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The plant ARGONAUTE1 protein (AGO1) is a central functional component of the posttranscriptional regulation of gene
expression and the RNA silencing-based antiviral defense. By genomic and molecular approaches, we here reveal the presence of
two homeologs of the AGO1-like gene in Nicotiana benthamiana, NbAGO1-1H and NbAGO1-1L. Both homeologs retain the capacity
to transcribe messenger RNAs (mRNAs), which mainly differ in one 18-nucleotide insertion/deletion (indel). The indel does not
modify the frame of the open reading frame, and it is located eight nucleotides upstream of the target site of a microRNA, miR168,
which is an important modulator of AGO1 expression. We demonstrate that there is a differential accumulation of the two
NbAGO1-1 homeolog mRNAs at conditions where miR168 is up-regulated, such as during a tombusvirus infection. The data
reported suggest that the indel affects the miR168-guided regulation of NbAGO1 mRNA. The two AGO1 homeologs show full
functionality in reconstituted, catalytically active RNA-induced silencing complexes following the incorporation of small interfering
RNAs. Virus-induced gene silencing experiments suggest a specific involvement of the NbAGO1 homeologs in symptom
development. The results provide an example of the diversity of microRNA target regions in NbAGO1 homeolog genes, which
has important implications for improving resilience measures of the plant during viral infections.

The ARGONAUTE1 gene (AGO1) was first discov-
ered in Arabidopsis (Arabidopsis thaliana) and further
described trough plant mutants that showed pleiotropic
developmental anomalies. Examples of phenotypic
traits influenced by AGO1 are cotyledon expansion, leaf
polarity, branching of the inflorescence stem, rooting,
differentiation of flowers, and fertility (Kidner and

Martienssen, 2004, 2005; Vaucheret et al., 2004; Sorin
et al., 2005). The pleiotropic character of AGO1 is de-
termined by the role of the AGO1 protein as a core
component of the microRNA (miRNA)/RNA-induced
silencing complex (RISC) in posttranscriptional gene
silencing (PTGS; Baumberger and Baulcombe, 2005).
Most miRNAs are incorporated into AGO1 and guide
the RISC to its mRNA target through sequence com-
plementarity; as a result, the mRNA translation is
inhibited by endonucleolytic cleavage or other yet in-
completely characterized mechanisms (Brodersen et al.,
2008; Lanet et al., 2009; Iwakawa and Tomari, 2013).
Beside its role in PTGS and in concert with other pro-
teins of the Argonaute clade, AGO1 plays a key role in
the RNA silencing-based antiviral defense (Takeda
et al., 2008; Harvey et al., 2011; Scholthof et al., 2011a;
Wang et al., 2011); similar to miRNAs, virus-derived
small interfering RNAs (vsiRNAs) are incorporated
into AGO1-containing RISC, leading to the inactivation
of viral RNAs by cleavage. In turn, viruses may encode
viral suppressors that impair AGO1 functionality (for
review, see Burgyán and Havelda, 2011).

AGO1 homeostasis is in part coordinated through a
feedback mechanism. Thus, microRNA168 (miR168)-
guided cleavage of AGO1 mRNA was demonstrated
to ensure an optimal balance of miRNA steady-state
levels (Vaucheret et al., 2004, 2006; Vazquez et al.,
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2004; Vaucheret, 2009). Conversely, overexpression of
miR168 (e.g. in plants expressing miR168 under the
control of the 35S promoter) is accompanied by a de-
crease in AGO1 mRNA accumulation, and it is associ-
ated with the cleavage of AGO1 mRNA. Moreover,
miR168 also overaccumulates in plants that express a
miR168-resistent AGO1 mRNA (i.e. 4m-AGO1), owing
to stabilization by AGO1 (Vaucheret et al., 2004, 2006).
Nicotiana benthamiana is one of the most widely used

models to study RNA virus-plant interactions. Upon in-
fection, N. benthamiana activates and orchestrates an anti-
viral RNA interference response, which mostly parallels
the RNA interference pathways that were described for
the model plant Arabidopsis (Qiu et al., 2002; Omarov
et al., 2006; Pantaleo et al., 2007; Goodin et al., 2008;
Csorba et al., 2009; Várallyay et al., 2010; Scholthof et al.,
2011a, 2011b). The recent release of the draft genome se-
quence of N. benthamiana provides the opportunity to
shed new light on additional layers of plant-virus inter-
action, because N. benthamiana is susceptible to a consid-
erably broader spectrum of viruses than Arabidopsis.
Tombusviruses like Cymbidium ringspot virus (CymRSV)

and Tomato bushy stunt virus (TBSV) are well-accepted
prototypes to study RNA silencing-based plant-virus
interactions. Tombusviruses have a broad host range
spanning approximately 20 plant families and approxi-
mately 120 species (Yamamura and Scholthof, 2005).
The tombusvirus genomic and subgenomic RNAs are
substrates of DICERS yielding high levels of viral small
interfering RNAs (siRNAs; Szittya et al., 2002, 2010), and
these viruses encode a 19-kD protein (P19) that is a po-
tent suppressor of RNA silencing (Voinnet et al., 1999;
Vargason et al., 2003). While Arabidopsis is not per-
missive to a tombusvirus infection, CymRSV and TBSV
replicate in heterologous systems such as Saccharomyces
cerevisiae (Panavas and Nagy, 2003; Pantaleo et al., 2003;
Navarro et al., 2006). TBSV also was recently applied
in a plant cytoplasm-based system to reproduce viral
replication as well as antiviral RNA silencing in vitro
(Gursinsky et al., 2009; Schuck et al., 2013).
Nicotiana spp. frequently contain so-called homeo-

logs; these are duplicated genes in the same plant
genome derived from different ancestors in polyploidy
(Bombarely et al., 2012a). In this report, we show that
N. benthamiana possesses two NbAGO1-like homeolog
genes, NbAGO1-1H and NbAGO1-1L. They differ mainly
by one 18-nucleotide-long insertion/deletion (indel),
which does not modify the translational frame. Impor-
tantly, the indel is located in the immediate vicinity of
the miR168 target site, and our data suggest that its
presence considerably affects the miR168-guided post-
transcriptional regulation of NbAGO1 mRNA. The indel
effect is highlighted under conditions of an increased
miR168 accumulation (e.g. during a viral infection). The
two NbAGO1 homeologs show full functionality in
reconstituted, catalytically active RISC following the
incorporation of siRNAs. Moreover, virus-induced gene
silencing (VIGS) experiments suggest a specific, redun-
dant involvement of the NbAGO1 homeologs in sus-
ceptibility to viral infection but a divergent involvement

in symptom development. The expression of two types
of NbAGO1-1 mRNAs is proposed to represent an evo-
lutionary adaptation to improve resilience measures of
the plant during viral infections or other stresses ac-
companied by miR168 up-regulation.

RESULTS

A New AGO1 Locus in the N. benthamiana Genome

Previously, two AGO1-like genes were identified in
N. benthamiana: NbAGO1-1 and NbAGO1-2 (National
Center for Biotechnology Information accession nos.
DQ321488 and DQ321489, respectively). Both NbAGO1-
like genes were shown to be required for a full sys-
temic silencing of transgenes, which is in close analogy
to observations made with hypomorphic mutants
of Arabidopsis AGO1 alleles (Jones et al., 2006). We
retrieved the NbAGO1 genes from the N. benthamiana
draft genome available for public research (http://
solgenomics.net/organism/Nicotiana_benthamiana/
genome) and, unexpectedly, identified an additional
NbAGO1 locus. By comparing the sequence of the
second exon, we determined a high similarity with the
59-terminal sequence of NbAGO1-1 (DQ321488) but not
with NbAGO1-2 (DQ321489). A pairwise alignment of
the known and the newly determined NbAGO1-1 loci
revealed a different length; accordingly, we renamed
the two loci as NbAGO1-1L (for low) and NbAGO1-1H
(for high). The NbAGO1-1L locus (corresponding to
DQ321488) is 7,008 bp long, while the NbAGO1-1H
locus is 7,195 bp long (introns and exons included
but promoter and terminator sequences excluded;
Supplemental Fig. S1). Both loci contain 22 exons and
22 introns, and the different length is mainly explained
by indels at the intron level (e.g. within intron 11; Fig.
1A; Supplemental Fig. S1).

To validate the gene sequences that were retrieved
from the N. benthamiana genomic data, we searched for
intronic/exonic sequences to design and apply a PCR-
based strategy to specifically discriminate between the
twoNbAGO1-1 loci. Thus, specific oligonucleotides were
designed that annealed exclusively within theNbAGO1-1H
intron 11 (gray bar in Fig. 1B, top; Supplemental Fig.
S2A). We applied a similar approach to the terminator
region, where an approximately 300-bp-long indel
discriminates the two NbAGO1-1 loci (gray bar in Fig.
1B, middle; Supplemental Fig. S2B). The obtained PCR
products had the expected sizes (PCR amplicons in
Fig. 1B, bottom); they were subsequently cloned and
sequenced. The obtained sequence data confirmed the
N. benthamiana draft genome sequence (Bombarely
et al., 2012b).

NbAGO1-1L and NbAGO1-1H Are Functional in
Generating Transcripts

An 18-nucleotide-long indel located within exon 2
(position 322, referred to as the coding sequence section;
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Supplemental Fig. S1) was used to detect and dis-
criminate NbAGO1-1L and NbAGO1-1H transcripts in
N. benthamiana. First, polyadenylated RNAs were selec-
tively purified from total RNA and randomly reverse
transcribed. The complementary DNA (cDNA) was
then subjected to PCR using oligonucleotides that
were applicable to both transcripts of NbAGO1-1L and
NbAGO1-1H encompassing the 18-nucleotide-long
indel (see “Materials and Methods” and alignment in
Fig. 1C). The PCR was first analyzed by high-resolution
gel electrophoresis. It revealed two main amplicon
species, which were gel purified and again resolved by
gel electrophoresis. In Figure 1D, ethidium bromide-
stained amplicons are shown to have the expected (i.e.
based on the retrieved sequence) lengths of 129 bp
(from the NbAGO1-1L transcript) and 147 bp (from the
NbAGO1-1H transcript; lanes 1 and 2, respectively).
Sanger sequencing of the two amplicons confirmed the
presence of both the indel and of certain G/T and T/A
polymorphic nucleotides (single-nucleotide polymor-
phisms; Fig. 1C). The characteristics of both transcripts
were further confirmed through the amplification and
sequencing of longer segments (data not shown).

Recently, an N. benthamiana transcriptome analysis
was carried out by RNA deep sequencing and as-
sembly (Nakasugi et al., 2013). The available data set
was searched for the NbAGO1-1 transcripts and,

indeed, both species were found. Based on the
18-nucleotide-long indel (Fig. 1C), Nbv3K765634670 is
the sole transcript that represents NbAGO1-1L, whereas
several other transcripts represent NbAGO1-1H (i.e.
Nbv3K605752598, Nbv3K805664652, Nbv3K705828682,
Nbv3K705826800, Nbv3K745621734, andNbv3K745621399;
Supplemental Fig. S3). The study of Nakasugi et al.
(2013) did not highlight the presence of the NbAGO1-1L
transcript (see “Discussion”).

The miR168-Guided Silencing Machinery Cleaves
NbAGO1-1H and NbAGO1-1L at the Target Site

miR168 is a highly conserved miRNA within the
plant kingdom (Supplemental Fig. S4; Cuperus et al.,
2011). Accordingly, the miR168 target site is also highly
conserved within the annotated NbAGO1 sequences
(Fig. 2A). BothNbAGO1-1L andNbAGO1-1H possess an
identical putative miR168 target site and, notably, the
18-nucleotide-long indel is located only eight nucleo-
tides upstream (Fig. 2A). In order to prove whether
miR168 targets and cleaves the NbAGO1-1 mRNAs in
N. benthamiana, we performed a 59-RACE analysis. Ten
clones out of 10 sequences confirmed the expected
cleavage between nucleotides complementary to posi-
tions 10 and 11 of miR168 (Fig. 2B, vertical arrow).

Figure 1. Organization ofNbAGO1-1H andNbAGO1-1L loci. A, Schematic representation of the structures ofNbAGO1-1H (top)
and NbAGO1-1L (bottom) loci. Black lines represent introns, vertical bars represent exons, and horizontal bars at the two ex-
tremities are untranslated regions. B, Graphic representing the PCR-based approach used to reveal the two alternative NbAGO1-1
loci in the intron 11 and terminator regions (top and middle, respectively). The high-resolution gel electrophoresis of the PCR
products is reported at the bottom. Lowercase letters (i.e. a–d) indicate single amplification products, which are represented as thin
black lines at the top and middle. C, Alignment of the section of exon 2 containing the 18-nucleotide-long indel, which was used
to reveal the expression of the twoNbAGO1-1 transcripts. The applied oligonucleotides are described in “Materials and Methods.”
Stars indicate the consensus sequence; black vertical arrows mark two detected nucleotide substitutions. The black box highlights
the miR168 target site. D, High-resolution acrylamide gel electrophoresis of the two RT-PCR fragments from the two RNA tran-
scripts described in C. Lanes 1 and 2 show the 129- and 147-bp-long amplicons that were obtained from the NbAGO1-1L and
NbAGO1-1H transcripts, respectively. A low Mr New England Biolabs marker is in lane 3.
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These data accordingly recapitulate the miR168-driven
cleavage of Arabidopsis AGO1 mRNA (Rhoades et al.,
2002; Vaucheret et al., 2004).
Taking advantage of the presence of a polymorphic

nucleotide at position 380 (Fig. 2B, base N), which is lo-
cated eight nucleotides downstream of the miR168 target
sequence, we could discriminate the miR168-driven cleav-
age events for NbAGO1-1L and NbAGO1-1H (i.e. C and A,
respectively, in Fig. 2A). Thus, the 59 RACE revealed a
proportion of one H species (characterized by the A nu-
cleotide) versus nine L species (characterized by the C
nucleotide; Fig. 2B). These data suggest that both NbAGO1-1
transcripts were targeted and cleaved by the miRNA-
mediated silencing machinery; however, the cleavage
remnants that were identified by the 59-RACE analysis
(see above) more frequently derived from the L homeolog.

The 18-Nucleotide-Long Indel Affects the
miR168-Mediated Expression of a GFP Reporter Gene

It was previously shown in vivo as well as in vitro
that the accessibility of small RNA target sites directly

correlates with target recognition and with the effi-
ciency of cleavage, thus indicating that RISC is unable
to unfold structured RNA of both endogenous or ex-
ogenous origin (i.e. mRNAs or viral RNAs, respec-
tively; Ameres et al., 2007; Long et al., 2007; Schuck
et al., 2013). This has been shown most convincingly in
animal systems, but it is widely accepted also in plant
systems for antiviral RISC that likely involve compo-
nents similar to those involved in miRNA-mediated
RNA silencing (e.g. AGO1; for review, see Ding and
Voinnet, 2007). The 18-nucleotide-long indel is GC rich
(12 nucleotides out of 18; it contains eight Cs, four Gs,
and six Us), and its close proximity to the miR168
target region (Fig. 2A) prompted us to examine the
secondary structure of the region in the NbAGO1-1H
and NbAGO1-1L context. Therefore, we submitted two
stretches of sequence from positions 265 to 378 (for
NbAGO1-1L) and from positions 265 to 396 (for
NbAGO1-1H) to Mfold (Zuker, 2003; Supplemental
Fig. S1, coding sequence section). The output of the
program is shown in Figure 3A. It suggested that the
NbAGO1-1H (265-396) RNA is stably structured in this
region and that the miR168 target sequence is masked

Figure 2. Sequence diversity of the indel-containing region and the miR168 target. A, Sequence diversity of the indel-containing
region of all known annotated or predicted AGO1mRNAs from plants belonging to the Solanaceae family. Highlighted are the 18-
nucleotide-long indel (box on the left) and the miR168 target site (box on the right). In the latter case, the alignment analysis was
extended to other plant species. Sequences in boldface are not conserved and show a nucleotide occurrence of less than 50%. B,
59-RACE analysis of the miR168-mediated cleavage site. The vertical arrow indicates the positions corresponding to the 59 ends of
NbAGO1-1L and NbAGO1-1H RNAs that were determined by 59-RACE and the number of 59-RACE clones corresponding to the
site. The single-nucleotide polymorphism (indicated by N) at the 39 end of the reported sequence was used as a molecular mark to
discriminate the cleaved alternative transcript. Accession numbers of retrieved annotated or predicted AGO1 mRNAs are as
follows: ptc, Populus trichocarpa (XM002318302); ps, Pisum sativum (EF108450); gma, Glycine max (XM003548263); nta,
N. tabacum (AB542739); sly, S. lycopersicum (JX467704, JX945381, JX945382, and JX467705); ath, Arabidopsis (NM001198240);
vvi, Vitis vinifera (XM002271189); bdi, Brachypodium distachyon (XM003580292 and XM_003563186); hvu, Hordeum vulgare
(AK373112); csa, Cucumis sativus (XM004137339); and dc, Daucus carota (AB360853).
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by endogenous base pairings (Fig. 3A, left). In contrast,
in the NbAGO1-1L (265-378) RNA, the miR168-binding
site was suggested to be less structured; accordingly, it
seems more accessible to miRNA-directed targeting
(Fig. 3A, left versus right).

To experimentally verify the predicted Mfold struc-
tures, we performed chemical modification experiments.
Thus, transcripts NbAGO1-1L (265-378) and NbAGO1-1H
(265-396) were generated by T7 polymerase-driven in
vitro transcription from appropriate PCR amplicons and
treated with dimethyl sulfate (DMS; see “Materials and
Methods”). DMS specifically modifies (methylates)
unpaired A and C nucleotides. The sites of chemical
modification were subsequently determined by primer
extension (see “Materials and Methods”); the identifica-
tion of the modified nucleotides was enabled by a side-
by-side electrophoresis of a DNA sequencing reaction.
Figure 3B shows the experiment-deduced RNA structure,
where the DMS-modified As and Cs are highlighted by
green asterisks. In sum, the experimental data were in
robust agreement with the obtained Mfold predictions
(compare nucleotides marked by green asterisks in Fig. 3,
A and B). Most interestingly, the structures of both
transcripts differed considerably. That is, the transcript
NbAGO1-1L (265-378) turned out to be significantly more
accessible to chemical modifications, particularly the re-
gion that represents the target site of the miR168 seed
sequence (Figs. 2B and 3B; see “Discussion”).

Next, we asked if the 18-nucleotide indel and its
predicted impact on the mRNA’s secondary structures
affected miR168-directed PTGS. For this purpose, we
adopted a strategy that was earlier applied to monitor
the miR171 cleavage of target RNA in planta (Parizotto
et al., 2004; Lakatos et al., 2006). Binary vectors were
generated that enabled Agrobacterium tumefaciens-
mediated transient expression of two alternative reporter
mRNAs via the 35S promoter in N. benthamiana (Fig.
3C). Each of these mRNAs consisted of the open read-
ing frame encoding the GFP sensor and a flanking 39
untranslated region, which contained either the H or the
L sequence elements (Fig. 3A). The reporter sequences
were transiently coexpressed with the viral suppressor
P19 in order to prevent any transgene silencing and to
isolate the effect of the plant RISC loaded with the en-
dogenous miRNAs (Lakatos et al., 2006). Visual in-
spection by UV light revealed that the expressed GFP
from GFP NbAGO1-1L (256-378) was barely detectable
at 3 d post agroinfiltration (dpa). In contrast, expression
of the reporter was high in leaves that were infiltrated
with GFP NbAGO1-1H (256-396) and with the negative
control (no target (Fig. 3C). This trend was confirmed
when we quantified the amounts of the GFP sensor
mRNAs at 1, 2, and 3 dpa by quantitative reverse
transcription (qRT)-PCR (Fig. 3D). In sum, both sets of
data revealed that, in the agroinfiltrated leaves at the
indicated time points, the GFP NbAGO1-1L (256-378)
mRNA showed a lower level of expression than the
GFP NbAGO1-1H (256-396) version (Fig. 3, C and D).
Importantly, when we performed a 39-RACE analysis of
the GFP reporter RNAs that were extracted from the

agroinfiltrated spots, we obtained two colonies for GFP
NbAGO1-1L (256-378) and 17 colonies for GFPNbAGO1-1H
(256-396). All the sequences revealed miR168-directed
cleavage, which was congruent to the data that were
obtained earlier with the NbAGO1-1L and NbAGO1-1H
transcripts in planta (Figs. 2B and 3C). These obser-
vations provided further direct evidence that the
strong down-regulation of the reporter expression,
which carried the miR168 target region in the NbAGO1-1L
context, was caused by an efficient miR168-driven
cleavage.

NbAGO1-1L Is Underrepresented in the Course of a
CymRSV Infection

Plant virus infections correlate with a significant ac-
cumulation of miR168 in infected tissues (Zhang et al.,
2006; Csorba et al., 2007; Havelda et al., 2008; Várallyay
et al., 2010, 2014; Lang et al., 2011). The reasons leading
to this phenomenon are yet uncertain. They may be
attributed either to a direct induction of miR168 expres-
sion (e.g. by viral components such as viral suppressors;
Várallyay and Havelda, 2013) or to an induction of
AGO1 mRNA expression, which, in turn, may lead to a
stabilization of miR168 via incorporation into the AGO1
protein (Vaucheret et al., 2006).

To gain further insights into the miR168-mediated
posttranscriptional control of NbAGO1-1 mRNAs, we
used the well-characterized CymRSV/N. benthamiana
system. Taking advantage of the 18-nucleotide-long
indel as the main sequence difference between the
two homeolog mRNAs, specific oligonucleotides were
designed to enable a fine discrimination between the
NbAGO1-1L and NbAGO1-1H transcripts (procedure
reported in Supplemental Fig. S5). Measuring the
levels of the NbAGO1-1 mRNAs by qRT-PCR, we ob-
served that in the course of a CymRSV infection, the
amounts of NbAGO1-1 mRNAs increased dramatically
up to 4 d post inoculation (dpi; Fig. 4A), which is in
line with earlier observations by Várallyay et al. (2010).
However, when discriminating NbAGO1-1L from
NbAGO1-1H, the scenario revealed other valuable de-
tails (Fig. 4A). Initially, in mock-inoculated plants, the
ratio between NbAGO1-1L and NbAGO1-1H mRNAs
was about 2:1. Conversely, at 3 dpi, the L:H ratio was
inverted to 1:4. As explained, the levels of both H and L
mRNAs continued to rise up to 4 dpi, although the
ratio remained unaltered. At 6 dpi, the NbAGO1-1L
transcripts reached a level close to 0, while the level of
the NbAGO1-1H transcripts still was 8 times higher
than in the mock-inoculated plants. At 10 dpi, the
levels of both transcripts approximated 0, most likely
because all tissues of the infected plants were already
necrotic. Thus, during a viral infection that induces the
accumulation of NbAGO1-1 mRNAs and that is also
accompanied by miR168 up-regulation (Vaucheret
et al., 2004), the amount of the NbAGO1-1H variant
was found to be particularly increased (Fig. 4). These
data are in close agreement with the earlier observed
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Figure 3. miR168-resistent target site in NbAGO1-1. A, Mfold output showing the secondary structures of NbAGO1-1H (left)
andNbAGO1-1L (right) in the region containing the miR168 target site. B, Chemical probing (DMS) of RNA secondary structure
and primer extension analysis. Green asterisks in A and B indicate modified bases. C, In vivo analysis of GFP NbAGO1-1 sensor
sequences. Spots in leaf halves were infiltrated with A. tumefaciens containing the indicated sensor sequences. The miR168
target site sequence is shown in red; the differential 18-nucleotide-long indel is shown in blue. At right is a table showing the
39-RACE analysis on the spot. D, Relative expression levels of GFP mRNA in the analysis of GFP NbAGO1-1 sensor sequences.
Data are presented as means 6 SE of three replicates; different letters denote significant differences at P # 0.05. GFP mRNA at
1 dpa = 1.
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frequencies of transcripts and miR168-mediated cleav-
age products (see above).

Both NbAGO1 Homeologs Are Catalytically Active

Based on the transcript sequences, putative AGO1
H and L proteins were deduced and aligned using
ClustalW (Thompson et al., 1994). A subsequent phy-
logenetic inspection of Arabidopsis AGO proteins using
MultiAlin (http://multalin.toulouse.inra.fr/multalin/)
confirmed that the two putative proteins are strongly
related and that each belongs to the Arabidopsis AGO1
clade (Vaucheret, 2008; Fig. 5A): in the scheme shown in
Figure 5B, amino acid substitutions are highlighted as
black boxes while the indel is indicated by the white
box. Considering that differences in the N-terminal se-
quence of human AGO1 were earlier indicated to tune
the catalytic activity of the protein (Hauptmann et al.,
2013), this prompted us to determine whether the two
AGO homeologs are functional (i.e. whether they dis-
play a comparable AGO/RISC-mediated RNA cleavage
[slicer] activity). However, the evaluation of the bio-
logical relevance of the two AGO1 homeologs in planta
is difficult, mostly because a differential functional
characterization of the H and L AGO1 proteins is im-
peded by their close similarity (Fig. 5B). For these rea-
sons, we decided to perform this set of experiments in
an in vitro system. This system, which is based on cy-
toplasmic extracts of Nicotiana tabacum BY-2 cells (BY-2
cell lysate [BYL]), is capable of reconstituting active RISC
with in vitro-translated Arabidopsis, N. benthamiana, or
N. tabacum AGO1 proteins and effectively recapitulates
small RNA-driven mRNA regulation (Iki et al., 2010) as

well as vsiRNA-driven antiviral silencing (Schuck et al.,
2013). In the experiments performed, NbAGO1-1H and
NbAGO1-1L cDNAs were in vitro transcribed and the
corresponding proteins produced by in vitro translation
in the BYL. Importantly, the translation reaction was
carried out in the absence and presence of two types of
siRNAs, siRNA gf698 and vsiRNA1. These siRNAs were
earlier demonstrated to program reconstituted AGO1/
RISC such that a GFP-encoding target mRNA and a
viral RNA (a TBSV defective interfering RNA) are effi-
ciently targeted and cleaved, respectively (Iki et al., 2010;
Schuck et al., 2013). As shown in Figure 6, both types of
RISC reconstituted with either the NbAGO1-1H or
NbAGO1-1L protein efficiently cleaved their respective
target RNA dependent on the programming siRNA.
Thus, in comparison with the control reaction, 59 and 39
cleavage products were clearly detectable (Fig. 6). Ac-
cordingly, we concluded that both NbAGO1-1 homeo-
logs effectively incorporated siRNAs and formed a RISC
that was able to slice mRNA and viral RNA targets,
respectively.

VIGS of NbAGO1-1H, Viral Accumulation, and Silencing
of Endogenous Genes

The genetic dissection of homeolog genes that differ
only in a few stretches of sequences in N. benthamiana
is not an easy task, and it is further complicated by the
fact that AGO1 is essentially involved in basic func-
tions of plant development (Vaucheret, 2008). How-
ever, it is possible to silence Argonaute genes in
N. benthamiana by VIGS via a tobacco rattle virus vector
(Jones et al., 2006). Considering a similar approach, we

Figure 4. Relative expression of
NbAGO1-1L and NbAGO1-1H dur-
ing CymRSV infection. A, qRT-PCR of
the two alternative transcripts; am-
plification was normalized to CPH
transcripts. Data are presented as
means 6 SE of three replicates; dif-
ferent letters denote significant differ-
ences at P # 0.05. B, Northern-blot
analysis of miR168 and miR168*
during CymRSV infection. rRNA, Ri-
bosomal RNA.
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took advantage of the study of Pignatta et al. (2007),
who developed a TBSV-based vector. Thus, as a first
approach, we inoculated N. benthamiana plants with in
vitro transcripts of an empty TBSV (control) and a TBSV:
NbAGO1-1 vector (Fig. 7A; for details, see “Materials
and Methods”). Both sets of infected plants started to
show typical symptoms of a tombusvirus infection, in-
cluding necrosis in inoculated and systemic leaves at 3
to 4 dpi. However, in contrast to the control plants, the
plants that were infected by TBSV:NbAGO1-1 rapidly
showed necrotic symptoms leading to a quick decline
until death at 10 dpi (Fig. 7A). The increased sensitivity

of the plant to viral infection as a consequence of the
silencing of NbAGO1-1 is in line with a previous report
(Jones et al., 2006) and emphasizes the central role of
AGO1 in RNA silencing-based antiviral defense (for
review, see Burgyán and Havelda, 2011).

The fragment that was used in the TBSV:NbAGO1-1
construct is homologous to both NbAGO1-1H and
NbAGO1-1L sequences; accordingly, it induced silenc-
ing of both transcripts (see “Materials and Methods”;
Supplemental Fig. S1). In order to specifically dissect
the relevance of the two homeologs, we next developed
a TBSV vector that carried the sequence of the indel H

Figure 5. NbAGO1-1 proteins. A, Phylogenetic classification of N. benthamiana AGO1 and the Arabidopsis AGO proteins
depicted in three clades. PAM indicates the point-accepted mutation. B, NbAGO1-1 predicted protein sequence showing
amino acid differences between the H and L forms.
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that should consequently silence solely NbAGO1-1H.
As explained, NbAGO1-1H transcripts accumulate at
higher levels in virus-infected plant tissues (Fig. 4A).
Hence, the TBSV-mediated VIGS was expected to reveal
the specific function of NbAGO1-1H in antiviral activity
and/or symptom development during a viral infection.
In the subsequently performed experiment, we applied
a construct that carried an additional flanking sequence
that was believed to also silence the N. benthamiana
endogenous phytoene desaturase (PDS; TBSV:indelH/
PDS in Fig. 7B, top). PDS is an enzyme that is involved
in intermediate steps in carotene biosynthesis. Accord-
ingly, virus-induced silencing of this gene was expected
to result in decoloration of infected tissues, which, in
turn, should enable us to visually follow the silencing
capacity of the viral vector (Pignatta et al., 2007). As a
positive control, a TBSV construct was used that si-
lenced solely the PDS. Thus, N. benthamiana plants were
inoculated with TBSV:PDS and TBSV:indelH/PDS in
vitro transcripts, and the accumulation of viral RNA
was monitored on systemic leaves. As shown in Figure
7B, viral genomic RNA was detectable; it reached a
peak at 6 dpi and was comparable in both cases (Figure
7B, bottom, lanes 2 and 3). Semiquantitative reverse
transcription (RT)-PCR on total RNA that was extracted
from six apical leaves at the recovery stage further
supported that the levels of TBSV:PDS and TBSV:
indelH/PDS accumulation were comparable, since the
amplification product appeared at the 21st cycle with
both infective constructs (Fig. 7C). Note that the am-
plified product of the semiquantitative RT-PCR con-
tained the indel H fragment, which, accordingly, was
verified to be retained by the TBSV vector during plant
infection and spread (Fig. 7C, double asterisks; Sanger
sequence not shown). These results revealed that the
two vectors could accumulate at comparable levels in

systemic leaves; the indel H insert was ensured to nei-
ther alter the capability of the viral vector to move long
distances nor to replicate and to accumulate in infected
tissues.

When we estimated the levels of PDS transcripts in
TBSV:PDS- and TBSV:indelH/PDS-infected plants, as
expected, both constructs were found to reduce the
PDS mRNA to a level that was at least 1,000 times
lower than in mock-inoculated plants. That is, in
mock-inoculated plants, a discrete amplified product
appeared at cycle 15 in the semiquantitative RT-PCR,
while it appeared at cycle 28 in plants that had been
infected with each of the TBSV constructs (Fig. 7C).
Unexpectedly, though, in the recovered leaves, the
whitening symptoms, which were attributed to PDS
silencing, turned out to be visually different when
we compared the plants that were infected with the
two constructs. Indeed, in the case of TBSV:indelH/
PDS, the whitening appeared brighter and more
widely distributed among all newly recovered leaves,
and this phenotype was found in all biological tests
(Fig. 7, D and E). Conversely, with TBSV:PDS, the
whitening appeared noticeably more confined to
the leaf veins, as shown in the top right images in
Figure 7, D and E. When we measured the level of
the NbAGO1-1L and NbAGO1-1H transcripts, TBSV:
indelH/PDS was confirmed to be effective in the si-
lencing of NbAGO1-1H. This became most obvious
at 6 dpi, when the transcript was almost undetect-
able (Fig. 7F). In contrast, in the case of the TBSV:
PDS-infected tissues, the NbAGO1-1H transcript
accumulated at a higher level than the NbAGO1-1L
mRNA (Fig. 7F), which recapitulated the situation
of the CymRSV infection shown in Figure 2C. There-
fore, we concluded that the NbAGO1-1H homeolog,
besides acting as an antiviral component, also has a

Figure 6. In vitro slicer activity of NbAGO1-1H and NbAGO1-1L. A,NbAGO1-1mRNAs were translated in N. tabacum BYL in
the absence or presence of an exogenous siRNA (gf698) targeting the mRNA of GFP (Iki et al., 2010). Subsequently, a 32P-
labeled GFP mRNA fragment was added as a target, and RISC cleavage products were analyzed by denaturing PAGE and
autoradiography. As negative and positive controls, the reactions were carried out in the absence of additionally expressed (in
vitro-translated) NbAGO1 and with NtAGO1, respectively. B, The assay was performed as described above except that a TBSV
defective interfering RNA was targeted by a vsiRNA, vsiRNA1 (Schuck et al., 2013).
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significant impact on plant symptom development
(see below).

DISCUSSION

NbAGO1-1H and NbAGO1-1L Loci and Transcripts

Like the majority of flowering plants, N. benthamiana
(n = 19) possesses an allopolyploid genome (Goodin
et al., 2008), as it underwent a process of whole-
genome duplication through the recombination of
two or more genomes from yet unidentified Nicotiana
spp. progenitors (alloploidization). In this study, we
show that N. benthamiana possesses two NbAGO1-1
loci. Likely, the NbAGO1-1L and NbAGO1-1H loci
derived from such genome duplications; therefore,
they can be considered as AGO1 homeologs. Genome
duplication, except in cases of redundancy, is often
followed by changes in gene expression/gene spe-
cialization (subfunctionalization), evolution of a novel
function (neofunctionalization), or gene loss (non-
functionalization including the generation of pseudo-
genes; Comai et al., 2000). For example, a phylogenetic
approach carried out on N. tabacum (a close relative of
N. benthamiana) and its progenitors Nicotiana tomento-
siformis and Nicotiana sylvestris showed that about 90%
of all homeolog sequences (6% of all genes) maintained
the expression of only one homeolog, since the second
homeolog was lost after genome duplication and evo-
lution (Bombarely et al., 2012a).

Instead, in the N. benthamiana allopolyploid context,
we show that both NbAGO1-1L and NbAGO1-1H
homeologs retained the full capacity to transcribe
mRNAs. Strikingly, a previous study (Nakasugi et al.,
2013), which aimed to identify all the N. benthamiana
RNA-silencing genes, did not highlight the presence of
the NbAGO1-1L transcript. The authors describe two
AGO1 transcripts, named AGO1a and AGO1b, both
containing the indel. That theNbAGO1-1L transcript was
missed is probably due to the fact that the NbAGO1
transcript that lacks the 18-nucleotide-long indel was
poorly represented in the unigene data set (i.e. one out of
eight AGO1.1 species; see above and Supplemental Fig.
S3). Another explanation may be that the 18-nucleotide-
long insertion in the AGO1 transcript is conserved
among the Solanaceae (Fig. 2A, top) and, accordingly,
was used as a reference sequence in the RNA sequencing
assembly processes.

Our findings indicate that an 18-nucleotide-long GC-
rich element in the NbAGO1-1 mRNA has important
functional implications for the modulation of AGO1
expression in N. benthamiana. Interestingly, the element
is missing in only one type of the known NbAGO1-1
mRNAs (Fig. 2A), and it has no evident consequences,
either on the expression or on the functionality of the
proteins, at least in the in vitro functional analysis
performed here (Fig. 6; see below). Hence, it may be
hypothesized that the speciation of N. benthamiana fol-
lowing allopolyploidization has resulted in two alter-
native transcripts of AGO1-1, the expression of which is

Figure 7. VIGS of NbAGO1-1H. A, Schematic representation of the TBSV viral vector containing a fragment inducing the
silencing of NbAGO1-1 transcripts and the effect of viral vectors on N. benthamiana plants at 10 dpi. B, Schematic repre-
sentation of the TBSV viral vector containing the fragment that induces the silencing of NbAGO1-1H and PDS transcripts. The
analysis of viral genomic RNA accumulation is shown in total RNA from infected tissues at 6 dpi. C, Semiquantitative RT-PCR
analysis of the viral RNA (TBSV row), the PDS transcripts (PDS row), and the endogenous control gene CYCLOPHYLIN (CPH;
CPH row). Double asterisks highlight the amplified products containing the indel. D and E, Visual inspection of the leaf
whitening associated with PDS silencing in TBSV:indelH/PDS- and TBSV:PDS-infected plants, respectively. F, qRT-PCR of
NbAGO1-1H and NbAGO1-1L transcripts in mock-inoculated and TBSV:indelH/PDS- and TBSV:PDS-infected plants. Data are
presented as means 6 SE of three replicates; different letters denote significant differences at P # 0.05.
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differently regulated by miRNA-mediated cleavage at
the posttranscriptional level. One interpretation of our
findings involves the possibility that the NbAGO1-1H
locus developed from the NbAGO1-1L locus and that
this led to the expression of an mRNA that is less ac-
cessible to miR168 cleavage.

Regarding the level of expression of the two tran-
scripts, our qRT-PCR data indicate that, in naive plants,
the H form of NbAGO1-1 is slightly less abundant than
the L form (i.e. 1:2; Figs. 4A and 7F, mock-inoculated
plants). This could be due to a different transcriptional
control, which deserves further specific investigation. It
also remains unclear whether the two transcripts coexist
in the same cells and whether they are spatially and/or
temporally separated from the regulatory RISC (Souret
et al., 2004; Brodersen et al., 2008).

The Indel and the miR168-Mediated Regulation
of Transcripts

In a previous study on the activity of human RISC,
Ameres et al. (2007) revealed that the accessibility of the
target site directly correlates with the efficiency of the
cleavage reaction. The two NbAGO1-1 homeolog tran-
scripts differ in the 18-nucleotide-long indel, which is
located only eight nucleotides upstream of the miR168
target site (Fig. 1C), and our prediction as well as ex-
perimental data suggest that this has considerable con-
sequences for the formation of the secondary RNA
structure of the miR168 target site. The presence of the
indel in NbAGO1-1H appears to mask the miR168 target
site and, thus, may render miR168 posttranscriptional
regulation more difficult. This is in contrast with the
situation with NbAGO1-1L, which was indicated to be
clearly more accessible to the miR168 seed sequence (Fig.
3, A and B). This notion was further supported when we
transferred the same sequence stretch into the context of
the GFP reporter construct. The 18-nucleotide-long in-
sertion had an evident effect on protein expression and
mRNA accumulation, likely through a different sensi-
tivity to miR168-mediated PTGS (Fig. 3, C and D). The
idea that miR168-mediated cleavage of NbAGO1-1H oc-
curs less efficiently (or less frequently) than NbAGO1-1L
cleavage is also fueled by the 39- and 59-RACE data that
were obtained in the GFP reporter gene context and
during the in vivo analysis (Figs. 2B and 3C). Our anal-
yses were performed with only one stretch of the
NbAGO1-1H or NbAGO1-1L transcript, and we are
aware that the results may not necessarily reproduce the
same functionality in the whole RNA context. Unfortu-
nately, a further detailed analysis in planta is impeded
by the close similarity of the two homeologs. However,
the sum of in silico, in vitro, and in vivo data supports
our model, proposing that the 18-nucleotide-long indel
represents an important modulator of the RNA structure
that involves also the miR168 target site, which, when it
is present, may confer a lower sensitivity, and upon its
loss, may confer a higher sensitivity, to miR168-guided
cleavage.

These data prompted us to look at transcript data
that are available for other Solanaceae spp. and to
search for variants that may have a similar impact on
the miR168 target sites. Interestingly, the Solanum
lycopersicum AGO1A-like and AGO1B (and Solanum
tuberosum AGO1-like and AGO1B-like) alignment re-
veals one 21-nucleotide-long indel that is located 22
nucleotides downstream of the miR168 target site
(Supplemental Fig. S6). In silico folding of these re-
gions suggests that this indel may affect the secondary
structure and accessibility of the miR168 target site of
the Solanum spp. AGO1 mRNA in a similar way to
that found here with NbAGO1-1H and NbAGO1-1L
of N. benthamiana (data not shown).

Moreover, a recent S. lycopersicum genome-wide anal-
ysis of 59-uncapped mRNAs (i.e. products of miRNA
cleavages; German et al., 2008) suggests that both S.
lycopersicum AGO1A-like and AGO1B are controlled by
miR168 (Lopez-Gomollon et al., 2012). This is an addi-
tional indication that the presence of indels around the
miR168 target site does not abolish cleavage-based post-
transcriptional regulation events. Instead, these elements
appear to play a role in the fine-tuning of the expression
of duplicate genes and homeologs during conditions of
miR168 up-regulation, such as under stress induced by
viral infections.

NbAGO1-1 Homeologs in Viral Infection

N. benthamiana is widely considered as a model host
for virus-plant interaction studies, and it has also been
successfully used in molecular studies of RNA silencing-
based plant-virus interactions with tombusvirus systems.
Here, we applied CymRSV because the functionality of
miR168 in N. benthamiana during a CymRSV infection
was convincingly demonstrated by Várallyay et al.
(2014). Indeed, we considered this virus system most
adequate to dissect the miR168-directed regulation of
the NbAGO1-1 mRNAs for the following reasons: (1)
N. benthamiana plants show a strong accumulation of
miR168 associated with a CymRSV infection (Fig. 4B;
Várallyay et al., 2010); (2) while not binding miR168
(Várallyay et al., 2014), the viral suppressor P19 is sup-
posed to effectively sequester vsiRNAs and to impede
their interference with endogenous and physiological
AGO1 functionalities (at least during the initial stages of
infection and spread); and (3) the level of NbAGO1-1
mRNA seems to increase in CymRSV-infected plants, but
this is not associated with an accumulation of mRNA
cleavage products (Várallyay et al., 2010). Earlier works
detected miRNA-mediated NbAGO1 mRNA cleavage in
virus-infected cells at a lower extent than in naive cells
(Várallyay et al., 2010), and our findings are consistent
with these data, if we consider solely the situation with
NbAGO1-1H (Fig. 2C). Várallyay et al. (2010) also ob-
served a reduction of AGO1 protein accumulation and
attributed this contradiction (i.e. up-regulation of AGO1
mRNA and miR168 but no increase of 59 cleavage prod-
ucts) to an miRNA-mediated translation inhibition of the
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mRNA. Obviously, the above studies and conclusions did
not discriminate between the two homeolog transcripts
and were based on measurements of the total amount of
both NbAGO1-1 mRNAs. As explained above, the two
NbAGO1-1 homeologs were targeted and cleaved by
miR168; however, the cleavage remnants of the H
homeolog were less detectable by RACE analysis. Thus,
it is conceivable that the measured cleavage prod-
ucts mainly derived from the L version of the
NbAGO1 mRNA, while the H version, which is cleaved
to a considerably lower extent, indeed is translationally
repressed, as suggested by Várallyay et al. (2010). Fu-
ture experiments need to address this interesting aspect.
A VIGS strategy was used as a preliminary approach

to dissect the functionality of the two NbAGO1-1 home-
ologs. This strategy was based on the widely accepted
assumption that AGO1 represents a major effector of
PTGS of endogenous genes (Bologna and Voinnet, 2014).
Thus, plants that were infected with TBSV:NbAGO1-1,
which silenced bothNbAGO1-1 homeologs, underwent a
quick necrotic decline (Fig. 7A). Considering that both
NbAGO1-1H and NbAGO1-1L are able to incorporate
siRNAs and to reconstitute RISC active in cleaving viral
RNA in vitro (Fig. 6), these data suggest that both
homeolog genes together constitute a solid layer of de-
fense against tombusvirus infections. In other words,
both homeologs were indicated to be determinants of
the susceptibility of N. benthamiana to infections with
tombusviruses.
The application of a construct that was able to silence

the endogenous PDS gene and specifically NbAGO1-1H
highlighted another intriguing aspect. While at 6 dpi,
we could achieve an efficient silencing of NbAGO1-1H
(Fig. 7F), no differences in viral accumulation or necrosis
were observed in comparison with the control (Fig. 7,
B–E). However, as explained in “Results,” the whitening
symptoms, which were associated with the silencing of
the endogenous PDS gene, revealed evident differences
between plants that were treated with TBSV:indelH/PDS
and the TBSV:PDS control plants (Fig. 7, D and E).
Closely consistent with our earlier data, we found the
NbAGO1-1L transcript to be expressed almost twice as
much as NbAGO1-1H in the mock-inoculated plants
(Figs. 4A and 7F). During the infection, this ratio turned
around (i.e. the amount of the NbAGO1-1L transcript
decreased and the amount of NbAGO1-1H increased),
which was explained again by the increase of miR168
expression and the lower sensitivity of NbAGO1-1H
to miR168 cleavage. When forcing the silencing of
NbAGO1-1H using VIGS, the plants showed again an
increasing amount of the L form (Fig. 7F). This may
suggest that the loss of the H form is somehow com-
pensated by a higher gene expression of the L form to
control the invasion of the virus.
The current status of our findings clearly supports the

view that the presence of two forms of AGO1-1 repre-
sents an evolutionary advantage for the plant. Thus,
both AGO1-1 forms were indicated to operate in concert
to ensure basic mRNA regulatory control during con-
ditions of stress, such as a viral infection where massive

amounts of vsiRNAs are produced and where miR168
expression is up-regulated. Along this line, the presence
of short indels in close proximity to miRNA target sites
may represent a new type of genetic strategy to fine-
tune the miRNA-mediated posttranscriptional regula-
tion of genes under stress.

This speculation is, at least in part, supported by
recent reports with Arabidopsis showing (1) the nec-
essary presence of two specialized pools of AGO1 that
are loaded with single classes of short RNA duplexes
(i.e. with either miRNAs or viral siRNAs; Schott et al.,
2012) and (2) the evidence that recovery and VIGS are
mediated by different host factors, including AGO1
(Ma et al., 2015). Thus, our data add another layer of
regulation of the AGO1 homeostasis in plants under
external stimuli. Our findings are in line with an earlier
report of Li et al. (2012), who observed that miR168
overexpression does not necessarily correlate with
lower AGO1 mRNA levels.

As such, this study provides an important basis for
future molecular, biochemical, and genome-wide studies
aimed at unraveling the mechanisms of the functional
diversification of genes involved in RNA silencing, with
a particular relevance in the context of polyploidy.

MATERIALS AND METHODS

Bioinformatics Analysis

The draft genome of Nicotiana benthamiana (version 0.4.4) was downloaded
from http://solgenomics.net/organism/Nicotiana_benthamiana/genome
(Bombarely et al., 2012b). It comprises a set of 140,890 scaffolds (with a total length
of 2,593,640,036 bp), which were imported into the CLC Genomics Workbench
software (version 5.5) for further analysis. The scaffolds were screened for the
presence of NbAGO1 (National Center for Biotechnology Information accession
number DQ321488; 3,156 bp). Sequence matches were found on two distinct
scaffolds, SCF00034990 and SCF00010009. From a pairwise alignment between
the two alternative NbAGO1 gene sequences, point mutations (single-nucleotide
and deletion-insertion polymorphisms) were detected as well as an 18-bp deletion
(on scaffold SCF00034990). We defined the transcript containing the full gene
sequence as NbAGO1-1H; the variant containing the 18-bp deletion was termed
NbAGO1-1L. The intron/exon structure was determined through analysis with
GENSCAN (http://genes.mit.edu/GENSCANinfo.html; Burge and Karlin, 1997)
accompanied by manual interpretation.

To retrieve all the annotated and putative AGO1-like gene sequences
available in databases, the NbAGO1-1H protein sequence was submitted to
tBLASTn using the plant taxid database. Annotated or predicted AGO1-like
mRNAs containing putative miR168 target sequences were selected and
multialigned with ClustalW (Thompson et al., 1994; DNA weight matrix =
default value, gap open = 100, and gap extension = 10).

cDNA of NbAGO1-1 Transcripts, GFP Sensor,
and Agroinfiltration

Total RNA was extracted from 100 mg of expanded leaf tissues from
N. benthamiana plants using TriReagent (Sigma) following the manual’s instructions.
Upon DNaseI (Ambion) treatment to ensure the elimination of traces of DNA,
the polyadenylated fraction was enriched using the Ambion Poly(A)Purist Kit
(Life Technologies). The polyadenylated fraction was used for randomized cDNA
generation. Oligonucleotides NbAGOmiRNAS and NbAGOmiRNAAS
(Várallyay et al., 2010) were used for PCR amplification of the approximately
120-bp-long fragment containing the miR168 target site. Two PCR species (data
not shown), almost indistinguishable in size, were observed on agarose gels.
Therefore, the PCR was first loaded and separated through a 2% (w/v) agarose
gel and excised from the very top and very bottom of the doublet. Then, the two
amplified species were again separated via an 8% (w/v) polyacrylamide gel.
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From the latter gel, the species were cloned into the pGEM T-easy vector
(Promega) and sequenced.

PCR product species of target sequences H and L were placed into the SmaI-
linearized plasmid pAJ as described previously (Pantaleo et al., 2007). Sanger
sequencing was used to verify the orientation of the cloned fragments. Sensor
constructs pAJ GFPNbAGO1-1L (256-379) and pAJ-GFPNbAGO1-1H (256-397)were
transferred into the Agrobacterium tumefaciens strain C58C1 as described previously
(Pantaleo and Burgyán, 2008) and then agroinfiltrated into well-expanded 6- to 10-
leaf-old N. benthamiana. After 3 dpi, the leaves were analyzed under the UV lamp.

59- and 39-RACE

59-RACE analysis of miR168-cleaved NbAGO1-1 was performed as de-
scribed previously (Shimura et al., 2011) with the polyadenylated fraction
obtained from total RNA of N. benthamiana. Polyadenylated RNA was
obtained with the Ambion Poly(A)Purist Kit (Life Technologies) following the
manual’s instructions. A gene-specific reverse oligonucleotide for PCR having
the sequence 59-CTTCCATATGGTACAGGCTGA-39 was designed down-
stream of the expected miR168 cleavage site.

39-RACE of the GFP sensor sequence GFP-NbAGO1-1 was carried out on
the RNA extracted from the agroinfiltrated spots as described previously
(Pantaleo et al., 2007). After RACE PCR amplification, the gel slice corre-
sponding to 150 to 200 nucleotides in size was excised, and the DNA was
eluted, cloned, and Sanger sequenced.

CymRSV Infection and NbAGO1-1 mRNA qRT-PCR

The plasmid encoding the CymRSV RNA (Burgyan et al., 1990) was linear-
ized with SmaI, ethanol precipitated, and transcribed in vitro using T7 RNA
polymerase.N. benthamiana plants were inoculated with the viral RNA transcript
as described (Rubino et al., 1992). Total RNA was extracted from leaf tissues
with TriReagent (Invitrogen) following the manufacturer’s instructions. We an-
alyzed leaves mock inoculated and at 3, 4, 6, and 10 dpi. Primers for qRT-PCR
were designed taking advantage of the 18-nucleotide-long indel, in order to
discriminate the homeologs NbAGO1-1H and NbAGO1-1L: NbAGO1-1H for,
59-GCCATGGGGCACCTTCTG-39; NbAGO1-1H rev, 59-GAGACGAG-
GAACCAGCCTC-39; NbAGO1-1L for, 59-ATCAACGAGGTGGAGGACAA-39;
and NbAGO1-1L rev, 59-GGTACTGGTGGCCGTGC-39. Primers for qRT-PCR
amplification ofGFPmRNAwere GFP for (59-CGATGGCCCTGTCCTTTTAC-39)
and GFP rev (59-GGTCTCTCTTTTCGTTGGGATCT-39). First strand cDNA
synthesis was performed using 5 mg of total RNA treated with DNase and the
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Relative
expression was calculated based on the comparative cycle threshold method as
described by Livak and Schmittgen (2001). The PCR mix (10 mL) contained 5 mL
of PowerSYBR Green master mix (Life Technologies), 0.25 mM of each primer,
and 1 mL of cDNA diluted 1:10. Cycling conditions for NbAGO1-1H and
NbAGO1-1L primer pairs consisted of initial denaturation at 95°C for 10 min,
followed by 40 cycles at 95°C for 15 s, and 65°C for 1 min. Cycling conditions for
GFP amplification consisted of initial denaturation at 95°C for 10 min, followed
by 40 cycles at 95°C for 15 s, and 60°C for 1 min. Specific annealing of the
primers was controlled on dissociation kinetics performed at the end of each
PCR run. Expression of the CPH gene was used as the normalization factor
in all samples as reported (Havelda et al., 2008), since CPH concentration in
N. benthamiana is constant during virus infection. Transcript level was expressed
as the mean and SE calculated for three replicates. Data were statistically analyzed
using the ANOVA F test (P # 0.05).

Cell Culture and Preparation of Cytoplasmic BY-2
Cell Extract

Nicotiana tabacum BY-2 cells were cultured as described (Gursinsky et al.,
2009) at 23°C in Murashige and Skoog liquid medium. Evacuolated BY-2
protoplasts to prepare cytoplasmic extract (BYL) were obtained by Percoll
gradient centrifugation (Komoda et al., 2007; Gursinsky et al., 2009).

In Vitro Transcription

Togenerate plasmids for the production ofNbAGO1-1H andNbAGO1-1LmRNAs,
the corresponding open reading frames were amplified by PCR and inserted between
the XbaI and SmaI sites of a modified pSP64-poly(A) vector (Promega) that contained
an additional SwaI site downstream of the polyadenylated sequence.

Transcription and further treatment of the transcript were performed using
standard procedures. Transcripts encoding firefly luciferase were generated by
SP6 RNA polymerase (Thermo Scientific) from the XhoI-linearized plasmid pSP-
luc(+) (Promega). AGO mRNAs were synthesized in the presence of the mono-
methylated cap analog m7GP3G (Jena Biosciences) from the SwaI-linearized
plasmids using SP6 RNA polymerase. To generate the GFP target RNA, a 432-
bp sequence was amplified by PCR from plasmid pGFP-C1 with the T7 promoter
sequence included in the forward primer. Radioactive labeling was performed
using standard conditions. TBSV defective interfering RNA was synthesized by
T7 RNA polymerase from an SmaI-linearized template DNA (Schuck et al., 2013).

siRNAs

RNA oligonucleotides were purchased from Biomers. The sequences of the
gf698 siRNA duplex were 59-UAGUUCAUCCAUGCCAUGUGUA-39 (guide
strand) and 59-CACAUGGCAUGGAUGAACUAUA-39 (passenger strand). The
sequences of the TBSV-derived vsiRNAs were 59-UAUCCGACCAUAGGCC-
CAUGU-39 (guide strand) and 59-AUGGGCCUAUGGUCGGAUAAG-39 (pas-
senger strand). To produce siRNA duplexes, the single-stranded RNAs were
incubated in annealing buffer (30 mM HEPES-KOH, pH 7.4, 100 mM potassium
acetate, and 2 mM magnesium acetate) for 1 min at 90°C and annealed for 60 min
at 37°C. All siRNAs used were nonphosphorylated.

In Vitro Slicer Assay

To generate AGO1 variants and siRNA-programmed AGO/RISC in vitro,
the AGO mRNAs were in vitro translated in 50% (v/v) BYL in the previously
described conditions (Gursinsky et al., 2009). Briefly, 1.5 mg of AGO mRNA
was translated in a 20-mL reaction in the presence of 50 nM synthetic siRNA for
60 min. To measure slicer activity, the same amount of siRNA was added
again, and the reaction was continued for another 90 min. Two micrograms of
firefly luciferase (competitor) mRNA and the 32P-labeled target RNA (50 fmol)
were added, and the cleavage reaction was performed for another 15 min.
Total RNA was isolated from the reaction by treatment with 20 mg of Pro-
teinase K in the presence of 0.5% (w/v) SDS for 30 min at 37°C, followed by
extraction with 1 volume of chloroform and ethanol precipitation. 32P-labeled
products were separated on 5% (w/v) Tris-borate polyacrylamide gels con-
taining 8 M urea and visualized by phosphor imaging.

Virus-Induced RNA Silencing

The TBSV viral vector (pPD-A4) was kindly provided by Dr. M. Turina.
The vector TBSV:NbAGO1-1 was obtained by exchanging the PDS fragment in
pPD-A4 with an XhoI (Fermentas)-digested fragment obtained by PCR am-
plification of the NbAGO1-1 gene (positions 2,268–2,351; Supplemental Fig. S1)
using 59-TGCTCGAGCATACCCATGTGGCCTTGTCTTCAAG-39 and 59-ACA-
CTCGAGAATATCACGTTCTCTC-39 (XhoI restriction sites underlined) as
oligonucleotides and total DNA extracted from leaves (Rubino et al., 1992)
as substrate. For TBSV:indelH/PDS, oligonucleotides pdsXhoIrev (59-AGGA-
CACTCGAGCAGGAGGGTTACC-39) and TBSVAGO11Hfor (59-TAGT-
GCTCGAGGCACCTTCTGGTGGCCCTCCTCGGCACGAGCTTTCGATG-39;
forward oligonucleotides in boldface) were used to obtain the fragment of
N. benthamiana PDS (positions 878–973 of the ref_seq DQ469932) with the
flanking 25-nucleotide-long sequence of the NbAGO1-1H indel. All constructs
were SmaI restricted, and infectious RNAs were generated and inoculated as
described previously (Rubino et al., 1992).

Semiquantitative RT-PCR Analysis

To control equal cDNAamounts in each reaction, PCRwas performedwith primers
corresponding to CPH (see above). Primer sequences were as follows: TBSV Forward,
59-GAGGGTTACCATCTAAAAAGGCC-39; TBSV Reverse, 59-CTTGTTCGTATT-
CAGTATCC-39; PDS Forward, 59-GATGCWACRATGAAGGAACTAGC-39; PDS
Reverse, 59-GCCGACARGGTTCACAACCTG-39.

Chemical Probing of RNA Secondary Structure and Primer
Extension Analysis

Evaluation of the RNA secondary structure was done using the protocol
released by Yu et al. (1999) with minor modifications. The modifying agent
used was DMS (Merck). DMS modification was performed with 1 mg of in
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vitro-transcribed RNA and 32 mM DMS in a 200-mL reaction mixture con-
taining 20 mM HEPES-KOH (pH 7.9), 60 mM KCl, and 12 mM MgCl2 at 30°C for
5 min. The reaction was stopped by the addition of an equal volume of DMS
stop buffer containing 0.6 M sodium acetate, 0.4 M b-mercaptoethanol, 0.4 M

Tris-HCl (pH 7.5), and 10 mM EDTA. The modified RNA was then ethanol
precipitated with 10 mg of tRNA as a carrier.

Chemically modified RNA molecules were mixed with 1 pmol of 59 end-
labeled DNA primer (59-CGCACGCGTGGTACAGGCTGA-39). Primer ex-
tension was performed at 42°C for 60 min with 100 units of RevertAid Reverse
Transcriptase (Thermo Scientific) at standard conditions as recommended by
the manufacturer. The locations of modification sites were determined by
PAGE of the primer extension products (see above). In parallel, the corre-
sponding DNA sequences were determined by dideoxynucleotide sequencing
(DNA cycle sequencing kit; Jena Bioscience) with the same 59 end-labeled
primer.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers KR942296 and KR942297.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Sequence alignment of NbAGO1-1L and
NbAGO1-1H loci.

Supplemental Figure S2. PCR-based strategy for validating NbAGO1-1L
and NbAGO1-1H loci.

Supplemental Figure S3. List of NbAGO1-1H and NbAGO1-1L transcript
species found in the RNA-Seq data set.

Supplemental Figure S4. Multiple alignment of miR168 family members.

Supplemental Figure S5. qRT-PCR for discriminating NbAGO1-1H and
NbAGO1-1L.

Supplemental Figure S6. Multiple alignment of annotated ARGONAUTE1
mRNAs of Solanum lycopersicum and Solanum tuberosum.
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