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Abstract Plants rely on RNA silencing (RS) as a major
layer of innate defense to neutralize invading viruses. In
an opposite way, plant viruses evolved a survival mech-
anism, based on viral suppressors of RS (RSS), able to
hinder the host RS activation system. In the present
study, the sequences of the barley yellow striate mosaic
virus (BYSMV) proteins P3, P6, P9 and of Phospho-
protein (P), from Chahar Mahall (Iran) isolate, were
determined. Furthermore, we carried out agroinfiltration
assays in leaves of Nicotiana benthamiana (16¢ line) to
explore the RS suppression mechanism of these pro-
teins. Analyses showed that P and P3 act as weak local
and limited short-term systemic inducers of RSS. A
reduction of RNA-dependent RNA polymerase 6
(RDR6) gene expression was observed in presence of
BYSMYV P and P3 proteins, which imply their putative
role in interfering with systemic RS, in which RDR6 is
involved. In addition, P and P3 RSS activity were re-
duced when co-expressed with other BYSMV accessory
proteins, indicating that, in the system used, only free P
or P3 proteins lead to RSS. The BYSMV P protein
lacked any detectable Glycine-Tryptophan (WG/GW)
or F-box motifs, known to interfere with the AGO1
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slicing activity. On the opposite, two WG/GW were
identified in P3 sequence.
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Introduction

The Rhabdoviridae family includes a large group of
viruses characterized by enveloped, bullet-shaped or
bacilliform particles with a negative sense, single-
stranded RNA genome. They infect a wide range of
vertebrates, invertebrates, or plants, with a capacity to
replicate in intermediate hosts. To date, plant rhabdovi-
ruses are classified in four genera: Nucleorhabdovirus,
Cytorhabdovirus, Dichorhavirus and Varicosavirus
(Walker et al., 2018). The last two genera show a unique
feature within the family, having a bipartite genome,
with the polymerase included within a single RNA
segment (Dietzgen et al., 2017).

Plant pathogenic rhabdoviruses infect both monocot
and dicot hosts, including weeds and major crops such
as rice, maize, wheat, potato, tomato, papaya, eggplant,
lettuce, etc. They induce a variable symptomatology,
ranging from latent infections with no visible symp-
toms, to stunting, yellowing, mosaic on leaves and
chlorosis of systemically infected tissues, that can give
rise to necrosis followed by the plant death (Almasi
et al., 2010; Jackson et al., 2005).

Most plant rhabdoviruses rely for transmission on
phytophagous insects, on which they exclusively
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depend for dissemination (Cao et al., 2018). Transmis-
sion by specific insect vectors occurs in a propagative
manner, involving the virus multiplication inside the
insect body, finally leading to transmission when the
vectors feed on their hosts.

Barley yellow striate mosaic virus (BYSMV) is a
member of the genus Cytorhabdovirus, the causal agent
of'the barley yellow striate mosaic disease (Almasi et al.,
2010), is widely distributed worldwide, representing a
potential risk for different cereal crops such as wheat,
maize, rice, barley, oats, and triticale. It is transmitted by
the plant hopper Laodelphax striatellus in a persistent,
propagative manner (Cao et al., 2018). BYSMYV infec-
tions provoke extensive crop losses particularly in wheat
and millet fields in Middle East countries such as Iran.
In 1989, an outbreak of BYSMYV occurred in an exper-
imental station causing severe reductions in yields
(Izadpanah et al., 1991). Subsequently, Almasi et al.,
(2010) described and partially characterized an Iranian
isolate of BYSMV. Data produced supported the close-
ness of this isolate to the northern cereal mosaic virus
(NCMV). Yan etal. (2015) confirmed this proximity, by
characterizing the complete genome of a BYSMYV iso-
late from the Hebei province in northern China, where
the virus was diagnosed in wheat fields.

BYSMV management mostly relies on early field
detection, vector control and selection of resistant germ-
plasm. Suitable agronomic practices may be adopted,
such as eliminating weed reservoirs for the plant hopper
vector, and avoiding the coincidence of cereals emer-
gence with the vector spring migration. For an effective
management program, it is important to characterize the
factors underpinning BYSMYV specificity and virulence.
Moreover, knowledge of the functional activity that
BYSMYV genes induce in the defence systems of infect-
ed plants may be useful when selecting germplasm with
enhanced tolerance or resistance levels.

The rhabdovirus monopartite genome structure pre-
sents a common organization with five canonical genes
that encode from 3’ to 5": a nucleoprotein (N), a phos-
phoprotein (P), a matrix protein (M), a glycoprotein (G)
and a RNA-dependent RNA polymerase (L). This ge-
nomic region is flanked by 3’ leader and 5’ trailer se-
quences, stop and start transcription signals. The ORFs
are separated by non-transcribed intergenic sequences,
that give rise to capped and polyadenylated mRNAs
(Bejerman et al., 2015; Dietzgen et al., 2017; Dietzgen
et al., 2020). The structural N protein assembles the
minus-sense genomic RNA with the P and the L
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proteins, yielding a ribonucleoprotein complex. The M
protein has different functionalities, it is involved
among other things in the condensation of the RNP
complex, and transcription regulation. Protein P is high-
ly phosphorylated, and constitutes a fundamental, non-
catalytic cofactor of the polymerase L, performing im-
portant and different roles in viral replication (Dietzgen
et al., 2020; Ivanov et al., 2011). In BYSMV the P
protein interacts with the host plant deadenylase carbon
catabolite repression 4 (CCR4) protein, that is recruited
and utilized for binding into viroplasm-like bodies, en-
hancing viral replication (Zhang et al., 2020). The G and
M proteins support the virus entry into the host cell,
allowing the assembly and budding of new viral parti-
cles. The L protein carries out the enzymatic activities of
transcription and virus replication, the RNA synthesis,
5" end capping and 3’ end polyadenylation of the mRNA
(Leyrat et al., 2010).

In addition to these five main genes, the rhabdovi-
ruses genome encodes accessory proteins, either within
new ORFs or included in the canonical ones (Walker
et al., 2011). It is hypothesized that this feature confers
plasticity to the rhabdovirus genomes, likely driving
their evolution towards higher diversity and complexity,
accompanied by the emergence of new traits. Most of
the accessory proteins are localised between the P and M
OREFs, and are identified with consecutive numbering
(i.e. P3, P4, and so forth). A functional capability has
been identified for P3, that presents similarities with the
30 K superfamily features of the viral movement protein
(MP), as well as a RNA binding capacity. Trans-
complementation studies showed that the P3 of rice
yellow stunt rhabdovirus (RYSV) favoured the inter-
cellular movement of a potato virus X (PVX) movement
defective mutant (Huang et al., 2005). The P6 protein
from RYSV has been recognised as a suppressor of
RNA silencing (RS). Transient expression assays
showed that P6 prevented the genesis of secondary
siRNAs by blocking the RNA-dependent RNA poly-
merase 6 (RDR6), without impeding the local RS re-
sponse, either in Nicotiana plants or rice protoplasts
(Guo et al., 2013). In the case of alfalfa dwarf virus
(ADV) and lettuce necrotic yellows virus (LNYV) the
ability to perform a RS suppressor (RSS) activity resides
in the P protein. Both viruses possess weak local RSS,
differing during the systemic infection. Assays showed
that ADV P protein holds a strong RSS activity, while
studies carried out with LNYV P protein showed only a
delay in the systemic spread of RSS (Bejerman et al.,
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2016; Mann et al., 2015). There is no evidence yet about
the contribution of the additional genes in virus replica-
tion and survival. However, they seem to be involved in
some unknown performance, as their current function is
not yet completely defined.

The active competition for resources between plants
and viruses gives rise, in most cases, to refined interac-
tion mechanisms developed by both opponents. In this
competition, plants express an RS defence pathway
targeting the viral RNA to contrast infection (Guo
et al., 2016). Invading viruses, in turn, are known to
apply a counter-defence mechanism, evolved to avoid
suppression by the host (Burgyan & Havelda, 2011). RS
is a conserved mechanism present in all eukaryotes and
acting in a sequence-specific manner (Csorba &
Burgyan, 2016). It is involved in many cellular activities
including plant physiology regulation and development
or control of transposable elements (Xie et al., 2011).
RS acts far beyond internal cell regulation, because it is
very active also against external stimuli such as biotic or
abiotic stresses, including plant defence from pathogens
(Vance & Vaucheret, 2001).

RS is triggered by the formation of double stranded
RNA (dsRNA) molecules that either arise endogenously
or derive from the viral replication cycle. In brief, the
viral dsRNA structure goes through different structural
changes mediated by members of conserved host pro-
tein families. One of them is the ribonuclease type III-
like enzyme named Dicer-like protein (DCL), in charge
of slicing the dsRNA into 21-24 nucleotides small
interfering RNA (siRNA) duplexes. Eventually, one
strand of the duplex is guided by Argonaute (AGO)
proteins to the degradation of the complementary viral
strand. This mechanism relies on other proteins such as
RDRG6 that amplifies the signal throughout the plant and
integrates all components in a highly coordinated regu-
latory pathway (Boccara et al., 2014; Chapman &
Carrington, 2007). The dsRNAs produced by invading
viruses elicit a silencing host defensive reaction, leading
to the elimination of the pathogen RNAs. However,
some viruses produce in turn some proteins that interfere
with the host defensive reaction, modulating the patho-
gen RSS mechanisms (Cao et al., 2018). Several viral
proteins targeting the RS plant response have been
described, acting through different mechanisms. They
include, among others: the potyviral helper component
proteinase and viral genome-linked protein (HCPro,
VPg), the cucumoviral 2b protein, the P38 protein of
the turnip crinkle virus, the P25 protein of PVX, and the

P19 protein of tombusviruses (Burgyan & Havelda,
2011). Similar to other plant viruses, rhabdoviruses
own RSSs that counteract the host anti-viral mechanism,
through the gene products of i.e. P proteins of LNYV
and ADV (Bejerman et al., 2016; Mann et al., 2015) and
P6 of RYSV (Guo et al., 2013). The P protein acts
locally by inhibiting microRNA guided AGOI1 cleav-
age, and systemically by repressing the production of
secondary siRNAs (Bejerman et al., 2016; Mann et al.,
2016). P6 acts systemically by interacting with RDR6
(Guo et al., 2013).

In the present study, we report about the molecular
characterization of the phosphoprotein (P) and proteins
P3, P6, and P9 of BYSMV Iranian isolate Chahar
Mabhal. Furthermore, we carried out agro-patch assays
to gain a first insight about their possible role in the RSS
mechanism.

Material and methods
Virus source and identification

BYSMYV was detected by PCR amplification reaction in
a barley (Hordeum vulgare L.) sample exhibiting typical
symptoms of barley yellow striate mosaic disease, in-
cluding stunting and mosaic (Fig. 1a, b), collected in
spring 2017 in the Chahar Mahall and Bakhtiari prov-
ince (Iran). Total RNA was extracted from infected
barley tissues using DENAzist Asia RNA extraction
kit (DENAzist, Mashhad, Iran). The RNA was used as
template in a reverse transcription - polymerase chain
reaction (RT-PCR) assay using a specific primer pair
targeting a portion of the viral glycoprotein gene, ac-
cording to sequences available in GenBank (acc.
KP163565 for BYSMV isolate Zanjan-1, Table 1).
The reaction was carried out in a total volume of
20 pL, using 1 pg of RNA as template, 4 uL of 5%
reaction buffer, 2 uL of ANTP mix (10 mM), 2 uL of
reverse primer (400 nM), 1 uL of RevertAid™ Reverse
Transcriptase (200 U), and 8 puL of Nuclease—free H,O.
The mix was incubated at 42 °C for 1 h and then heated
to 70 °C for 10 min to inactivate the enzyme. The PCR
reaction was carried out in 25 pl containing a final
concentration of 1 x PCR buffer, 2 mM MgCl2,
0.2 mM dNTPs, 200 nM of both forward and reverse
primers, 1 U Taq DNA polymerase and 2.5 pl of cDNA.
The virus was also transmitted to and propagated in
barley seedlings, as described by Almasi et al. (2010).
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Fig.1 Symptoms of barley yellow striate mosaic virus (BYSMV)
infection on barley plants showing leaves with striate yellow
mosaic and necrosis along veins (a-b). Agarose gel showing
amplified fragment (1200 bp amplicon) specific for BYSMV
glycoprotein in leaves extracts from barley plants that developed

Plasmid constructs and bacterial strains

Transient expression assays were carried out to check
the possible role of different BYSMV proteins in RSS,
using a GFP reporter protein as an indicator of plant-
induced RNA silencing. A high fidelity enzyme was
used for PCR amplification of the P, P3, P6 and P9
ORFs from the Iranian BYSMYV isolate. Specific
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systemic symptoms (lanes 1, 2, and 3). No amplification product
was obtained from healthy plants, (lane 4). M =1 kb ladder
(Promega) (¢). Amplified products of BYSMV ORFs of P3, P6,
P9 and phosphoprotein P, with length of 516, 303, 156 and 888 bp,
in lanes 1-4 respectively. M = 100 bp ladder (Promega) (d)

primers were designed according to sequences from
acc. KP163566, proceeding from isolate Zanjan (for
P), and acc. KM213865 from strain Hebei, for P3, P6
and P9 ORFs, respectively (Table 1). The forward and
reverse primers included recognition sites for Ncol and
BamH]I, respectively. In addition, a Hemagglutinin
(HA) tag sequence was introduced at the N-terminal
region for protein detection. The cDNA was used to
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Table 1 Oligonucleotide primers used for amplification reactions
(the restriction enzymes sequences are shown in cursive and
underlined, the HA flag-tag added at the end of the sequence are

shown in bold, the sequences added to maintain the ORF in frame
are shown in lowercase). The accession number and amplicon size
are reported for each fragment

BYSMV/gene" Sequence (5" —3") Accession Nt
G_FOR 274" AAGGATCCTCAATCATTGCAATCAAC KP163565 1200
G_REV_1176" AAGAATTCATGAAGCATGATATCTCTACT

P3 2526 For®
GGAA

P3 2526 Rev® AGGATCCTTAATCAAGGGCTATCAG

P6 3472 For®
GCTCTTA

P6 3774 Rev® aGGATCCTCATATGATCCCCTGCAT

P9 5976 For®
GGAGTTT
P9 6131 Rev®
Pp_shiraz_For®
ATCC
Pp_Shiraz_Rev® aGGATCCTCACTCCATTCGAGGTTT

Mutagenesis primers

BYSMV-Pp_mut-For* CTGCAGGAAGATGGAATCTATGGTATCAGAGGTTAAG

aCCATGGgtTACCCATACGATGTTCCAGATTACGCTATGGAC AACAAGCG

aCCATGGgtTACCCATACGATGTTCCAGATTACGCTATG GCTTCCAG

aCCATGGgtTACCCATACGATGTTCCGATTACGCTATG GTGTCTCT

aGGATCCTCATTTATGAGTATGATAA
aCCATGGgtTACCCATACGATGTTCCAGATTACGCTATGGCAAGCCGCCG

KM213865 515

KM213865 302

BYSMV-Pp_mu-Rev® CTTAACCTCTGATACCATAGATTCCATCTTCCTGCAG

BYSMV-P3_mu-For®

GCCTCATATAACGAGTTCCTCTCATGGAGAAATTGTTGTTAG

BYSMV-P3_mu-Rev® CTAACAACAATTTCTCCATGAGAGGAACTCGTTATA TGAGGC

qRT-PCR primers

GFP Forward TCAAGGAGGACGGAAACATC

GFP Reverse GGGTCTTGAAGTTGGCTTTG
SINb-PP2A gPCR for AGAGATGCTGCTGCTAATAACTT
SINb-PP2A qPCR rev. CAAATAATGTGGACTGGTAGTCA
SINbAGO1 gPCR for CATACYCAGTTGCCTTGTCTTC
SINbAGO1 gPCR rev. GCTGTTATCTGCCTCTCATTCA
RDR6 qPCR for CTTAGAAAGCATCAGGAGGGAGTA
RDR6 qPCR rev GGATTATTAAATAGCCATTTCT

KM213865 155
KP163566 880
MH509196*
MH509194*
MF996339 114

MN125604 125

XM_010320819 122

“Reactions carried out for: virus diagnosis (a); cloning in expression vector (b); site directed mutagenesis (c); qRT-PCR (d). G =
Glycoprotein; P3, P6 and P9 correspond to the auxiliary proteins 3, 6, and 9; Pp = phosphoprotein P. * this study

amplify the specific targets using the Platinum Taq
DNA Polymerase High Fidelity (Thermo Fisher Sc.,
MA, USA), according to the manufacturer recommen-
dations, with the following thermal profile: 94 °C for
30 s, followed by 35 cycles at 94 °C for 30 s and 60 °C
for 30 s, with a final step of polymerization at 72 °C for
5 min.

The plasmids used for the transient expression assays
are based on pCKGFP (Reichel et al., 1996) and were
modified by replacing GFP with the EGFP coding se-
quence (Carluccio et al., 2014, 2018). Amplified frag-
ments were cloned first in pGemT vector properly
polyadenylated and then sub-cloned in pCKEGFP, to
finally be transferred to pCAMBIA for plant agro-

infiltration. The pCKEGFP has the GFP gene driven
by the constitutive 2x35S promoter from cauliflower
mosaic virus and translator enhancer. This plasmid
was digested with Ncol and BamHI that remove the
GFP, and then properly dephosphorylated, to be subse-
quently substituted by the target gene of interest (Gol)
under study. The entire cassette of the recombinant
plasmid was then transferred to the pPCAMBIA expres-
sion binary vector, digested by PS71 and appropriately
dephosphorylated. The plasmids obtained were used for
the transformation of Agrobacterium tumefaciens
through the freeze-thaw method. The DH5-«
Escherichia coli strain was used for DNA cloning and
replication, and A. tumefaciens strain CS8C1 was used
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for plant agro-infiltration assays. Cloned fragments cor-
responding of all constructs were used for DNA se-
quencing in both directions using an external service
(Macrogen Europe, Amsterdam, NL).

Plant material and transient expression assay

Plants of Nicotiana benthamiana transformed line 16c,
were grown under controlled conditions at 24+2 °C
with a photoperiod of 16 h light/8 h dark, until the 5-6
leaves stage. Single colonies of A. tumefaciens
harbouring the transformed plasmid, with the appropri-
ate BYSMV fragment constructs, were inoculated in
5 ml LB liquid medium supplemented with antibiotics.
pCAMBIA with an empty plasmid (EV) and an HC-Pro
isolated from PVY®-to (Mascia et al., 2010) were used
as negative and positive controls, respectively. The
broth cultures were incubated overnight at 28 °C with
constant shaking and then used to inoculate 50 ml of
fresh broth, and allowed to grow for 24 h more, under
the same conditions. Bacterial sediments were obtained
by centrifugation at 4 °C at 4000 rpm for 15 min,
washed once with 10 mM MgCl, and then re-
suspended in infiltration buffer (10 mM MgCl,,
10 mM MES and 0.2 mM of acetosyringone). The
bacterial suspension was normalised to ODgyp=0.15
and incubated for 3—4 h at room temperature. Co-
infiltration assays were carried out by mixing equal
volumes of A. tumefaciens cultures carrying the recom-
binant pPCAMBIA with the BYSMV respective gene
and the pCAMBIA-GFP plasmid. The leaves of
N. benthamiana were agro-infiltrated into the abaxial
side with 1 ml of bacterial suspension. The plants were
checked at 2, 5, 14, and 21 days post-infiltration (dpi)
for visualisation of local and systemic plant responses,
monitoring the fluorescence levels with a hand-held
long-wave UV lamp. Images were recorded using a
Canon EOS700D digital camera and digitally
contrasted.

RNA extraction, quantitative real-time PCR
and northern blot analysis

Total RNA was extracted from 30 to 50 mg of agro-
infiltrated leaf tissues with TRI Reagent (Sigma), and
then treated with Turbo DNA-free kit (Invitrogen™),
according to the manufacturer’s instructions. For first
strand synthesis, total RNA from each sample was used
with the High-Capacity cDNA Reverse Transcription
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Kit (Applied Biosystems™, CA, USA). The cDNA
synthesis reaction was carried out in a total volume of
20 pL. From each template sample, 1 pg of total RNA
was incubated at 65 °C for 5 min, placed on ice, then
adding the following reagents: 2 uL of 10X RT-buffer,
0.8 uL of 25X dNTP mix (100 mM), 2 uL of 10X
Random Primers, 1 pL MultiScribe™ reverse transcrip-
tase, 1 uL RNase inhibitor and 3.2 puL Nuclease-free
H,O. The mix was incubated for 10 min at 25 °C,
followed by 120 min at 37 °C and the reaction
inactivated by heating at 85 °C for 5 min.

The quantitative RT-PCR (qRT-PCR) assays were
carried out by using as a normalizer the housekeeping
gene encoding a serine-threonine phosphatase 2A pro-
tein (PP2A), an ubiquitously expressed member of the
PPP gene family, with specific primer pairs for the green
fluorescent protein (GFP), RDR6, and AGO1 genes,
respectively (Table 2). qRT-PCRs were performed
using a StepOne Plus™ Real-Time system (Applied
Biosystems), under the following cycling conditions:
95 °C for 20 s, and 40 cycles at 95 °C for 3 s and
60 °C for 30 s, using 2x Fast SYBR™ Green PCR
master mix. All qRT-PCRs were carried out in three
biological and technical replicates. The fold expression
of target mRNAs was analysed over the reference
values. The results were calculated by eq. 2-DDCt,
where DCt = specific Ct of target — Ct of internal con-
trol, and DDCt = control sample Ct — DCt of each ex-
perimental sample (Livak & Schmittgen, 2001).

Northern blot hybridization of normalized total RNA
was carried out as described in Mascia et al. (2010),
using a complementary Dig-labelled probe to sense GFP
gene, synthesized through an in vitro transcription reac-
tion in presence of the UTP digoxigenin labelled (DIG)-
11-UTP. The membrane was hybridized overnight fol-
lowing the instructions for the RNA-RNA DIG hybrid-
ization protocol. The hybridized fragments were detect-
ed in a chemiluminescent assay, according the manu-
facturer’s recommendations.

Protein analyses

Proteins were isolated from the red, lower organic layer
of TRI Reagent® (Sigma), after homogenizing the sam-
ples for RNA extraction, according to the manufac-
turer’s protocol. Protein extracts were analysed after
running a 12% SDS- PAGE. The gel was blotted to a
PVDF membrane with Trans-Blot® Turbo™ System
(Bio-Rad, CA, USA). For GFP blot detection the
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Table 2 The number of amino acid substitutions per site between sequences of putative phosphoprotein P sequences from different plant

rhabdoviruses, are shown

Phosphoprotein (P)* BYSMV-Iran BYSMV-Hebei BYSMV-Zanjan MSSV ~ MYSV ~ NCMV  RSMV
Acc. no. AYNO07442

BYSMV-Hebei YP_009177223  0.021

BYSMV-Zanjan_AJW82843 0.017 0.010

MSSV_QBJ27589 0.138 0.142 0.138

MYSV_ATN96445 0.527 0.533 0.527 0.547

NCMV_NP_057955 0.925 0.925 0.916 0.958 1.070

RSMV_YP_009553364 1.658 1.641 1.641 1.655 1.863 1.992
Papaya-cyto AYD37619 1.732 1.752 1.732 1.748 1.722 1.967 2.160

# BYSMYV barley striate mosaic virus, MSSV maize sterile stunt virus, MYSV maize yellow striate virus, NCMV northern cereal mosaic virus,
RSMYV rice stripe mosaic virus, Papaya-cyto papaya cytorhabdovirus. Analyses carried out using the Poisson correction model with MEGA

X

primary rabbit anti-GFP antibody (Ab) was used,
followed by the goat anti-mouse IgG (H + L) Horserad-
ish Peroxidase (HRP) conjugated secondary Ab. For the
HA tagged BYSMYV proteins, the primary mouse anti-
HA Ab and Goat anti-Mouse IgG, with (H+ L) HRP
conjugated secondary Ab were used, in presence of
clarity western ECL substrate (Bio-Rad). Finally, film-
based images were recorded. For detection of low mo-
lecular weight proteins, a 10% Tricine gel was used
according to the protocol of Schigger and von Jagow
(1987). Precision plus protein kaleidoscope 10-250 K
was used as protein size marker. A gel run in the same
conditions as for antibody detection was used to verify
equal loading, and analysed by Coomassie brilliant blue
staining.

Statistical and phylogenetic analyses

In the present study 10 to 25 plants, at the 5-6 leaves
stage, were used per treatment. Four leaves per plant
were co- infiltrated with the different constructs, in
addition to the HC-Pro positive control of RSS and the
pCAMBIA-GFP binary vector used as negative RSS.
The data were subjected to analysis of variance
(ANOVA) with subsequent Tukey’s means comparison
using PAST (Paleontological Statistics Software Pack-
age) (Hammer et al., 2001). Pairwise analyses were
carried out using the Poisson correction model. Evolu-
tionary analyses were conducted with MEGA X (Kumar
etal., 2018) using the Neighbour-joining method for the
phylogenetic position of the analyzed fragments.

Results
Molecular characterization of BYSMV proteins

The presence of BYSMYV in barley samples from south-
west Iran was confirmed using a specific primer pair
targeting the highly conserved glycoprotein gene (8/G),
that yielded a fragment of the predicted size (1200 nt,
Fig. 1c). The virus was successfully transferred to
healthy plants via L. striatellus vector as described by
Almasi et al. (2010). The infected plants were then used
for RNA extraction, and the subsequent synthesis of
cDNA from total RNA allowed the amplification of
BYSMV ORFs encoding P, P3, P6 and P9 proteins
(Fig. 1d). Their nucleotide sequences were determined
and deposited in GenBank. The P gene (888 nt) encodes
a putative phosphoprotein of 295 aa, (acc. MH509196).
P3 (516 nt) encodes a protein with 171 aa (acc.
MHS509194). P6 and P9 are small ORFs flanking the
M - G genes, of 303 and 156 nt long, respectively, (acc.
MH509195, MH509197). The deduced aa sequence of
the putative BYSMV P was aligned with other se-
quences within members of Rhabdoviridae (pairwise
comparison, Table 2). Deduced aa sequence of ORF6
from the Iranian isolate was compared to those from
other already described BYSMV isolates. P6 pairwise
protein alignment showed an identity of 58% and 41%
when compared with BYSMV (YP 009177227) and
maize yellow striate virus (ATN96439) respectively,
denoting a great sequence variability. ORF P9 and
ORF P3 showed highest similarity to BYSMV Hebei
isolate, with 100% identities at nucleotide and aa level
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for ORF P9, and 97.5 and 99% identities for ORF P3,
respectively. NJ phylogenetic tree based on P nucleotide
sequences confirmed affinity of the BYSMV Iranian
isolate with the Hebei and Zanjan ones (Fig. 2).

Agroinfiltration of BYSMV P and accessory ORFs
to assess RSS activity

An agro-patch bioassay was carried out to evaluate the
RSS activity of P3, P6, P9 and P proteins. The single
genes were cloned in the binary vector pPCAMBIA,
under the Cauliflower mosaic virus 35S promoter.
Transformed A. tumefaciens (strain C58C1), carrying
the recombinant plasmids, were delivered into leaves
of N. benthamiana line 16¢ by agroinfiltration. The
transient expression assays considered the co-
infiltration of two cultures, one containing the binary
vector pPCAMBIA with the GFP reporter, and the sec-
ond one with the binary vector carrying the single
BYSMYV genes, respectively (Fig. 3). Furthermore, an-
other assay was carried out agroinfiltrating the BYSMV
gene combinations: P + P3 (P/P3), P + P6 (P/P6), P + P9
(P/P9) and finally all the proteins together (P/P3/P6/P9).
Co-infiltration of Agrobacterium strains harboring the
PVY helper component of isolate c-to (HC-Pro), or an
empty vector, were used as positive and negative con-
trols of RSS, respectively. The agro-patch assay was

—_
0.050

100

100

83

100

monitored for local fluorescent GFP expression at 2
and 5 dpi under UV light, and by a Western blot protein
assay.

At 2 dpi, the infiltrated patches displayed a strong
green fluorescence-signal in all trials, in comparison
with the leaves of N. benthamiana 16¢ line, without
any treatment (Fig. 4 panel a, 2 dpi). The plant response
was in line with a high expression of the gene constitu-
tively present in the 16c¢ line, along with the agro-
infiltrated pCAMBIA-GFP.

At 5 dpi the GFP fluorescence was higher in the
patches infiltrated with the HC-Pro, indicating an active
RSS as expected. The BYSMV P protein agro-
infiltrated leaves showed instead a decline in the GFP
signal, although it was still possible to detect the GFP
fluorescence, even if at a lower extent. A similar pattern
was found in presence of the P3 ancillary gene, even
alone or in combination with P protein, although at
reduced level (Fig. 4a, 5 dpi). The agro infiltration with
the GFP vector alone showed an evident red spot, a
symptom of the active plant defense RS mechanism
(Fig. 4a, 5 dpi, EV), as the presence of the GFP induced
RS of the cognate gene, giving rise to the red patch. We
observed that the P/GFP and P3/GFP assays were more
effective in local RSS than the other tested constructs
carrying P6 and P9, alone or in combination. Co-
infiltrated leaves with GFP/P6 and P9 showed a pale

BYSMV-Iran-MH509196 *
BYSMV-Hebei-NC028244

9. BYSMV-SJZ-3-MN434077

BYSMV-Zanjan-KP163566
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MSSV-MH717815

62

MYSV-KY884672
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NCMV-NC002251
— Papaya Cytorh-MH282832

100- BaCV-BR-GO-MK202584

SoyFace-2-MK398679
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MMV-NC005975

Yerba-mate-MN781667

Persimmon-AB735628

72

RSMV-GD-LD-NC040786

79

Fig. 2 Phylogenetic tree constructed by comparing the nucleotide
sequences of the phosphoprotein P of members of Family
Rhabdoviridae: barley yellow striate mosaic virus [BYSMV] -
Iran isolate (* =this study), BYSMV- Zanjan isolate, BYSMV-
Hebei isolate, BYSMV-SJZ-3 isolate, maize yellow striate virus
[MYSV], maize sterile stunt virus [MSSV], northern cereal mosaic
nucleorhabdovirus [NCMV], papaya cytorhabdovirus isolate Los
Rios_Ec, rice stripe mosaic virus [RSMV], bean-associated
cytorhabdovirus strain BaCV-BR-GO, Cytorhabdovirus sp. Iso-
late [SoyFace-2], cabbage cytorhabdovirus-1 strain
FERA 050726, yerba mate virus A isolate Gob. Virasoro,
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Cabbage-FERA-050726-KY810772

persimmon virus A isolate persimmon, maize mosaic
nucleorhabdovirus [MMV]. With the exception of NCMV and
MMV (underlined) all the other members belong to
Cytorhabdovirus genus. The tree was inferred using the
Neighbor-Joining method. The percentage of replicate trees in
which the associated taxa clustered together in the bootstrap test
(1000 replicates) are shown next to the branches. The tree is drawn
to scale, with branch lengths in the same units of the evolutionary
distances used to infer the phylogenetic tree (evolutionary analyses
carried out with MEGA X)
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Fig. 3 Schematic representation a
of BYSMV genome organization,

according to Yan et al., 2015,

showing core genes (light green

arrows), and ancillary genes (dark

green arrows) (a). BYSMV ORFs

(single dark arrows) replaced the

GFP, one at a time, into the

expression cassette of the

pCAMBIA vector (b). P = b
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phosphoprotein; 3, 6, and 9
correspond to auxiliary proteins
P3, P6 and P9, respectively

fluorescence decline, higher than the negative control
but lower when compared to the positive test or the other
proteins, likely to be a consequence of a very mild RSS
activity. The GFP protein accumulation was assessed by
western blot analysis of infiltrated leaves, with the
pCAMBIA-GFP plasmid together with BYSMV con-
structs singly or in combination, with the anti-GFP
antibody (Fig. 4b and c, at 2 and 5 dpi), confirming
the presence of the GFP protein in all assays. We
checked the proteins in all assays and all were
expressed.

According to these results, the interaction of the P
protein with the individual BYSMV auxiliary proteins
P6 and P9 had no positive effect on the local RSS, in
which fluorescence and protein accumulation was low-
er, when compared with the P/P3 association.

Transient expressions of the single tested BYSMV
constructs were confirmed at 2 and 5 dpi by Western
blot analyses using the anti-HA flag-tagged antibody
(Fig. 5a, 2 and 5 dpi). The detection assay highlighted
bands of the expected molecular weights in all the
treatments, corresponding to P3 (~ 18.6 kD), P6 (~
10.8 kD), and P9 (~ 6.3 kD). In the case of the P (~
33.3 kD), a further product of higher molecular weight
was present at 5 dpi in addition to the band of the
expected size (data not shown), likely due to a tendency
of P to oligomerize (Liu et al., 2018) as shown by
different blot assays conditions on 10% Tricine gel (data
not shown).

Moreover, the level of this local mild RSS was tested
by the accumulation at 5 dpi of the GFP-specific tran-
script as shown by a northern blot hybridization assay
(Fig. 5b). Total RNA was extracted from infiltrated
leaves at 5 dpi for detection of the GFP mRNA with a

EGFP-coding region

\/

Nco l Xbal BamH!

full-length GFP RNA probe generated by in vitro tran-
scription from a DNA template, using the DIG-UTP
system. The hybridization signal showed a higher accu-
mulation of the GFP-specific transcript for the P and
auxiliary P3 protein-infiltrated leaves, even if not at the
same extent of the positive control. Treatments in which
the P6 and P9 proteins were tested alone, and their
different combinations, showed at 5 dpi very weak
bands (Fig. 5b), with the GFP mRNA accumulation
almost undetectable in their leaf patches. These data
indicate that the P and the P3 protein of BYSMV have
a local RSS activity visible at 5 dpi, not evident, how-
ever, in the P/P6, P/P9, and P/P3/P6/P9 associations.
The treated plants were monitored until 21 dpi. Com-
plete systemic silencing was observed in upper non-
infiltrated leaves of the 16¢ line with the pPCAMBIA-
GFP/empty-vector, where no green fluorescence was
observed under UV light (Fig. 6, EV). In contrast, the
pCAMBIA-GFP/HC-Pro treatment showed a bright
green fluorescence evident in the whole plants (Fig. 6,
HC-Pro). Except for GFP/P and GFP/P3 BYSMYV,
alone or in combination, all the other treatments showed
progress of RS, as recorded by the rate of systemic
silenced plants in the different treatments (Table 3).

Real time qPCR analysis

The silencing suppression potentiality of BYSMV
ORFs was evaluated following the GFP expression in
the agro-infiltrated leaves, RT-qPCR assays were car-
ried out with RNA samples collected from the 5 dpi
assays. In the GFP/P and the GFP/P3 assay the GFP
transcript showed a higher expression when compared
to the agro-infiltrated negative control and the others
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5dpi

PIP9 P/P3/P6/P9

Fig. 4 Leaves of Nicotiana benthamiana (line 16c¢) co-infiltrated
with a 1:1 mixture of Agrobacterium tumefaciens carrying the
plasmid pPCAMBIA-GFP reporter and pPCAMBIA with the differ-
ent recombinant constructs, of BYSMV proteins (a, ¢). HC-Pro
was used as positive control, being a strong suppressor of gene
silencing, thus protecting the agro-infiltrated GFP. An empty
vector (EV) was used as negative control. HC-Pro produced a
strong GFP fluorescent signal, as it counteracted the GFP-
silencing response of the plant. The negative control shows instead

a 2 dpi

—-— e
- . o e
P

P3 P6 P9

b 5dpi

HC-Pro EV P P6 P3

P/P3

PIP3  PIP6

HC-Pro P P3 P6 P9 EV

5dpi

EEmSsEEmEs =

HC-Pro P P3 P6 P9 EV

—

P/P3/P6/P9

P/P6 PIP9

4
PIP9 PIP3/P6IP9

an active RS mechanism, where the GFP is degraded, yielding a
red spot. Viral insertions: P (phosphoprotein) and P3, P6, and P9
alone, and also combinations P/P3, P/P6, and P/P9 to test for
protein synergy. Fluorescence was recorded 2 and 5 dpi under
UV light. GFP protein accumulation was determined by Western
blots of infiltrated tissues at 2 and 5 dpi, using an anti-GFP
antibody (PL =bands showing protein loading as control) (b, d).
All samples were loaded with the same amount of leaf extract,
except HC-Pro (first lane) due to the saturation of its band signal

5 dpi

- - W -
e — e PL
P

P3 P6 P9

P9 PIP3 PIP6  PIP9 PIP3/P6/P9

_ e

Fig. 5 BYSMV proteins in leaves of Nicotiana benthamiana 16¢
line co-infiltrated with Agrobacterium tumefaciens mixtures of
pCAMBIA-GFP reporter and pCAMBIA recombinants carrying
BYSMV P, (phosphoprotein) and P3, P6, and P9 (auxiliary pro-
teins), alone. The anti-Ha-flag tagged antibody was used for
detection of the transient expression of the BYSMYV proteins at 2
and 5 dpi (a, top = protein detection, bottom = protein loading,
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PL). Northern blot analysis (b) of total RNA from samples shown
in Fig. 4, at 5 dpi (GFP and HC-Pro or GFP and empty-vector, EV,
as the positive and negative controls of RSS). BYSMYV proteins
are P, P3, P6, and P9, P/P3, P/P6, and P/P9. The blot was
hybridized with a full length GFP probe. RNA equal loading
was verified by gel red stained (rRNA)
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P/P6

P/P9

Fig. 6 Nicotiana benthamiana 16¢ leaves at 21 dpi, agro-
infiltrated with HC-Pro, pCAMBIA-GFP/empty-vector (EV) and
pCAMBIA-GFP/BYSMV constructs, P, P3, P6, P9, P/3, P/6, P/9

protein tested, alone or in combination. These data
further support the hypothesis that those proteins confer
a weak local RSS activity (Fig. 7a). In this assay we
could not compare the GFP expression with the strong
RSS HC-Pro of PVY because the use of a strong

Table 3 Number of Nicotiana benthamiana plants, line 16¢
silenced after co-infiltration of pPCAMBIA-GFP with the different
constructs of BYSMV. At 21 dpi the agro-infiltrated plants were
monitored under UV light for systemic GFP silencing activity and
scored for RSS, % of plants showing systemic silencing
suppression

Constructs 35S-GFP  N° of N° of plants  Frequency of

+ plants systemically plants
agro- silenced showing RSS
infiltrated (%)

BYSMV-P 25 19 24

BYSMV-P3 25 16 36

BYSMV-P6 25 22 12

BYSMV-P9 25 23 8

BYSMV-P/P3 25 19 24

BYSMV-P/P6 25 22 12

BYSMV-P/P9 25 25

BYSMV-P/P3/P6/P9 25 23

PVY-HC-Pro 25 10 60

EV 10 10 0

P/P3/P6/P9
+ GFP

HC-Pro EV

and all proteins P/P3/P6/P9, respectively. The plants (%) that
showed systemic silencing suppression (out of the total tested) is
shown in Table 3

suppressor did not allow monitoring of the possible
effects of weak suppressors. In fact, the RSS exerted
by HC-Pro yielded a very high fluorescence level that
could hide the other assays (data not shown).

The analysis carried out on the expression of AGO1,
and RDR6 during the co-infiltration assays of
pCAMBIA-GFP/P or GFP/P3 and the combination of
both proteins, showed a decrease of expression of both
genes with significant differences according to analysis
of variance (P <0.05) and Tukey’s pairwise compari-
sons (Fig. 7b, c).

Discussion

Viruses of higher organisms evolved different defense
mechanisms to neutralise host antagonism. This arms
race likely gave rise to different strategies to override
plant RS. More than one molecule able to act as plant
suppressor, of different evolutionary origins, have been
described in plant viruses (Burgyan & Havelda, 2011),
which evolved to play an important role in the virus
survival. ADV P, a homologue of the BYSMV P pro-
tein, is also a weak local RSS able, however, to restrict
systemic RS (Bejerman et al., 2016). Data produced by
Mann et al. (2015) on LNYV P revealed a capacity of
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Fig.7 qRT-PCR analyses showing GFP mRNA levels in discs of
Nicotiana benthamiana 16¢ leaves agro-infiltrated with empty-
vector (EV) and BYSMV construct, P, P3, P6, P9, P/P3, P/P6,
and P/P9 at 5 dpi (a). The GFP transcript quantification is relative
to the levels measured on control 16¢ (EV) plants and normalized
by the expression of PP2A gene. Expression levels of AGO1 (b)

the virus in limiting local RS with a mild RSS activity,
deferring plant systemic RS. Other than
Cytorhabdovirus, other viruses such as sonchus yellow
net virus (SYNV), a Nucleorhabdovirus member,
showed a capacity of the viral P protein to induce a local
RSS (Jackson & Li, 2016). In the case of SYNV and
ADV, only a weak local RSS activity was observed
(Bejerman et al., 2016), similar to that of BYSMV
isolated P protein herein described. BYSMV P and P3,
alone or in combination, showed a weak local and
systemic silencing activity, whereas P3 having a higher
capability. P6 and P9 gave no sign indicative of a RNA
silencing suppression. The GFP mRNA levels in plants
co-infiltrated with pCAMBIA-GFP/P and pCAMBIA-
GFP/P3, separately or in combination, showed the same
trend, with a higher transcript accumulation. The com-
bination of both proteins, however, did not display a
synergistic RSS effect.

The ADV P3 protein has been described as a putative
MP, a protein supporting viral genome spread through
plasmodesmata, a fundamental process for systemic
infection. Trans-complementation studies also con-
firmed its involvement in the cell-to-cell passage of
Cyto- and Nucleorhabdovirus (Bejerman et al., 2015;
Mann et al., 2016). Several studies delineated a further
role of MP as viral enhancers of RSS, in which the
suppressor of RNA silencing is indispensable for
short- and long-term viral movements (Bayne et al.,
2005). Amari et al. (2012) described a particular feature
during the transient expression of MP, in which an
enlargement of the silenced cells was observed, with
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and RDR6 (c¢) in agro-infiltrated leaves with P, P3 and P/P3 of
BYSMV, and empty-vector (EV) at 5 dpi. Vertical bars show the
standard error. Asterisks show statistically significant differences,
atp <0.05 (*) and p < 0.01 (**), respectively. Expression of GFP
in plants co-infiltrated with HC-Pro was >18 folds those of the
other samples (data not shown)

an edge encircling the agro patch, considered as a mech-
anism exerted to enhance plant silencing signal spread.
This phenotypic trait was also observed in this study,
with the P and P3 agro infiltrated leaves presenting a red
rim around the infiltrated zone that was more evident in
P (Fig. 4a chart P, 5 dpi). The genomes of plant viruses
have a restricted number of genes that encode essential
proteins, their evolution favouring energy savings by
holding different functionalities in a single gene. In this
perspective, MP is in charge either of cell-to-cell and
long-distance movements, including a defence mecha-
nism counteracting the plant RS. An interaction between
P and P3 in ADV has been reported by Bejerman et al.
(2015), suggesting that multiple viral functions are
dwelling in P3.

BYSMV P6 and P9 ORFs encode accessory proteins
with unknown functions. While P9 showed 100% iden-
tity with BYSMV Hebei isolate at aa level, P6 disclosed
only a 58% identity (aa) with the same isolate. This is
indicative of a wide genetic variability or recombination
within BYSMYV field isolates. Differing from another
rhabdoviruses, the BYSMYV P6 protein + GFP did not
block the GFP silencing, indicating that the protein was
unable to suppress RS. The P6 of RYSV is effective in
inhibiting the systemic spread of the plant silencing
signal, although it is unable to interfere with the local
RS. Guo and co-workers (2013) assayed a heterologous
system, with PVX as vector for expression of RYSV P6,
leading to an increase of virulence in N. benthamiana.
Moreover, RYSV P6 also impaired the function of
RDR6 in the tested plants. In this study, co-infiltration
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assays with the GFP, and P6 or P9 of BYSMV, showed
no RS inhibition, either local or systemic. Nevertheless,
BYSMYV P6 showed a quite weak RSS activity, that was
displayed as a slight time-delayed plant response. The
combinations of BYSMYV proteins lead to the oblitera-
tion of the local activity. Mann et al. (2015) showed that
cytorhabdovirus LNYV free P protein worked better
alone in local RSS than when combined with N or P3
(M) proteins, known to act in a synergistic mode. These
results were also observed for BYSMV P3, which like
the single P, had a better RSS inhibitory effect when
expressed alone (Fig. 4a-d).

A weak systemic RSS activity of BYSMV P and P3
proteins was revealed in N. benthamiana 16¢. Bejerman
et al. (2016) showed that the ADV P protein has a weak
local and a strong systemic RSS activity. ADV P6,
however, did not display a local nor systemic suppres-
sion activity.

Different studies pointed out an important role of
RDR6 in plant defense against several pathogens, in
particular viruses and viroids (Boccara et al., 2014;
Guo et al., 2013; Hong et al., 2015). It hence represents
an important target of the viral RSS mechanism. The
qRT-PCR of RDR6 displayed a relative gene expression
decrease in leaf patches agroinfiltrated with P and P3
constructs. The transcript level was 3.0 and 2 times
lower than the RSS control (16¢+ GFP) in P and P3,
respectively. This suggests that both proteins interfere
with the antiviral RS pathway. Hong et al. (2015)
showed a decrease of RDR6 transcripts in rice after rice
dwarf phytoreovirus (RDV) infection, with an increase
of plants susceptibility.

AGOL is an RNaseH-like enzyme incorporated in the
RNA-inducing silencing complex (RISC). This enzyme
is required for proper functioning of the RS machinery.
It is partially responsible for the selection of the guiding
strand, that is paired with the target and induces degra-
dation of the complementary “passenger” strand (Schott
et al., 2012). AGO1 orchestrates the RS plant defence,
being highly transcribed under viral infection. The ex-
pression in P and P3, alone or in combination, was
significantly lower than in 16c + GFP samples (Fig.
7b). RSS acts at the translational level, controlling the
protein that is down regulated during viral infection
(Carbonell & Carrington, 2015). In our study the mRNA
of AGO1 in N. benthamiana resulted down regulated at
5 dpi in P and P3 assays, indicating a different AGO1
gene expression pattern. This observation fits data re-
ported by Tahmasebi et al. (2017), concerning a

reduction of AGO1 transcripts in plants agroinfiltrated
with the suppressor of potato virus A. Varallyay and
Havelda (2013) detected no AGO1 alteration during the
N. benthamiana infection with tobacco etch virus
(TEV), highlighting the occurrence of different plant
responses to RSS likely depending on the “type” of
virus suppressor own, a prevailing situation also ob-
served in this study. Viral suppressor proteins have been
reported to act through AGO inhibition at the transla-
tional level. They include the P38 protein of turnip
crinkle virus (TCV), as well as the P1 of sweet potato
mild mottle virus (SPMMYV). In SPMMYV the P1 protein
has a WG/GW motif at the amino terminal region that is
involved in AGOI1 binding, resulting thus important in
the RSS performance. In ADV P no GW/WG or F box
motifs occur, suggesting that the protein uses alternative
sites for AGO 1 binding (Bejerman et al., 2016). In other
viruses, such as SPMMYV, the P1 protein interacts di-
rectly with AGO1 (Almasi et al., 2015; Giner et al.,
2010). A computational assay to identify possible WG/
GW Argonaute-binding domains, performed at
http://bioinfo.amu.edu.pl/agos/ using Agos (Zielezinski
& Karlowski, 2011), showed no WG/GW motif in the
BYSMV P, whereas two motifs were found in P3,
suggesting that the former likely relies on a different
RSS action mechanism.

Plant rhabdoviruses own singular silencing suppres-
sors to counteract hosts RS, as this function has been
identified in different molecules. Our data recognise for
the first time in BYSMV a putative RSS function for P
and P3 proteins. Assays herein described identify a
possible function of these two additional BYSMV pro-
teins, although more information is needed to check
their performance. Data suggest that, within plant
Rhabdoviridae, different genes with varying RSS capa-
bility are likely present. Furthermore, the function of
BYSMV P6 did not match the RSS activity described
for other rhabdoviruses, denoting a different but still
unknown performance, in this species, for this protein.
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