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Previously, we investigated the evolution of Potato mop-top virus (PMTV) ORFs. Results indicate that positive
selection acts exclusively on an ORF encoding the 8K protein, a weak viral suppressor of RNA silencing (VSR).
However, how the extraordinary variability contributes to 8K-mediated RNA silencing suppression remains
unknown. Here, we characterized the RNA silencing suppression activity of the 8K protein from seven diverse
isolates. We show that 8K encoded by isolate P1 exhibits stronger RNA silencing suppression activity than the 8K
protein from six other isolates. Mutational analyses revealed that Ser-50 is critical for these differences. By

comparing small RNA profiles we found a lower abundance of siRNAs with U residue at the 5’-terminus after
expression of the P1 8K compared to expression of 8K from isolate P125, an isolate with weak VSR activity.
These results provide new clues as to the role of positive selection in shaping activities of VSRs.

1. Introduction

RNA silencing, a natural antiviral defence mechanism in plants, also
plays vital role in plant development and maintenance of genome sta-
bility through e.g. suppression of transposons and other foreign nucleic
acids, including transgenes. The multiple pathways of RNA silencing
target various forms of double-stranded RNA - long perfect duplexes or
hairpin-like secondary structures formed by fold-back self-com-
plementarity — for cleavage into small RNAs (sRNAs). These sRNAs
typically range from 20 to 24 nucleotides (nt) in size. RNA viruses are
potent inducers of RNA silencing. Virus infections are associated with
an accumulation of small interfering RNAs (siRNAs) processed from
viral dsRNAs, which are formed during virus replication and from ex-
tensive secondary structures of viral RNA (Hamilton and Baulcombe,
1999). In plants, DICER-LIKE (DCL) proteins from the RNaselll family
of enzymes mediate the processing of dsRNAs into sRNA duplexes
(Csorba et al., 2015; Hiraguri et al., 2005; Hamilton and Baulcombe,
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1999). These sRNAs are loaded into Argonaute (AGO) containing RNA-
induced silencing complex (RISC), in which one of the sRNA strands
serves as a guide to recognise complementary target RNA sequences
and to mediate their endonucleolytic cleavage and/or translational
repression (Fagard et al., 2000).

In the model plant Arabidopsis thaliana, four DCLs are devoted to
specialised functions, among which DCL4, DCL2 and DCL3 are involved
in antiviral defence by catalysing the production of 21-, 22- and 24-nt
virus-derived siRNAs (vsiRNAs), respectively (Margis et al., 2006). In
the cytoplasmic pathway of RNA silencing, DCL4 together with dsRNA
binding protein 4 (DRB4) produce 21-nt siRNA duplexes (Fukudome
etal., 2011), whereas DCL2 catalyses production of 22-nt siRNAs acting
redundantly or in cooperation with the products of DCL4 (Parent et al.,
2015). Together DCL4 and DCL2 confer efficient antiviral defence and
the products of their catalytic activity, namely, 21- and 22-nt viral
siRNAs, are usually the most abundant classes of siRNAs in virus-in-
fected plants (Deleris et al., 2006). Most higher plants encode at least
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10 AGO genes and their isoforms, although the precise contribution of
AGOs to antiviral silencing remains largely unknown for most plant
species (Odokonyero et al., 2017). In Arabidopsis, antiviral silencing
requires the cooperative action of AGO1 and AGO2, whereas AGOS5,
AGO7 and AGO10 can also contribute to the defence (Qu et al., 2008;
Wang et al., 2011; Zhang et al., 2012; Garcia-Ruiz et al., 2015). Sorting
of virus-derived siRNA into AGO-containing multiprotein complexes is
directed by the 5’-terminal nucleotide residue (Mi et al., 2008).

Viral suppressors of RNA silencing (VSRs) counteract different steps
in the RNA silencing pathway and employ various strategies to suppress
antiviral RNA silencing, including binding of dsRNA (Sahana et al.,
2014; Qu et al., 2003; Chen et al., 2008) and, thus, competing for its
cleavage, inhibiting the functioning of DCL proteins (Qu et al., 2003;
Lacombe et al., 2010), inactivating DRB (Laird et al., 2013; Haas et al.,
2008), interacting with and inducing degradation of AGO proteins (Jin
and Zhu, 2010; Varallyay and Havelda, 2013), inhibiting RDR func-
tioning (Zhang et al., 2008; Okano et al., 2014; Li et al., 2014), and
sequestering vsiRNA (Silhavy et al., 2002; Molnar et al., 2010) thereby
helping the virus in its efficient multiplication, movement and efficient
accumulation in the host (Csorba et al., 2015). An emerging common
theme from the current studies is that single VSRs can target more than
one step in antiviral RNA silencing pathways, thus, supporting the
concept of the multifunctionality of viral proteins (Valli et al., 2018; Iki
et al., 2017).

Host defence and viral counter-defence result in selection pressure
on both actors; this phenomenon is often referred to as evolutionary
‘arms-race’, i.e. antagonistic coevolution. Therefore, it is expected that
the evolution of VSRs should be of paramount importance for a suc-
cessful viral infection of their hosts. Indeed, recently, in a study on the
diversity of potato mop-top virus (PMTV), we reported that the open
reading frame (ORF) encoding the 8K protein, a weak VSR, is under
strong diversifying selection, whereas all other PMTV cistrons are under
neutral (purifying) selection (Kalyandurg et al., 2017).

PMTV, the type member of genus Pomovirus within the family
Virgaviridae, is an economically important pathogen that causes ‘potato
spraing’ disease characterised by formation of necrotic arcs inside the
potato tuber flesh making the tubers unmarketable (Adams et al., 2009;
Calvert and Harrison, 1966). The tripartite positive-sense single-
stranded RNA genome of the virus encodes six open reading frames
(ORFs) (Scott et al., 1994; Kashiwazaki et al., 1995). The genomic
segment RNA-rep encodes proteins involved in the replication of the
virus (Savenkov et al., 1999). The proteins encoded by the second
segment, RNA-CP, are needed for virus encapsidation (Kashiwazaki
et al., 1995) and transmission by the soil-inhabiting vector Spongospora
subterranea (Reavy et al., 1998). The third segment, RNA-TGB, codes for
a triple gene block (TGB) module of movement proteins (Scott et al.,
1994) and a small 8 kDa protein (8K), a week VSR (Lukhovitskaya et al.,
2005). Although, dispensable for the long-distance movement of the
virus in Nicotiana benthamiana and in N. tabacum, the 8K protein ap-
pears to be important for efficient virus accumulation in these hosts
(Lukhovitskaya et al., 2013). 8K is structurally classified as a zinc-finger
protein with a putative SWIM zinc-finger motif characterised by a
consensus sequence CxCx,CxC, where C refers to cysteine residues and
x refers to any amino acid residue (Kalyandurg et al., 2017).

Recently, we defined four major 8K clades based on comparison of
the sequences from more than 80 PMTV isolates (Kalyandurg et al.,
2017). In general, the variability of the 8K protein sequences is sig-
nificantly higher among Peruvian isolates of PMTV as compared to the
sequences from the rest of the world (Kalyandurg et al., 2017). Hence,
we hypothesized that these might be due to greater diversification of
the 8K sequences through positive selection as a result of PMTV
adaptation to more than 5000 potato varieties and potato sub-species
found in Andean region of Peru, the centre of potato domestication
(International Potato Center, 2017). However, the importance of this
high diversity for the functioning of the 8K protein has not been ad-
dressed so far.
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Here, we have analysed RNA silencing suppression activity of the 8K
protein from seven diverse PMTV isolates (referred to as 8K alleles)
representing four 8K clades (Kalyandurg et al., 2017). While expression
of 6 alleles led to weak suppression of RNA silencing, the suppression
effect was much stronger, but still moderate relative to potyviral HcPro,
upon expression of the P1 allele. Through site-directed mutagenesis we
identified Ser-50 as being important for enhanced RNA silencing sup-
pression activity of 8K”! compared to very weak suppression by 8K*12°,
We thus conducted further experiments on 8K using two contrasting
natural variants of the protein showing moderate (8K*) and very weak
(8K"12%) silencing suppression activities. Analysis of normalised siRNA
abundance through Next Generation Sequencing (NGS) of small RNA
species revealed lower accumulation of certain classes of siRNAs upon
expression of the P1 allele relative to expression of the P125 allele. Our
results suggest that 8K might affect several steps in the RNA silencing
pathway, and pave the way for follow-up studies on mechanisms of
silencing suppression by 8K. It is likely that other weak VSR could be
under positive selection, and some of their natural variants could be
more potent in suppression of RNA silencing than the others.

2. Results
2.1. Comparison of VSR activity of seven natural variants of PMTV 8K

To compare the anti-silencing properties of natural variants of the
8K protein, we quantified the number of cells within fluorescent loci (as
well as a total area of infection) formed by complementation of cell-to-
cell movement of a sGFP-expressing turnip crinkle virus (TCV-sGFP) as
the reporter of silencing suppression activity of co-expressed 8K alleles
(Table 1). The cell-to-cell movement of TCV-sGFP is compromised due
to host antiviral silencing, because the TCV genome was modified to
express sGFP instead of the native coat protein (CP), a strong VSR
(Powers et al., 2008; Qu et al., 2003). Thus, TCV-sGFP is usually con-
fined to single cells, but gains the ability to move to neighbouring cells
if a VSR is provided in trans. In this assay, the 35S:HcPro construct as
well as constructs designed to express myc-tagged natural variants of
the 8K protein were delivered into N. benthamiana leaves via agroin-
filtration followed by inoculation with TCV-sGFP transcripts. To this
end, seven most diverse alleles, representing four major clades of the 8K
sequences identified so far, were selected (Fig. 1; Table 1) and placed
downstream of the 35S promoter in the binary vector pGWB18
(Nakagawa et al., 2007). Potato virus A (PVA) HcPro (pGWB18-HcPro)
and the empty plasmid (EP) pGWB were used as positive and negative
controls, respectively. The infiltrated patches of N. benthamiana leaves
were rub-inoculated with in vitro generated TCV-sGFP transcripts one
day post infiltration (dpi). Four days post inoculation the levels of si-
lencing suppression were assayed by monitoring the fl33uorescent foci
formed by TCV-sGFP movement (Table S1), measuring the area of TCV-
sGFP infection and by measuring the intensity of fluorescence (Fig. 2A
and B). The mean area of infection in leaf patches infiltrated for ex-
pression of P1 allele was larger (mean value of 5.5 x 10* um?) than

Table 1
8K alleles used in the study and efficiency of RNA silencing suppression activity
associated with their expression.

8K allele Origin VSR efficiency
P1 natural, Peru ek
Pi1 natural, Peru
Pi3 natural, Peru o
P118 natural, Peru ek
Pi25 natural, Peru
P157 natural, Peru ok
SwH natural, Sweden ek
C18G mutant of P125 wx
N50S mutant of P125 ok
C34A C36A mutant of SwH -
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Fig. 1. Phylogenetic relationship and sequence variability among sequences of the 8K protein used in this study. (A) The neighbour-joining (NJ) tree of 8K amino acid
sequences representing four different clades. (B) Multiple sequence alignment showing amino acid differences in the sequences of the 8K protein. Variable positions
are indicated with an asterisk. Cysteine residues involved in the formation of a putative SWIM zinc-finger motif are highlighted.

those of six other alleles (measuring from ~2.1x10* to 3.6 x 10* um?),
but still lower than the area of infection formed by complementation
with PVA HcPro (mean value of 9.7 x 10* um?), indicating that 8K"" is
relatively moderate in suppression of silencing as compared to PVA
HcPro, but stronger than six other natural 8K variants.

To exclude the possibility that the relatively weak silencing sup-
pression activity of 8KS"H, 8K*!!, 8KP!3, 8KP118, 8KP!2° and 8K*'7 is
due to low levels of expression of the respective proteins in infiltrated
leaf patches, the levels of protein accumulation were examined by
immunoblotting with a monoclonal antibody specific to the myc epi-
tope. Notably, 8K5"H, 8KkP'!, 8K"'3 8K"''8 8K"'2* and 8K*'*7 accu-
mulated at levels slightly higher than that of 8K*! (Fig. 2D) indicating
that relatively higher silencing suppression activity of 8K*! is not due to
higher levels of protein expression.

Our earlier attempts, before the advent of TCV-sGFP com-
plementation assay, to demonstrate anti-silencing activity of 8K5" (the
8K protein encoded by a Swedish isolate of PMTV) in a standard
transient silencing suppression assay did not reveal such a function
(Lukhovitskaya et al., 2005). However, identification of 8K'! as a
moderate VSR compared to the 8K protein encoded by six other isolates
prompted us to analyse 8K*! (as well as 8KS" 1, 8KP1!, 8KP13 gKF118
8K"'?* and 8K"'*") in a conventional transient silencing suppression
assay, in which the GFP mRNA, expressed by agroinfiltration of wild
type (wt) N. benthamiana leaves, serves both as an inducer and as a
target of RDR6-dependent sense-mediated post-transcriptional gene si-
lencing (PTGS). Co-expression of a VSR prevents GFP silencing from
occurring and results in greater GFP fluorescence under UV light and
higher GFP accumulation as compared to an empty plasmid (EP) con-
trol. To examine the efficiency of seven natural variants of the 8K
protein in suppressing sense-mediated RNA silencing, agrobacteria with
the 35S:GFP construct was co-infiltrated with agrobacteria cultures for
expression of seven 8K alleles (pGWB18-8K"?, -8K5" H —8KP!1 _gKP13,
-8KP18 _8KP125 and -8K"'*’constructs, respectively). PVA HcPro
(pGWB18-HcPro) and EP were used as positive and negative controls,
respectively. The infiltrated patches of wt N. benthamiana leaves
showed green fluorescence under UV illumination 2 dpi in all the
samples tested (Fig. SIA). However, at 5 dpi, the GFP fluorescence was
almost completely lost in all treatments except for HcPro and 8K™*
(Fig. 2E and Fig. S1A). These data suggest 8K from the P1 isolate, but
not from six other isolates tested, is able to suppress onset of sense-
mediated PTGS, albeit not as strongly as HcPro. The visual observations
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were confirmed by quantification of accumulation of the GFP protein
and the GFP transcript by immunoblotting and qRT-PCR, respectively
(Fig. 2F and Fig. S1B). The levels of GFP protein and GFP mRNA were
higher in the presence of 8K"! compared to other treatments, although
not as high as in the presence of HcPro (Fig. 2F, Fig. S1B and data not
shown).

2.2. A single amino acid difference in 8K contributes to enhanced
suppression of RNA silencing

Having identified 8K*! as being a moderate VSR, it did not escape
our attention that 8K"? differs from 8K*'?°, a weak VSR, by two amino
acid residues, namely "'G18C"'%® and P'S50N”'%>. We thus tested the
effects of these amino acid residues on silencing suppression activity of
the 8K protein. To individually identify which of these two amino acid
residues contribute to higher levels of RNA silencing suppressing ac-
tivity, we carried out site-directed mutagenesis to generate two P125
mutant alleles: C18G and N50S (Fig. 3A; Table 1). Upon introduction of
the cognate point mutations, the P125 allele as well as P1 allele were
expressed in N. benthamiana leaves by agroinfiltration and the effects of
the corresponding proteins (8K“'8¢, 8KN°%5, 8K"'2 and 8K*") on sup-
pression of RNA silencing was tested in TCV-sGFP complementation
assay (Fig. 3B). As before, expression of the PI allele led to efficient
complementation of TCV-sGFP movement, resulting in larger infection
foci (mean area of 4.7 x 10* um?; Fig. 3B and C). On the other hand,
expression of P125 and its mutant allele C18G (Fig. 3D) resulted in
TCV-sGFP infections confined into a smaller area of infection, with
mean value of ~2.3 x 10* um? in area (Fig. 3B and C). Expression of
the N50S mutant allele of P125 (Fig. 3D) led to the formation of larger
TCV-sGFP foci (mean area of 4 X 10* ym?; Fig. 3B and C). Taken to-
gether, these results indicate the importance of Ser-50 for efficient 8K-
mediated suppression of RNA silencing.

2.3. Disruption of a putative SWIM zinc finger motif eliminates the RNA
silencing suppression activity of 8K

To examine the effect of cysteine residues of a putative SWIM zinc
finger motif on silencing suppression capacity of the 8K protein we
performed site-directed mutagenesis. We engineered a SwH mutant
allele, C34A C36A, by replacing conserved cysteines of the zinc finger
motif with alanine residues (Table 1; Fig. 4A). We then tested the effect



P.B. Kalyandurg, et al.

A

EP

P118

Hkk

*kk

Area ( 04um2)
cwdadd8
HT— +—
Fluorescence intensity
(AU.x10 8)
N w B a

1
—_

o_\
H--
HH
HCH
8-
D

H -

Virology 535 (2019) 111-121

Fig. 2. Silencing suppression activity of
natural variants of the 8K protein. (A)
Representative fluorescence microscopy
images showing the movement of TCV-sGFP
to neighbouring cells in the presence of
HcPro, and upon expression of the 8K al-
leles as indicated in the panels. EP, empty
plasmid control. Bar, 100 um. (B) Box plot
showing the area of TCV-sGFP infection for
each VSR tested. (C) Mean fluorescence in-
tensity of the same TCV-sGFP infection foci
shown in (B). (B and C) Box plot represents
25th to 75th percentile and whiskers extend
to 1.5 X interquartile region from the box.
The horizontal bar in each box represents
the median value. Black dots above each
box indicate outliers. Asterisks indicate
. statistically significant difference relative to
empty plasmid control; ***P < 0.0001;
**pP < 0.005; *P < 0.05, Dunnett's test.
A.U., arbitrary units (D) Immunoblotting
with anti-myc antibodies showing expres-
sion of HcPro and natural variants of the 8K
protein (top panel). Coomassie staining
shows the loading of the samples (lower
panel). (E) Nicotiana benthamiana leaves 4
days post agroinfiltration with GFP con-
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of expression of this mutant allele on suppression of RNA silencing in
TCV-sGFP assay. Upon agroinfiltration for expression of 8K5"* as well
as its derivative 8K®3** €354 followed by inoculation with TCV-sGFP
transcripts, as expected, 8K** complemented the virus movement to
neighbouring cells forming foci consisting of up to 18 cells 4 days post
inoculation. However, in the presence of 8K®*4 €364 or EP the virus
infection was mostly limited to one to three cells (Fig. 4B; Table S1).
Consistently, the area of the TCV-sGFP infection was significantly
smaller in size when co-expressing the C34A C36A mutant allele as
compared to the wt allele (Fig. 4C), indicating that integrity of the
putative SWIM zinc finger motif is essential for the 8K protein to act as a
VSR. The accumulation of 8K*"™ and 8K®*** <34 in the infiltrated
patches was confirmed by immunoblotting and appeared to be at si-
milar levels (Fig. 4D).

2.4. Deep sequencing of sSRNA reveals lower accumulation of certain small
RNASs in the presence of 8K*"

Although 8K"* is able to suppress sense transgene-induced silencing
in an agroinfiltration assay, until now, however, there has been no
analysis of sRNA in the presence of 8K*'. Moreover, comparison of
SRNA profiles between weak (i.e. 8K"'?®), moderate (i.e. 8K"') and
strong (i.e. HcPro) VSRs could provide insights into the mechanisms of
RNA silencing suppression. To investigate this possibility, we se-
quenced sRNAs resulting from the sense mediated PTGS.

To characterize the distribution and abundance of SRNA species in
the presence the VSRs, 12 sRNA libraries were constructed using total
RNAs isolated from N. benthamiana leaves agroinfiltrated for expression
of GFP gene along with either P1 or P125 alleles or PVA HcPro as a
positive control or EP as a negative control, respectively. The samples
were collected 4 dpi and included three biological replicates for each
treatment. Each biological replicate represented a pool of leaves from
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three individual plants. The sequencing was performed with an
[llumina HiSeq2500 instrument and each biological replicate generated
~12.4 million to 33.7 million clean reads ranging from 18 to 30 nt
(Table S2; Fig. S2). For each treatment, three biological replicates were
analysed individually and showed very similar patterns (Fig. S2).

The results described below represent the averages obtained from
three biological replicates. Total reads obtained from the sequencing
were aligned to the sGFP transgene sequence using Bowtie v-1.2.2 with
2 mismatches allowed in the seed region and no mismatches in the read
alignment (v 0). 1.35 to 3.83 million sRNA reads matching GFP were
identified accounting for 3.8-11.1% of the total reads (Fig. 5A, Table
S2). The normalized size distribution of total sRNAs within each
treatment was dominated by 21-nt species (30-48%), followed by 22-nt
and 24-nt SRNA populations, representing 22-34% and 11-32% percent
respectively (Fig. 5B). Further analyses were performed by aligning
canonical sRNAs of the 21-nt, 22-nt and 24-nt size classes to the GFP
transgene sequence (Fig. 5C). The single-nucleotide resolution maps
generated for each treatment, namely, EP, HcPro, P1 and P125, in-
dicated that siRNAs of sense and antisense polarities were almost
continuously scattered throughout the GFP ORF (Fig. 5C) with almost
similar amounts of sense and antisense siRNAs suggesting that siRNAs
were derived from both sense and antisense GFP RNA transcript strands
to a similar extent (Fig. 5C). Moreover, the total number of GFP siRNAs
varied in each treatment with higher number of GFP siRNAs being
detected in the presence of EP control - 10.9% of the total SRNA reads

L25 anti-
L15 myc
Loading

(Fig. 5A, Table S2). On the other hand, the number of GFP-specific
siRNA in the presence of VSRs, namely, 8K"'2°, 8K”! and HcPro had
similar coverage of a total of 4.0%, 5.3%, and 4.5%, respectively, which
was lower compared to the EP control (Fig. 5A, Table S2).

To explore the origin of siRNAs, the size and polarity distribution of
siRNAs were characterized further. Size distribution analysis showed
that siRNAs produced from the GFP transgene were predominantly 21-,
22- and 24-nt in length, suggesting that three canonical DCLs, namely,
DCL4, DCL2 and DCL3, might be the predominant Dicer-like RNasesIII
involved in siRNAs biogenesis (Fig. 5B). Polarity distribution analysis
revealed almost equivalent amounts of sense and antisense strands of
siRNAs (Fig. 5C and D), although the differences in amount of sense-
and antisense strands were obvious in 21-, 22- and 24-nt siRNAs only
when the HcPro treatment was compared with other treatments.

The observed differences in the accumulation of siRNAs prompted
us to validate the NGS data by RT-qPCR. To this end, using sSRNA data
sets, we randomly selected six abundant siRNAs scatted along GFP ORF
sequence (Fig. 6A, Table S3) and employed a quantitative stem-loop
RT-PCR method (Fig. 6B) for detection of the antisense strand of these
sRNAs (Varkonyi-Gasic and Hellens, 2011). The sRNAs selected for
validation by RT-qPCR represented two major size classes (21- and 22-
nt) of siRNA involved in anti-viral defence (Fig. 6A). To investigate the
abundance change in accumulation of these siRNAs, RT-qPCRs were
conducted using total RNAs isolated 5 dpi from N. benthamiana leaves
infiltrated for expression of GFP along with either HcPro, or the P1
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Fig. 4. Integrity of a putative SWIM zinc-finger motif is indispensable for RNA silencing suppression activity of the 8K protein. (A) Schematic representation of the 8K
protein. Black vertical lines represent Cys residues. Ala residues replacing Cys residues as a result of mutagenesis are highlighted in red. (B) Fluorescence microscopy
images showing impaired cell-to-cell movement of TCV-sGFP in complementation assay upon expression of the SwH mutant allele C34A C36A. Bar, 100 um. Images
were taken 4 days post inoculation with TCV-sGFP. (C) Quantification of the area of the infection foci. Box plot represents 25th to 75th percentile and whiskers
extend to 1.5 X interquartile region from the box. The horizontal bar in each box represents the median value. Black dots above each box indicate outliers. Asterisks

indicate significant statistical difference relative to Sw H;

P < 0.0001, Dunnett's test. (D) Immunoblotting for detection of HA-tagged 8K***! protein (expression of

Sw H allele), and 8K3** C36A (expression of C34A C36A allele). Coomassie staining shows the loading of the samples (lower panel).

allele, or the P125 allele, or the EP negative control. Additionally, we
analysed expression of miR166, which is highly expressed in leaves
(Baksa et al., 2015). There were no significant changes (Student's two-
tailed t-test, P > 0.05) in the accumulation levels of the 21-nt siRNAs
(Fig. 6C), whereas, for most of the samples, the levels of 22-nt siRNAs
were significantly lower (Student's two-tailed t-test, P < 0.05) in the
presence of the VSRs relative to EP control (Fig. 6C) with no significant
differences between HCPro, P1 and P125 treatments. The pattern of
miR166 expression differed from that of GFP-specific siRNA and
showed slight, but statistically significant (Student's two-tailed t-test,
P < 0.05) increase in the presence of HcPro and 8KP!. A regression
analysis (Fig. S3) showed a weak positive correlation (Pearson's cor-
relation coefficient, r = 0.358) between number of reads corresponding
to siRNAs in the NGS data and quantification of siRNAs by RT-qPCR
(Fig. S3).

Selective loading of sRNAs into specific AGOs is preferentially di-
rected by the 5’-terminal nucleotide (Mi et al., 2008). To find out
whether sRNAs are potentially sorted into distinct AGO complexes, the
relative abundance of sRNAs according to the nucleotide residue at
their 5’-terminus was analysed. For the EP control samples, U was the
most abundant nucleotide residue at the 5-end of 21-, and 22-nt siRNA
size classes (38 and 39%, respectively; Fig. 5E). These data suggest that
in the EP control samples, where RNA silencing is active and ongoing,
21-, and 22-nt SRNAs are preferentially loaded into AGO1, which shows
preference for U. A similar pattern of the ratio and of the terminal
nucleotide preference was observed in the presence of a weak VSR,
8KP'25 (Fig. 5E). In contrast, in the presence of 8K*! or HC-Pro the ratio
of the four nucleotide residues showed statistically significant differ-
ence (Student's one-tailed t-test, P < 0.05; Fig. S4) as compared to the
EP ratio — with an obvious decrease in abundance of U at the 5’-end —
ranging from 23 to 31% depending on size class. Collectively, the data
suggest that 8K*' (as well as HcPro) might interfere with stability of
siRNAs sorted into AGO1-contaning complexes.
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3. Discussion

Viruses and their host are entrenched in an evolutionary arms race
(antagonistic coevolution). Hosts evolve mechanisms to suppress virus
multiplication and virulence, whereas viruses, which highjack host
machinery for replication and survival, develop counteracting strate-
gies to escape host defences. Both processes contribute to strong se-
lection for viral adaptation. This is especially true for RNA viruses,
which, compared to DNA viruses, are relatively well understood in an
evolutionary context. In general, due to low-fidelity of their RNA
polymerases required for replication, RNA viruses have high mutation
rate, which provides ample material for adaptive evolution (Coffey
et al., 2011; Pfeiffer and Kirkegaard, 2005).

Previously, we looked for signatures of selection between complete
genomic segments of PMTV isolates infecting potato in Peru and other
parts of the world. We found that most of PMTV genome is under
purifying (neutral) selection, with only one gene evolving adaptively,
suggesting that this particular gene might be a key in antagonistic
evolution to escape suppression by the host defence machinery.
Intriguingly, this gene is appeared to encode a VSR (PMTV 8K protein),
indicating that adaptive evolution of PMTV is directly linked to sup-
pression of RNA silencing, the host anti-viral defence mechanism. A
hallmark of adaptive evolution across a phylogeny is evidence of mul-
tiple nucleotide residue substitutions at the same codon. Indeed, we
identified significantly positively selected amino acid residue substitu-
tions throughout 8K sequence with dN/dS values of > 1 (Kalyandurg
et al., 2017). Moreover, comparison of eighty six 8K sequences avail-
able so far revealed 23 variable sites per 68-amino-acid-residues-long
protein — an extraordinary variability considering the size of the pro-
tein, literally, with every third amino acid residue being variable.

Positive selection acting on VSRs ensures high diversity of their
alleles, which can be advantageous in selecting those alleles, which
provide better suppression of anti-viral RNA silencing, e.g. by coun-
teracting more than one step of the RNA silencing pathway (Iki et al.,
2017). Indeed, some plant VSRs are reported to display a great
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Fig. 5. Profile of 21-24-nucleotide (nt) GFP-derived small interfering RNAs (siRNAs) from GFP-agroinfiltrated wt Nicotiana benthamiana plants co-expressing EP,
HcPro as well as P1 and P125 alleles of 8K. (A) Percentage of total SRNA reads (18-30 nt) mapped to the host (N. benthamiana) versus SRNA reads mapped to the GFP
gene. (B) Size distribution of 18-30 nt small RNAs mapped to the GFP gene. (C) Single-nucleotide resolution maps of GFP-derived siRNAs aligned to the GFP gene of
both positive and negative polarity (indicated with different colours). The pie charts to the right of each graph show percentage of sense to antisense siRNA
accumulation in each treatment. Cumulative data from all three biological replicates are shown. (D) Strand polarity of 18-30 nt GFP derived siRNAs. The graphs
show read-count per million mapped reads. (E) Relative abundance of each of four nucleotides at the 5’-terminus of 21-, 22-, and 24- nt GFP-derived siRNAs. The data

represent averages of three biological replicates.

sequence variability (Murray et al., 2013). However, it is of particular
interest to evaluate how these variable VSRs perform when encountered
with the host's own defences, namely, RNA silencing. Therefore, we
sought to compare the VSR activity of the natural variants of 8K from
the Andean region of Peru, the centre of PMTV diversity (Kalyandurg
et al., 2017). To this end, seven the most diverse 8K alleles, belonging to
four clades defined based on a comparison of all 8K sequences available
so far (42), were characterized using TCV-sGFP complementation assay.
The significant advantages of TCV-sGFP complementation method in-
clude the high precision of measurement of infection foci size and/or of
the number of the cells within foci. This allows a better comparison of
RNA silencing suppression efficiency of the proteins of interest in terms
of these quantitative parameters. These advantages enabled us to show
a wide range of RNA silencing suppression activities of the 8K protein
from various PMTV isolates, i.e. compared to a strong VSR, PVA HC-
Pro, 8K"! displayed a moderate VSR activity, followed by 8K5"*, gk*''®
and 8K”'%7, which showed significantly weaker VSR activity, whereas
8K, 8K 13, and 8K"'2® were the weakest among characterised. In a
pioneering study on the role of sites under positive selection in mod-
ulating an RNA silencing suppressor activity, the authors demonstrated
that a VSR encoded by Rice Yellow Mottle Virus (RYMV) shows a wide
range of diversity in efficiency of RNA silencing suppression depending
on the origin of the isolate (Sire et al., 2008). Moreover, these differ-
ences correlated with amino acid changes at the sites under positive
selection as was demonstrated by site-directed mutagenesis (Sereme
et al., 2014). Altogether RYMV data and our data (this study) support
the notion that positive selection shapes anti-silencing activities of
some VSRs, which appear to evolve in order to adapt to the defence
pressure of anti-viral RNA silencing and to ensure efficient virus mul-
tiplication, abundant accumulation in a host tissue (for efficient virus
transmission) and spread.

Previous studies — on e.g. HcPro of potyviruses — have reported that
certain point mutations leading to amino acid substitutions in VSRs can
affect their RNA silencing suppression function (Gonzalez-Jara et al.,

2005; Yambao et al., 2008; Torres-Barcelo et al., 2008; Torres-Barcelo
et al., 2010). Intriguingly, a pairwise sequence alignment indicated that
8K"'and 8K"'?, showing a moderate and very weak RNA silencing
suppression activity, respectively, differ only by two amino acid re-
sidues at positions 18 and 50. This observation prompted us analyse the
individual contribution of these amino acid residues to the efficiency of
8K-mediated RNA silencing suppression. Through mutagenesis we de-
monstrated that Ser-50 is important for such a function. Considering
that serine is one of three amino acid residues that are commonly
phosphorylated by kinases in eukaryotic organisms, we cannot exclude
the possibility that phosphorylation at Ser50 in 8K**, might contribute
to the efficiency of RNA silencing suppression by this particular variant
of PMTV 8K. Indeed, phosphorylation of serine residues was shown to
exert an effect on the functions of some VSRs including yb of Barley
Stripe Mosaic Virus and the 2b protein of Cucumber Mosaic Virus (Zhang
et al., 2018; Nemes et al., 2017).

Another aspect uncovered in this study is that all but one 8K allele
isolated from different strains of PMTV were inert in a standard tran-
sient silencing suppression assay or weak in the TCV-sGFP assay, de-
spite the conservation of an SWIM zinc-finger motif shown to be es-
sential for the 8K protein functioning as a VSR (this study). Given the
lack of the ORF for the 8K protein in other pomoviruses, including two
novel recently discovered and characterised pomoviruses of potato (Gil
et al., 2016), our interpretation is that silencing suppression capacity of
8K is a recently emerging feature of this particular pomovirus. It seems
that the 8K sequence is still evolving towards some further silencing
suppression activity as exemplified by the PI allele. Alternatively, it is
equally possible that most of the 8K alleles tested in this study in N.
benthamiana do provide efficient suppression of RNA silencing in the
natural host of PMTV - potato, or, at least, in some potato varieties.
Considering, that all but one 8K alleles tested in this study originate
from Peru, the centre of potato domestication, where farmers grow
more than 5000 potato varieties; it is also possible that some of the 8K
alleles are adapted to certain potato cultivars or other related Solanum
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Fig. 6. Quantification of GFP-derived 21- and 22-nt siRNAs, and miR166 using quantitative stem-loop RT-PCR. (A) Schematic representation of the positions of 21-
and 22-nt siRNAs selected for the quantification. (B) Graphical representation of the stem-loop RT-qPCR principle. Reverse transcription was carried using a stem-
loop RT primer that binds to the 3'-end of the siRNA. Then the RT product is used as template for the QPCR with a siRNA-specific forward primer and a universal
reverse primer. (C) Relative fold expression of 21- and 22-nt siRNAs and miR166 normalized to the expression of NbPP2A. Asterisks indicate significant statistical

difference relative to EP control; *P < 0.05; Student’s two tailed t-test.
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species indigenous to this area.

Using global sRNA-seq and real-time PCR analysis, we identified
some differences in accumulation of certain classes of siRNA in the
presence of VSRs analysed in this study. These differences included: (i)
reduction in accumulation of the antisense strand of 22-nt siRNAs in the
presence of three VSRs, HC-Pro, 8K"! and 8K*'2%; (ii) lower abundance
of 21-nt and 22-nt siRNAs with U residue at the 5’-terminus upon ex-
pression of HcPro and 8K*! as compared to EP control and 8K*'?°,

In Arabidopsis, DCL2 is involved in processing viral and endogenous
dsRNA into 22-nt siRNAs, especially when DCL4 is not active (Xie et al.,
2004; Gasciolli et al., 2005; Bouche et al., 2006). Furthermore, DCL2
plays a crucial role in sense transgene-induced silencing and in transi-
tivity (spread of a silencing state) of dsRNA-induced transgene silencing
via expression of hairpin constructs (Mlotshwa et al., 2008; Parent
et al., 2015). DCL2 also contributes to systemic spreading of transitive
silencing between cells and through the vasculature (Taochy et al.,
2017; Wu et al., 2017). Strikingly, our result from RT-qPCR show that
accumulation of the antisense strand of 22-nt siRNAs is affected by
expression of VSRs including 8K** and 8K"'%°,

It has been speculated that in addition to involvement in anti-viral
and transgene RNA silencing, DCL2-dependent endogenous 22-nt
sRNAs might affect endogenous gene expression and antivirus defence
through secondary sRNA cascades (Wu et al., 2017; Taochy et al.,
2017). Indeed, recently, it has been shown that DCL2 is the major Dicer
in defence against potato virus X (PVX) and tobacco mosaic virus (TMV)
in tomato (Wang et al., 2018). Tomato DCL2 is involved in the bio-
genesis of endogenous 22-nt sRNA including miR6026 that targets
DCL2 mRNA and facilitates secondary sRNA production in a feed-back
loop disrupted by the viruses (Wang et al., 2018). Interestingly, DCL2
expression levels increased in PVX- and TMV-infected tomato and the
severity of viral symptoms was enhanced in the dcl2ab mutant (a double
knock-out for sIDCL1a and sIDCLb genes) background, supporting the
anti-viral role of DCL2 (Wang et al., 2018). It remains to be seen
whether DCL2 has similar effects on PMTV and whether the DCL2-
mediated sRNA pathway is manipulated by 8K for the benefit of the
virus.

Accurate sorting of SRNAs into AGO-containing RISCs is paramount
to proper functioning of RNA silencing pathways. In Arabidopsis, AGO1
and AGO2 play a primary role in anti-viral silencing (Brodersen et al.,
2008). It was found that AGO1 preferentially binds to sSRNAs with 5’-
terminal U residue, whereas AGO2 prefers sSRNAs with 5’-terminal A
residue (Mi et al., 2008). Interestingly, through NGS analysis of siRNA
we found lower amounts of siRNAs with U residue at the 5-terminus
upon expression of HC-Pro and 8K™ as compared to EP control and
8K"'2°, Importantly, whereas there was a slight increase in the abun-
dance sRNAs with A residue at the 5’-terminus in the HcPro and 8K™*
treatments, the increase was more pronounced for siRNAs with C re-
sidue at 5’-end upon expression of HcPro and 8K”'. Overall this data
suggest that 8K*? (and HcPro), but not 8K"12°, might destabilise either
sRNAs with U at 5’-terminus or complexes into which these sRNAs are
sorted.

To conclude, our study demonstrates how positive selection could
be shaping the activities of VSRs and emphasises importance of such
studies for other viruses, because currently our knowledge on how
variability of VSRs influence their activities is rather scarce. Our results
uncovered several novel features of 8K functionality as a VSR as dis-
cussed above.

4. Materials and methods
4.1. Sequence alignment and phylogenetic analysis

Multiple alignment of PMTV 8K protein sequences was performed
using MUSCLE in MEGA 7. Phylogenic analysis was performed using

neighbour-joining method implemented in MEGA 7 (Kumar et al,
2016).
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4.2. Construction of plasmids

For expression of constructs under the 35S promoter, PVA-HcPro,
and 8K ORFs of isolates used in the study were amplified from plasmids
carrying their respective full-length cDNA of PMTV RNA-TGB segment,
using attB adapter flanked primers (Table S4). The PCR fragments were
recombined into pDONR/Zeo vector using Gateway BP clonase II (In-
vitrogen). These entry clones were recombined into destination vector
pGWB17 using Gateway LR clonase II (Invitrogen). For the mutagenesis
of 8K"'?5, 8K gene was amplified using a forward primer carrying no
mutation, and reverse primers carrying mutations at C18 and N50 sites,
respectively (Table S4). The resulting product was cloned into RNA-
TGB segment of P125 isolate using In-Fusion HD cloning kit (Clontech)
following manufacturer's instructions. The mutant C34AC36A were
obtained through PCR based site-directed mutagenesis of pPDONR/Zeo-
8KS"-! clone (Table S4) (Laible and Boonrod, 2009). The plasmids
carrying these mutations were subsequently cloned into pGWB17 or
pGWB15 as described above. All the constructs were verified by re-
striction digestion analysis, and sequencing.

4.3. Plant growth conditions

Nicotiana benthamiana plants were grown under long day conditions
(16h light/8h dark) in a Phytotron growth chambers with minimum
daytime temperature of 20 °C and night-time temperature of 18 °C.

4.4. Transient expression and inoculations

All plasmids were transformed in to Agrobacterium tumefaciens
(strain C58C1), and were used for agroinfiltration at optical density at
600 nm (ODgqo) of 0.5 into wild type N. benthamina leaves as described
previously (Lukhovitskaya et al., 2013). One-day post infiltration, the
leaves were rub-inoculated with in vitro generated transcripts of Xbal
linearized TCV-sGFP plasmid, using T7 Ribomax large scale RNA pro-
duction system (Promega) according to manufactures instructions.
Prior to rub-inoculations, the transcripts were mixed with 3xGKP buffer
[50 mM glycine, 30 mM K,HPO, (pH 9.4), 1% (w/v) bentonite and 1%
(w/v) celite]. In transient silencing suppression assay experiments,
prior to agroinfiltration Agrobacterium carrying a reporter gene GFP and
Agrobacterium carrying either, an empty vector, HcPro or 8K alleles
were mixed in 1:1 ratio.

4.5. Fluorescence imaging and analysis

Four days post inoculation, the leaf samples were examined with
Leica DMI 4000 inverted fluorescence microscope equipped with a
DFC360 FX (CCD) camera. Images were taken with Lecia AF lite soft-
ware. Mean area and intensity was measured using Fiji (ImageJ) soft-
ware. Statistical analysis was performed using JMPpro software. GFP
fluorescence in the detached whole leaves was detected using either a
hand-held long-wave UV lamp UVL-56 (UV Products), or a Dual
fluorescent protein flashlight (Nightsea, USA), and the pictures were
taken with a Nikon D7200 camera. When Dual fluorescent protein flash
light was used, images were taken using Canon EOS 7D camera, with
the objective mounted with green-only bandpass filter (500-550 nm) to
block blue and red reflected light.

4.6. Protein analysis

Forty-eight hours post agroinfiltrations, equal amounts of the leaf
samples were homogenized in the 4x Laemmli extraction buffer
(BioRad), boiled for 95°C for 10min, centrifuged at 13,000 rpm for
10 min. Proteins were separated in 12% SDS-PAGE gels and transferred
to nitrocellulose membrane. The nitrocellulose membrane was blocked
with 5% (w/v) non-fat milk powder in tris-buffered saline containing
0.05% (v/v) Tween 20 (TBS-T). The expression of myc tagged proteins
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and GFP proteins were assayed using mouse anti-myc-HRP, and anti-
GFP-HRP monoclonal antibodies (Santa Cruz Biotechnology) at final
dilutions of 1:1000 and 1:3000, respectively. A rat monoclonal anti-HA-
peroxidase (Roche) was used to detect HA-tagged Sw H, and C34AC36A
at a final dilution of 1:2000. The resulting chemiluminescent reaction
was detected using the ECL Prime kit (Amersham, GE Healthcare) and
LAS-3000 Luminescent Image Analyzer (Fujifilm, Fuji Photo Film).

4.7. RNA extraction and qPCR analysis

In order to quantify the GFP transcript level, total RNA was ex-
tracted using Spectrum Plant total RNA kit (Sigma-Aldrich) and On-
column DNasel digestion Set (Sigma-Aldrich) according to the manu-
facturer's instructions. 1 pg of total RNA was used to perform reverse
transcription using the iScript cDNA synthesis kit (Bio-Rad) according
to the manufacturer's instructions. Four microliters of 10-fold diluted
cDNA was used as a template for real-time PCR. Reactions were per-
formed in a 20yl reaction containing 2x DyNAmo Flash SYBR Green
master mix (Thermo Scientific), ROX reference dye, and 0.3 M primers
specific for GFP. The GFP transcript level was normalized with a re-
ference gene for Elongation Factor la (EF-1a). Quantifications were
performed for three biological replicates, with three technical replicates
for each biological replicate. Relative expression levels of GFP mRNA
were calculated using AACT method (Livak, 1997).

4.8. siRNA sequencing and analysis

Total RNA was isolated using the mirVana miRNA isolation kit
(Ambion) according to the manufacturer's instructions and the RNA
quality was tested with the aid of Agilent Bioanalyzer chips. The se-
quencing was performed with an Illumina HiSeq2500 sequencing
platform with High Output mode, SR 1x50bp at SciLife sequencing fa-
cility, Stockholm. Raw reads quality assessment was performed using
FastQC (version 0.11.3). Quality control of raw reads was performed
through cutadapt (version 1.2.1) with minimal sequence length after
adaptor removal 18 (Martin, 2011). The clean reads for each sample
was aligned to the reference sequence using Bowtie v1.2.2 with two
mismatches allowed per seed (-N 2), a seed length of 18 (-L 18), no
mismatch in read alignment (v 0) and the rest of alignment parameters
set to their default values. SAM alignment files produced by Bowtie
were converted to BAM files, sorted, and indexed using SAMtools
v0.1.19 (Li and Durbin, 2009)(Li and Durbin, 2009). The number reads
per samples, sense/antisense, locations, lengths, coverage and orienta-
tions of reads mapping to the references were obtained through SAM-
tools and custom bash scripts. Read count for each samples and length
were normalized into reads per million (RPM).

4.9. siRNA and miRNA quantification

Stem-loop reverse transcription (RT) primers were synthesized as
described previously (Varkonyi-Gasic and Hellens, 2011). Stem-loop RT
was carried out with the same RNA template that was used for the NGS
analysis. Briefly, 12.5 ul RNA and water, together with 0.5 pl of 10 mM
dNTP (Thermo Scientific) was incubated at 65 °C for 5min, and im-
mediately transferred to ice. A mixture containing 4ul of 5x SSIV
buffer, 2 ul of 0.1M DTT, 0.1 ul of RiboLock RNase inhibitor (40U/ul),
and 0.25 pl of SSIV reverse transcriptase (Thermo Scientific), and 1 pl of
10 mM respective stem-loop RT primer was added to the RNA. There-
after, the tubes were incubated in a thermal cycler with the following
conditions, 16 °C for 30 min, 42 °C for 30 min, 85 °C for 5 min, and held
at 4 °C. All stem-loop RT reactions included no RNA template controls,
and RT minus controls. Additionally, RT reaction was carried out for
PP2A gene using gene-specific reverse primer with each of the samples,
with the above conditions.

Real-time PCR was performed using standard DyNAmo Flash SYBR
Green kit protocol (Thermo Scientific). The 20pul PCR included 2x
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DyNAmo Flash SYBR Green master mix (Thermo Scientific), ROX re-
ference dye, and 0.3 uM forward primer targeting specific siRNA or
miRNA, and 0.3 uM of universal reverse primer. The Ct values of siRNA
or miRNA expression was normalized to the Ct values of PP2A gene.
The Relative fold expression was quantified using AACT method (Livak,
1997).
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