or HC-Pro-defective TuMV-AS9 (lacking GFP) [23]. AGO2 immunoprecipitation and
small RNA sequence analyses were done using transgenic A. thaliana expressing a triple-hem-
agglutinin (HA) epitope-tagged, catalytically inactive form of AGO2 (HA-AGO2pap). The sec-
ond of three aspartic acid residues of AGO2 was substituted with alanine; this substitution
eliminates antiviral activity of AGO2, but preserves both the siRNA-binding and target RNA-
binding functions [31]. These experiments require the use of plants lacking AGO2-mediated
antiviral functions, as infection by TuMV-AS9 would otherwise be blocked (Figs. 1 and 2) [31].

Small RNAs from the input (pre-immunoprecipitated) and HA-AGO2pap co-immunopre-
cipitated fractions from inoculated rosette leaves and noninoculated inflorescences of TuMV-
infected plants were analyzed from duplicate biological samples. Only reads that matched to ei-
ther the A. thaliana or TuMV genomes without mismatches were analyzed (S1 Table). For
each individual sample, read counts were scaled with respect to the total number of adaptor-
parsed reads (reads per million) for the corresponding flow cell (eight individual samples). In
mock-inoculated plants, a small number of reads from the input fractions mapped to TuMV
(S1-S4 Tables, and S1 Fig). The source of these reads could be contamination, sequencing
error, or portions of the A. thaliana genome. Based on the number of reads from mock-inocu-
lated plants mapping to the TuMV genome, the false positive rate (proportion of parsed reads
artifactually mapping to TuMV) was estimated to be between 9.8X10°° and 1.0X10™*, which
should not have affected subsequent analyses.

In input fractions from TuMV-infected plants expressing HA-AGO2p 5p, the proportion of
reads mapping to the A. thaliana genome, as opposed to TuMYV, varied from 77% (averaged
across replicates) to 84% for different tissues (S1A Fig). Sequences mapping to TuMV were main-
ly 21-nt and 22-nt (S1A Fig). Accordingly, the detailed analyses for HA-AGO2pap and other
proteins (discussed below) were focused on 21-nt (Figs 3-6) and 22-nt sequences (53-S7) Figs.

Endogenous A. thaliana 21-nt small RNAs were enriched in HA-AGO2p ,p immunoprecipi-
tates from leaves or inflorescence of mock-inoculated (4.5 to 10 fold) or TuMV-infected samples
(2.7 to 6.3 fold) (S2A Fig). Enriched sequences in HA-AGO2pap immunoprecipitates had pre-
dominantly a 5’A nucleotide, as previously reported for AGO2-associated small RNAs [52, 53],
or a 5’U nucleotide (S2A Fig). Specific miRNA, miRNA* and trans-acting siRNA (tasiRNA) pop-
ulations were enriched in HA-AGO2p ,p immunoprecipitates from both mock-inoculated (2.3
to 31 fold), and to a lesser extent, TuMV-infected (1.8 to 16 fold) rosette leaves (S8A Fig). Micro-
RNA read counts for input and immunoprecipitates from this and subsequent analyses are pro-
vided in S1 Dataset. MiR390 and miR393* were shown previously to co-immunoprecipitate with
AGO?2 [35, 52]. In mock-inoculated and TuMV-infected rosette leaves, the number of miR390
reads in HA-AGO2p ,p immunoprecipitates was 260 and 65 fold higher, respectively, than in
the corresponding input samples. Similarly, miR393* reads were enriched 125 and 60 fold in
HA-AGO2p 4 p immunoprecipitates from mock-inoculated and TuMV-infected rosette leaves,
respectively. Therefore, enrichment of A. thaliana small RNA populations that are known to be
associated with AGO2 occurred as expected.
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Fig 3. Profile of endogenous and TuMV-derived siRNAs in plants expressing HA-AGO2pp in an ago2-1 background. Values are average and SE
from two biological replicates normalized to reads per million. Inoculated rosette leaf and systemically infected cauline leaf samples were collected at 7 and
15 dpi, respectively. Inflorescence samples were collected at 10 dpi. (A) Panel I: number of reads by size, class, and polarity, for TuMV-derived siRNAs in
input and HA-AGO2pap IP. Panel Il: for 21 and 22 nt TuMV-derived siRNAs, enrichment in HA-AGO2pap IP. Enrichment is defined as immunoprecipitate (IP)
reads/ input reads, expressed on a log, scale. Panel Ill: proportion (in percentage) of 5’ ntin 21 nt and 22 nt TuMV-derived siRNAs by fraction. Numbers were
rounded to the nearest integer. (B) and (C) TuMV genome-wide distribution of 21 nt TuMV-derived siRNAs in input (B) and HA-AGO2pp IP (C). Panel I:

PLOS Pathogens | DOI:10.1371/journal.ppat.1004755 March 25, 2015 10/27



@ PLOS | PATHOGENS Restriction of TuMV by ARGONAUTES

TuMV-infected inflorescence. Panel II: TuMV-inoculated rosette leaves. Panel llI: rosette leaves inoculated with TuUMV-AS9. Panel IV: cauline leaves
systemically infected with TuMV-AS9. Reads were plotted for each 1 nt position. The scale was capped at 150 reads.

doi:10.1371/journal.ppat.1004755.9003

In TuMV-inoculated rosette leaves, and systemically infected inflorescence, virus-derived
siRN'As were abundant, representing 17% and 23%, respectively, of mapped reads in input
samples (S1A Fig). Reads mapped to both sense (genomic strand) and antisense strands across
the entire TuMV genome. However, both 21- and 22-nt TuMV-derived siRNAs were depleted
in HA-AGO2pp immunoprecipitates (Fig. 3A panels I and II, Fig. 3B and 3C panels I and II,

A Association of TuMV-derived siRNAs with HA-AGO1,,,
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Fig 4. Profile of endogenous and TuMV-derived siRNAs in plants expressing HA-AGO1p,4 in an ago2-1 background. Labels are as in Fig. 3.
Inflorescence samples were collected at 10 dpi. Inoculated rosette leaf and systemically infected cauline leaf samples were collected at 7 and 15
dpi, respectively.

doi:10.1371/journal.ppat.1004755.9004
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Fig 5. Profile of endogenous and TuMV-derived siRNAs in plants expressing HA-AGO10. Labels are as in Fig. 3. Catalytically active HA-AGO10ppH
and catalytic mutant HA-AGO10pan Were expressed in a wild-type Col-0 (AGO2) or ago2-1 background, respectively. Inflorescence samples were collected
at 10 dpi. Inoculated rosette leaf and systemically infected cauline leaf samples were collected at 7 and 15 dpi, respectively.

doi:10.1371/journal.ppat.1004755.9005

and S3 Fig); only a small number of individual TuMV-derived siRNAs were
marginally enriched.

In leaves of TuMV-AS9-infected plants, endogenous A. thaliana small RNAs were again en-
riched (2.7 to 4.6 fold) in HA-AGO2p4p immunoprecipitates, with patterns expected of
AGO2-associated small RNAs (S2A Fig). Virus-derived siRNAs represented 7% or 16% of
mapped reads in input samples from inoculated rosette leaves or systemically infected cauline
leaves, respectively (S1A Fig). However, in striking contrast to TuMV-infected samples, both
21- and 22-nt TuMV-AS9-derived siRNAs were highly enriched relative to TuMV-derived
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A Infectious clones of parental and modified TuMV
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Fig 6. Profile of TuMV-derived siRNAs in plants infected with TuMV-HIS or TuUMV-HIS-AS9. (A) Panel |: schematic representation of the TuMV genome
and modified clones with an AS9 mutation and a 6xHIS tag (TuMV-HIS). Coordinates correspond to wild-type TuMV. The 6xHIS tag fused in frame to HC-Pro
is underlined. Panel II: representative blot CP and HC-Pro accumulation in inflorescence of Col-0 at 10 dpi. (B) CP and HC-Pro accumulation in input and
HC-Pro (wild-type and AS9) immunoprecipitation from cauline leaves of ago2-1 plants. Samples from plants infected with TuMV-HIS or TuUMV-HIS-AS9 were

collected at 10 and 15 dpi, respectively. 6.25 g of total protein or 10 pl of immunoprecipitate (IP) were loaded for TuUMV-HIS input and IP samples,
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respectively. Amounts were doubled for TuUMV-HIS-AS9 input and IP. (C) Panel I: number of reads by size, class, and polarity, for TuMV-derived siRNAs in
input and wild-type or AS9 HC-Pro IP. Panel Il: enrichment in HC-Pro IP as in Fig. 3. Panel lll: proportion (in percentage) of 5’ ntin 21 nt and 22 nt TuMV-
derived siRNAs by fraction. Panel IV: bars show the enrichment of TuMV-derived siRNAs by 5’ nt and polarity. (D) and (E) TuMV genome-wide distribution of
21 nt TuMV-derived siRNAs in input (D) and HC-Pro IP (E). Reads were plotted for each 1 nt position. The scale was capped at 150 reads.

doi:10.1371/journal.ppat.1004755.9006

siRNAs in HA-AGO2p 4 p immunoprecipitates from both inoculated rosette leaves and system-
ically infected cauline leaves (Fig. 3A panels I and II, Fig. 3B and 3C panels IIl and IV, and

S3 Fig). Among co-immunoprecipitated siRNAs, those containing a 5’A were overrepresented
(Fig. 3A panel III). Association of AGO2 with siRNAs derived from TuMV-AS9, but not from
TuMYV, was verified by small RNA northern blot assays (S9 Fig). These results indicate that
programming of AGO2 with TuMV-derived siRNAs is inhibited in the presence of active
HC-Pro.

Differential association of AGO1 and AGO10 with viral siRNAs in the
presence and absence of functional HC-Pro

A similar experimental design was used to test the association of tagged AGO1 and AGO10
with TuMV and TuMV-AS9-derived siRNAs. To enable infection by suppressor-deficient
TuMV-AS9, transgenic A. thaliana plants expressing catalytically defective HA-AGOlpay
[31] or HA-AGO10pay were produced in the TuMV-AS9-permissive ago2-1 background.
Phenotypic defects associated to catalytic mutant HA-AGO1p sy were more severe in an agol-
25 mutant that in a wild-type (AGOI) background [31]. Effects of catalytically defective
HA-AGO10pay on plant phenotype were not known, so transgenic A. thaliana plants express-
ing catalytically active HA-AGO10ppy in a wild-type Col-0 background were also generated.
Transgenic lines were inoculated with TuMV or TuMV-AS9 and samples from inoculated ro-
sette leaves and systemically infected cauline leaves or inflorescences were collected from bio-
logical replicates. Small RNAs from input samples and immunoprecipitated fractions were
sequenced, and reads were mapped and counts were scaled as described above. Tagged versions
of AGO1 and AGO10 associated with small RNAs with a 5’U, as expected (S2B and S2C Fig
panel IT) [36, 52-54], and the proportion of A. thaliana and TuMV-derived siRNAs (S1B and
S1C Fig) was similar to the observed in plants expressing HA-AGO2 (S1A Fig).

In mock-inoculated samples, endogenous A. thaliana 21-nt small RN As were enriched 5 to
15 fold, and 5 to 7 fold, in HA-AGO1lpay and HA-AGO10p 4 immunoprecipitates, respec-
tively. In TuMV- and TuMV-AS9-infected samples, A. thaliana 21-nt small RNAs were en-
riched 5 and 15 fold, respectively, in HA-AGO1p s immunoprecipitates (S2B Fig panel I). In
TuMV-infected samples, A. thaliana 21-nt small RNAs were enriched 1.5 and 2.5 fold in
HA-AGO10ppy immunoprecipitates from inflorescences and rosette leaves, respectively
(S2C Fig panel I). In TuMV-AS9-infected samples, A. thaliana 21-nt small RNAs were en-
riched 7 fold in HA-AGO10p 2y immunoprecipitates from cauline leaves (S2C Fig panel I). Se-
quences with a 5’U were enriched with both AGOs (panel II in S2B and S2C Fig), as expected
[36, 52-54]. MiRNAs were enriched in HA-AGO1pay and HA-AGO10p sy immunoprecipi-
tates from both mock-inoculated (7 to 50 fold) and TuMV-infected (3 to 25 fold) samples,
while miRNA* and tasiRNA populations were variable (S8B and S8C Fig). For example,
miR166 reads were enriched 30 and 45 fold in HA-AGO1p sy immunoprecipitates from inflo-
rescences of mock-inoculated and TuMV-infected plants, respectively. MiR168 reads were like-
wise enriched 20 and 12 fold. MiR166 reads were enriched 900 and 60 fold in HA-AGO10pay
immunoprecipitates from mock-inoculated and TuMV-infected plants, respectively, in agree-
ment with previous observations [36].
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In rosette and inflorescence tissues from each of the transgenic lines, TuMV infection trig-
gered abundant 21- and 22-nt siRNAs that originated from sense and antisense strands across
the entire viral genome (Figs. 4B and 5B). However, as with HA-AGO2p ,p immunoprecipi-
tates, TuMV-derived siRNAs were depleted in both HA-AGO1pay (Fig. 4A-4C panels I and
II, and $4 Fig) and HA-AGO10ppy (Fig. 5A-5C panels I and II, and S5 Fig) immunoprecipi-
tates. By contrast, in plants infected with suppressor-deficient TuMV-AS9, virus-derived siR-
NAs were enriched in HA-AGO10p 4 immunoprecipitates (Fig. 5A panels I and II, Fig. 5B
and 5C panels III, and S5 Fig), and had predominantly a 5°U nucleotide (Fig. 5A panel III). In-
dividual highly enriched sequences were distributed across the TuMV-AS9 genome (Fig. 5C
panel IIT and S5 Fig), suggesting that AGO10 may target all regions of TuMV-AS9 genome.
TuMV-AS9-derived siRNAs were present in HA-AGO1p 4y immunoprecipitates at a higher
level than in immunoprecipitates from plants infected with parental TuMV, although the over-
all population of TuMV-AS9-derived siRNAs was depleted relative to the input fraction
(Fig. 4A panels I and II, Fig. 4B and 4C panel III, and S4 Fig). Only a few individual sequences
were enriched; these sequences had predominantly a 5°U nucleotide (Fig. 4A panel III). Be-
cause depletion of TuMV-AS9-derived siRNAs in HA-AGO1p g immunoprecipitates was 60
to 1,200 fold lower than in TuMV-infected samples, we reasoned that AGO1 does interact with
virus-derived siRNAs, but to a lesser extent than both AGO2 and AGO10.

HC-Pro associates with siRNAs derived from the entire TuUMV genome

Results described above show that AGO1, AGO2 and AGO10 associate at low levels with pa-
rental TuMV-derived siRNAs. In contrast, AGO2 and AGO10, and to a much lesser extent
AGOL1, associate with siRNAs derived from the suppressor-deficient TuMV-AS9 genome.
Only two residues (R238A and V240A) in HC-Pro differ between TuMV and TuMV-AS9
(Fig. 6A panel I) [23, 38]. We hypothesized that i) HC-Pro associates with siRNAs-derived
from the entire TuMV genome and sequesters them from AGO proteins, and ii) the AS9 muta-
tion in HC-Pro reduces siRNA-binding activity. HC-Pro is known to have small RNA-binding
activity [39, 43, 44, 55], but the extent to which it binds siRNAs in the context of TuMV infec-
tion has not been described. To measure the extent to which HC-Pro binds small RNA using
the immunoprecipitation assay, we introduced an N-terminal 6xHistidine tag (HIS4) in the
context of the TuMV (TuMV-HIS) and TuMV-AS9 (TuMV-HIS-AS9) genomes (Fig. 6A
panel I). The addition of HIS4 to HC-Pro did not affect viral coat protein accumulation

(Fig. 6A panel II), but enabled specific immunoprecipitation of HC-Pro from plants infected
with TuMV-HIS and TuMV-HIS-AS9 (Fig. 6B).

Small RNAs from input and immunoprecipitated fractions obtained from plants inoculated
with TuMV-HIS and TuMV-HIS-AS9 were sequenced. Because TuMV-HIS-AS9 accumulated
more slowly than TuMV-HIS, TuMV-HIS samples were collected earlier than TuMV-HIS-AS9
samples (10 and 15 dpi, respectively), and twice as much input and immunoprecipitate materi-
als for TuMV-HIS-AS9 samples were analyzed. The longer infection time and doubling of ma-
terials for TuMV-HIS-AS9 resulted in similar protein levels for HIS-HC-Pro and
HIS-HC-Pro-AS9 input and immunoprecipitate fractions (Fig. 6B).

Endogenous A. thaliana small RNAs were depleted in suppressor-deficient HC-Pro-AS9
immunoprecipitates. Similarly, 22-, 23- and 24-nt A. thaliana endogenous small RNAs were
depleted in wild-type HC-Pro immunoprecipitates (S6A Fig). In samples from systemically in-
fected inflorescence or cauline leaves, A. thaliana endogenous 21-nt small RNAs were margin-
ally enriched (2 fold) or depleted, respectively, in wild-type HC-Pro immunoprecipitates
(S6A Fig). While miRNAs were depleted, miRNA* and tasiRNAs were enriched in HC-Pro im-
munoprecipitates (S6B-S6C Fig). Specifically, reads corresponding to miR390 and miR390*
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were enriched 8 and 64 fold, respectively, in wild-type HC-Pro immunoprecipitates. MiR166
reads were depleted 5 fold, whereas miR166* reads were enriched 16 fold in wild-type
HC-Pro immunoprecipitates.

In contrast with results obtained for HA-AGO1p a1, HA-AGO2pap and HA-AGO10ppy
from TuMV-infected plants (compare panel I in Fig. 3C-5C to Fig. 6E), TuMV-derived siRNAs
were highly enriched in HIS-HC-Pro immunoprecipitates from cauline leaves and inflores-
cence (Fig. 6C panels I and II, and Fig. 6D and 6E panels I and II). No 5’ nt preference was evi-
dent (Fig. 6C panels III and IV). HIS-HC-Pro associated preferentially with 21-nt over 22-nt
siRNAs in samples from both cauline leaves and inflorescences (Fig. 6C, 6D-E panels I and II,
and S7 Fig). In contrast, TuMV-HIS-AS9-derived siRNAs from across the genome were deplet-
ed in the HIS-HC-Pro-AS9 immunoprecipitates from systemically infected cauline leaves; only
a few individual sequences were enriched (Fig. 6C panels I and II, 6D and 6E panel III, and
S7 Fig). These results indicate that wild-type HC-Pro associates with TuMV-derived siRNAs,
and that the AS9 mutation disrupts this association. We concluded that HC-Pro interferes with
antiviral silencing, at least in part, by sequestering TuMV-derived siRNAs and preventing their
association with antiviral AGO proteins. Suppression activity of HC-Pro is not tissue specific
and affects AGO1, AGO2, AGO10 and possibly other AGO proteins.

Discussion

Genetic and co-immunoprecipitation analyses were combined to reveal that i) several AGOs
function as anti-TuMV defense modules in A. thaliana, ii) viral siRNAs generally fail to load
into AGO proteins with antiviral functions during wild-type TuMV infection, and iii) HC-Pro
sequesters viral siRNA away from AGOs with antiviral functions.

Functions of AGO-small RNA complexes in anti-TuMV defense

AGO proteins target endogenous transcripts to regulate plant development and innate immu-
nity [2, 56], which may indirectly affect susceptibility to viruses. It is likely, however, that at
least some AGO proteins with an antiviral role are programmed with virus-derived siRNA to
directly target viral RNA [8, 10, 57, 58]. The genetic analysis described here revealed several
AGO proteins that participate in modular fashion during anti-TuMV defense (Fig. 7). AGO2
has the most influential role in protecting inoculated rosette and cauline leaves (Fig. 1), while
AGO1 and AGO10 have genetically redundant roles in protecting inflorescence tissues. A larg-
er proportion of agol ago2 ago10 triple mutants than agol ago10 double mutants were systemi-
cally infected (Table 3), perhaps suggesting that AGO?2 also contributes to restricting virus
spread to inflorescences.

The antiviral effects of different AGO proteins in different tissues may depend on a number
of factors, including expression patterns, AGO-interacting partners, small RNA binding prefer-
ences, or subcellular localization. Microarray data suggest that AGO10 and AGOI are expressed
more strongly than AGO2 in flowers and meristems [59]. However, AGOI and AGO10 tran-
script levels are also higher than AGO2 transcript levels in rosette leaves. Therefore, expression
levels alone do not explain the effectiveness of individual AGOs in different organs. It is con-
ceivable that modular, tissue-specific functionality is controlled by AGO-interacting or AGO-
promoting factors that are tissue-specific. In agol ago10 double mutants, systemic infection of
inflorescences could be partially restricted because AGO2 limits virus accumulation in leaves,
acts directly in inflorescences, or functions in both of these tissues.

Direct down-regulation of viral RNA requires that AGOs bind virus-derived siRNAs (or en-
dogenous small RNAs complementary to a given viral genome) and then viral RNA, followed
by slicing of the viral RNA, repression of translation, and/or recruitment of factors for silencing
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Fig 7. A model for direct action of A. thaliana AGO proteins in anti-TuMV defense. AGO-mediated antiviral silencing is suppressed through
sequestration of TuMV-derived siRNAs by silencing suppressor HC-Pro (left panels), in both inoculated leaves and inflorescences. In the absence of active
HC-Pro (right panels), AGO2, AGO10 and, to a lesser extent AGO1, associate with TuMV-AS9-derived siRNAs to potentially repress TuMV RNAs through
slicing or translational repression. AGO2 protects leaves from TuMV infection and movement, with non-additive contributions by AGO10, AGO5 and AGO?7.
Redundant activities of AGO10 and AGO1 protect inflorescence from TuMV infection, with an additive contribution by AGO2.

doi:10.1371/journal.ppat.1004755.9007

amplification. Results described here show that AGO2, AGO10 and at much lower levels
AGOL1 associate with TuMV-AS9-derived siRNA in the absence of HC-Pro (Fig. 3C panels III
and IV, and Figs. 4C and 5C panel III). AGO2-mediated slicing of viral RNAs could be a signif-
icant anti-viral mechanism, as catalytically defective forms of AGO2 lack anti-TuMYV activity
[31]. Evidence of direct targeting of TuMV RNA by AGO1 and AGO10 is lacking. In other
studies, AGO1 was reported to bind small RNAs derived from Turnip yellow mosaic virus and
CMYV strains Fny and NT9 [20], but not CMV strain I17F or Crucifer-infecting tobamovirus
[60]. The basis for differential interaction of TuMV-derived siRNAs and AGO1, AGO2 and
AGO10 is not clear. It is possible that different AGOs have privileged access to viral siRNAs. In
this context, AGO1 pools may have limited access to viral siRNAs during TuMYV infection.

In inoculated rosette leaves of ago2 mutant and dcl2 dcl3 dcl4 triple mutant plants, TuM-
V-AS9 accumulated to comparable levels (Figs. 1 and 2). In contrast, accumulation of TuM-
V-AS9 was consistently lower in cauline leaves and inflorescences of all ago mutants tested,
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including the agol ago2 ago10 triple mutant, compared to the respective tissues in dcl2 dcl3 dcl4
mutant plants. If it is assumed that all small RNA-mediated antiviral activity is lost in the dcl tri-
ple mutant, then it is reasonable to conclude that all antiviral silencing in inoculated rosette
leaves is mediated by AGO2. The far greater effect of the dcl mutations, relative to the ago muta-
tions, in systemic tissues, especially inflorescences, argues that the combined effects of AGOL,
AGO2 and AGO10 account for only a small proportion of overall anti-TuMV silencing activity.
This could indicate that other AGO proteins that were not tested here, or that were not tested in
the right genetic combinations, play specific roles in systemic tissues. It could also mean that
DCL proteins play a more dominant, direct antiviral role in systemic tissues, as suggested by ge-
netic analyses with CMV [4, 29], BMV [30], PVX [27], Tobacco rattle virus [61], TCV [3, 6, 33,
62], Cauliflower mosaic virus, Cabbage leaf curl virus, and Oil rape mosaic virus [63].

Different antiviral AGO proteins may also have distinct effects on amplification of second-
ary, virus-derived siRNAs, which may be important for production of systemic signals [2, 7, 13,
64]. Full anti-TuMYV silencing requires both RDR1 and RDR6 [23], presumably for production
of dsRNA from viral RNA. If this occurs like dSRNA formation during tasiRNA biogenesis,
then RDR proteins may be recruited to viral RNA after targeting by AGO-small RNA com-
plexes [52, 65-68]. Given the role of AGO1-small RNA complexes in triggering formation of
several families of tasiRNA, AGO1 could conceivably play a trigger role for secondary viral
siRNA.

The interpretation of agol mutant susceptibility experiments is challenging because of the
pleiotropic developmental phenotypes of agol hypomorphic mutants and the large number of
genes that are dysregulated when AGOL1 is disrupted. In particular, disruption of AGO1-miR403
activity increases AGO2 mRNA and protein levels [26, 69], which could result in a net increase
in virus resistance, even if AGO1 directly targets viral RNA.

Other AGOs might also have indirect roles in anti-TuMV defense, perhaps by affecting ex-
pression of defense-related genes [35, 56, 70]. Expression of potyviral HC-Pro [45], infection
with TCV [26], and infection with Pseudomonas syringae [35] result in increased AGO2 ex-
pression; AGO2 regulates expression of MEMBI2 [35] and possibly other genes. AGO?2 also as-
sociates with virus-activated endogenous siRNAs [56]. The significance of AGO2-dependent
gene regulation for virus infection, if any, is not yet clear.

Suppression of antiviral silencing by HC-Pro

Multiple virus-encoded suppressors of RNA silencing target AGO1 [16, 17, 20, 21, 33, 60], and
P25 from PVX interact with AGO2, AGO3 and AGO4 [17] although the biological significance
of this interaction remains to be elucidated. During TuMV infection, no evidence was obtained
to indicate that AGO1, AGO2 or AGO10 were destabilized or otherwise down-regulated. Each
AGO accumulated to normal levels.

TuMV-infected plants accumulate large amounts of virus-derived siRNAs that map across
the entire genome (Figs. 3B, 4B, 5B, 6B, and S3-S5 Figs) [23], and co-immunoprecipitation
and high-throughput sequencing showed that HC-Pro associates with viral siRNAs in leaf and
inflorescence tissue (Fig. 6E panels I and II). Viral siRNAs associate with HC-Pro withouta 5’
nt preference (Fig. 6C panels III and IV). Importantly, HC-Pro was shown to sequester viral
siRNAs away from AGO1, AGO2 and AGO10 (Figs. 3C, 4C and 5C panels I and II), leading to
the obvious proposal that HC-Pro interferes with antiviral silencing by preventing AGOs from
loading with virus-derived siRNAs (Fig. 7). Mutant HC-Pro-AS9 is deficient in associating
with viral siRNAs (Fig. 6C-E panels III, and S6 Fig), and concomitantly loses silencing
suppression activity.
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The basis for sequestration of siRNAs by HC-Pro is not yet clear. HC-Pro may outcompete
AGO:s for siRNAs. Alternatively, HC-Pro may intercept viral siRNAs prior to AGO loading,
perhaps due to subcellular localization properties. Further analyses will be necessary to resolve
this issue.

Materials and Methods
DNA plasmids

Recombinant plasmids were made as follows.

pCB-TuMV-HIS and pCB-TuMV-HIS-AS9. To introduce a 6xHIS (HIS¢) tag on HC-Pro,
two PCR fragments were amplified from pCB-TUMYV [16] using two sets of primers:
TuMV764 A(AGGACGGTGCACAGAATATGC) and E101-B2Rev d(CCAGAAGTTGG
CTCCTGCTGCGTGATGGTGATGGTGATGACCTGCCTGGTGATAGACACAGCTAGC
ACTAAAGTGCAC); and E101-B2For d(GTGCACTTTAGTGCTAGCTGTGTCTATCACC
AGGCAGGTCATCACCATCACCATCACGCAGCAGGAGCCAACTTCTGG) and
TuMV-GFP-2873 d(CGCCTGATTCTGTTGTGACAC). The two PCR fragments were
stitched into a final PCR product using primers TuMV764 and TuMV-GFP-2873. The final
PCR product was digested with Stul-Agel and used to replace the Stul-Agel fragment in
pCB-TuMYV, creating pCB-TuMV-HIS. The same insert was used to replace the Stul-Agel frag-
ment in pCB-TuMV-AS9 [16], to generate pCB-TuMV-HIS-AS9. Both HISs-tagged clones
have a Nla cleavage site between P1 and the HIS¢-tag on HC-Pro.

PMDC99-pAGO10:3xHA-AGO10pp5; and pMDCI9-pAGO10:3xHA-AGO10p,, . For
in-frame N-terminal 3xHA-tagging of wild-type AGO10ppy in its natural genomic context, a
9072 bp genomic region was TOPO cloned into pENTR (Invitrogen) in two pieces: an up-
stream region (with primers caccGATTTCTATAAAAAATAcattcc and CTCGAGGCG
GCCGCCCATGGTTTTTGTTGTTTGGATTTTC) and the coding and downstream regions
(with HA-containing forward primer caccATGGCCTATCCTTATGATGTACCTGATTATG
CCTACCCATACGACGTTCCAGACTACGCTTACCCATACGACGTTCCAGACTACG
CTCCGATTAGGCAAATGAAAGATAG and reverse primer cctagaattgacgggtttagatcg). The
first piece was ligated upstream of the second using a NotI site in pENTR and a NcolI site creat-
ed by the cloning primers, producing pENTR-pAGO10-3xHA-AGO10ppy. To disrupt the
AGO10 PIWI domain catalytic triad, A2384 in the coding sequence of pENTR-pAGO10:3x-
HA-AGO10ppy was mutated to G by GENEWIZ Inc., causing amino acid substitution D795A
to generate pENTR-pAGO10-3xHA-AGO10p . Transgenes from pENTR-pAGO10-
3xHA-AGO10ppy and pENTR-pAGO10-3xHA-AGO10p s were LR recombined into binary
vector pMDC99 [71], producing pMDC99-pAGO10:3xHA-AGO10ppy and
pMDC99-pAGO10:3xHA-AGO10p sy, respectively.

Plant materials

All Arabidopsis thaliana plants used in this study (including mutant lines and transgenic lines)
descended from the Columbia-0 (Col-0) accession, and were grown under long day (16 h light/
8 h dark) at 22°C. The following single mutant lines were described before: agol-25 and agol-
27[25], ago2-1[72], ago3-2 [32], ago4-2 [73], ago5-2 [32], ago6-3 [32], zip-1 [74], ago8-1
[32], and ago9-5 (SALK _126176). T-DNA insertion mutant GABI_818HO06 (ago10-5) was ob-
tained from The GABI KAT project [75]. Homozygous mutants were confirmed by PCR-based
genotyping using a three-primer reaction: one on the left border, one in the flanking DNA, and
one in the T-DNA insertion site [76]. Lack of AGO10 expression in homozygous plants was
confirmed by RT-PCR using oligos AGO10_qF (GGTATTCAGGGAACAAGCAG) and
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AGO10_gR (GCTGGAGGAACTATAGAGACCG). Double and triple ago mutants were gen-
erated by crossing. dcl2-1 dcl3-1 dcl4-2 triple mutants have been described [3].

Transgenic A. thaliana plants expressing HA-tagged AGO1 or AGO2 catalytic mutants
from their native promoters have been described [31]. Transgenic A. thaliana plants expressing
HA-tagged wild-type or catalytic mutant AGO10 from its native promoter were made by dip-
ping Col-0 plants in Agrobacterium tumefaciens GV3101 carrying the pMDC99-pAGO10:3x-
HA-AGO10ppy or pMDC99-pAGO10:3xHA-AGO10p 14 constructs as described [77].
Transgenic plants were grown on MS medium containing hygromycin (50 mg/ml) for 7 days,
transferred to soil, and maintained in greenhouse conditions. Catalytic mutant HA-AGOlpap,
HA-AGO2pap and HA-AGO10p 4y and wild-type HA-AGO10ppy transgenes were intro-
duced into ago2-1 by crossing.

Virus infection assays

A. thaliana plants were inoculated with TuMV-GFP, TuMV-AS9-GFP, wild-type TuMV,
TuMV-AS9, TuMV-HIS, or TuMV-HIS-AS9 as described previously [23]. Local and systemic
infection by TuMV-GFP or TuMV-AS9-GFP was determined by GFP fluorescence under UV
illumination. To measure coat protein (CP) or HISs-tagged HC-Pro (HIS-HC-Pro) accumula-
tion, at 15 days post inoculation (dpi), four noninoculated cauline leaves or five inflorescence
clusters per plant were randomly collected and pooled into a single sample. Four biological rep-
licates were randomly collected per virus-plant genotype combination. Samples were ground in
glycine buffer [78] at a ratio of 0.5 mL per 1g of leaf, or 0.25 mL per five inflorescence clusters.
Protein extracts were normalized to 0.5 mg/mL. For western blot assays, 6.25 pg or 1.5 pg of
total protein were used for leaf or inflorescence samples, respectively. Immunoblotting and
chemiluminescence detection were done as described [23]. TuMV CP was detected using anti-
body PVAS-134 (1:40,000) and HIS-HC-Pro was detected using anti-HIS antibody 27E8-HRP
(Cell Signaling) at a 1:5,000 dilution. Ponceau staining of the large subunit of rubisco was used
as a loading control. Unless otherwise indicated, CP and HIS-HC-Pro were detected simulta-
neously on the same blot. In experiments involving HA-tagged AGOs, HA-AGO, CP and
HIS-HC-Pro were detected on the same blot. The top part of the blot, containing proteins larg-
er than 70 KDA was incubated with anti-HA antibodies, to detect HA-AGOs. The part of the
blot containing proteins between 70 and 27 kDa was probed for CP and HIS-HC-Pro.

Immunoprecipitation of HA-tagged ARGONAUTES and HIS-tagged
HC-Pro

Immunoprecipitation of epitope tagged proteins was performed as described [31] with minor
adjustments. Briefly, one gram of leaf or inflorescence tissue was ground in 6 ml of lysis buffer.
Lysates were pre-cleared by incubating with protein A agarose (Roche) beads (0.8 mL per 1g of
tissue) for 30 min at 4°C, and beads were not treated with P1 nuclease. For immunoblot detec-
tion of proteins (CP, HA-AGOs or HIS-HC-Pro), 6.25 pg or 1.5 ug of total protein from leaf or
inflorescence samples were used, respective. From the immunoprecipitated beads 5% of the
samples was diluted with 38 pl of 2x protein dissociation buffer, and 5 to 15 uL used for immu-
noblotting. For small RNA northern blotting, 15 pg were used from the input fractions and
25% of the RNA immunoprecipitate fraction (HA or HIS).

Small RNA library construction for high-throughput sequencing

Small RNA libraries from mock-inoculated or TuMV-infected plants, input or immunoprecip-
itate (HA or HIS) fractions were generated using sequencing-by synthesis technology (Illumina
High Seq 2000) as described [31, 79]. For input fractions, 50 ug of total RN A were fractionated
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by electrophoresis. The area from 16 to 26 nt was sliced and used for small RNA purification.
30 ng of small RNAs were used to make the libraries from total fraction. 50% of the immuno-
precipitated RNA was used without fractionation to make libraries from immunoprecipitate
fractions. For each treatment, small RNA libraries were made independently from two biologi-
cal replicates. Bar-coded PCR amplification primers were used for multiplexing purposes.
Eight individual samples were multiplexed and run in a single flow cell.

Bioinformatic analysis of small RNA libraries

Bioinformatic analysis of endogenous and TuMV-derived siRNAs was as described [23, 31, 80].
After removing 5" and 3’ adaptors, sequences were aligned to the A. thaliana genome and to the
TuMYV genome. Only sequences with a perfect match were used for downstream analysis. For
each sample, reads were normalized per 1,000,000 total reads (RPM), including all size classes.
Enrichment with respect to the immunoprecipitate was calculated as the ratio of reads in the im-
munoprecipitate to reads in the input, and expressed on a log, scale.

Accession numbers

Sequence data from this article can be found in Gene Expression Omnibus (GEO, http://www.
ncbi.nlm.nih.gov/geo) accession number GSE64911.

Supporting Information

S1 Fig. Proportion of A. thaliana endogenous and TuMV-derived small RNAs in mock-
inoculated and in TuMV-infected plants. Samples for immunoprecipitation were collected
from inflorescence 10 (dpi), rosette leaves (7 dpi), or cauline leaves (15 dpi). Numbers are the
relative abundance, in percentage, of reads mapping to A. thaliana or to TuMV with respect to
the total number of reads with a perfect match to either genome. Proportion of TuMV-derived
siRNAs by size class is indicated by numbers (percentage) in color pie charts. Numbers were
rounded to the nearest integer. Plants expressing (A) HA-AGO2pap, (B) HA-AGOlpanu

from an ago2-1 background and were inoculated with wild-type TuMV or TuMV-AS9.

(C) HA-AGO10ppy or HA-AGO10pp were expressed from a AGO2 or ago2-1 background,
respectively. (D) Wild-type Col-0 or single ago2-1 mutant plants were inoculated with
TuMV-HIS or TuMV-HIS-AS9. Color codes are as in (A).

(TIF)

S2 Fig. Association of endogenous siRNAs with HA-tagged AGO1, AGO2 and AGO10.
Values are average and SE from two biological replicates normalized to reads per million. Inoc-
ulated rosette leaf, systemically infected cauline leaves or inflorescence samples were collected
at 7, 15 or 10 dpi, respectively. (A) HA-AGO2p4p in an ago2-1 background. Panel I: enrich-
ment [immunoprecipitate (IP) reads/ input reads, expressed in a log, scale] of endogenous

(21 to 24 nt) small RNAs in mock-inoculated plants and in plants infected with wild-type
TuMV or TuMV-AS9. In the scale was capped at 4 and at-4. Panel II: proportion (in percent-
age) of 5’ ntin 21 nt and 22 nt small RNAs in input and in HA-AGO2p 4 p immunoprecipitated
(IP) fractions. Numbers were rounded to the nearest integer. (B) HA-AGOlpay in an ago2-1
background. Labels for panels I and II are as in (A). (C) Catalytically active HA-AGO10ppy
and catalytic mutant HA-AGO10p sy were expressed in a wild-type Col-0 (AGO2) or ago2-1
background, respectively. Labels for panels I and I are as in (A).

(TIF)

$3 Fig. TuMV genome-wide distribution and enrichment of 22-nt TuMV-derived siRNAs
in plants expressing HA-AGO2p,p in an ago2-1 background. Values are average and SE
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from two biological replicates normalized to reads per million. Scale was capped at 150. Inocu-
lated rosette leaf and systemically infected cauline leaf samples were collected at 7 and 15 dpi,
respectively. Inflorescence samples were collected at 10 dpi. (A) and (B) TuMV genome-wide
distribution of 22 nt TuMV-derived siRNAs in input (A) and in HA-AGO2p »p immunopre-
cipitated (IP) fractions (B). Scale was capped at 150.

(TIF)

$4 Fig. TuMV genome-wide distribution and enrichment of 22-nt TuMV-derived siRNAs
in plants expressing HA-AGO1p,y in an ago2-1 background. Values are average and SE
from two replicates normalized to reads per million. Inflorescence samples were collected at 10
dpi. Inoculated rosette leaf and systemically infected cauline leaf samples were collected at 7
and 15 dpi, respectively. (A) and (B) TuMV genome-wide distribution of 22 nt TuMV-derived
siRNAs in input (A) and in HA-AGO1p g immunoprecipitated fractions (IP) (B). Scale was
capped at 150.

(TIF)

S5 Fig. TuMV genome-wide distribution and enrichment of 22-nt TuMV-derived siRNAs
in plants expressing HA-AGO10ppy or HA-AGO10p 5. Values are average and SE from
two replicates normalized to reads per million. Inflorescence samples were collected at 10 dpi. In-
oculated rosette leaf and systemically infected cauline leaf samples were collected at 7 and 15 dpi,
respectively. (A) and (B) TuMV genome-wide distribution of 22 nt TuMV-derived siRNAs in
input (A) and in HA-AGO10 immunoprecipitated (IP) fractions (B). Scale was capped at 150.
(TIF)

S6 Fig. Association of endogenous siRNAs (21-24-nt) with HC-Pro in plants infected with
TuMV-HIS or TuMV-HIS-AS9. Values are average and SE from two biological replicates
normalized to reads per million. Inflorescence and cauline leaf samples from plants infected
with TuMV-HIS were collected at 10 dpi. Cauline leaf samples from plants infected with
TuMV-HIS-AS9 were collected at 15 dpi. (A) Number of reads of endogenous A. thaliana siR-
NAs by size class in input and HC-Pro immunoprecipitated (IP) fractions from inflorescence
and cauline leaves. (B) Number of reads for miRNAs, miRNA* and tasiRNAs in input and
mock or HC-Pro IP. (C) Enrichment (IP reads/ Input reads, expressed in a log, scale) of miR-
NAs, miRNA* and tasiRNAs (TAS) in mock or HC-Pro IP. Scales was capped at 3 and -3.
(TIF)

$7 Fig. TuMV genome-wide distribution and enrichment of 22-nt TuMV-derived siRNAs
in Col-0 or ago2-1 plants infected with TuMV-HIS or TuMV-HIS-AS9. Values are average
and SE from two biological replicates normalized to reads per million. Scale was capped at 500.
Inflorescence samples were from Col-0 plants at 10 dpi. Cauline leaf samples were from single
ago2-1 mutant plants infected with TuMV-HIS or TuMV-HIS-AS9 at 10 or 15 dpi, respective-
ly. (A) and (B) TuMV genome-wide distribution of 22 nt TuMV-derived siRNAs in input

(A) or immunoprecipitated (IP) fractions of wild-type or AS9 HC-Pro.

(TIF)

S8 Fig. Association of A. thaliana miRNAs, miRNA* and tasiRNAs with HA-tagged
AGO2pap, AGOlpan, AGO10ppy or AGO10p an. Transgenic HA-AGO1pay and
HA-AGO?2 p4p were expressed from an ago2-1 background. Transgenic HA-AGO10ppy and
HA-AGO10pay were expressed from a wild-type Col-0 (AGO2) or an ago2-1 background, re-
spectively. Plants were mock-inoculated or infected with TuMV or with TuMV-AS9. Rosette
leaf and samples were collected at 7 dpi. Cauline leaf and inflorescence samples were collected
at 15 and 10 dpi, respectively. Values are average and SE from two biological replicates. The
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histograms show average fold enrichment in AGO IP (IP reads/ input reads, expressed in log,
scale) of miRNAs, miRNA* and tasiRNAs. A) HA-AGO2pup IP. B) HA-AGO1puy IP, and C)
HA-AGO10ppy or HA-AGO10py IP.

(TTF)

S9 Fig. Association of HA-AGO1p i and HA-AGO2p p with endogenous and virus-de-
rived siRNAs. Blots show accumulation of CP, HA-AGO, and virus-derived small RNAs in
immunoprecipitation (IP) fractions of HA-AGO1pay and HA-AGO2pap from cauline leaves
(1g) at 15 dpi. HA-AGOlpay and HA-AGO2p,p were expressed from transgenic ago2-1
plants. Mock-inoculated plants and non-trangenic single ago2-1 mutants were used as con-
trols. Representative blots showing accumulation of HA-AGOs, CP, TuMV-derived siRNAs
(CI) and selected miRNAs in input and HA-AGO immunoprecipitation fractions (IPs). TuMV
CP and HA-AGO were detected by immunoblotting in input and IP fractions. TuMV-derived
siRNAs were detected with a DIG-labeled probe made by random priming of cDNA corre-
sponding to CI. miR390 and miR168 were used as IP controls, and U6 as loading control. En-
dogenous siRNAs were detected with DIG-labeled oligonucleotides. Duplicated blots were
stripped and re-probed. A) IP of HA-AGO1payg and HA-AGO2pap from cauline leaves of
plants infected with wt TuMV. Panel I: protein accumulation in input samples. Panel II: pro-
tein accumulation in IP fractions. B) IP of HA-AGO1pay and HA-AGO2pp from cauline
leaves of plants infected with suppressor-deficient TuMV-AS9. Panels I and II are as in (A).
(TIF)

S1 Table. Abundance of endogenous A. thaliana and TuMV-derived small RNAs of all size
classes in input and HA-AGO2 immunoprecipitation fractions.
(DOCX)

S2 Table. Abundance of endogenous A. thaliana and TuMV-derived small RNAs of all size
classes in input and AGO1 immunoprecipitation fractions.
(DOCX)

$3 Table. Abundance of endogenous A. thaliana and TuMV-derived small RNAs of all size
classes in input and AGO10 immunoprecipitation fractions.
(DOCX)

S4 Table. Abundance of endogenous A. thaliana and TuMV-derived small RNAs of all size
classes in input and HC-Pro immunoprecipitation fractions.
(DOCX)

S1 Dataset. MicroRNA read counts for input and immunoprecipitates of HA-AGO?2,
AGO1, AGO10 and HC-Pro.
(XLSX)
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