
Contents lists available at ScienceDirect

Virus Research

journal homepage: www.elsevier.com/locate/virusres

RNA silencing suppression mechanisms of Triticum mosaic virus P1: dsRNA
binding property and mapping functional motifs

Adarsh K. Guptaa,1, Satyanarayana Tatinenib,⁎

a Department of Plant Pathology, University of Nebraska-Lincoln, Lincoln, NE 68583, United States
bUnited States Department of Agriculture-Agricultural Research Service and Department of Plant Pathology, University of Nebraska-Lincoln, Lincoln, NE 68583, United
States

A R T I C L E I N F O

Keywords:
Triticum mosaic virus
Poacevirus
P1
RNA silencing suppressor
dsRNA binding
GW-motif
Zinc-finger motif

A B S T R A C T

Triticum mosaic virus (TriMV) is the exemplar strain of the type species of the genus Poacevirus in the family
Potyviridae infecting wheat in the Great Plains region of the USA. Previously, we reported that the P1 protein of
TriMV is a viral suppressor of RNA silencing. Mutational analyses of P1 showed that deletion of 55 N-terminal
amino acids, and a single amino acid at the C-terminus retained its ability to suppress ssGFP-induced RNA
silencing. These data suggest that the N-terminal region but not the C-terminal region of P1 is flexible for
suppression of RNA silencing activity. Computational analyses revealed that TriMV P1 contains LXK/RA and zinc
finger motifs at the N-terminal region and a domain containing the GW motif at the C-terminal region.
Mutational analysis of TriMV P1 suggested functional roles for these motifs in suppression of RNA silencing.
Electrophoretic mobility shift assays with bacterially expressed P1 protein revealed that P1 binds to 180-nt and
21- and 24-nt ds-siRNAs derived from green fluorescent protein sequence. Additionally, TriMV P1 protected the
655-nt long dsRNA derived from TriMV coat protein from dicing by the human Dicer enzyme into siRNAs.
Disruption of the GW motif in TriMV P1 with a W332A mutation abolished silencing suppression, pathogenicity
enhancement and viability of TriMV, suggesting a functional role for the GW motif in suppression of RNA
silencing.

1. Introduction

RNA silencing is sequence-specific degradation of target RNAs by a
protein called Argonaute (AGO), guided by complementary short-in-
terfering RNAs (siRNAs) that are produced by the dsRNA-specific en-
doribonuclease activity of dicer-like enzymes, DCL (Baulcombe, 2004;
Ding and Voinnet, 2007; Hamilton and Baulcombe, 1999; Meister and
Tuschl, 2004). RNA genomes of viruses and their replicative double-
stranded RNAs (dsRNAs) (Meister and Tuschl, 2004; Xie et al., 2001)
are trigger and substrate of RNA silencing, attributing an antiviral de-
fensive nature to post-transcriptional gene silencing in plants and a few
groups of animals and fungi (Covey et al., 1997; Csorba et al., 2015;
Fire et al., 1998; Ratcliff et al., 1997; Romano and Macino, 1992; Ullu
et al., 2004). Besides dsRNA molecules, RNA silencing can also be
triggered by overexpressed transgenes (Béclin et al., 2002), class-I
transposons (Buchon and Vaury, 2006), repetitive elements (Siomi
et al., 2011), imperfect stem-loops (Bartel, 2004), or self-com-
plementary fold-backs (Chuang and Meyerowitz, 2000). To circumvent

or counteract the effects of host-defensive RNA silencing, viruses en-
code suppressors of RNA silencing (Csorba et al., 2015; Li and Ding,
2006; Roth et al., 2004).

Viral suppressors of RNA silencing (VSRs) mount counterdefensive
responses by targeting specific players or events of RNA silencing.
Pothos latent virus-encoded P14 protein (Mérai et al., 2005), P38
capsid protein of turnip crinkle virus (TCV; Mérai et al., 2006), or to-
mato spotted wilt virus NSs protein (Schnettler et al., 2010) were shown
to bind to dsRNA. TCV P38 or rice yellow mottle virus P1 protein
(Lacombe et al., 2010) was shown to directly inhibit the activity of
DCL4 (Deleris et al., 2006). Tombusviral P19 protein (Silhavy et al.,
2002) or cucumber mosaic virus 2b protein (Diaz-Pendon et al., 2007)
sequesters siRNA to interfere in the process of siRNA loading in RISC
formation as well as in intercellular systemic mobility of silencing sig-
nals. Sweet potato mild mottle virus (SPMMV) P1 protein blocks AGO
protein to halt downstream functions of RISC (Giner et al., 2010).
Conversely, P25 protein of potato virus X (PVX) tags AGO for ubiquitin/
26S proteasome system-mediated degradation (Chiu et al., 2010). The
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P6 protein of rice yellow stunt virus interacts with RDR6 to suppress the
transient pathway of RNA silencing (Guo et al., 2013). HC-Pro is one of
the first characterized VSRs of potyviruses, which suppress RNA silen-
cing through a variety of methods such as sequestration of siRNAs,
binding and inactivation of HEN1, and down regulation of RDR6
(Anandalakshmi et al., 1998; Kasschau and Carrington, 1998; Valli
et al., 2018). Additionally, species like cucurbit vein yellowing virus
(CVYV) which lacks HC-Pro employ its P1b protein as its silencing
suppressor (Valli et al., 2006). However, SPMMV and wheat streak
mosaic virus (WSMV) employ P1 as their VSRs despite having a func-
tional HC-Pro (Giner et al., 2010; Young et al., 2012). Recently, the
trans-frame gene P1N-PISPO of sweet potato feathery mottle virus, a
potyvirus, has been reported as a suppressor of RNA silencing (Mingot
et al., 2016; Untiveros et al., 2016).

Triticum mosaic virus (TriMV), the exemplar strain of the type
species of the genus Poacevirus in the family Potyviridae (Fellers et al.,
2009; Tatineni et al., 2009), is an economically important virus of
wheat in the Great Plains region of the United States (Burrows et al.,
2009). In synergistic interactions with other eriophyid-mite transmitted
viruses such as WSMV and High Plains wheat mosaic virus, TriMV can
cause enhanced disease with severe yield loss in winter wheat
(Byamukama et al., 2012, 2013). VSRs play a pivotal role in virus-host
interactions given the fact that they directly determine the fate of a
virus starting from the site of invasion to the establishment of stable
systemic infection. Studying silencing suppressors of economically im-
portant viruses bolsters our understanding of virus-host interactions for
the development of new disease management strategies. Previously, we
showed that TriMV-encoded P1, a type B P1 protein (Rodamilans et al.,
2013), efficiently suppressed local and systemic RNA silencing induced
by ssRNA or dsRNA in planta and enhanced pathogenicity of a hetero-
logous virus (Tatineni et al., 2012). However, there is no information on
the mechanisms of P1 RNA silencing suppression and the minimal re-
gion and domains or motifs in TriMV P1 that are required.

In this report, we show that 55 amino acids (aa) at the N-terminus
and a single aa at the C-terminus of TriMV P1 are expendable for VSR
function. P1 harbors conserved LXK/RA and zinc finger motifs toward
the N-terminal region that are required for suppression of RNA silen-
cing function. Electrophoretic mobility shift assays revealed that P1
binds to dsRNAs in a sequence independent manner and sequesters ds-
siRNAs. Additionally, we found that TriMV P1 interferes with the
process of dsRNA dicing into siRNAs in vitro. A single GW dipeptide
motif is present toward the C-terminal region of P1 and mutagenesis of
this motif resulted in the loss of silencing suppression activity and pa-
thogenicity enhancement.

2. Materials and methods

2.1. Generation of constructs

The N- and C-terminal deletion and point mutants of TriMV P1 were
created using pTriMV-R (Tatineni et al., 2015) as a template for overlap
extension PCR. Deletion and point mutants were named based on the
direction or location of mutagenesis. For example, ΔN40 represents P1
lacking N-terminal 40 amino acids. For agroinfiltration-based transient
expression, P1 or its mutants were cloned under a double CaMV 35S
promoter in pCASS4 plasmid (a variant of pCASS2; Shi et al., 1997)
along with the 5’-NTR of tobacco etch virus (TEV) as translation en-
hancer sequence (Carrington and Freed, 1990). pCASS4-TriMV P1
constructs were chemically transformed into Agrobacterium tumefaciens
strain EHA105. For bacterial overexpression, P1 or P1-W332A cistron
was ligated into pMAL-c5X between NotI and BamHI restriction sites
and chemically transformed into Escherichia coli strain NEB Express
(New England Biolabs Inc., Ipswich, MA). For chimeric expression of P1
or P1-W332A in PVX, PCR-amplified sequences were inserted into PVX
infectious clone (Chapman et al., 1992) between AscI and ClaI restric-
tion enzyme sites. A single point mutation of W332A was introduced in

GFP-tagged TriMV infectious clone (TriMV-GFP; Tatineni et al., 2015)
to generate TriMV-GFP-P1-W332A. Sequences of all constructs were
verified by sequencing on 3730xl DNA Analyzer (Applied Biosystems,
Foster City, CA) at the University of Florida ICBR Core DNA sequencing
facility.

2.2. Agroinfiltration assay

A. tumefaciens harboring pCASS4 constructs of P1 mutants were
suspended in infiltration buffer containing 10mM MgCl2, 10mM MES,
pH 5.5, 100 μM Acetosyringone to an optical density of 1.0 at 600 nm.
Following 3 h incubation at room temperature, the agrosuspension was
mixed with an equal volume of agrobacterial cells containing 35S:ssGFP
(Qu et al., 2003) as a reporter and infiltrated into fully expanded leaves
of GFP transgenic N. benthamiana line 16c leaves at the 6–8 leaf stage
(Voinnet and Baulcombe, 1997). Infiltrated plants were maintained in a
growth chamber at 24–26 °C with a photoperiod of 14 h. Infiltrated
leaves were observed for green fluorescence under long range UV light
at 5 or 7 days postagroinfiltration (dpa) and photographed using Nikon
D70 DSLR camera (Nikon, Melville, NY). Two independent clones per
mutant were analyzed for suppression of RNA silencing assay in 2–3
independent experiments, and representative results from one experi-
ment were presented.

2.3. RNA extraction and blotting

Following observations under UV light, infiltrated regions of N.
benthamiana leaves were excised for total RNA extraction by TriPure
isolation method (Roche, Indianapolis, IN). Total RNA (2 μg) was sub-
jected to electrophoresis through 1% agarose-formaldehyde gel or 15%
urea-polyacrylamide gel and transferred onto a positively charged
nylon membrane and probed for GFP specific mRNA or siRNA using
digoxigenin (DIG)-labelled riboprobes as described in Tatineni et al.
(2012).

2.4. Electrophoretic mobility shift assay

Double-stranded RNA was prepared by annealing in vitro transcripts
of GFP (180-nt corresponding to the 5’ end of GFP) or TriMV CP (655-nt
corresponding to nts 9326-9980 of TriMV genome) in 20mM Tris-HCl
(pH 8.0), 1 mM EDTA, 50mM NaCl and 0.02% Tween 20 (TEN-T
buffer). Chemically synthesized 21- or 24-nt 5’P-oligoribonucleotides
were annealed in 20mM Tris-HCl (pH 8.0), 1 mM EDTA and 50mM
NaCl (TEN buffer) to generate ds-siRNA with 2-nt 3’ overhangs.
Recombinant maltose binding protein (MBP)-tagged TriMV P1 or
TriMV P1-W332A was expressed in E. coli transformed with pMAL-c5X
constructs and affinity purified using amylose resin (New England
Biolabs, Ipswich, MA). Affinity purified MBP::P1 or MBP::P1-W332A
proteins were quantified by Bradford method. Five μg of purified re-
combinant P1 or P1-W332A was incubated with 180-nt dsRNA (100 ng)
or 21- and 24-nt ds-siRNAs (50 ng each) in a 30-μl reaction at room
temperature for 30min. The reaction mix was resolved through a non-
denaturing PAGE at 4 °C, followed by SYBR Green staining (Thermo
Scientific, Waltham, MA) as described in Samuel et al. (2016).

2.5. In vitro dicing assay

Five hundred ng of 655-nt long dsRNA was incubated with 0.5 U of
recombinant human Dicer enzyme (Turbo Dicer siRNA generation kit,
Genlantis, San Diego CA) along with 0.3 nmol of bacterial expressed
MBP::P1 or MBP at 37 °C in a 30 μL reaction. Following incubation as
per manufacturer’s guidelines, the reaction was stopped with 10mM
EDTA and subjected to non-denaturing PAGE analysis at 4 °C, followed
by SYBR Green staining. MBP supplemented reaction was used as a non-
VSR protein control as well as a negative control for MBP affinity tags.
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Fig. 1. Mapping the minimal region of Triticum mosaic virus (TriMV) P1 required for suppression of ssGFP-induced local RNA silencing. (A) Schematic re-
presentation of deletion mutants of TriMV P1. Deleted regions are indicated with gray. TriMV P1 sequences with deletions were cloned into pCASS4 under a double
35S promoter. (B) Green fluorescence images of N. benthamiana 16c leaves agroinfiltrated with TriMV P1 deletion mutants plus 35S:ssGFP at 5 days post-
agroinfiltration (dpa). Image H indicates uninfiltrated healthy leaf; Image pCASS4 indicates co-infiltration of pCASS4 and 35S:ssGFP as a negative control. Green
fluorescence indicates successful expression of GFP reporter upon suppression of RNA silencing, while red auto-fluorescence indicates silencing of GFP reporter. (C)
Northern blot hybridization of total RNA extracted from agroinfiltrated regions of select constructs showing accumulation of GFP specific mRNA (upper panel) and
siRNAs (lower panel) at 5 dpa. Ethidium bromide stained gels showing the amount of RNA loaded.
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2.6. Mutant or chimeric viral infections

The P1 cistron with W332A mutation was introduced into pTriMV-
GFP through overlap PCR to obtain pTriMV-GFP-P1-W332A. In vitro
transcripts of TriMV-GFP or TriMV-GFP-P1-W332A were inoculated
onto wheat cv. Tomahawk seedlings at the single leaf stage as described
in Tatineni et al. (2011). Inoculated leaves at 10 and 21 dpi and upper
noninoculated leaves at 21 dpi were observed under Zeiss Stereo Dis-
covery V12 Fluorescence Microscope with a narrow-band GFP filter. In
vitro transcripts of PVX, PVX-TriMV-P1, or PVX-TriMV-P1-W332A were
inoculated onto fully expanded leaves of N. benthamiana at the 6-leaf
stage. Inoculated plants were maintained at 25 °C in a growth chamber
with a 16 h photoperiod, and plants were observed for PVX patho-
genicity. Total RNA was extracted from upper noninoculated leaves at
10 and 15 dpi for RT-PCR and RT-qPCR analyses.

2.7. RT-PCR and RT-qPCR

TriMV-GFP, TriMV-GFP-P1-W332A, or buffer inoculated wheat
plants were subjected to total RNA isolation from inoculated (10 and 21
dpi) or upper noninoculated (21 dpi) leaves by glycine-phenol method
(McNeil et al., 1996). Total RNA was reverse transcribed with random
primers using SuperScript III First-Strand Synthesis System (Invitrogen,
Carlsbad, CA), followed by PCR for TriMV P1 amplification. Total RNA
was extracted from PVX symptomatic N. benthamiana leaves inoculated
with PVX-TriMV-P1 or PVX-TriMV-P1-W332A at 10 and 15 dpi using
Tripure isolation reagent, followed by RT-PCR with primers Tr-206 and
Tr-207 (Gupta et al., 2018). Real-time RT-PCR (RT-qPCR) was per-
formed on total RNA extracted from two biological replicates of PVX-
infected symptomatic top leaves at 10 and 15 dpi with primers G-35
and G-36 as described in Gupta et al. (2018) using SsoAdvanced SYBR
Green Supermix (Bio-Rad) on Bio-Rad CFX Connect Real-Time PCR
System. Relative expression of PVX transcripts was determined by ΔΔCt
method against an internal reference of N. benthamiana actin, and fold
change was calculated based on relative expression of PVX-WT.

2.8. Western blotting

Total proteins were extracted from TriMV-GFP-, TriMV-GFP-P1-
W332A-, or buffer-inoculated wheat leaves as described in Tatineni
et al. (2011). Total proteins were boiled in 1X Laemmli buffer and size
separated on 15% SDS-PAGE and transferred onto PVDF membrane for
immunoblotting with anti-GFP monoclonal antibody (Clontech,
Mountain View, CA) or anti-TriMV CP polyclonal antiserum (Tatineni
et al., 2013).

2.9. In silico analyses

GenBank sequences of type B P1 sequences of potyvirid species
(Rodamilans et al., 2013) were manually trimmed and analyzed for
homology of regions of interest by multiple sequence alignment with
deep substitution scoring matrix, BLOSUM62 (Henikoff, 1992). ExPASy
ProtScale program was used to generate a Kyte-Doolittle hydropathy
plot for a conserved domain containing GW dipeptide (Kyte and
Doolittle, 1982). Prediction of secondary structure was performed by
Chou-Fasman method (Chou and Fasman, 1974).

3. Results

3.1. Mapping the minimal region required for RNA silencing suppression
activity of TriMV P1

We previously reported that the P1 protein, which constitutes 383
out of 3112 N-terminal amino acids of polyprotein encoded by the
TriMV genome is a suppressor of RNA silencing (Tatineni et al., 2012).
In this study, deletion mutation analysis of P1 was performed to

determine the minimal region required for VSR activity. A total of ten
terminal deletion mutants, five deletions each from the N- and C-
terminal regions, and two internal deletion mutants were engineered in
the P1 cistron (Fig. 1A), followed by ligation into pCASS4 between the
double 35S promoter and a terminator.

N. benthamiana line 16c leaves infiltrated with P1 harboring dele-
tions of up to 50 N-terminal amino acids showed efficient VSR with
prolonged green fluorescence at 5 dpa similar to wild-type P1.
However, when deletions extended to 55 N-terminal amino acids, the
VSR function of P1 was substantially reduced compared with wild-type
P1 (Fig. 1B). In contrast, only a single aa at the C-terminus was dis-
pensable for efficient suppression of RNA silencing. Deletions beyond
55 amino acids from the N-terminus and two internal deletions (Δ158-
175 and Δ200-209) completely abolished the suppression of RNA si-
lencing function, similar to that of empty pCASS4 and TriMV P1 with a
+1 frameshift mutation (Fig. 1B). Northern blot hybridizations were
performed on total RNA isolated from infiltrated regions to detect GFP
specific mRNA and siRNAs at 5 dpa. N-terminal deletion of 55 amino
acids showed reduced levels of GFP specific mRNA with increased ac-
cumulation of siRNAs compared to wild-type P1 (Fig. 1C, compare lane
N55 with lane P1). Accumulation of GFP-specific siRNAs was higher in
P1 with deletions comprising 55 or more amino acids from the N-
terminal region and deletions of more than 2 amino acids from the C-
terminal region, similar to that of TriMV P1 with a +1 frameshift and
pCASS4 controls (Fig. 1C; data not shown). These data revealed that 55
amino acids from the N-terminal region and a single amino acid from
the C-terminal region are dispensable for VSR activity of TriMV P1.

3.2. The LXK/RA motif and a putative zinc-finger domain are required for
VSR function of TriMV P1

Sequence comparison of TriMV P1 with other type B P1 sequences
of potyvirid species revealed the presence of an LXK/RA motif (aa 91-
94) and a putative zinc-finger domain (aa 110-130) with remarkable
sequence conservation (Fig. 2A). The requirement of these domains in
suppression of RNA silencing was examined by alanine scanning of
select amino acids of TriMV P1 (Fig. 2B). The functional significance of
LXK/RA motif (aa 91-94) in TriMV P1 was examined by mutating L91A
and LR92/93AA, followed by suppression of RNA silencing assay by co-
agroinfiltration with 35S:ssGFP. Mutation of L91A maintained VSR
function, while LR92/93AA completely lost the ability to suppress RNA
silencing in terms of expression of GFP reporter at 7 dpa (Fig. 2C).
These data suggest that LXK/RA motif is critical for VSR function.

We next examined the significance of the putative zinc-finger do-
main of TriMV P1 by mutating C110, C113, C116, H127, and C130
residues to alanine, followed by ligation into pCASS4. RNA silencing
suppression ability of these mutants was examined by co-agroinfiltra-
tion with 35S:ssGFP into N. benthamiana 16c leaves. Expression of GFP
reporter in agroinfiltrated leaf patches with mutants C110A, C113A,
H127A, or C130A was drastically reduced at 7 dpa, suggesting that
these amino acids are required for suppression of RNA silencing activity
(Fig. 2C). In contrast, mutation of non-conserved C116 in TriMV P1 did
not affect suppression of local RNA silencing (Fig. 2C). Previous studies
on CVYV P1b showed that mutation of amino acids in conserved LXKA
and putative zinc-finger domains abolished the suppression of RNA si-
lencing (Valli et al., 2008).

We next examined the requirement of predicted serine protease
domain (aa 286-383) of P1 for suppression of RNA silencing activity by
individually mutating three of the predicted catalytic triad residues,
H286, D301, and S333 (Ryan and Flint, 1997). These catalytic triad
residues of P1 cistrons of potyvirid species are required for proteinase
activity (Valli et al., 2008; Verchot et al., 1991, 1992). TriMV P1 mu-
tants H286A, D301A, or S333A were co-agroinfiltrated with 35S:ssGFP,
and it was found that mutant H286A failed to suppress RNA silencing,
while mutants D301A and S333A efficiently suppressed RNA silencing.
These results suggest that serine proteinase activity of P1 is not required
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for VSR function.

3.3. TriMV P1 binds to dsRNA but not to ssRNA

We next examined whether TriMV P1 possesses dsRNA binding
property as reported for other VSRs (Lakatos et al., 2006; Mérai et al.,
2006). The P1 cistron of TriMV was engineered into pMAL-c5X, and
expressed in vitro in E. coli as MBP-tagged P1 (Fig. 3A, lane 2). The
dsRNA binding property of TriMV P1 was examined by incubating

MBP::P1 with GFP-specific in vitro synthesized 180-nt long dsRNA or
chemically synthesized 21- and 24-nt ds-siRNAs. Analysis of protein-
RNA interaction reactions through native PAGE, followed by SYBR
Green staining (Samuel et al., 2016) revealed that dsRNA or ds-siRNAs
formed complexes with MBP::P1 but not with MBP when compared to
dsRNA-only control (Fig. 3B, C; compare lanes 1 with lanes 3 and 4).
Complexes formed between dsRNA and protein resulted in an electro-
phoretic mobility shift with MBP::P1 but no such shifts were observed
with MBP (Fig. 3B, C, compare lane 1 with lane 3). These results

Fig. 2. Conserved domains in Triticum mosaic virus (TriMV) P1 are required for suppression of RNA silencing. (A) Multiple sequence alignment of type B P1 partial
sequences of TriMV, wheat streak mosaic tritimovirus (WSMV), oat necrotic mottle tritimovirus (ONMV), wheat eqlid mosaic tritimovirus (WEqMV), brome streak
mosaic tritimovirus (BStMV), sugarcane streak mosaic poacevirus (SCSMV), cassava brown streak ipomovirus (CBSV), squash vein yellowing ipomovirus (SqVYV),
sweet potato mild mottle ipomovirus (SPMMV), and cucumber vein yellowing ipomovirus (CVYV). GenBank accession numbers of each viral protein was indicated in
the sequence identifier along with the position of the first residue of each sequence in boldface. Identical amino acids were highlighted in turquoise indicating high
conservation, and amino acids with similar biochemical properties were highlighted in gray. Location of LXK/RA and putative zinc-finger domain is indicated. (B)
Schematic diagrams of TriMV P1 cistron with the location of point mutations (in asterisks). TriMV P1 sequences with point mutations were cloned in pCASS4 and
were co-agroinfiltrated with 35S:ssGFP. (C) Green fluorescence images of N. benthamiana 16c leaves agroinfiltrated with TriMV P1 point mutants plus 35S:ssGFP at 7
days postagroinfiltration. Image pCASS4 indicates co-infiltration of pCASS4 and 35S:ssGFP as a negative control.
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indicate that TriMV P1 binds to dsRNA in a size-independent manner.
The binding ability of TriMV P1 to ssRNA was examined by in-

cubating MBP::P1 with in vitro synthesized GFP-specific 180-nt or 21-nt
ssRNA followed by native PAGE. TriMV P1 did not form complexes with
ssRNAs of 180-nt or 21-nt as ssRNAs incubated with MBP::P1 resolved
in PAGE similar to those of MBP or ssRNA-only control samples
(Fig. 3B, C, compare lanes 5 with lanes 7 and 8). These data revealed
that TriMV P1 does not bind to ssRNAs of 180-nt or 21-nt at detectable
levels.

3.4. TriMV P1 protects dsRNA from dicing

The above RNA-protein interaction studies revealed that TriMV P1
possesses dsRNA binding property, which has been shown to have
functional significance in protecting dsRNAs from dicing (Mérai et al.,
2006). In vitro siRNA generation experiment was performed by using
recombinant human Dicer on a 655-nt long dsRNA derived from TriMV
CP in the presence of MBP::P1 or MBP. As presented in Fig. 4, dicing of
655-nt long dsRNA into siRNAs by human Dicer was inhibited in the
presence of MBP::P1. Additionally, dsRNA in a dicing reaction supple-
mented with MBP::P1 showed retarded electrophoretic mobility with
substantially reduced accumulation of diced siRNAs compared with
MBP or buffer supplemented dicing reactions (Fig. 4, compare lane 1
with lanes 2 and 3). These results indicate that the dsRNA binding
property of P1 aids suppression of RNA silencing through protection of
dsRNAs and inhibition of RISC formation through siRNA sequestration.

3.5. The GW motif of TriMV P1 is required for suppression of ssRNA-
induced local silencing

Analysis of TriMV P1 amino acid sequence revealed the presence of
a conserved glycine-tryptophan (GW) dipeptide motif at the C-terminal
region (Fig. 5A). The domain harboring this GW dipeptide motif
showed exceptional conservation with other type B P1 proteins of po-
tyvirid species (Fig. 5A). Further analyses of the GW-motif harboring
domain showed a hydropathy score of 0.6 through Kyte-Doolittle
method, and secondary structure prediction of the GW domain sug-
gested that the GW peptide is oriented toward the edge of its β-sheet
(Fig. 5B).

Previous studies identified the significance of WG/GW dipeptide
motifs in AGO interactions for suppression of RNA silencing (Bies-
Etheve et al., 2009; Giner et al., 2010; Szabó et al., 2012). We in-
troduced W332A mutation to examine the significance of the GW motif
in suppression of RNA silencing (Fig. 2B). Agroinfiltration of 35S:P1-
W332A along with 35S:ssGFP into the leaves of N. benthamiana 16c at

the 6–8 leaf stage resulted in no green fluorescence at 5 dpa (data not
shown) or 7 dpa (Fig. 2C). These data suggest that the GW motif of
TriMV P1 plays a major role in suppression of ssRNA-induced local RNA
silencing.

To test whether disruption of the GW motif affects dsRNA binding
property of P1, 180-nt dsRNA or 21- and 24-nt ds-siRNAs were in-
cubated with bacterially expressed MBP::P1-W332A protein (Fig. 3A,
lane 3). The binding reactions of MBP::P1-W332A with dsRNAs was
analyzed on a native PAGE, and it was found that P1-W332A formed
complexes with GFP-specific 180-nt dsRNA or 21- and 24-nt ds-siRNAs,
similar to that of wild-type P1 (Fig. 3B,C, compare lanes 2 with lanes 1).
Similar to MBP::P1, MBP::P1-W332A did not form complexes with GFP-

Fig. 3. Triticum mosaic virus (TriMV) P1 binds to double-stranded (ds) RNAs in electrophoretic mobility shift assay. (A) Coomassie Brilliant Blue R-250-stained SDS-
PAGE of bacterially expressed and affinity-purified MBP::P1 (lane 2), MBP::P1-W332A (lane 3) and MBP (lane 4). Lane 1 (M) shows protein standard. (B & C)
Electrophoretic mobility shift assay of TriMV P1 (lanes 1 and 5) or P1-W332A (lanes 2 and 6) incubated with GFP-derived 180-nt (B, lanes 1–4), 21- and 24-nt ds-
siRNAs (C, lanes 1–4), 180-nt ssRNA (B, lanes 5–8), or 21-nt ssRNA (C, lanes 5–8). Note the retarded electrophoretic mobility of dsRNAs but not ssRNAs incubated
with P1 or P1-W332A compared with MBP. MBP was used as a non-viral suppressor of RNA silencing protein control and the affinity tag of test proteins.

Fig. 4. Triticum mosaic virus (TriMV) P1 interferes with dicer activity on
dsRNA. Dicing reaction on in vitro synthesized 655-nt long dsRNA was per-
formed with recombinant human Dicer supplemented with MBP::P1 (lane 1) or
MBP (lane 2) or buffer (lane 3) resolved on non-denaturing PAGE. Note dsRNA
protection visualized as electrophoretic mobility shift against dicer activity and
reduced accumulation of siRNA in MBP::P1 supplemented reaction, but not
with MBP or buffer (no protein). MBP was included as a non-viral suppressor of
RNA silencing protein control as well as a negative control for MBP affinity tag
of MBP::P1. Lane 4 visualizes 100 ng of 655-nt dsRNA loaded as size marker and
no-dicer dsRNA-only control.
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specific 180-nt or 21-nt ssRNA molecules at detectable levels (Fig. 3B,C,
compare lanes 6 with lanes 5). Collectively, these data suggest that the
GW motif of TriMV P1 is not required for dsRNA binding property for
VSR function.

3.6. Disruption of the GW motif in TriMV P1 fails to enhance pathogenicity
of a heterologous virus

We have previously demonstrated the pathogenicity enhancement
property of TriMV P1 through chimeric expression in PVX on N. ben-
thamiana (Tatineni et al., 2012). To determine the significance of the
GW motif in pathogenicity enhancement of P1, P1-W332A sequence
was engineered in pT7-P2C2S-PVX (Chapman et al., 1992). N. ben-
thamiana plants inoculated with in vitro transcripts of PVX-WT, PVX-
TriMV-P1, or PVX-TriMV-P1-W332A elicited mosaic symptoms with
leaf curling at 8 days postinoculation (dpi). However, at 15 dpi, plants
inoculated with PVX-TriMV-P1 exhibited severe apical necrosis re-
sulting in stunted growth. Plants inoculated with PVX-TriMV-P1-
W332A or PVX-WT showed remarkable symptom recovery with mild
mosaic symptoms (Fig. 6A). RT-PCR analysis from total RNA extracted
from symptomatic leaves at 15 dpi with primers flanking the location of
chimeric insertion in the PVX genome showed stable inserts with ex-
pected size (Fig. 6B). Relative expression of PVX transcripts was assayed
by RT-qPCR in total RNA extracted from symptomatic leaves at 10 and
15 dpi. Relative expression of PVX-TriMV-P1-W332A upon normal-
ization with Nb-Actin reference gene revealed a 21- and 39-fold de-
crease in comparison with PVX-TriMV-P1 at 10 and 15 dpi, respec-
tively. Moreover, relative expression of PVX-TriMV-P1-W332A in N.
benthamiana was similar to that of PVX-WT at 10 and 15 dpi (Fig. 6C),
suggesting that the GW motif is required for pathogenicity

enhancement.

3.7. Disruption of the GW motif in P1 cistron is lethal to TriMV

We next examined the requirement of the GW motif in P1 cistron for
the viability of TriMV by mutating W332A in a GFP-tagged TriMV
cDNA clone (pTriMV-GFP) to generate pTriMV-GFP-P1-W332A
(Fig. 7A). In vitro transcripts of TriMV-GFP-P1-W332A or TriMV-GFP
were inoculated onto wheat seedlings at the single leaf stage. At 10 and
21 dpi, fluorescence microscopic analysis of inoculated leaves revealed
the formation of foci only on TriMV-GFP-inoculated wheat leaves
(Fig. 7B). At 21 dpi, upper noninoculated leaves showed systemic in-
fection in wheat inoculated with TriMV-GFP but not with TriMV-GFP-
P1-W332A (Fig. 7B). RT-PCR analysis on total RNA revealed that ex-
pected PCR product was obtained only from TriMV-GFP inoculated (10
and 21 dpi) and upper noninoculated (21 dpi) leaves but not in TriMV-
GFP-P1-W332A- or buffer-inoculated wheat samples (Fig. 7C). Western
blot analysis on total proteins extracted from inoculated leaves at 10
and 21 dpi and upper noninoculated leaves at 21 dpi revealed the
presence of CP and GFP proteins only in TriMV-GFP-inoculated plants
(Fig. 7D). These data suggest that the GW motif in P1 is crucial for the
viability of TriMV.

4. Discussion

Viruses mount effective counterdefense strategies to overcome host
defense mechanisms for replication and disease development
(Anandalakshmi et al., 1998; Carrington et al., 2001). Encoding a VSR
is the response of virus evolution to strong selection pressure exerted by
host-induced antiviral RNA silencing. Several RNA viruses are known to

Fig. 5. Triticum mosaic virus (TriMV) P1 harbors a GW-containing domain. (A) Multiple sequence alignment of C-terminal regions of type B P1 sequences of TriMV,
SCSMV, WSMV, ONMV, WEqMV, SPMMV, CocMoV, CVYV, CBSV, and SqVYV. The location of the GW dipeptide motif is underlined. Blocks of similar amino acids
and amino acids with similar biochemical properties were highlighted in turquoise and gray, respectively. (B) Hydrophilicity plot and conceptual secondary structure
of the GW motif-containing region of TriMV P1. Note solubility of GW and formation of a unique β-sheet is required for intermolecular interactions.
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encode VSRs, which evolved independently to outrun the evolutionary
arms race with hosts (Li and Ding, 2006). We previously reported that
the P1 protein of TriMV is a suppressor of RNA silencing (Tatineni et al.,
2012). In this study, the domains and minimal regions of TriMV P1
required for VSR function were examined through deletion and alanine
scanning analyses. Additionally, the mechanisms of viral suppression of
RNA silencing employed by TriMV P1 were examined by using bio-
chemical and in vivo studies.

Computational analyses of TriMV P1 sequence revealed the pre-
sence of conserved LXK/RA and zinc-finger domains toward the N-
terminal region and a conserved domain harboring a GW-motif toward
the C-terminal region. The N-terminal 50 amino acids are dispensable
for VSR function, suggesting that these amino acids might be involved
in other functions of the virus life-cycle such as replication, movement,

or both. Deletion of 55 amino acids at the N-terminal region resulted in
substantially reduced suppression of RNA silencing and additional de-
letions at the N-terminal region resulted in non-functional P1. These
data suggest that P1 comprising 55–383 aa residues might harbor im-
portant motifs such as LXK/RA and zinc finger (Valli et al., 2008).
Mutation of LR92/93 of LXK/RA motif completely abolished the sup-
pression of RNA silencing function. Valli et al. (2011) found that mu-
tations in LXK/RA motif abolished the suppression of RNA silencing
activity and dsRNA binding function of CVYV P1b. It is possible that
mutation of LXK/RA motif in TriMV P1 most likely abolished the
dsRNA binding function. The zinc-finger like motif,
C110X2C113XnH127X2C130, is located in TriMV P1 between amino acids
110 and 130. Mutation of conserved amino acid residues in the putative
zinc-finger domain either abolished or substantially reduced silencing

Fig. 6. The GW-motif in Triticum mosaic virus (TriMV) P1 is required for pathogenicity enhancement of potato virus X. (A) Symptom phenotypes of PVX-WT, PVX-
TriMV-P1 and PVX-TriMV-P1-W332A on N. benthamiana plants at 15 days postinoculation (dpi). Note severe chlorosis and apical necrosis in PVX-TriMV-P1, but
symptom recovery in PVX-TriMV-P1-W332A was similar to PVX-WT-infected plants. (B) RT-PCR analysis of insert stability in PVX-WT (lane 2), PVX-TriMV-P1 (lane
3) or PVX-TriMV-P1-W332A (lane 4) infected N. benthamiana plants at 15 dpi. Lane 1: Buffer-inoculated plants. Lane M represents 1.0 kbp DNA size marker. (C)
Relative abundance of PVX transcripts assayed by real-time RT-PCR on total RNA extracted from symptomatic leaves. PVX-P1: PVX-TriMV-P1; PVX-P1-W332A: PVX-
TriMV-P1-W332A. Internal reference of Nb-Actin was used to normalize PVX relative expression by ΔΔCt method. Most probable differences with 99% confidence
represented as *** were calculated by Student’s T-Test in each biological replicate. Error bars represent standard error.
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suppression activity of P1, suggesting that the zinc finger-like motif has
a functional role in suppression of RNA silencing. Sequence conserva-
tion of LXK/RA and zinc finger-like domains in type B P1 proteins of
silencing suppressors of Poacevirus, Tritimovirus, and Ipomovirus mem-
bers, further emphasizes the functional role of these domains in com-
bating host defense mechanisms.

Electrophoretic mobility shift assays were performed with bacte-
rially expressed TriMV P1 protein as MBP fusion protein, which en-
hanced protein solubility (Pryor and Leiting, 1997). We found that P1
protein binds to 180-nt dsRNA as well as 21- and 24-nt ds-siRNAs,
suggesting that TriMV P1 binds to dsRNAs in a size independent
manner. The dsRNA binding property of P1 could potentially hurdle
pre- and post-dicing stages of RNA silencing. Binding of P1 to long
dsRNAs effectively protects the replicative form of viral RNAs from
dicing machinery, thereby minimizing siRNA biogenesis. Sequestering
21- and 24-nt ds-siRNAs potentially cripples RISC formation (Mérai
et al., 2006; Zilberman et al., 2003). The P1 proteins of TriMV and
WSMV, suppressors of RNA silencing (Tatineni et al., 2012; Young
et al., 2012), have been shown to possess dsRNA binding property
(Gupta and Tatineni, 2019; this study). The dsRNA binding nature of
TriMV P1 led to examine whether this protein protects long dsRNA
from being diced into siRNAs by Dicer in an in vitro dicing reaction. The
P1 protein effectively protected dsRNAs through binding, which was
apparent from the electrophoretic mobility shift. Protection of dsRNA
from in vitro dicing was evident with substantially reduced accumula-
tion of diced product. However, accumulation of a few short dsRNAs in

a dicing reaction with P1 might have resulted from the unbound frac-
tion of dsRNA molecules available to Dicer enzyme. Additionally,
TriMV P1 bound to dsRNAs derived from GFP (180 nt, 21 nt, and 24 nt)
and TriMV CP (655 nt), suggesting sequence-independent nature of
dsRNA binding.

Though TriMV P1 tolerated extensive deletions at the N-terminal
region for VSR activity, only one C-terminal amino acid was dis-
pensable. Recently, we found that WSMV P1 did not tolerate deletion of
any amino acid at the C-terminus for suppression of RNA silencing
function (Gupta and Tatineni, 2019). The plausible reason for this dif-
ference between TriMV and WSMV P1 proteins could be due to the
presence of two C-terminal tyrosine residues in TriMV P1 but not in
other P1 proteins (Fig. 5A; highlighted in yellow). The additional tyr-
osine residue in TriMV P1 might have compensated for the loss of a
tyrosine residue at the C-terminus. Additionally, remarkable C-terminal
sequence conservation among type B P1 proteins suggests minimal
tolerance of mutations or deletions for suppression of RNA silencing.

A highly conserved GW dipeptide motif was found in all type B P1
sequences toward the C-terminal region with a potential role in sup-
pression of RNA silencing. It has been reported that the host protein
family GW182 is significant for facilitating slicer activity of PIWI (Ding
and Han, 2007). Thus, the presence of the GW motif in P1 suggests
steric inhibition of GW182 in AGO interaction except for direct AGO
hooking (El‐Shami et al., 2007). Szabó et al. (2012) found that the in-
troduction of two additional GW motifs into the AGO-binding domain
of sweet potato feathery mottle virus P1 converted it from a

Fig. 7. Mutagenic disruption of the GW-motif in P1 cistron is lethal to Triticum mosaic virus (TriMV). (A) Genomic organization of GFP-tagged TriMV with W332A
point mutation in P1 cistron. (B) Fluorescence micrographs (scale bar, 200 μm) of wheat leaves inoculated with in vitro transcripts as indicated. dpi: days post-
inoculation. (C) RT-PCR assay for TriMV infection in wheat plants inoculated with in vitro transcripts of TriMV-GFP (lanes 1, 4, and 7), TriMV-W332A (lanes 2, 5, and
8), or buffer (lanes 3, 6, and 9) from inoculated leaves at 10 dpi (lanes 1–3) or 21 dpi (lanes 4–6) or upper noninoculated leaves at 21 dpi (lanes 7–9). Lane M
represents 1.0 kbp DNA marker. (D) Western blot analysis on total proteins extracted from samples as in B to detect TriMV CP (top panel) or GFP (middle panel).
RuBisCO panel (bottom) represents Coomassie Brilliant Blue R-250-stained SDS-PAGE indicating the amount of total protein loaded per well.
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nonfunctional suppressor to a functional suppressor with AGO binding
capacity. These data suggest a functional role for WG/GW motifs in
RNA silencing suppression function of type B P1 proteins of potyvirid
species. Chou-Fasman’s algorithm assigned a unique β-sheet to GW
residing domain in the conceptual secondary structure of TriMV P1, and
Kyte-Doolittle hydropathy scale measured the hydrophilicity of the GW
microenvironment. Both of these suggest accessibility and solubility of
the GW domain for intermolecular AGO interactions (Grishin, 2001;
Shuryo, 1983; Watkins and Arora, 2014).

The role of the GWmotif in TriMV P1 in virus biology was examined
through a W332A mutation. Disruption of the GW motif abolished the
suppression of RNA silencing activity, suggesting a functional role for
this motif. Several VSRs have been shown to induce a disease pheno-
type when expressed through heterologous viruses (Ding et al., 1996).
Previously, we have shown that PVX expressing TriMV P1 induced
enhanced pathogenesis compared with wild-type PVX (Tatineni et al.,
2012). In this study, we found that the GW motif was required for
enhancement of pathogenicity as PVX harboring TriMV P1-W332A
caused mild symptoms in N. benthamiana similar to that of wild-type
PVX. Additionally, the role of the GW motif in TriMV biology was ex-
amined through a W332A mutation, and it was found that disruption of
the GW motif abolished cell-to-cell movement in wheat. It is possible
that the W332A mutation in the P1 cistron might have affected the
proteinase activity of P1, which might have been lethal to TriMV.
Nonetheless, disruption of the GW motif resulted in loss of RNA silen-
cing suppression function and pathogenicity enhancement, a char-
acteristic feature of most suppressors of RNA silencing. Taken together,
our data suggest that the GW motif has a significant role in combating
host defense mechanisms. Interestingly, disruption of the GW motif did
not affect the dsRNA binding property of TriMV P1, suggesting that the
GW motif most likely interacts with other host defense proteins to
suppress RNA silencing.
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