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A B S T R A C T

High Plains wheat mosaic virus (genus Emaravirus), an octapartite negative-sense RNA virus, encodes two RNA silencing suppressors, P7 and P8. In this study, we
found that P7 and P8 efficiently delayed the onset of dsRNA-induced transitive pathway of RNA silencing. Electrophoretic mobility shift assays (EMSA) revealed that
only P7 protected long dsRNAs from dicing in vitro and bound weakly to 21- and 24-nt PTGS-like ds-siRNAs. In contrast, P8 bound strongly and relatively weakly to
21- and 24-nt ds-siRNAs, respectively, suggesting size-specific binding. In EMSA, neither protein bound to 180-nt and 21-nt ssRNAs at detectable levels. Sequence
analysis revealed that P7 contains a conserved GW motif. Mutational disruption of this motif resulted in loss of suppression of RNA silencing and pathogenicity
enhancement, and failure to complement the silencing suppression-deficient wheat streak mosaic virus. Collectively, these data suggest that P7 and P8 proteins
utilize distinct mechanisms to overcome host RNA silencing for successful establishment of systemic infection in planta.

1. Introduction

RNA silencing is a conserved eukaryotic gene regulation mechanism
that provides sequence-specific antiviral defense in higher plants and a
few taxa of invertebrates (Baulcombe, 2004; Covey et al., 1997; Ding
et al., 2004; Ratcliff et al., 1997). Double-stranded RNA (dsRNA) mo-
lecules trigger Dicer-like (DCL) Class-III RNases in the host cytoplasm
that result in hydrolysis of dsRNAs into small 21-24 nt RNA duplexes,
typically with 2-nt 3′ overhangs (Ding and Voinnet, 2007; Fire et al.,
1998; Hamilton and Baulcombe, 1999; Ketting et al., 2001). The 3′
overhangs of ds-siRNAs are 2′-O-methylated by HEN1 to stabilize and
protect them from further hydrolysis by exonucleases (Yang et al.,
2006). These modified 3′ overhangs are recognized by the PAZ domain
of the silencing effector protein Argonaute (AGO; Lingel et al., 2003;
Tian et al., 2011). This induces ATP-dependent conformational changes
aided by HSP90 and HCP70 chaperones (Iwasaki et al., 2010) that are
crucial for incorporating nascent siRNA duplex onto AGO for the for-
mation of the RNA-induced silencing complex (RISC; Liu et al., 2006;
Rivas et al., 2005). Based on the thermodynamic stability of the over-
hangs, one of the strands is unwound from the siRNA duplex (Schwarz

et al., 2003). Guided by siRNA, RISC surveils the cytoplasm for com-
plementary viral RNA targets and cleaves them by PIWI-domain
mediated hydrolysis (Rand et al., 2005; Song et al., 2004), rendering
antiviral defense through post-transcriptional gene silencing (PTGS).

Additionally, RNA dependent RNA polymerases (RDRs) extend the
open 3’ termini of RISC-independently annealed siRNA to synthesize
cRNA for generating dsRNAs. These dsRNAs are available for further
dicing and production of transitive or secondary siRNAs (Parent et al.,
2015; Sijen et al., 2001). The importance of the transitive pathway of
RNA silencing lies in the mobile nature of siRNAs through cell-to-cell
and systemic trails via plasmodesmata and phloem companion cells,
respectively (Melnyk et al., 2011). This imparts antiviral immunity to
uninfected tissues. However, viruses evolved to counter the effects of
RNA silencing by encoding viral suppressor(s) of RNA silencing (VSR)
(Csorba et al., 2015; Ding and Voinnet, 2007; Li and Ding, 2006). VSRs
are crucial for successful replication of virus and enable long-distance
spread and accumulation to the level required to establish pathogeni-
city (Cronin et al., 1995; Ding et al., 1995; Lakatos et al., 2004). To
overcome host defense, VSRs target the key players of both RNA si-
lencing elicitors, such as single- (ss) or double-stranded (ds) RNAs, and

https://doi.org/10.1016/j.virol.2019.06.011
Received 20 May 2019; Received in revised form 14 June 2019; Accepted 16 June 2019

∗ Corresponding author.
E-mail address: satyanarayana.tatineni@ars.usda.gov (S. Tatineni).

1 Present address: Department of Entomology, Texas A&M University, College Station, TX 77843.

Virology 535 (2019) 20–31

Available online 17 June 2019
0042-6822/ Published by Elsevier Inc.

T

http://www.sciencedirect.com/science/journal/00426822
https://www.elsevier.com/locate/virology
https://doi.org/10.1016/j.virol.2019.06.011
https://doi.org/10.1016/j.virol.2019.06.011
mailto:satyanarayana.tatineni@ars.usda.gov
https://doi.org/10.1016/j.virol.2019.06.011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.virol.2019.06.011&domain=pdf
proyster2
Text Box
This document is a U.S. government work and is not subject to copyright in the United States.



host proteins that are involved in the RNA silencing pathway. For ex-
ample, several VSRs were shown to have affinity for long and short
dsRNAs in a size-independent manner (Lingel et al., 2005; Mérai et al.,
2005, 2006; Schnettler et al., 2010). However, a few other VSRs se-
lectively sequester only PTGS-generated short dsRNAs (ds-siRNAs)
(Chen et al., 2008; Diaz-Pendon et al., 2007; Dunoyer et al., 2001; Reed
et al., 2003; Silhavy et al., 2002). VSRs reported from different groups
of viruses have highly divergent sequences, but they have conserved
targets in the RNA silencing pathway, suggesting the convergent evo-
lution of suppressors of RNA silencing proteins (Berry et al., 2009).

Several VSRs are reported to interact with proteinaceous compo-
nents of RNA silencing. For example, P1 of rice yellow mottle virus
blocks DCL4 to inhibit the generation of siRNAs (Lacombe et al., 2010).
P126 of tobacco mosaic virus or HC-Pro protein of zucchini yellow
mosaic virus were shown to inhibit the activity of HEN1 (Jamous et al.,
2011; Vogler et al., 2007). VSRs of diverse groups of viruses were
shown to interact with AGO to prevent different stages of RISC for-
mation and function (Chiu et al., 2010; Csorba et al., 2010; Giner et al.,
2010; Iki et al., 2017). Rice yellow stunt virus (RYSV) encoded P6 was
found to interact with RDR6 to interrupt production of secondary
siRNAs (Guo et al., 2013).

Generally, RNA viruses encode a single protein with RNA silencing
suppressor activity. However, a few viruses were shown to encode
multiple VSRs. For example, tomato chlorosis virus encodes three
proteins with VSR function: coat protein (CP), minor coat protein and
dsRNA-binding P22 (Cañizares et al., 2008; Landeo-Ríos et al., 2016).
CP, P20, and P23 of citrus tristeza virus were shown to independently
suppress different levels of RNA silencing (Lu et al., 2004). Red clover
necrotic mosaic virus possesses viral replication complex and move-
ment protein for suppression of host RNA silencing (Powers et al., 2008;
Takeda et al., 2005). The Tat protein of human immunodeficiency
virus-1 (HIV-1) was shown to counteract RNA silencing through dsRNA
binding (Qian et al., 2009). In addition, the HIV-1 encoded Nef protein
was shown to counter the miRNA induced silencing complex (miRISC)
via AGO2 interaction (Aqil et al., 2013). The scenarios of viruses en-
coding multiple VSRs as well as VSRs with multiple targets, suggest
efficient approaches from the viral perspective. It also underscores the
importance of suppressing RNA silencing for successful completion of
the viral life-cycle and establishment of systemic infection.

Compared with positive-sense RNA viruses, mechanisms of VSRs
encoded by negative-sense RNA viruses have not been extensively
studied. NS3, a strong silencing suppressor of rice hoja blanca virus
(genus Tenuivirus; family Phenuiviridae) possesses weak siRNA binding
affinity through its putative dsRNA-binding domain (dsRBD, Yang
et al., 2011). P3 of rice stripe virus (genus Tenuivirus; family Phenui-
viridae) bound specifically to ds-siRNA but not long dsRNA (Xiong et al.,
2009). P6 of RYSV was shown to affect RDR6-mediated secondary
siRNA synthesis (Guo et al., 2013). Lettuce necrotic yellows virus
(genus Cytorhabdovirus; family Rhabdoviridae) encoded phosphoprotein
P shows remarkable suppressor activity in plants but not in insect cells
(Mann et al., 2015), and interacts with several players of RNA silencing
such as AGO1, AGO2, AGO4, RDR6, and SGS3 (Mann et al., 2016).

Recently, we reported that the octapartite negative-sense RNA
genome of High Plains wheat mosaic virus (HPWMoV), an Emaravirus in
the family Fimoviridae (Tatineni et al., 2014), encodes two suppressors
of RNA silencing (Gupta et al., 2018). The P7 and P8 proteins of
HPWMoV independently suppressed RNA silencing induced locally by
ss or ds RNAs and systemic silencing induced by ssRNA of the GFP-
reporter in N. benthamiana. We also showed that P7 or P8 rescue VSR-
deficient wheat streak mosaic virus (WSMV) in wheat and found that

heterologous potato virus X (PVX) showed enhanced pathogenicity in
the presence of P7 or P8 (Gupta et al., 2018). In this report, we analyzed
several mechanistic approaches to identify the mode of action with
which P7 and P8 suppress the host RNA silencing. We showed that
HPWMoV P7 binds to dsRNAs with no size specificity and protects long
dsRNA from Dicer activity, while P8 binds size-specifically only to
PTGS-like small ds-siRNA. P7 contains a conserved GW motif, and
disruption of this motif resulted in loss of suppression of ssRNA-induced
local silencing, ability to enhance PVX virulence and ability to rescue
VSR-deficient WSMV-GFP-ΔP1. This study revealed that the two RNA
silencing suppressors of HPWMoV, negative-strand ssRNA virus, utilize
distinct mechanisms with division of labor for the suppression of RNA
silencing.

2. Materials and methods

2.1. Preparation of constructs

Plasmid DNA of pCASS4-P7 or -P8 (Gupta et al., 2018) was used as a
template for PCR amplifications. The P7 or P8 ORF was engineered in
pMAL-c5X between the NdeI and NotI restriction enzyme sites, and
chemically transformed into a NEB express strain of Escherichia coli
(New England Biolabs Inc., Ipswich, MA). Site-directed W219A muta-
genesis of P7 was accomplished by overlap extension PCR with primers
H-143 (5′-GATGATGAATATTCCA CTGGCGCATTTGGTGACAAACATA
TTG-3′) and its reverse complement H-144.

Chimeric PVX-P7-W219A was generated by cloning P7-W219A se-
quence between the ClaI and AscI restriction sites of a PVX infectious
clone (pP2C2S-PVX; Chapman et al., 1992). The P7-W219A-GFP se-
quence was tailored by fusing P7-W219A cistron upstream to the GFP
sequence with an intervening 11-amino acid cleavage peptide of WSMV
NIa-Pro. The P1 cistron of an infectious cDNA clone of WSMV isolate
Sidney 81 (pSP6-WSMV; Choi et al., 1999) was replaced with the P7-
W219A-GFP sequence to generate pWSMV-GFP-ΔP1-P7-W219A. All
PCR reactions were performed with Herculase II Fusion DNA poly-
merase (Agilent Technologies, Santa Clara, CA). Sequences of all con-
structs were verified on Applied Biosystems 3730xl DNA Analyzer at
the University of Florida ICBR Core DNA sequencing facility.

2.2. Electrophoretic mobility shift assay (EMSA)

Recombinant maltose binding protein (MBP)-tagged P7 (MBP:P7) or
P8 (MBP:P8) was expressed in E. coli through pMAL-c5X, followed by
affinity chromatography purification using amylose resin (New England
Biolabs) and eluted in sterile PBS (pH 7.4). Purified protein was
quantified by using the Bradford assay (Bio-Rad) and stored at 4 °C for
further analysis. Synthetic PTGS-like ds-siRNAs (21 or 24 nt) with 2-nt
3′ overhangs were prepared by annealing chemically synthesized 5′P-
ssRNA (Integrated DNA Technologies, Skokie, IL) in 20mM Tris-HCl
(pH 8.0), 1 mM EDTA and 50mM NaCl (TEN buffer). Long dsRNA was
prepared by annealing complementary strands of ssRNA transcribed in
vitro from DNA templates derived from GFP (180-nt) or HPWMoV P2a
(675-nt; GenBank accession number KJ939624) sequences in TEN
buffer containing 0.02% Tween 20 (TEN-T buffer). RNA-protein inter-
action experiments were conducted at room temperature by incubating
100 ng of 180-nt dsRNA or 50 ng 21- and 24-nt ds-siRNAs with MBP-
tagged P7 or P8 in 30 μl reactions for 30min. Interaction between
protein-RNA was analyzed through 4-12% non-denaturing PAGE in
1XTBE (Tris-borate-EDTA) at 4 °C and visualized by SYBR Green gel
staining (Thermo Scientific, Waltham, MA) as described in Samuel et al.
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(2016). The percentage of bound dsRNA was determined by quantifying
fluorescence of the unbound dsRNA band using ImageJ software
(Schneider et al., 2012) and computing the difference from the amount
loaded. The affinity curves were generated by plotting the amount of
protein loaded against the percentage of dsRNA binding to proteins
(Heffler et al., 2012).

2.3. Dicer protection assay

A PCR amplified full-length fragment of HPWMoV P2a was used as a
template for in vitro transcription to generate positive- and negative-
strand RNA, followed by annealing to generate 675-nt dsRNA. In vitro
dicing reactions were performed by incubating 1.0 μg of 675-nt dsRNA
with recombinant human Dicer (0.5 U; Genlantis, San Diego CA) sup-
plemented with 0.35 nmol of MBP:P7 or MBP:P8 in a 30 μl reaction at
37 °C overnight. The dicing reaction mixture consisted of 250mM NaCl,
30mM HEPES (pH 8.0), 0.05mM EDTA, 2.5 mM MgCl2 and 1mM ATP.
The Dicer reaction was inactivated by adding EDTA to 10mM and
analyzed through 4-12% non-denaturing PAGE in 1XTBE buffer at 4 °C,
followed by SYBR Green staining. The MBP supplemented dicing re-
action served as a control for MBP tags as well as a random protein with
no dsRNA-binding properties.

2.4. Agroinfiltrations

Agrobacterium tumefaciens strain EHA105 was used for chemical
transformation of pCASS4 constructs. Agrobacteria harboring pCASS4
constructs were grown overnight at 28 °C and resuspended to optical
density of 1.0 at 600 nm in infiltration buffer (10mM MgCl2 with
10mM MES, pH 5.5 and 100 μM Acetosyringone), and incubated at
room temperature for 3 h. Agrosuspension was infiltrated into the la-
mina of fully expanded leaves of wild-type N. benthamiana or GFP-
transgenic line 16c plants at the 6-8 leaf stage. Agroinfiltrated plants
were maintained in a growth chamber at 24-26 °C with a 14 h photo-
period. Leaves infiltrated with 35S:P7, 35S:P7-W219A or pCASS4 along
with 35S:ssGFP (Qu et al., 2003) and 35S:dsGFP (Tatineni et al., 2012)
were observed under long range UV light for green fluorescence at 3
and 5 dpa and photographed through an orange filter with a Nikon D70
camera (Nikon, Melville NY). For systemic silencing studies, N. ben-
thamiana line 16c plants were agroinfiltrated with 35S:P3, 35S:P7,
35S:P8, 35S:P7+35S:P8 (Gupta et al., 2018) or empty pCASS4 along
with 35S:ssGFP and 35S:dsGFP.

2.5. Infection of plants with in vitro transcripts

Linearized pPVX (pP2C2S-PVX; Chapman et al., 1992), pPVX-P7,
pPVX-P7-W219A were transcribed in vitro and mechanically inoculated
onto fully expanded N. benthamiana leaves at the 6-leaf stage. The in-
oculated plants were incubated at 18 °C in a growth chamber with a
16 h photoperiod. Total RNA was extracted using the Tripure isolation
reagent (Roche) method from upper noninoculated symptomatic leaves
at 21 and 28 days postinoculation (dpi). In vitro transcripts from
pWSMV-GFP (pSP6-WSMV-GFP-6KI/CI; Tatineni et al., 2011), pWSMV-
GFP-ΔP1, pWSMV-GFP-ΔP1-P7 (Gupta et al., 2018), or pWSMV-GFP-
ΔP1-P7-W219A were mechanically inoculated onto wheat seedlings at
the single-leaf stage, and incubated in a greenhouse at 22-27 °C with a
photoperiod of 16 h. Inoculated leaves and upper noninoculated leaves
were examined under a Zeiss Stereo Discovery V12 Fluorescence Mi-
croscope by using a narrow-band GFP filter set 38 for green fluores-
cence at excitation and emission ranges of 400–450 nm and 450-
490 nm, respectively. Fluorescent micrographs were taken using an

AxioCam MRc5 camera mounted on the fluorescent microscope.

2.6. Polymerase chain reaction assays

One μg of total RNA was incubated with 25 ng of random hexamers
for reverse transcription with SuperScript III First-Strand Synthesis
System (Invitrogen, Carlsbad, CA). Resultant cDNA was used as a
template for PCR to examine the stability of P7 or P7-W219A ORFs
inserted into the PVX genome with primers Tr-206 and Tr-207 as de-
scribed in Gupta et al. (2018). Total RNA extracted from wheat seed-
lings inoculated at 10 or 21 dpi, and used for random-primed reverse
transcription, followed by diagnostic PCR with primers XV1 and XC1
(Tatineni et al., 2017) and confirmation of the presence of inserted
sequences with W-479 and W-481 as described in Gupta et al. (2018).
Total RNA extracted from PVX-WT, PVX-P7, or PVX-P7-W219A infected
N. benthamiana leaves at 21 and 28 dpi was analyzed by real-time RT-
PCR (RT-qPCR) with primers G-35 and G-36 for determining fold
change of PVX genomic RNA accumulation as described in Gupta et al.
(2018).

2.7. Western blots

Leaf tissue (200mg) collected from inoculated or upper non-
inoculated leaves from wheat plants inoculated with WSMV-GFP,
WSMV-GFP-ΔP1, WSMV-GFP-ΔP1-P7, or WSMV-GFP-ΔP1-P7-W219A
was homogenized in protein extraction buffer (1ml) containing 50mM
Tris acetate pH 7.4, 10mM Potassium acetate, 1 mM EDTA and 5mM
DTT with Protease Inhibitor cocktail (Roche). Total protein extract was
separated through SDS-PAGE on 4-20% Tris-glycine gel and im-
munodetected with WSMV CP polyclonal antibodies or anti-GFP
monoclonal antibody (Clontech, Mountain View, CA).

3. Results

3.1. P7 and P8 suppresses dsRNA-induced transitive pathway of silencing

We previously showed that P7 and P8 of HPWMoV efficiently sup-
pressed dsRNA-induced local silencing in N. benthamiana leaves (Gupta
et al., 2018). Here, we examined whether P7 or P8 suppresses the
dsRNA-induced transitive pathway of silencing. Agrobacterial suspen-
sion harboring pCASS4-35S:P7 or P8 along with 35S:ssGFP and
35S:dsGFP were infiltrated into the leaves of GFP-transgenic N. ben-
thamiana line 16c at the 6-leaf stage (Fig. 1A). Green fluorescence in
upper noninfiltrated leaves was silenced in all plants agroinfiltrated
with HPWMoV P3 or pCASS4 by 5 dpa. Plants agroinfiltrated with P7,
P8, P7+P8 or TriMV P1 (positive control) did not show complete
(100%) suppression of dsGFP-induced silencing until 15 dpa (Fig. 1B
and C). Plants infiltrated with P7 showed greater systemic silencing
(23%) compared with P8 (10%) at 5 dpa (Fig. 1C). At 7 dpa, systemic
silencing increased in P7 (77%) and TriMV P1 (71%) infiltrated plants,
but only a slight increase in P8 infiltrated plants (41%), suggesting that
P8 efficiently delayed the onset of dsRNA-induced silencing. Plants
infiltrated with P7+P8 constructs showed 0% systemic silencing at 5
dpa, which was increased only to 42% at 7 dpa (Fig. 1C). At 10 dpa,
87% of plants infiltrated with P7 showed systemic silencing, while 72 or
75% of them silenced systemically with P8 or P7+P8. Taken together,
these results indicate that P7 and P8 delayed the onset of dsRNA-in-
duced transitive pathway of silencing.

A.K. Gupta, et al. Virology 535 (2019) 20–31

22



3.2. HPWMoV P7 and P8 sequesters ds-siRNAs but only P7 binds to long
dsRNA

Proteins encoded by HPWMoV RNAs 7 (P7) and 8 (P8) were iden-
tified as suppressors of RNA silencing (Gupta et al., 2018), but me-
chanistics of these proteins in suppression of RNA silencing are not
known. To test if these two HPWMoV-encoded suppressors in-
dependently possess affinity to dsRNAs, recombinant MBP-tagged P7 or
P8 proteins were expressed in E. coli (Fig. 2A), followed by electro-
phoretic mobility shift assay. MBP:P7 or MBP:P8 were incubated with
long dsRNA (180 nt) or ds-siRNAs (21- and 24-nt) and analyzed by non-
denaturing PAGE and SYBR Green gel staining. The P7 protein formed
complexes with long dsRNA while no detectable complexes found with
P8, as revealed in EMSA (Fig. 2B, lanes 1 and 2). These data revealed
that the P7 protein bound to long dsRNA with high affinity, while P8
did not. However, neither P7 nor P8 bound to long ssRNA as no de-
tectable affinity was observed in EMSA (Fig. 2B, compare lanes 5 and 6
with lanes 7 and 8).

Next, the affinity of P7 and P8 toward the PTGS-like ds-siRNAs was
examined by using 21- and 24-nt ds-siRNAs in EMSA, and found that
both the P7 and P8 proteins showed affinity toward PTGS-like ds-
siRNAs (Fig. 2C, lanes 1 and 2). However, the P8 protein interacted
strongly with 21- and 24-nt ds-siRNAs with high affinity compared with

that of P7 (Fig. 2C, compare lanes 1 and 2). The P7 or P8 proteins
showed no detectable interaction with 21-nt ssRNA (Fig. 2C).

Affinity of P7 toward long dsRNA species, and P7 and P8 toward ds-
siRNAs was further analyzed by titrating standard amounts of 180-nt
long dsRNA (100 ng) and 21- and 24-nt ds-siRNAs (50 ng each), re-
spectively, with the two-fold serially diluted protein samples
(Fig. 2D–F). In EMSA, fluorescence of the RNA-only lane containing
unbound dsRNA or ds-siRNAs was considered as 100%. Based on the
unbound dsRNA in each lane, percentages of dsRNA binding against the
amount of P7 or P8 loaded were plotted to generate affinity curves. The
skewness of the binding curve of a protein represents higher affinity
toward particular dsRNA species (Bisswanger, 2014). The binding ki-
netics revealed that ∼0.2 nmol of MBP:P7 was required to bind 50% of
180-nt dsRNA as well as 21- and 24-nt ds-siRNAs (Fig. 2D and E). In
contrast, MBP:P8 displayed differential binding preference to ds-siRNAs
with ∼0.2 and ∼0.05 nmol of P8 was required to bind 50% of 24- and
21-nt ds-siRNAs, respectively (Fig. 2F). These data revealed that P8
exhibited higher affinity toward 21-nt compared with 24-nt ds-siRNAs.
Binding kinetics also suggest that P7 has affinity toward dsRNAs with
no size preference. In contrast, P8 has no detectable affinity toward
long dsRNA (180 nt) but has higher and size-specific differential affinity
toward 21- and 24-nt ds-siRNAs.

Fig. 1. P7 and P8 of High Plains wheat mosaic virus are strong suppressors of dsRNA-induced transitive pathway of RNA silencing. (A) Schematic representation of
agrobacterial infiltration of pCASS4 constructs of 35S driven P7 or P8 along with 35S:ssGFP and 35S:dsGFP into leaves of GFP-transgenic N. benthamiana line 16c at
6-leaf stage. (B) Observation of GFP fluorescence under UV light in top leaves of GFP-transgenic N. benthamiana line 16c. Representative plants showing the
suppression of dsGFP-induced systemic silencing (left) and systemic silencing (right) in N. benthamiana line 16c plants infiltrated with P8 or pCASS4, respectively,
along with ssGFP and dsGFP at 5 days postagroinfiltration (dpa). (C) Table showing the percentage of dsGFP-induced systemic silencing observed in the presence of
P7, P8, P7+P8, pCASS4 or TriMV P1. TriMV P1, an efficient suppressor of RNA silencing with ds-siRNA binding property (Tatineni et al., 2012; Gupta and Tatineni,
2019b) and pCASS4 were used as positive and negative controls, respectively.
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3.3. HPWMoV P7 but not P8 interferes with Dicer activity

The significance of dsRNA binding property of P7 and P8 was ex-
amined by performing in vitro dicing reactions with the human Dicer
enzyme. Though EMSA analyses showed that P7 but not P8 possess long
dsRNA binding property, both of these proteins were tested for the
dsRNA protection against dicing. In vitro dicing reaction of 675-nt
dsRNA with recombinant human Dicer in the presence of P7 or P8 was
performed, followed by non-denaturing PAGE and SYBR Green

staining. The results presented in Fig. 3 suggested that Dicer reaction in
the presence of P7 showed significant reduction in siRNA accumulation
(lane 1). In addition to protection of dsRNA, interaction of dsRNA with
P7 showed an electrophoretic mobility shift (Fig. 3, lane 1). As ex-
pected, P8 or MBP did not inhibit siRNA production in in vitro dicing
reaction (Fig. 3, lanes 2 and 3). These data indicated that HPWMoV P7
but not P8 binds to long dsRNA and protects against dicing.

Fig. 2. High Plains wheat mosaic virus P7 interacts with dsRNA with no size specificity while P8 binds only to PTGS-like ds-siRNAs. (A) SDS-PAGE analysis of
bacterially expressed and affinity purified MBP-tagged P7, P8 and MBP loaded along with a protein size standard (lane M), followed by Coomassie Brilliant Blue R-
250 staining. (B and C) Electrophoretic mobility shift assay (EMSA) analysis, followed by SYBR Green staining showing interaction of MBP-tagged P7, P8 or MBP
(control) proteins with long dsRNA (180-nt) or ds-siRNA (21- and 24-nt). Note a shift in the mobility of 180-nt dsRNA incubated with P7 (B: lane 1) and ds-siRNAs
incubated with P7 and P8 (C: lanes 1 and 2). Multiple bands in samples incubated with 180-nt ssRNA represent different structures resolved on a non-denaturing
PAGE (B: lanes 5-8). (D–F) EMSA analyses for determining the binding affinities of P7 toward 180-nt dsRNA (D), and P7 and P8 toward 21 and 24-nt ds-siRNAs (E, F).
Graphical representation of percentage binding of 100 ng of 180-nt dsRNA with P7 (D) or 50 ng each of 21 and 24-nt ds-siRNAs with P7 (E) and P8 (F) incubated with
1 nmol protein and their two-fold serial dilution. MBP was used as a negative control for both MBP-tag and a non-VSR protein, and RNA-only control was also
included in all EMSA analyses. Bands used for quantification of unbound dsRNA using ImageJ software in D-F are indicated with arrowheads.
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3.4. P7 possess a conserved GW motif

The P7 sequence was analyzed for the presence of conserved do-
mains using multiple sequence alignments on BLOSUM62 (Altschul,
1991; Henikoff, 1992). We identified a conserved GW dipeptide motif
at the C-terminal region with high sequence conservation (aa 202 to
232) with other GW-containing viral RNA silencing suppressors (Fig. 4A
and B). The GW motif has been shown to be involved in direct inter-
action with AGO proteins (El-Shami et al., 2007; Lian et al., 2009),
which are the effector proteins of RISC that mediate siRNA-guided
target hydrolysis. Secondary structure prediction of the GW dipeptide
harboring domain showed formation of a characteristic β-sheet with
GW motif toward the edge. Solubility of GW motif containing AGO-
binding domain of P7 was determined using Kyte-Doolittle hydropathy
scale (Kyte and Doolittle, 1982) and obtained a hydropathy score of 0.5
(Fig. 4C).

Fig. 3. High Plains wheat mosaic virus P7 binds to dsRNA and interferes with
Dicer activity. Dicer protection assay was performed in a dicing reaction on a
675-nt dsRNA with recombinant human Dicer supplemented with MBP-tagged
P7, P8, MBP or dicing buffer. Dicer reaction was incubated overnight, followed
by non-denaturing PAGE analysis and SYBR Green staining. Note P7 supple-
mented dicing reaction resulted in drastic reduction in siRNA accumulation (lane
1), while P8 (lane 2) or MBP (lane 3) supplemented reactions were similar to no
protein dicing reaction (lane 4). MBP was used as a negative control for MBP tags
as well as an unrelated and non-VSR protein control. 100 ng of dsRNA-only
control was included to represent negative control of dicing reaction (lane 5).

Fig. 4. High Plains wheat mosaic virus P7 har-
bors a conserved GW motif. (A) Homology of
GW dipeptide motif (underlined) containing
AGO-interacting domain of P7 with turnip
crinkle virus (TCV) P38. (B) Conservation of GW
dipeptide in P7 with potyviral type B P1 se-
quences of the family Potyviridae. TriMV: tri-
ticum mosaic virus, WSMV: wheat streak mosaic
virus, ONMV: oat necrotic mottle virus, WEqMV:
wheat eqlid mosaic virus, SqVYV: squash vein
yellowing virus, SPMMV: sweet potato mild
mottle virus, CVYV: cucumber vein yellowing
virus, CBSV: cassava brown streak virus;
CocMoV: coccinia mottle virus; BstMV: brome
streak mosaic virus; and SCSMV: sugarcane
streak mosaic virus. Similar amino acids with P7
were highlighted in green, and amino acids with
similar biochemical properties were highlighted
in yellow. (C) Kyte-Doolittle projection of hy-
dropathy and Chou-Fasman prediction of sec-
ondary structure of GW containing domain of
P7. The β-sheet which harbors the GW dipeptide
was underlined.
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3.5. The GW motif in HPWMoV P7 is indispensable for RNA silencing
suppression and pathogenicity enhancement

To determine the role of GW motif in P7 in ssRNA-induced local
silencing, the GW motif was disrupted through W219A site-directed
mutagenesis. Agroinfiltration of pCASS4-35S:P7-W219A along with
35S:ssGFP reporter into N. benthamiana leaves showed no detectable
green fluorescence under UV light at 5 dpa (Fig. 5A). Agrobacterial
constructs of wild-type P7 and empty pCASS4 were used as positive and
negative controls, respectively. GFP expression and silencing were
tested through Northern blot hybridization of total RNA extracted from
infiltrated regions at 5 dpi. This revealed that for P7-W219A infiltrated
leaf patches, GFP-specific mRNA accumulated at undetectable levels
with increased accumulation of GFP-specific siRNAs compared with P7
(Fig. 5B). These results indicate that the GW motif of P7 is required for
suppression of local RNA silencing.

We previously showed that chimerically inserted HPWMoV P7 or P8
enhanced pathogenicity of PVX (Gupta et al., 2018). To determine
whether the GW motif plays a role in the ability of P7 to enhance pa-
thogenicity of PVX, in vitro RNA transcripts prepared from pPVX-P7-
W219A construct were mechanically inoculated onto N. benthamiana at
the 6-8 leaf stage. Plants inoculated with PVX-P7 showed severe
stunting and chlorosis at 21 dpi compared with PVX-P7-W219A or PVX-
WT. At 28 dpi, plants inoculated with PVX-P7 showed severe apical
necrosis and necrotic spots, whereas PVX-P7-W219A- or PVX-WT-in-
oculated plants showed milder symptoms and recovery in top leaves
(Fig. 6A). RT-PCR using primers flanking the site of insertion on total
RNA extracted from symptomatic leaves at 28 dpi produced expected
products confirming the stability of inserted sequences in the PVX
genome (Fig. 6B). RT-qPCR was performed from total RNA extracted
from systemically infected leaves to determine the genomic RNA copies
of PVX and found that PVX-P7-W219A accumulated similarly to wild-

Fig. 5. Disruption of GW motif in High Plains wheat
mosaic virus P7 results in loss of suppression of RNA
silencing function. (A) Detection of green fluores-
cence under UV light in N. benthamiana leaves
agroinfiltrated with pCASS4 constructs of 35S:P7,
35S:P7W219A or empty pCASS4 along with 35S:GFP
reporter at 5 days postagroinfiltration (dpa). (B)
Northern blot analyses of total RNA extracted from
N. benthamiana leaves agroinfiltrated with pCASS4-
35S:P7, :P7-W219A, :P8 or empty pCASS4 at 5 dpa
probed with GFP-specific riboprobe to detect GFP-
specific mRNA (top panel) or siRNA (bottom panel).
Note the loss of green fluorescence in P7-W219A
infiltrated leaf due to silencing of GFP reporter,
which was confirmed by the lack of GFP-specific
mRNA and increased accumulation of GFP-specific
siRNAs in Northern blots. Lanes H and pC represent
total RNA extracted from leaves infiltrated with
buffer or empty pCASS4 vector, respectively.
Ethidium bromide stained gel images below the
Northern blots show the amount of total RNA loaded
in corresponding lanes.
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type PVX at 21 and 28 dpi (Fig. 6C). In contrast, PVX-P7 accumulated
with an 18- and 24-fold increase compared to wild-type PVX. These
data suggest that the GW motif of P7 plays a significant role in pa-
thogenicity enhancement.

3.6. The GW motif in P7 is required to rescue VSR-deficient WSMV

The requirement of GW motif in P7 to rescue the VSR-deficient
WSMV was examined by replacing the P1 cistron of WSMV, a sup-
pressor of RNA silencing (Young et al., 2012), with P7-W219A in
WSMV-GFP-6K1/CI(7aa) (WSMV-GFP; Tatineni et al., 2011) to gen-
erate WSMV-GFP-ΔP1-P7-W219A (Fig. 7A). Wheat seedlings inoculated
at the single-leaf stage with in vitro transcripts of WSMV-GFP-ΔP1-P7-
W219A did not elicit local foci and systemic infection at detectable
levels at 10 and 21 dpi, respectively. However, WSMV-GFP-ΔP1-P7 or
WSMV-GFP elicited local foci at 10 dpi, followed by systemic infection
at 21 dpi (Fig. 7B). Total RNA isolated from inoculated or upper non-
inoculated leaves was examined by RT-PCR with primers for WSMV CP
as diagnostic test for viral infection and with primers on either side of
insertion for the stability of inserted sequence. RT-PCR assay revealed
that wheat inoculated with WSMV-GFP or WSMV-GFP-ΔP1-P7 but not
with WSMV-GFP-ΔP1-P7-W219A produced expected products (Fig. 7C).
Western blot analyses of total proteins from inoculated leaves at 10 and
21 dpi and upper noninoculated leaves at 21 dpi showed accumulation
of WSMV CP and GFP only in WSMV-GFP- or -WSMV-GFP-ΔP1-P7-

inoculated samples but not in WSMV-GFP-ΔP1-P7-W219A-, WSMV-
GFP-ΔP1-, or mock-inoculated wheat (Fig. 7D). These data revealed
that disruption of the GW motif in P7 failed to rescue the VSR-deficient
WSMV; hence, the GW motif of P7 is essential for suppression of RNA
silencing.

4. Discussion

Viruses overcome host defense against successful replication and
systemic infection through counterdefensive mechanisms by encoding
suppressors of RNA silencing (Carrington et al., 2001; Ding et al., 2004;
Li and Ding, 2001; Scholthof et al., 1995). Most RNA viruses encode a
single silencing suppressor that targets the key players of host defense
to suppress intracellular (local) or intercellular (systemic) silencing, or
both. However, a few viruses have evolved to encode multiple sup-
pressors of RNA silencing (Cañizares et al., 2008; Gupta et al., 2018; Lu
et al., 2004; Powers et al., 2008). Though it is unclear why a few viruses
encode multiple VSRs, they may offer advantages of division of labor
and diversity in the mode of action required for efficient suppression of
RNA silencing.

Previously, we reported that the octapartite negative-sense RNA
genome of HPWMoV encodes two suppressors of RNA silencing, P7 and
P8 (Gupta et al., 2018). In this study, the mechanisms of HPWMoV-
encoded P7 and P8 in suppression of RNA silencing were examined. It
was found that P7 protects long dsRNA from Dicer cleavage into siRNAs

Fig. 6. The GW motif in P7 of High Plains wheat
mosaic virus is required for enhancement of viru-
lence of potato virus X (PVX). (A) Symptom pheno-
type of PVX-WT, PVX harboring P7, or P7-W219A in
N. benthamiana at 28 dpi. Note the loss of ability of
P7 to enhance PVX pathogenicity upon W219A mu-
tation. Mock: buffer inoculated control. (B) RT-PCR
analysis of total RNA from N. benthamiana plants
inoculated with buffer (1), PVX-WT (2), PVX-P7 (3)
or PVX-P7-W219A (4) at 28 dpi. M represents 1.0
kbp DNA ladder. (C) Real-time RT-PCR analysis of
total RNA isolated from symptomatic leaves of N.
benthamiana plants inoculated with in vitro tran-
scripts of PVX-WT, PVX-P7, or PVX-P7-W219A.
Relative expression of PVX RNA was calculated by
ΔΔCt method, following normalization using Nb-
Actin as an internal reference. Most probable differ-
ences of relative expression were calculated for each
biological replicate using Student's T-Test. *** re-
presents 99% confidence. Error bars indicate stan-
dard error for relative expression values between
biological replicates.
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by forming complexes. In contrast, P8 does not prevent Dicer activity
on long dsRNA as it lacks the property of binding to long dsRNA. These
properties suggest that P7 is particularly significant not only in pro-
tecting replicating viral RNA but also in hampering siRNA production,
RISC formation, or both. Though P7 and P8 bound to PTGS-like ds-
siRNAs, P8 showed stronger affinity toward ds-siRNAs compared to that
of P7. Preferential binding of P8 to PTGS-like ds-siRNAs but not long
dsRNA suggest that P8 potentially interferes with RISC formation and
RDR-mediated ta-siRNA generation.

Binding kinetics generated through EMSA analyses of ds-siRNAs
showed that P8 has stronger affinity toward 21-nt PTGS-like ds-siRNA

compared with 24-nt. This observation strongly suggests that P8 spe-
cifically counters the activities of DCL4 and RDR6, which are re-
sponsible for generation of 21-nt siRNA and ta-siRNA, respectively
(Henderson et al., 2006; Parent et al., 2015). Our data suggest that P8
independently suppressed dsRNA-induced systemic silencing as effi-
ciently as P7+P8, and this reinforces a role for P8 in efficient inter-
cellular VSR activity. In Arabidopsis thaliana, DCL4 generated 21-nt
siRNA and RDR6 dependent 21-nt ta-siRNA were shown to be major
mobile signals of intercellular systemic silencing (Xie et al., 2005).
Furthermore, Northern blot analysis of total RNA extracted from N.
benthamiana leaves agroinfiltrated with 35S:P8 and 35S:ssGFP reporter

Fig. 7. The GW-motif of High Plains wheat mosaic virus (HPWMoV) P7 is required for rescue of silencing suppressor-deficient WSMV-GFP-ΔP1. (A) Schematic
representation of WSMV-GFP. GFP sequence with a heptapeptide cleavage site was inserted between the P1 and HC-Pro cistrons of WSMV (Tatineni et al., 2011). The
P1 cistron of WSMV replaced with P7 with a single amino acid mutation of W219A was shown in an expanded view under the genomic organization of WSMV-GFP.
(B) Green fluorescent micrographs of inoculated (at 10 dpi) and upper noninoculated (at 21 dpi) leaves of wheat plants inoculated with WSMV-GFP, WSMV-GFP-ΔP1,
WSMV-GFP-ΔP1-P7, WSMV-GFP-ΔP1-P7-W219A, or buffer. Scale bars indicate 200 μm. Note that HPWMoV P7 with mutation of W219A unable to complement
silencing suppressor-deficient WSMV-GFP-ΔP1 for local foci or systemic infection. (C) RT-PCR assay of total RNA isolated from inoculated and upper noninoculated
wheat leaves for virus infection and insert stability. Lane M, 1.0 kbp DNA ladder. (D) Total proteins extracted from inoculated and upper noninoculated leaves were
analyzed by Western blot hybridization with WSMV CP or GFP antibodies. Lower panel showing the RuBisCo protein of Coomassie Brilliant Blue R-250 stained gel for
the amount of total protein loaded per well. Proteins prepared from WSMV-GFP-infected wheat leaves were loaded at 1:10 dilution compared to other samples. Lanes
1-5 in C and D represent WSMV-GFP (lane 1), WSMV-GFP-ΔP1 (lane 2), WSMV-GFP-ΔP1-P7 (lane 3), WSMV-GFP-ΔP1-P7-W219A (lane 4), and buffer (lane 5).
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at 5 dpa showed substantially reduced accumulation of 21-nt siRNA
compared with 24-nt siRNA (Fig. 5B; compare lanes P7 and P8). These
data suggest that higher affinity of P8 toward 21-nt siRNA facilitates
efficient suppression of dsGFP-induced systemic silencing of GFP in the
presence of P8 in agroinfiltrated GFP-transgenic N. benthamiana line
16c plants.

P7 lacks homology with any reported GenBank sequence (Tatineni
et al., 2014); however, computational analyses of partial sequences of
P7 revealed the presence of a conserved dsRBD (Fig. S1), similar to that
present in potyviral type B P1 proteins (Rodamilans et al., 2013; Valli
et al., 2011). The position of dsRBD in P7 is C-terminal, in contrast to
the N-terminal position in most of the P1-like proteins. This intriguing
difference could be due to functional conservation across different fa-
milies (Gu, 2001). Additionally, analyses of P7 sequence revealed the
presence of a conserved GW dipeptide motif. The domain containing
GW-motif is located downstream of dsRBD in several potyviruses (Valli
et al., 2011); however, it is upstream to dsRBD in P7. On the other
hand, analysis of the P8 sequence did not result in any conserved
dsRNA-binding domain.

Evolution of GW motif in a viral-encoded protein is an exemplary
phenomenon of adaptive evolution of viruses to mimic GW182 family
of proteins that aid in executing endonuclease activity of miRISC-PIWI
(Behm-Ansmant et al., 2006). It is possible that the GW containing VSRs
not only establish AGO-interactions, but also to inactivate GW182
proteins through allosteric inhibition (Jin and Zhu, 2010). The GW
motif is involved with direct interaction with AGO1 (El-Shami et al.,
2007), AGO2 (Lian et al., 2009), and AGO4 (El-Shami et al., 2007). In
A. thaliana, AGO4 was shown to acquire 24-nt siRNA during RISC for-
mation (Zilberman et al., 2003) for siRNA directed DNA methylation in
transcriptional gene silencing (Bies-Etheve et al., 2009), as well as in
PTGS for anti-RNA viral defense (Bhattacharjee et al., 2009). P1 of
Sweet potato mild mottle virus harbors multiple N-terminal WG/GW
motifs (Giner et al., 2010); however, P7 contains a single C-terminal
GW motif. Relative position of tryptophan on its β-sheet and solubility
of GW containing AGO-binding domain determined through in silico
analyses (Chou and Fasman, 1974; Kyte and Doolittle, 1982) suggest
the presence of favorable conformity required for intermolecular P7-
AGO interaction. Recently, we found that the P1 protein of WSMV also
contains a GW motif and disruption of this motif abolished the sup-
pression of RNA silencing activity of P1 (Gupta and Tatineni, 2019a).

Disruption of GWmotif in P7 through a W219A mutation resulted in
failure to suppress RNA silencing triggered by a GFP reporter transgene,
indicating that the GW motif is required for VSR activity. Furthermore,
expression of P7-W219A through PVX showed no significant increase in
pathogenicity of PVX, demonstrating the inability of P7-W219A to en-
hance pathogenicity. We previously showed that P7 rescued a VSR-
deficient WSMV by complementing the functions of WSMV P1, a sup-
pressor of RNA silencing (Gupta et al., 2018; Young et al., 2012).
However, WSMV-GFP-ΔP1-P7-W219A failed to form local foci or es-
tablish systemic infection in wheat, indicating that P7 with W129A
mutation failed to rescue the silencing-suppressor deficient WSMV. In
total, these results suggest that the GW motif play a key role in the
ability of P7 to execute VSR functions in experimental non-host N.
benthamiana as well as in its natural host wheat.

Taken together, the two suppressors of RNA silencing proteins en-
coded by HPWMoV (P7 and P8) employ distinct mechanisms to sup-
press the host defense mechanisms, demonstrating efficient division of
labor. A continuum of virus-host interactions results in viral infection
eliciting host-defensive RNA silencing that in turn triggers virus-en-
coded counterdefensive suppression of RNA silencing. Understanding
the key strategies viruses use to overcome the natural antiviral defenses
employed by plants could facilitate the development of novel strategies
for the management of economically important plant viruses. Several
viruses employ efficient mechanisms against RNA silencing, but it is
significant to understand VSRs to the level of domains or amino acids
that modulate host defenses. Studying counterdefense mechanisms

strengthens our understanding of virus-host interactions, but it also
supports integrated approaches of disease management.
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