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Triticum mosaic virus (TriMV) is the type species of the newly established Poacevirus genus in the family

Potyviridae. In this study, we demonstrate that in contrast to the helper component-proteinase (HC-Pro)

of Potyvirus species, the P1 proteins of TriMV and Sugarcane streak mosaic poacevirus function in

suppression of RNA silencing (SRS). TriMV P1 effectively suppressed silencing induced by single- or

double-stranded RNAs (ss/ds RNAs), and disrupted the systemic spread of silencing signals at a step

after silencing signal production. Interestingly, contrary to enhanced SRS activity of potyviral HC-Pro by

co-expression with P1, the presence of TriMV HC-Pro reduced SRS activity of TriMV P1. Furthermore,

TriMV P1 suppressed systemic silencing triggered by dsRNA more efficiently than the HC-Pro of Turnip

mosaic potyvirus. Furthermore, TriMV P1 enhanced the pathogenicity of a heterologous virus. Our

results established poaceviral P1 as a potent RNA silencing suppressor that probably employs a novel

mechanism to suppress RNA silencing-based antiviral defense.

Published by Elsevier Inc.
Introduction

Viruses are intracellular obligate parasites that exploit host
cellular and molecular mechanisms to propagate in host cells.
Upon virus invasion, the virus hosts are known to deploy diverse
mechanisms to combat viral infections at both the cellular level
and throughout the entire organisms. In plants, RNA silencing is
one of the most important defense mechanisms that target
viruses, transposons, and overexpressed transgenes (Cogoni and
Macino, 2000; Wang and Metzlaff, 2005). RNA silencing is
triggered by double-stranded (ds) RNAs, which could originate
from replicating viral RNAs or highly structured regions of single-
stranded (ss) viral RNAs (Bass, 2000; Dalmay et al., 2000; Hannon,
2002). These dsRNAs are processed by Dicer-like RNases (DCLs) to
produce short dsRNAs of 21–24 nucleotides (nt) in length known
as small interfering (si) RNAs (Deleris et al., 2006; Dunoyer et al.,
2005; Fire et al., 1998; Ketting et al., 2001; Xie et al., 2004). One
strand of these siRNAs is then recruited by an Argonaute (AGO)
Inc.

tineni).
protein to form the RNA-induced silencing complex (RISC), which
guides the cleavage or translational repression of homologous
RNA molecules (Ding and Voinnet, 2007; Hammond et al., 2000).

Once induced, RNA silencing sends sequence-specific signals,
presumably siRNAs, to neighboring cells and throughout the entire
plant to confer non-cell autonomous silencing of homologous
targets (Dunoyer et al., 2010; Kalantidis et al., 2008; Molnar
et al., 2010; Palauqui et al., 1997; Voinnet and Baulcombe, 1997;
Voinnet et al., 1998). Hence, siRNAs generated locally not only
reduce the number of viral RNAs at the infection sites, but also
serve to promote plant recovery from virus infections at distal
parts of the plant, leading to clearance of viral RNAs and viral
disease symptoms. The recovered plants become resistant to
super-infection by the same or closely related viruses (Lindbo
et al., 1993; Mlotshwa et al., 2008; Ratcliff et al., 1997).

To counter RNA silencing-based host defense, viruses have
evolved to encode diverse, yet functionally conserved proteins
with silencing suppression activity, referred to as RNA silencing
suppressors (RSSs) (Ding and Voinnet, 2007). Since RNA silencing
is a multistep process, RSSs encoded by different viruses are also
known to target distinct steps of the RNA silencing pathway. For
example, Tombusvirus p19 interferes with siRNA incorporation
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into RISCs by binding to siRNAs (Lakatos et al., 2004; Silhavy et al.,
2002), whereas Cucumovirus 2b inhibits host RNA silencing by
physically interacting with AGOs (Zhang et al., 2006).

The family Potyviridae is the most populous plant virus family
that consists of eight different genera, encompassing �40% of the
known plant RNA viruses (Adams et al., 2011). Notably, recent
studies suggest that viruses belonging to different genera of
Potyviridae evolved independently to task different viral proteins
with RSS functions. It is well known that species of the Potyvirus

and Rymovirus genera suppress RNA silencing with the multi-
functional helper component-proteinase (HC-Pro) (Anandalakshmi
et al., 1998; Kasschau and Carrington, 1998; Lakatos et al., 2006;
Llave et al., 2000; Mallory et al., 2001; Young et al., 2012). By
contrast, Ipomovirus members all use the P1 as the RSS, even
though these viruses exhibit substantial intra-genus diversity in
their genome organization: while an HC-Pro homolog is present in
Sweet potato mild mottle virus (SPMMV) and is completely absent in
Cassava brown streak virus or Cucurbit vein yellowing virus (CVYV)
(Giner et al., 2010; Mbanzibwa et al., 2009; Valli et al., 2006).
Furthermore, CVYV encodes two copies of P1, referred to as P1a
and P1b, with P1b serving as the RSS (Valli et al., 2006). Finally,
Wheat streak mosaic virus (WSMV), the type species of the
Tritimovirus genus, also utilizes P1 as RSS, despite the fact that
WSMV shares a similar genome organization with members of the
Potyvirus and Rymovirus genera (Young et al., 2012).

Poacevirus is a newly established genus in the family Potyvir-

idae with Triticum mosaic virus (TriMV), an economically impor-
tant virus in the Great Plains region, as its type species and
Sugarcane streak mosaic virus (SCSMV) as an additional definitive
member (http://ictvonline.org/virusTaxonomy.asp?version=2011;
Adams et al., 2011; Burrows et al., 2009; Seifers et al., 2008, 2011;
Tatineni et al., 2009; Xu et al., 2010). TriMV possesses a 10,266 nt
long, single-stranded, positive-sense RNA genome with a similar
genome organization to those of Potyvirus, Tritimovirus, and
Rymovirus species (Fellers et al., 2009; Tatineni et al., 2009). In
addition to a substantially divergent amino acid sequence of
polyprotein, TriMV differs from other potyvirid species by having
an unusually long (739-nt) 50-leader sequence (Tatineni et al.,
2009). In the field, TriMV is transmitted by the eriophyid mite
Aceria tosichella Keifer (Seifers et al., 2009). The functions of
TriMV-coded proteins remain largely unknown.

In this study, we identified the P1 of TriMV as an RSS. TriMV P1
effectively suppressed local and systemic RNA silencing triggered
by ss and dsRNAs of green fluorescent protein (GFP). Furthermore,
in contrast to previous reports of increased silencing suppression
activity by potyviral HC-Pro in the presence of its cognate P1, the
presence of TriMV HC-Pro actually weakened the silencing sup-
pression activity of TriMV P1. Additionally, TriMV P1 enhanced
the pathogenicity of a heterologous virus [Potato virus X (PVX)] in
Nicotiana benthamiana. Collectively, our data demonstrate that
TriMV P1 is a strong RSS that may function through a novel
mechanism.
Results

TriMV P1 is a strong RSS

TriMV genomic RNA encodes a single large polyprotein of 3112
amino acids (Fellers et al., 2009; Tatineni et al., 2009), which is
thought to be cleaved into 11 individual mature proteins pre-
sumably by three virus-encoded proteinases and by ribosomal
frameshifting (Fig. 1A). These mature proteins are presumed to be
analogous to those encoded by the members of Potyvirus, Triti-

movirus, and Rymovirus genera, but with limited sequence iden-
tity (Fig. 1A; Tatineni et al., 2009). To determine whether any of
the TriMV encoded proteins possess an RSS activity, we utilized
agroinfiltration assays in GFP-transgenic N. benthamiana line 16c
leaves (Voinnet and Baulcombe, 1997). Each transformed agro-
bacterial strain containing one of the TriMV cistrons (P1, HC-Pro,
P3, CI, 6K2, NIa-VPg, NIa-Pro, NIb, or CP) was mixed with an equal
volume of Agrobacterium tumefaciens suspension harboring a 35S
–GFP construct (ssGFP) (Qu et al., 2003) and infiltrated into 16c
leaves. A. tumefaciens harboring a Turnip mosaic virus (TuMV) HC-
Pro-expressing construct and an empty vector (pCASS4; a variant
of pCASS2; Shi et al., 1997) were used as positive and negative
controls, respectively, in co-infiltration experiments with ssGFP.

At 2 day postinfiltration (dpi), prior to initiation of host RNA
silencing, all Agrobacterium-infiltrated leaf patches reached max-
imum GFP expression as evidenced by strong green fluorescence
(data not shown). By 3 dpi, the intensity of green fluorescence
decreased substantially in leaf patches expressing most TriMV
cistrons, but increased in patches expressing TriMV P1 as well as
TuMV HC-Pro (Fig. 1B); strongly suggesting that P1 is the RSS of
TriMV. By contrast, fluorescence in leaf patches with TriMV HC-
Pro was similar to that of the empty vector control (Fig. 1B),
suggesting that unlike potyviral HC-Pro, the HC-Pro of TriMV does
not function in suppression of RNA silencing (Anandalakshmi
et al., 1998; Kasschau and Carrington, 1998). Additionally, N.

benthamiana leaves agroinfiltrated with a construct designed to
express TriMV HC-Pro tagged with the hemagglutinin (HA)
epitope at the N-terminus was readily accumulated at detectable
levels (Fig. 1D, lane 1), suggesting that failure of HC-Pro to
function as RSS is probably not due to inefficient expression
and/or protein instability.

Suppression of RNA silencing by TriMV P1 would be expected
to protect the GFP mRNA from being degraded, thus allowing GFP
mRNA accumulation to higher levels. To confirm this prediction
and also to correlate the increased GFP fluorescence in TriMV P1-
expressing leaf patches with enhanced GFP mRNA accumulation,
we carried out Northern blot analysis of total RNA extracted from
agroinfiltrated leaf patches (Fig. 1C). As expected, GFP mRNA
accumulated to very high levels in tissues co-expressing ssGFP
and TriMV P1 (lane 1) or TuMV HC-Pro (lane 10). By contrast, the
level of GFP mRNA was dramatically lower in tissues expressing
all other TriMV proteins, including HC-Pro (Fig. 1C, lanes 2–9).
These results are consistent with the intensity of GFP fluores-
cence, further confirming that TriMV P1, but not HC-Pro, serves as
the RSS of this virus.

ssRNA-triggered silencing suppression activity of TriMV P1 is

inhibited by HC-Pro

Previous studies have shown that for potyviruses, even though
HC-Pro is the primary RSS, its activity is enhanced by the presence
of P1 (Rajamäki et al., 2005; Valli et al., 2006). To determine if
similar synergistic interaction exists between TriMV P1 and HC-
Pro, we compared the silencing suppression activity of TriMV P1
with that of P1/HC-Pro by agroinfiltration of N. benthamiana 16c
leaves with ssGFP plus P1/HC-Pro or P1 of TriMV. TuMV HC-Pro
and P1/HC-Pro, and pCASS4 were used as positive and negative
controls, respectively. As an additional negative control, we
created a new construct, TriMV P1þ1FS, which would be
expected to transcribe P1 mRNA but not express the P1 protein
due to a þ1 frameshift (FS) within its ORF. As shown in Fig. 2A,
GFP fluorescence in leaves containing negative controls (TriMV
P1þ1FS or pCASS4) was very weak at 3 dpi, and almost comple-
tely faded by 6 dpi (Fig. 2A). GFP fluorescence in leaf patches with
TriMV P1 or P1/HC-Pro constructs were both bright at 3 dpi
(Fig. 2A). However, by 6 dpi, GFP fluorescence in TriMV P1/HC-
Pro-expressing leaf patches became slightly weaker than in leaf
patches expressing P1 alone (Fig. 2A), suggesting that presence of
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Fig. 1. Identification of TriMV P1 as a suppressor of RNA silencing triggered by ssGFP. (A) Genome organization of TriMV depicting coding proteins in cistrons and the

position of predicted cleavage sites in polyprotein are indicated with solid lines. (B) Green fluorescent images of agroinfiltrated leaves of N. benthamiana line 16c under UV

illumination at 3 dpi. The constructs used for agroinfiltration are indicated above the images. (C) Northern blot analysis of accumulation of GFP mRNA in leaf patches

infiltrated with agrosuspensions harboring ssGFP plus one of the TriMV cistrons: P1 (lane 1), HC-Pro (lane 2), P3 (lane 3), CI (lane 4), 6K2 (lane 5), NIa-VPg (lane 6), NIa-Pro

(lane 7), NIb (lane 8), and CP (lane 9). TuMV HC-Pro (lane 10), and pCASS4 (vector) (lane 11) and RNA from 16c plants (lane 12) were used as positive and negative controls,

respectively. Ethidium bromide-stained rRNA is shown as sample loading controls. GFP plus-strand RNA-specific DIG-labeled riboprobe was used for Northern blot

hybridization. (D) Western blot analysis of accumulation of HA-tagged TriMV HC-Pro (lane 1) and SCSMV HC-Pro (lane 2) in N. benthamiana leaf patches co-infiltrated with

TuMV P1/HC-Pro at 3 dpi. Coomassie R-250-stained SDS-PAGE gel at the bottom of immuno-blot are host rubisco protein for sample loading controls.
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HC-Pro with P1 as a polyprotein interfered with the silencing
suppression function of P1. In contrast, GFP fluorescence in leaf
patches containing TuMV HC-Pro or P1/HC-Pro was similar at
both 3 and 6 dpi (Fig. 2A).

The difference in GFP fluorescence intensity in leaf patches as
shown in Fig. 2A was further corroborated by Northern blot
analysis of total RNA extracted from infiltrated leaves (Fig. 2B
and C). GFP mRNA level in leaf patches expressing TriMV P1/HC-
Pro was much lower than those expressing TriMV P1 at both
3 and 6 dpi (compare lanes 1 and 2). This is in stark contrast with
the TuMV RSS: consistent with previous reports, TuMV P1/HC-Pro
fusion permitted slightly higher levels of GFP mRNA accumula-
tion than its HC-Pro alone (Fig. 2B and C, compare lanes 4 and 5).
We next examined the levels of GFP-specific siRNAs in the same
samples. As shown in Fig. 2D and E, GFP-specific siRNAs were
more abundant in leaf patches expressing TriMV P1/HC-Pro (lane
1) than those expressing P1 alone (lane 2), at both 3 and 6 dpi.
These results support the conclusion that in the presence of HC-
Pro, the silencing suppression activity of TriMV P1 was weakened,
allowing for the production of more silencing-mediating siRNAs.

The reduced silencing suppression activity of TriMV P1/HC-Pro
might be caused by inefficient translation due to its larger size
compared to that of P1. Therefore, we examined the protein
levels of P1 and P1/HC-Pro by fusing the HA epitope to the
N-terminus of TriMV P1 and P1/HC-Pro cistrons. The agrosus-
pensions containing HA-tagged P1 or P1/HC-Pro were infiltrated
into wild-type N. benthamiana leaves. To rule out the possibility
that RNA silencing might target these constructs differentially
and cause varying levels of protein accumulation, the TuMV P1/
HC-Pro was included in some of the infiltrations (as a suppressor
of RNA silencing) (Fig. 2F). Total proteins extracted from 3 dpi
leaves were analyzed by Western blot using an HA-monoclonal
antibody (Sigma-Aldrich, St. Louis, MO). As shown in Fig. 2F, HA-
tagged P1, derived from P1/HC-Pro (due to P1-mediated cleavage
between P1 and HC-Pro), accumulated to slightly lower levels
than HA-tagged P1 alone, regardless of the presence of an
heterologous RSS (Fig. 2F, compare lanes 1, 2 with 3, 4; and 5,
6 with 7, 8). Furthermore, we found that in overloaded
samples the P1 was efficiently cleaved from HC-Pro in P1/HC-
Pro infiltrated leaves (Fig. 2F, compare lanes 10 and 11 with 12
and 13), suggesting that the reduced RSS activity of TriMV P1/
HC-Pro is not due to inefficient cleavage of P1 from HC-Pro.
Taken together, the drastically reduced RSS activity of TriMV
P1/HC-Pro compared to that of P1 in N. benthamiana leaves is
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not proportionate to the slightly reduced levels of P1 translation
from the P1/HC-Pro construct. Thus, it appears that co-expres-
sion of HC-Pro from the P1/HC-Pro construct interferes with
RSS activity of P1 in N. benthamiana leaves by an unknown
mechanism.
TriMV P1 suppresses local RNA silencing triggered by dsRNA

The above experiments demonstrated that TriMV P1 is a
strong suppressor of RNA silencing induced by ssRNA in the form
of ssGFP. Since dsRNA is considered to be a more potent inducer
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of RNA silencing, we examined whether TriMV P1 was able to
suppress dsRNA-induced RNA silencing in N. benthamiana leaves.
In these experiments, TriMV HC-Pro, TriMV P1þ1FS and pCASS4
(empty vector) were included as negative controls. TuMV P1/HC-
Pro and HC-Pro constructs were included as positive controls.
In addition to the constructs expressing viral (TriMV or TuMV)
gene products, all these co-infiltrations include the following two
constructs: ssGFP serving as the visual reporter, and dsGFP which
expresses GFP-derived dsRNA (Fig. 3A). GFP fluorescence was
observed in co-infiltrations that contained TriMV P1, TuMV
P1/HC-Pro, and TuMV HC-Pro, but not in leaf patches containing
TriMV P1/HC-Pro or HC-Pro at 2 dpi, again confirming that TriMV
HC-Pro is not an RSS (Fig. 3A). Lack of GFP fluorescence in leaf
patches infiltrated with TriMV P1/HC-Pro plus ssGFP and dsGFP
suggests that the HC-Pro interferes with the RSS activity of P1.

The observation of GFP fluorescence in agroinfiltrated leaf
patches as shown in Fig. 3A was further confirmed by Northern
blot hybridization (Fig. 3B) showing accumulation of GFP mRNA
in leaf patches containing TriMV P1 (lane 3), TuMV P1/HC-Pro
(lane 5), or TuMV HC-Pro (lane 6), but not TriMV P1/HC-Pro (lane
1), TriMV HC-Pro (lane 2), TriMV P1þ1FS (lane 4), or pCASS4
(lane 7). We also examined accumulation of GFP-specific siRNAs
in the same samples. Interestingly, the levels of siRNAs were
higher (�1.5–4-fold) in leaf patches (Fig. 3C) that expressed
ssGFP+ds
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production of siRNAs. Since siRNAs are thought to be part of the
systemic silencing signal that mediates the silencing of homo-
logous mRNA in top young leaves, we examined whether TriMV
P1 was able to prevent systemic silencing as well.

The top two fully expanded leaves of N. benthamiana 16c
plants at the 6–8-leaf stage were infiltrated with a mixture of A.

tumefaciens suspensions harboring ssGFP plus either TriMV P1 or
P1/HC-Pro. We also infiltrated A. tumefaciens harboring ssGFP plus
either TuMV P1/HC-Pro or HC-Pro as positive controls, and ssGFP
plus TriMV P1þ1FS, pCASS4, or buffer as negative controls. The
agroinfiltrated plants were examined for systemic silencing in
upper young leaves at 10 dpi. In negative controls, GFP fluores-
cence was lost in 95–100% of infiltrated plants, with the major
and minor veins of most upper young leaves turning red under UV
illumination, which indicated systemic RNA silencing (Fig. 4A and
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P1 (and TuMV HC-Pro) was accompanied by a complete loss of
GFP-specific siRNAs in the systemic leaves (Fig. 4C). Together
these results further confirm that TriMV P1 is a potent RSS that
also interferes with the systemic spread of the silencing signals,
while the presence of HC-Pro affected the efficiency of P1
suppression of systemic RNA silencing.
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6 16

6 24

20 95

10 100

TriMV P1+1FS plus ssGFP

21-nt

24-nt

21-nt 24-nt

LMW RNAs

na line 16c plants. (A) The number of N. benthamiana line 16c plants systemically

ith a mixture of agrosuspensions carrying different combinations of constructs as

sions carrying ssGFP plus TriMV P1 (left; with no systemic silencing) or TriMV

idered systemically silenced if the major and minor veins of upper young leaves of

cumulation of GFP-specific siRNAs in top fully expanded N. benthamiana 16c leaves

onphosphorylated 21- and 24-nt RNA oligonucleotides were used as siRNA size

loading controls. GFP plus-strand RNA-specific DIG-labeled riboprobe hydrolyzed
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systemic trafficking of silencing signals. As shown in Fig. 4A,
while the both TuMV-derived proteins suppressed systemic
silencing, they allowed for the development of systemic silencing
in a slightly higher percentage of plants (16% and 24% for HC-Pro
and P1/HC-Pro, respectively). To further assess whether this
difference reflected any mechanistic differences between TriMV
P1 and TuMV HC-Pro, we then tried to induce systemic silencing
with the dsGFP construct. We observed that less than 5% (one of
19) of the plants infiltrated with ssGFP, dsGFP, and TriMV P1
exhibited systemic silencing at 5 dpi and the number of plants
systemically silenced increased to 70% and 90% at 7 and 10 dpi,
respectively (Table 1). In contrast, plants infiltrated with ssGFP,
dsGFP, and TuMV HC-Pro exhibited systemic silencing in 90% of
plants at 5 dpi, which was similar to 95–100% of systemically
silenced plants with negative controls (Table 1). By 7 dpi, 100% of
plants infiltrated with ssGFP, dsGFP, and TuMV HC-Pro, TriMVþ
1FS, or pCASS4 displayed systemic silencing (Table 1). These data
suggested that TriMV P1 inhibited systemic RNA silencing trig-
gered by dsGFP more efficiently than the HC-Pro of TuMV.

Blocking of systemic silencing by TriMV P1 occur after the

production of the signal

The above experiments suggested that TriMV P1 efficiently
blocked systemic RNA silencing signals induced by ssRNA or
dsRNA. We next examined the possible mechanism of P1-
mediated suppression of systemic RNA silencing by expressing
P1 and ssGFP from different positions in N. benthamiana line 16c
plants using a procedure described by Guo and Ding (2002). The
agrobacterial suspension harboring the suppressor gene (TriMV
P1 or TuMV HC-Pro) and ssGFP were simultaneously infiltrated
into the apical and basal portions of the same leaf (Fig. 5A, I, II),
and onto the upper and lower leaves of the same plant (Fig. 5A, III,
IV). The expectation was that the spread of the RNA silencing
signal produced by ssGFP in the apical portion of the leaf and in
the lower leaves would be blocked and/or inactivated by the
suppressor at or near the basal region of the leaf and in the upper
leaves, respectively. As a result, N. benthamiana line 16c plants
would not be systemically silenced, and transient expression of
GFP would continue.

The number and percentage of plants systemically silenced at
10 dpi is summarized in Fig. 5B. The infiltrations as shown in sets
2, 3, 8, and 9, in which TriMV P1 or TuMV HC-Pro was expressed
in the tissue zone between the source and sink of silencing
signals, resulted in suppression of systemic RNA silencing trig-
gered by ssGFP (Fig. 5B). Notably, none of the 18 plants in set 3, in
which the TriMV P1 was expressed in leaves directly above the
Table 1
TriMV P1 suppresses systemic RNA silencing induced by GFP dsRNA in N. benthamiana

Construct 5 dpi 7 dpi

# of plants

silencedb/# of

plants infiltrated

% of plants

systemically

silenced

# of plants

silenced/# o

infiltrated

TriMV P1þssGFPþ

dsGFP

1/20 5 14/20

TriMV P1þ1FSþ

ssGFPþdsGFP

12/12 100 12/12

TuMV HC-Proþ

ssGFPþdsGFP

18/20 90 20/20

pCASS4þssGFPþdsGFP 19/20 95 20/20

a The top two fully expanded N. benthamiana 16c leaves infused with agrosuspens
b N. benthamiana 16c plants were considered systemically silenced if the major a

UV illumination.
sites of RNA silencing induction, were systemically silenced
(Fig. 5B). Similarly, only two of 19 plants in set 2, in which the
TriMV P1 was expressed on the basal side of the leaves of
silencing induction, were systemically silenced. By contrast,
systemic silencing was successfully established when the posi-
tions of TriMV P1 and GFP were reversed (sets 1 and 4). In control
experiments, TuMV HC-Pro behaved in a manner similar to TriMV
P1 with a slightly more number of plants systemically silenced
(Fig. 5B, sets 8 and 9). These results suggested that TriMV P1
expressed at locations closer to the growth point of the plants
blocked and/or inactivated the systemic silencing signal induced
by ssGFP at a step after the signal production.

TriMV P1 enhances PVX symptoms in N. benthamiana

A characteristic feature of RSSs is that they act synergistically
with unrelated viruses to enhance the severity of infections caused
by these viruses (Cañizares et al., 2008; Cao et al., 2005; Xiong et al.,
2009; Young et al., 2012). This characteristic of RSS was tested by
expressing TriMV P1 in a modified recombinant virus pP2C2S, a
Potato virus X (PVX)-based vector (Chapman et al., 1992). Sequences
encoding TriMV HC-Pro, TriMV P1, and TriMV P1þ1FS were
inserted into pP2C2S. As a positive control, a cistron encoding
Tobacco etch virus (TEV) HC-Pro was also inserted into pP2C2S. In

vitro transcripts of PVX with TriMV cistrons or with TEV HC-Pro
were inoculated onto N. benthamiana leaves at the 4–6-leaf stage.

N. benthamiana plants inoculated with in vitro transcripts of
the PVX derivatives all induced chlorotic spots on inoculated
leaves at 4–6 day after inoculation (dai), followed by systemic
veinal chlorosis with mild inward rolling of leaves at 6–8 dai. By
10–12 dai, plants inoculated with wild-type PVX developed
mosaic symptoms with a few green islands, which subsequently
became milder (Fig. 6A). PVX expressing TriMV P1 or TEV HC-Pro
induced severe inward leaf rolling and necrosis at 8 dai, followed
by severe leaf and apical shoot necrosis at 16 dai (Fig. 6A),
resulting in death of the apical shoots and eventual plant death
by 18 dai. N. benthamiana plants inoculated with control con-
structs containing TriMV HC-Pro or TriMV P1þ1FS inserts initi-
ally produced mild mosaic symptoms at 10 dai, followed by mild
or no visible symptoms in subsequent leaves (Fig. 6A). These data
demonstrated that co-expression of TriMV P1 with PVX synergis-
tically acted to cause more severe disease symptoms, which is
consistent with TriMV P1 being an RSS.

To correlate the more severe symptoms with the accumulation
levels of viral RNAs, we used Northern blot hybridization to
determine the steady-state level accumulation of PVX-specific
RNAs from all the constructs included in this study at 10 and
line 16c plantsa.

10 dpi

f plants

% of plants

systemically

silenced

# of plants silenced/# of

plants infiltrated

% of plants

systemically

silenced

70 18/20 90

100 12/12 100

100 20/20 100

100 20/20 100

ions carrying ssGFP, dsGFP plus a suppressor gene as indicated.

nd minor veins of upper young leaves of agroinfiltrated plants turned red under
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5
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901820

19 2 11

TriMV P1(Ap)/ssGFP(Ba)I

TriMV P1(Ba)/ssGFP(Ap)II

TriMV P1(Lo)/ssGFP(Up)IV

TriMV P1+1FS(Ba)/ssGFP(Ap)II

TriMV P1+1FS(Up)/ssGFP(Lo)III
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TuMV HC-Pro(Ba)/ssGFP(Ap)II

TuMV HC-Pro(Up)/ssGFP(Lo)III

TuMV HC-Pro(Lo)/ssGFP(Up)IV

Fig. 5. Positional effect of silencing suppressors and silencing inducer on systemic silencing of Nicotiana benthamiana 16c plants. (A) Schematic diagrams of N. benthamiana

16c plants showing the position of infiltrations with Agrobacterium suspensions harboring ssGFP (dark-colored dots) and RNA silencing suppressor (RSS) (gray-colored

dots) constructs in groups I, II, III, and IV. (B) The number of N. benthamiana 16c plants systemically silenced at 10 day postinfiltration in sets 1–10. N. benthamiana 16c

leaves agroinfiltrated with ssGFP (silencing inducer) and TriMV P1 or TuMV HC-Pro (silencing suppressors) as indicated in sets 1–10. TriMV P1 with a þ1 frameshift

(TriMV P1þ1FS) was used as a negative control. ‘Ap’ and’ Ba’ indicate the apical and basal portions of infiltrated 16c leaves, and ‘Up’ and ‘Lo’ indicate the upper and lower

leaves of 16c plants, respectively.
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14 dai (Fig. 6B and C). At 10 and 14 dai, PVX-specific RNAs from N.

benthamiana plants infected with wild-type PVX, PVX-TriMV HC-
Pro, or PVX-TriMV P1þ1FS accumulated similar levels of viral
genomic as well as subgenomic RNAs (Fig. 6B and C, lanes 1, 2,
and 4). However, plants infected with PVX-TriMV P1 or PVX-TEV
HC-Pro contained substantially higher levels of PVX-specific RNAs
than the control constructs described above (Fig. 6B and C,
compare lanes 3 and 5 with 1, 2, and 4). In summary, our results
illustrated that TriMV P1 as a strong RSS is capable of synergis-
tically enhancing the infection severity of a different virus.

The silencing suppression function of TriMV P1 is shared by another

Poacevirus

In light of the identification of TriMV P1 as the RSS encoded by
this virus, we examined whether using P1 as the RSS is a shared
feature of all poaceviruses. We hence tested the P1 of SCSMV,
another Poacevirus (Xu et al., 2010), for its potential to suppress
RNA silencing using the agroinfiltration assay. Infiltration of N.

benthamiana 16c leaves with Agrobacterium suspensions harbor-
ing ssGFP plus SCSMV P1 resulted in strong GFP fluorescence at
3 and 6 dpi (Fig. 7A). Conversely, patches infiltrated with
agrobacterial suspensions harboring ssGFP plus SCSMV HC-Pro
failed to emit GFP fluorescence (Fig. 7A). As expected, strong GFP
fluorescence was observed in leaf patches infiltrated with ssGFP
plus TriMV P1 or TuMV HC-Pro (positive controls), while no
fluorescence was observed in leaf patches infiltrated with pCASS4
(negative control) (Fig. 7A).

Northern blot analysis revealed that large amounts of GFP
mRNA accumulated in leaf patches infiltrated with ssGFP plus
SCSMV P1, TriMV P1, or TuMV HC-Pro at 3 dpi (Fig. 7B, lanes 1, 3,
and 4). However, the amount of GFP mRNA was decreased slightly
by 6 dpi (Fig. 7C). The increased accumulation of GFP mRNA in
leaf patches infiltrated with ssGFP plus SCSMV P1 was correlated
with reduced accumulation of GFP siRNAs at 3 dpi (Fig. 7D, lane
1). At 6 dpi, the accumulation of GFP siRNAs slightly increased in
all infiltrated leaf patches (Fig. 7E). Furthermore, HA-tagged
HC-Pro of SCSMV was readily detected in agroinfiltrated N.

benthamiana leaves (Fig. 1D, lane 2), suggesting that failure of
HC-Pro to function as an RSS is probably not due to inefficient
expression and/or protein instability. These data suggested that
the P1 protein of SCSMV, not HC-Pro, is a suppressor of RNA
silencing, similar to that of TriMV P1 in the genus Poacevirus.
Discussion

Plant viruses encode RSS proteins as the most effective means
to overcome host RNA silencing, a major defense response
targeting virus genomes. These proteins differ extensively in their
amino acid sequences and sizes, as well as their modes of action.
In the family Potyviridae, HC-Pro was first identified as an RSS
protein of a potyvirus (Anandalakshmi et al., 1998; Brigneti et al.,
1998; Kasschau and Carrington, 1998). Recently, the P1b or P1 of
Ipomovirus and Tritimovirus genera were shown to have RNA
silencing suppression activity (Giner et al., 2010; Valli et al.,
2006; Young et al., 2012). In this study, we have identified the P1
of the newly established genus Poacevirus in the family Potyvir-

idae as a potent suppressor of RNA silencing. We revealed that
TriMV P1 suppressed both local and systemic RNA silencing
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triggered by ssRNA and dsRNA, and likely prevented ssRNA-
induced systemic silencing by inhibiting and/or blocking silencing
signals. We also demonstrated the ability of TriMV P1 to syner-
gistically enhance the disease symptoms of a different virus.
Finally, we verified that the P1 of SCSMV, a different poacevirus,
was also capable of suppressing RNA silencing. Therefore, using
P1 as the RSS is likely a conserved feature for members of the
Poacevirus genus. Notably, both TriMV and SCSMV P1s reduced,
but did not abolish, the accumulation of siRNAs, suggesting that
these RSS proteins did not affect siRNA biogenesis. These results
are in agreement with observations made with potyviral HC-Pro
and ipomoviral P1 and P1b (Anandalakshmi et al., 1998; Giner
et al., 2010; Kasschau and Carrington, 1998; Valli et al., 2006), and
suggest that TriMV P1 acts downstream of the siRNA biogenesis.

Although potyviral HC-Pro alone functions as a suppressor of
RNA silencing (Anandalakshmi et al., 1998; Brigneti et al., 1998;
Kasschau and Carrington, 1998), the presence of P1 with HC-Pro
substantially increased its silencing suppression activity
(Rajamäki et al., 2005; Valli et al., 2006). In contrast, the
poaceviral HC-Pro appears to interfere with the RNA silencing
suppression function of P1 as GFP mRNA accumulation decreased
substantially when TriMV P1 was replaced with that of TriMV P1/
HC-Pro. Under the same experimental conditions, TuMV P1/HC-
Pro efficiently expressed GFP and permitted slightly increased
levels of GFP mRNA accumulation compared to that of HC-Pro.
Recently, Carbonell et al. (2012) reported that the silencing
suppression activity of P1a/P1b fusion of CVYV was also weaker
than P1b alone, which was attributed to incomplete self-cleavage
of P1a from P1b in N. benthamiana. However, TriMV P1 was
efficiently cleaved from HC-Pro in P1/HC-Pro infiltrated leaf
patches. It is possible that the P1 and HC-Pro proteins of TriMV
from P1/HC-Pro construct may interact with each other to down-
regulate the RSS activity of P1, as the P1 of WSMV has been
shown to interact with other WSMV proteins including HC-Pro
(Choi et al., 2000). In the course of a normal TriMV infection, other
viral protein–protein interactions may also occur to mitigate the
inhibitory effect of HC-Pro on P1 RSS function.

TriMV P1 also suppressed dsRNA-triggered systemic RNA
silencing. This is intriguing because, at the level of infiltrated
leaves, dsRNA-triggered RNA silencing was suppressed to a
similar extent by both TriMV P1 and TuMV HC-Pro. Yet, in
contrast to TriMV P1, the HC-Pro of TuMV was unable to suppress
dsRNA-triggered systemic RNA silencing under the same experi-
mental conditions. This observation further suggests that there
may be mechanistic differences between these two RSSs. Indeed,
while potyviral HC-Pro is known to interact with double-stranded
siRNAs, the P1 protein encoded by an Ipomovirus (SPMMV) has
recently been shown to interact with AGO proteins through
conserved WG/GW motifs (Giner et al., 2010; Lakatos et al.,
2006). Further studies are needed to determine whether TriMV
P1 shares the same silencing suppression mechanism with
SPMMV P1, although it should be noted that TriMV P1 does not
contain the WG/GW motifs identified in SPMMV P1.

TriMV P1 efficiently suppressed systemic RNA silencing trig-
gered by ss and dsRNAs. The mechanisms involved in suppression
of systemic RNA silencing signals have been examined for only a
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few viruses (for e.g. Cao et al., 2005; Guo and Ding, 2002; Xiong
et al., 2009). The positional expression of P1 and ssGFP in N.

benthamiana 16c leaves suggests that TriMV P1 is capable of
blocking the spread of silencing signals after their production
when P1 is expressed between the recipient and source tissues of
the silencing signals. The efficient blocking of systemic silencing
in top young leaves when P1 and ssGFP (silencing initiator) were
expressed in upper and lower leaves, respectively, of the same
plant, suggests the possibility that the P1 exerts its effects by
trafficking from expressing cells to the main stem, where it may
physically interact with silencing signals that are being trans-
ported from the lower leaves. Perhaps, the transported P1 could
bind to siRNAs at the interface, thus inhibiting systemic spread of
RNA silencing in upper young leaves. This hypothesis is consistent
with the recent finding that silencing suppressor proteins bind to
siRNAs as a strategy to suppress RNA silencing (Lakatos et al.,
2006).

Most viral proteins originally identified as pathogenicity deter-
minants were later identified as suppressors of RNA silencing
(Brigneti et al., 1998; Pruss et al., 1997). However, the silencing
suppressor proteins elicited different levels of symptoms in
heterologous systems. This could be due to the fact that some
silencing suppressors do not affect the miRNA pathway but inhibit
RNA interference exclusively (Dunoyer et al., 2004), which sug-
gests that RSS proteins can differentially affect pathogenicity. PVX
with TriMV P1 or TEV HC-Pro developed more severe symptoms,
resulting in systemic veinal chlorosis/necrosis, followed by apical
shoot necrosis and death of plants. These dramatically intensified
disease symptoms with increased steady-state accumulation of
PVX-specific RNAs suggest that TriMV P1 is a strong symptom
determinant that synergistically interacts with a heterologous
virus. Together, our data establishes P1 as a potent RSS of viruses
in the Poacevirus genus of the Potyviridae family.
Materials and methods

Construction of binary plasmids

TriMV cistrons coding for P1/HC-Pro, P1, HC-Pro, P3, CI, 6K2,
NIa-VPg, NIa-Pro, NIb, and CP were amplified by PCR using an
infectious cDNA clone (S. Tatineni, unpublished data; GenBank
accession number FJ669487) as a template. Oligonucleotides were
designed such that the translation initiation (AUG) and termina-
tion (UAG) codons were introduced at the 50 and 30 ends of each
cistron, respectively, and fused to the 30 end of TEV leader
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sequence (L) (Carrington and Freed, 1990) by the overlap exten-
sion PCR method (Ho et al., 1989). All PCR amplifications were
performed with Herculase II Fusion DNA polymerase (Agilent
Technologies, Santa Clara, CA). The overlap extension PCR pro-
ducts comprising TEV-L, followed by TriMV cistrons were
digested with SacI (engineered in reverse primers) and ligated
into pCASS4 between StuI and SacI restriction sites. Similarly, P1/
HC-Pro, HC-Pro, and P1 cistrons of SCSMV were amplified from a
cDNA clone (Xu et al., 2010) by overlap extension PCR and ligated
into pCASS4 as described above. As positive controls, HC-Pro and
P1/HC-Pro of TuMV were ligated into pRTL2 (Carrington and
Freed, 1990) and an expression cassette comprising 35S promoter,
TEV-L, TuMV P1/HC-Pro or HC-Pro and 35S terminator were then
transferred to pPZP212 (Hajdukiewicz et al., 1994). A dsGFP
expression cassette was generated by ligating sense and antisense
sequences of GFP in tandem separated by a 100 nt spacer derived
from Turnip crinkle virus (TCV) into pRTL2 and the expression
cassette was subsequently transferred into pPZP212 to obtain
35S-dsGFP. The 35S –GFP in pPZP212 construct was described
previously (Qu et al., 2003). TEV-L sequence and sequence
encoding HA-epitope (YPYDVPDYA) were fused in tandem to
the 50 of TriMV P1, P1/HC-Pro and HC-Pro, and SCSMV HC-Pro
cistrons by overlap extension PCR (Ho et al., 1989), and PCR
fragments were ligated into pCASS4 as described above. All
plasmid DNAs used in this study were sequenced to confirm the
presence of intended sequences at the University of Florida ICBR
Core DNA Sequencing Facility using an Applied Biosystems 3730
model sequencer. Oligonucleotide sequences used in this study
will be provided upon request.

Agroinfiltration assays and GFP imaging

Binary plasmids with TriMV, SCSMV, or TuMV cistrons were
chemically transformed into A. tumefaciens strain EHA105. All A.

tumefaciens cultures were incubated at 28 1C. Overnight-grown A.

tumefaciens cultures were centrifuged at 4300g for 15 min, and
the pellets were resuspended in 10 mM MES, pH 5.5 containing
10 mM MgCl2 and 100 mM acetosyringone to an optical density of
1.0 at 600 nm. The agrobacterial suspensions were incubated at
room temperature for 3–4 h prior to infusion. In co-infiltration
experiments, equal volumes of each A. tumefaciens suspension
with an optical density of 1.0 at 600 nm were mixed prior to
infusion. Wild-type or line 16c (GFP transgenic) N. benthamiana

plants at the 6–8-leaf stage were infiltrated with A. tumefaciens

suspensions, and infiltrated plants were incubated in a growth
chamber at 24 1C maximum and 22 1C minimum temperatures,
with a 14-h photoperiod. Green fluorescence was observed under
long-wavelength UV light (Black-Ray Model B-100A, San Gabriel,
CA) and photographed using a Nikon Digital D70 camera with an
orange filter. All agroinfiltrations, and subsequent Northern and
Western blot analyses (see below) were repeated at least 3–
4 times.

RNA extraction and Northern blot hybridization

Total RNA was extracted from 400 mg agroinfiltrated leaf
patches as described previously (Tatineni et al., 2010). Total
RNA was quantified using a NanoPhotometer (Implene Inc.,
Westlake Village, CA), and separated through 1.0% agarose gels
containing formaldehyde (for GFP mRNA) or through 15% acryla-
mide-urea gels (for siRNAs), followed by electro-transfer to nylon
membranes (Roche, Indianapolis, IN). Nylon membranes were
probed for GFP mRNA with a digoxigenin (DIG)-labeled GFP plus-
strand RNA-specific riboprobe. This probe was further hydrolyzed
into �50 nt long RNA pieces by treatment with sodium carbonate
buffer as described by Dalmay et al. (2000), and used for
Northern-blot hybridization of GFP-specific siRNAs. Prehybridiza-
tion and hybridization were carried out in a hybridization buffer
containing 50% formamide, 5X SSC, 2% blocking solution (Roche),
0.02% SDS, and 0.1% N-lauroylsarcosine at 65 1C (for GFP mRNA)
or at 41 1C (for GFP siRNAs) for 2–3 h and overnight, respectively.
The nylon membranes were developed immunologically using an
anti-DIG-ALP conjugate (Roche) essentially as described by the
supplier, except that washings with 0.1X SSC plus 0.1% SDS were
carried out at 65 1C (for GFP mRNA) or at 45 1C (for GFP siRNAs).
The GFP-specific mRNA, siRNA, and protein bands (see below)
captured on X-ray film (BioMax Light Film, Kodak, Rochester, NY)
were quantified with the Molecular Imager ChemiDoc XRS system
(Bio-Rad). Nonphosphorylated synthetic RNAs of 21 and 24 nts
were used as siRNA size markers in Northern blot hybridizations
in Figs. 2–4. However, Dicer-generated siRNAs contain a 50

phosphate (Siomi and Siomi, 2009), so they migrate slightly faster
than nonphosphorylated synthetic RNAs of the same size.

Western-blot analysis

Wild-type N. benthamiana plants at the 6–8-leaf stage were
infiltrated with A. tumefaciens suspensions and plants were
incubated in a growth chamber at 24 1C maximum and 22 1C
minimum temperatures, with a 14-h photoperiod. Extraction of
total soluble proteins from agroinfiltrated N. benthamiana leaf
patches, followed by SDS-PAGE separation and immuno-blot
analysis was carried out as described previously (Tatineni et al.,
2011a). Monoclonal antibodies specific to HA epitope (Sigma-
Aldrich) and GFP (Clontech) were used at 1:5000 and 1:10,000
dilution, respectively.

Cloning TriMV cistrons into PVX and analysis

TriMV P1 and P1 with a þ1 FS were amplified from a full-
length infectious cDNA clone (S. Tatineni, unpublished data), and
ligated into the PVX vector pP2C2S (Chapman et al., 1992) at the
ClaI restriction site. Translation initiation (AUG) and termination
(UGA) codons were introduced at the 50 and 30 ends of cistrons,
respectively. As a positive control, TEV HC-Pro was amplified and
ligated into the same PVX vector. In vitro transcripts were
generated from linearized PVX plasmids as described previously
(Tatineni et al., 2011b), and inoculated mechanically to N.

benthamiana plants at the 4–6-leaf stage and incubated in a
growth chamber at 23 1C maximum and 20 1C minimum tem-
peratures, with a 14-h photoperiod. Total RNA was isolated from
N. benthamiana plants infected with PVX containing TriMV or TEV
cistrons, and analyzed for accumulation of PVX-specific RNAs
using a PVX 30 end (�700 nt) plus-strand RNA-specific DIG-
labeled riboprobe.
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