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Firespike leafroll-associated virus (FLRaV) is a major pathogen associated with
firespike (Odontonema tubaeforme) leafroll disease. Phylogenetic analysis
showed that FLRaV possesses typical traits of subgroup Il members of
ampeloviruses, but encodes two additional proteins, P25 and P37. Here, we
determined the microfilament localization of P25 protein. Posttranscriptional
gene silencing (PTGS) assay showed that both FLRaV P25 and P37 were able
to suppress the local and systemic PTGS and FLRaV P25 was capable of
suppressing the green fluorescent protein (GFP) gene silencing triggered by
both sense RNA-induced PTGS (S-PTGS) and inverted repeat RNA-induced
PTGS (IR-PTGS). In contrast, FLRaV P37 was only able to inhibit the GFP
silencing triggered by the S-PTGS but not the IR-PTGS. In the transcriptional
gene silencing (TGS) assay, only FLRaV P25 was found to be able to reverse
established TGS-mediated silencing of GFP in 16-TGS plants. We also found
that FLRaV P25 could aggravate the disease symptom and viral titer of potato
virus X in N. benthamiana. These results suggest that FLRaV P25 and P37
may have crucial roles in overcoming host RNA silencing, which provides
key insights into our understanding of the molecular mechanisms underlying
FLRaV infection.

ampelovirus, firespike leafroll-associated virus, suppressor, RNA silencing, PTGS, TGS

Introduction

During plant-virus interactions, viral double-stranded RNAs (dsRNAs) are
recognized and cleaved by the host Dicer-like proteins into 21-24 nt virus-derived
small-interfering RNAs (vsiRNAs) (Guo et al,, 2019; Jin et al., 2021). These vsiRNAs
subsequently interact with argonaute proteins and form the RNA-induced silencing
complexes to target the viral mRNAs and/or genomes for posttranscriptional gene
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silencing (PTGS) or transcriptional gene silencing (TGS)
(Yang and Li, 2018; Jin et al., 2021). Numerous studies have
documented that plant RNA silencing is an essential immune
system to defend against viral infections (Szittya and Burgyén,
2013; Guo et al., 2019; Jin et al., 2021, 2022). Frequently, plants
defective in RNA silencing become susceptible to viral infections
(Carbonell et al., 2012; Qin et al., 2017; Korner et al., 2018;
Wang et al,, 2021). To withstand the host RNA silencing, plant
viruses have evolved various viral suppressors of RNA silencing
(VSRs) to impede this response at different steps (Yang and Li,
2018; Hussain et al., 2021; Jin et al., 2021, 2022), such as P19
of tombusviruses (Chapman et al., 2004), 2b of cucumoviruses
(Zhang et al., 2006), BC1, V2, and C4 proteins of geminiviruses
(Cui et al., 2005; Glick et al., 2008; Ismayil et al., 2018), VPg and
HC-Pro proteins of potyviruses (Rajamaki et al., 2014; Hafrén
etal,, 2018), and P3 of tenuiviruses (Chen et al., 2020; Jiang et al.,
2021).

Ampeloviruses (family Closteroviridae) are plant viruses
with  positive-single stranded RNA genomes, causing
devastating diseases in fruit crops and stock nurseries around
the globe (Fuchs et al,, 2020). The genome length varies among
the members of the genus Ampelovirus, while their genomic
organization shares conserved genetic modules. The open
reading frame (ORF) 1la and b of ampelovirus that encode two
replication-associated polyproteins constitute the replication
gene block (RGB) (Ito and Nakaune, 2016). The quintuple
gene block (QGB) consists of five ORFs that sequentially
encode a polypeptide with a conserved hydrophobic region, two
putative proteins that contain a heat shock protein 70 (HSP70)
domain and a HSP90 domain, respectively, a coat protein, and
a minor coat protein (Rubio et al, 2013; Ito and Nakaune,
2016; Dong et al.,, 2022). This genus can be further divided
into two subgroups based on genome size, gene structure, and
sequence similarity. Subgroup I viruses have larger genomes
and additional ORFs coding for accessory proteins. In contrast,
subgroup II viruses have smaller genomes and lack a variable
coding region at 3’-end of the genome.

Firespike leafroll-associated virus (FLRaV) is a newly
(Odontonema
tubaeforme) with curly leaf and chlorosis symptoms (Wang

identified ~ Ampelovirus  from  firespike
etal,, 2020). Phylogenetic analysis showed that FLRaV possesses
typical traits of Ampelovirus subgroup II, such as reduced
genome size and a small intergenic region between two gene
modules. However, unlike other members in this subgroup,
the FLRaV virus genome encodes two additional proteins
downstream of the QGB, a putative 25.0-kDa protein (P25) with
a nucleic acid-binding domain and two clathrin-binding motifs,
and a putative 37.0-kDa protein (P37) with a high similarity to
the MYB transcription factors (Wang et al., 2020).

To further explore the biological functions of P25 and P37
proteins, in this study, we showed that FLRaV P25 is localized
in the microfilament of the cytoskeleton and nucleus, while
FLRaV P37 is discontinuously distributed in the cytosol and
nucleus. Both P25 and P37 are capable of suppressing both
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local and systemic PTGS of green fluorescent protein (GFP)
gene mainly in a sense RNA-dependent manner. Furthermore,
FLRaV P25 can also suppress the methylation-mediated TGS
of GFP in 16-TGS plants. Transient expression of FLRaV P25
in Nicotiana benthamiana can aggravate the disease symptom
and viral titer of potato virus X (PVX). Our results present the
first evidence that the P25 and P37 of FLRaV are VSRs and
they are capable of suppressing the host RNA silencing at both
PTGS and TGS levels.

Materials and methods
Plant materials

Wild-type  N.  benthamiana  plants,  transgenic
N. benthamiana lines 16¢ (Ruiz et al., 1998; Li et al., 2014) and
16-TGS (Buchmann et al., 2009) were grown in a greenhouse
at 25°C with a 16/8-h (light/dark) photoperiod as described
previously (Zhong et al.,, 2017a). Seedlings at the 4- to 6-leaf
stage were utilized for the experiments as described by Yang
etal. (2011).

Subcellular localization analysis of
FLRaV P25 and P37

To construct the plasmids for subcellular localization,
ORFs of FLRaV P25 and P37 genes were cloned by
fusing them to the N-terminus of GFP under a CaMV
35S (35S) promoter to produce 35S:P25-GFP and 35S:P37-
GFP, respectively, as described previously (Zhong et al,
2017a). A plasmid expressing the actin-binding domain 2 of
Arabidopsis fimbrin 1 with mCherry (ABD2-mCherry) was
constructed as described previously (Feng et al., 2013; Han
et al, 2013). The primers used for plasmid construction
are listed in Supplementary Table 1. Agrobacterium-mediated
infiltration of N. benthamiana leaves was carried out as
described previously (Yang et al., 2011; Zhong et al., 2017a).
At 48 h post infiltration (hpi), the agroinfiltrated leaves of
N. benthamiana were examined via laser scanning confocal
microscope (Olympus, Tokyo, Japan). The latrunculin A (Lat-
A) (Merck Sigma-Aldrich, Milwaukee, WI, United States)
treatment was performed as described previously (Morton et al.,
2000; Feng et al., 2013). Equivalent dilution of dimethylsulfoxide
(DMSO) (Merck Sigma-Aldrich, Milwaukee, W1, United States)
was used as the control.

PTGS suppression analysis of FLRaV
P25 and P37

To transiently express FLRaV P25 and P37 genes, the
ORFs were cloned into the Xhol-BamHI sites of the binary
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vector pGD (Goodin et al, 2002) to generate pGD:P25
and pGD:P37, respectively. All the produced recombinant
pGD vectors were electroporated into the Agrobacterium
tumefaciens strain EHA105 as described previously (Zhong
et al,, 2017b). For local and systemic PTGS experiments,
classic two-component PTGS assays were carried out by
co-infiltration of 35S:GFP with the pGD:P25 or pGD:P37
into leaves of N. benthamiana 16c seedlings, as described
previously (Li et al., 2014). A. tumefaciens harboring an empty
pGD (pGD:Vec) or P19 of tomato bushy stunt virus (TBSV
P19) (Qu and Morris, 2002) served as the negative and
positive controls, respectively. Sense RNA-induced PTGS (S-
PTGS) and inverted repeat RNA-induced PTGS (IR-PTGS)
assays using a three-component approach were carried out
according to the methods established by Li et al. (2014,
2015).

TGS suppression analysis of FLRaV P25
and P37

To produce the PVX expression constructs, the ORFs
of FLRaV P25 and P37 genes fused with a 3 x HA
tag were cloned into the AscI-Sall sites of the PVX-based
expression vector pGR106 (Lu et al., 2003). All the constructed
PVX vectors were electroporated into the A. tumefaciens
strain GV3101 as described previously (Hu et al, 2020).
For TGS experiments, A. tumefaciens cultures containing
the constructed PVX vectors were infiltrated into leaves of
N. benthamiana 16-TGS seedlings, as described previously
(Yang et al., 2011; Zhong et al, 2017a; Zhao et al,
2022a).

RNA extraction and quantitative real
time PCR analysis

Total RNA extraction from infiltrated N. benthamiana
leaves was carried out using a TRIzol reagent (Invitrogen,
Carlsbad, CA, United States) as described previously (Zhao
et al,, 2022a). cDNA was reverse transcribed from 1°pg of total
RNA using a PrimeScript™ RT Master Mix (TaKaRa, Shiga,
Japan) as described previously (Zhong et al.,, 2017a). gRT-PCR
was performed on a LightCycler® 480 II instrument (Roche
Diagnostics, Mannheim, Germany) as described previously
(Zhong et al, 2017b). For each candidate gene, the relative
expression levels were calculated using a 2~ 22t method (Livak
and Schmittgen, 2001) and the results were averages of three
biological replicates. N. benthamiana actin 2 (NDACT2) was
utilized as an internal control as described by Zhong et al.
(2017a) and Gui et al. (2022). The primers used for qRT-PCR
analysis are listed in Supplementary Table 1.
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Protein extraction and western blot
analysis

Leaf samples (approximately 100 mg) were ground into
powders with N2 and homogenized in 300°wL extraction
buffer containing 50 mM Tris-HCl (pH 6.8), 9°M urea,
45% SDS, and 7.5%-mercaptoethanol
Aldrich, Milwaukee, WI, United States)
2008; Zhao et al, 2022a). The resulting supernatants were

(Merck Sigma-
(Xiong et al,

subjected to WB analysis. Immunoblotting was carried
out as described previously (Li et al, 2014; Zhong et al,
2017a). The monoclonal antibodies to GFP, HA, and Actin
(Shanghai, China),
the monoclonal antibody against PVX CP was produced

were purchased from Abmart and
in-house. Chemiluminescent signals were detected using
Western HRP Substrate (Merck
Millipore, Watford, United Kingdom) according to the

manufacturer’s instructions.

a Luminata™ Forte

Genomic DNA extraction and
chop-PCR analysis

Total genomic DNA was isolated from leaf samples using
a Super Plant Genomic DNA Kit (Tiangen, Beijing, China)
according to the manufacturer’s instructions. Approximately
300°ng genomic DNA was digested with a methylation-sensitive
restriction enzyme Hpall, as described previously (Li et al,
2020). Chop-PCR was carried out as described previously
(Zhong et al., 2017a; Kong et al., 2020).

Statistical analysis

The data are given as means =+ standard deviation (SD)
of three independent biological replicates. For significance
analysis, a Tukey’s test was performed for comparison of
the individual means using the SPSS software (v.24.0, SPSS
Inc., Chicago, IL, United States) and values were considered
significantly different at a P-value of < 0.05.

Results

Subcellular localization of P25 and P37
proteins of FLRaV

To obtain further insight into the function of FLRaV
P25 and P37 during viral infection, full-length open reading
frames encoding P25 and P37 were fused to the green
fluorescent protein (GFP), respectively, and expressed in
transgenic N. benthamiana plants harboring red fluorescent
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protein (RFP)-H2B via agroinfiltration. As shown in Figure 1A,
N. benthamiana epidermal cells transiently expressing GFP
only (35S:GFP) exhibited dispersed fluorescence. In contrast,
radial or filamentous GFP fluorescence was observed in
both cytosol and nucleus in N. benthamiana epidermal
cells expressing 35S:P25-GFP, and the P37-GFP fluorescence
was detected in both nuclei and cytoplasm, with granules
spread in the cytoplasm (Figures 1B,C). Since FLRaV P25
protein had two putative clathrin-binding motifs and was
localized to the filamentous structures in the cytosol, we next
examined whether P25 was associated with a cytoskeleton
(Dell’Angelica, 2001). To test this, the marker protein ABD2
was used to designate the microfilament (Dyachok et al.,
2014). As expected, compared with the control (Figure 2A),
N. benthamiana epidermal cells co-expressing FLRaV P25-GFP
and ABD2-mCherry showed yellow fluorescence derived from
a superposition of green and red fluorescence (Figure 2B). To
further confirm the co-localization of P25-GFP and ABD2-
mCherry, the N. benthamiana leaves were treated with Lat-A to
prevent microfilament polymerization as described previously
(Morton et al., 2000). Compared with the N. benthamiana leaves
treated with DMSO (Figure 2C), Lat-A treatment inhibited
the radial fluorescence of both FLRaV P25-GFP and ABD2-
mCherry (Figure 2D). Collectively, these results suggest that
FLRaV P25 and P37 have different subcellular localization
patterns and FLRaV P25 is able to localize in the microfilament
of the cytoskeleton.
H2B-RFP Merge

GFP
A
35S:GFP
B
355:P25-GFP
Cc
355:P37-GFP

FIGURE 1

Sublocalization of the P25 and P37 proteins of firespike
leafroll-associated virus (FLRaV). (A) Localization of green
fluorescent protein (GFP) in H2B-RFP Nicotiana benthamiana
leaf epidermal cells at 48 h post infiltration (hpi). (B) Localization
of FLRaV P25-GFP fusion protein in H2B-RFP N. benthamiana
leaf epidermal cells at 48 hpi. (C) Localization of FLRaV P37-GFP
fusion protein in H2B-RFP N. benthamiana leaf epidermal cells
at 48 hpi. Histone 2B-RFP (H2B-RFP) was served as a marker for
the nucleus. Bar = 20 pm. Images are reconstructed by
superposition of a series of confocal optical sections.
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FLRaV P25 and P37 function as
suppressors of PTGS of GFP

Compared with proteins encoded by similarly located ORFs
of other members of the family Closteroviridae, FLRaV P25
and P37 might be involved in the suppression of host RNA
interference (Gouveia et al, 2012; Li et al,, 2018a). To test
this, we first investigated their ability to inhibit the local GFP
silencing using transgenic N. benthamiana 16c lines (Ruiz et al.,
1998; Li et al., 2014). For this purpose, the ORFs of P25 and P37
genes of FLRaV were amplified and cloned into a pGD binary
vector (Goodin et al., 2002) to produce pGD:P25 and pGD:P37
constructs, respectively. The local PTGS assay was carried out as
described previously (Li et al., 2014; Zhong et al., 2017a; Zhao
et al., 2022a). 16¢ seedlings co-infiltrated with A. tumefaciens
harboring 35S:GFP and A. tumefaciens containing pGD:Vec or
TBSV P19 (Qu and Morris, 2002) were served as the negative
and positive controls, respectively. As anticipated, leaves of
16¢ seedlings co-agroinfiltrated with 35S:GFP and TBSV P19
showed extremely strong GFP fluorescence under UV-B light
due to inhibition of GFP RNA silencing by P19 at the 7th day

GFP ABD2-mCherry

Merge

A

35S:GFP + R
35S:ABD2-mCherry
FIGURE 2

Colocalization of firespike leafroll-associated virus (FLRaV) P25
and P37 proteins with the actin-binding domain 2 of Arabidopsis
fimbrin 1 (ABD2). (A) Colocalization of the green fluorescent
protein (GFP) and actin-binding domain 2 of Arabidopsis fimbrin
1 with mCherry (ABD2-mCherry) in wild-type Nicotiana
benthamiana leaf epidermal cells at 48 h post infiltration (hpi)
(B) Colocalization of the FLRaV P25-GFP and ABD2-mCherry in
wild-type N. benthamiana leaf epidermal cells at 48 hpi. (C,D)
Colocalization of FLRaV P25-GFP with ABD2-mCherry in
wild-type N. benthamiana leaf epidermal cells at 48 hpi under
dimethylsulfoxide (DMSO) or 10 uM latrunculin A (Lat-A)
treatments, respectively. Bar = 20 pm. Images are reconstructed
by superposition of a series of confocal optical sections.

B

358:P25-GFP +
35S:ABD2-mCherry

(o]

DMSO +
35S:P25-GFP +
35S:ABD2-mCherry

o

Lat-A +
35S:P25-GFP +
35S:ABD2-mCherry
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after inoculation (Figure 3A). Similar to the positive control,
leaves of 16¢ seedlings co-agroinfiltrated with 35S:GFP plus
pGD:P25 or pGD:P37 elicited relatively strong GFP fluorescence
under UV-B light at 7-day post inoculation (Figure 3A). These
observations indicated that FLRaV P25 and P37 were able
to suppress the PTGS of GFP. Consistently, qRT-PCR and
WB analyses confirmed that higher fluorescence detected in
leaves of 16¢ seedlings co-infiltrated with the pGD:P25 or
pGD:P37 together with 35S:GFP resulted from an increase in
GFP mRNA and protein accumulation (Figures 3B,C). These
results indicate that FLRaV P25 and P37 can suppress the local
GFP silencing in 16¢ N. benthamiana. The silencing signal from
the agroinfiltrated area is able to move to 10 to 15 neighboring

10.3389/fmicb.2022.964156

cells, which causes the reduction of GFP expression in these
cells, and can be visualized as a red ring around the infiltrated
region under UV-B light (Himber et al., 2003). In agreement
with previous research, TBSV P19 effectively inhibited short
range movement of silencing signal (Himber et al., 2003), while
clear red rings were developed around the regions infiltrated
with 35S:GFP plus pGD:P25, pGD:P37 or the negative control,
suggesting that neither P25 nor P37 could suppress the cell-to-
cell spread of RNA silencing (Figure 3A). These results indicate
that the suppression of PTGS for P25 and P37 are not through
direct binding of siRNAs.

Furthermore, we also examined the ability of FLRaV P25
and P37 to impede the systemic silencing established by GFP

A _ B 5 804
7 dpi 16¢c 35S:GFP + ? *
< 6.0
£
- «  pGD:P37 o 407
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§ 0.0-
L I (]
GActin | — — - — — Actin 0“{5\ °
& €
FIGURE 3

Firespike leafroll-associated virus (FLRaV) P25 and P37 can inhibit the post-transcriptional gene silencing (PTGS) of local green fluorescent
protein (GFP) in 16¢ Nicotiana benthamiana. (A) Leaves of 16c N. benthamiana seedlings were co-infiltrated with Agrobacterium tumefaciens
harboring the binary vector expressing GFP (35S:GFP) and either an empty pGD vector (pGD:Vec), TBSV P19, pGD:P25, or pGD:P37 at 7 days
post infiltration (dpi). Leaves of 16c N. benthamiana seedlings co-infiltrated with A. tumefaciens harboring the 35S:GFP plus pGD:Vec or TBSV
P19 were served as negative and positive controls, respectively. White arrows indicate the red ring around the infiltrated patches.

(B) Quantitative real time PCR (qRT-PCR) analysis of the accumulation of GFP mRNA in leaf patches shown in Figure 3A. NbACT2 was utilized as
the internal control. Data are presented as means + SD of three biological replicates. Means with asterisks are significantly different (Student’s
t-test; P < 0.05). (C) Western blot (WB) analysis of the accumulation of GFP protein in leaf patches shown in Figure 3A. GFP protein was
detected using an antibody against GFP (a-GFP). WB analysis of actin with an a-Actin was served as the loading control.
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in 16¢ plants. To achieve this goal, we co-expressed 35S:GFP
together with FLRaV P25 or P37 in 16¢ N. benthamiana
seedlings via agroinfiltration as described previously (Li and
Wang, 2022; Zhao et al,, 2022a). At 28 dpi, the agroinfiltrated
seedlings were photographed under UV-B light. Compared with
the vector control (pGD:Vec), 16¢ seedlings agroinfiltrated with
35S:GFP plus pGD:P25 or pGD:P37 displayed characteristic
GFP fluorescence in the young systemic leaves under UV-B
light, which were similar to these seedlings co-infiltrated with
35S:GFP and TBSV P19 (Figure 4A). These results indicated
that both FLRaV P25 and P37 can suppress GFP-established
systemic RNA silencing in the systemic leaves. Additionally,
the statistical analysis indicated that systemic silencing of GFP
occurred in 23.1-38.5% of the seedlings agroinfiltrated with
35S:GFP plus pGD:Vec at 28 dpi (Figure 4B). In contrast,
53.3-85.7% and 53.3-80.0% of the 16¢ seedlings agroinfiltrated
with 35S:GFP plus pGD:P25 or pGD:P37 were able to suppress
the spread of GFP gene silencing in the systemic leaves, which
were slightly lower than that in these seedlings agroinfiltrated
with 35S:GFP plus TBSV P19 (77.0-86.7%) (Figure 4B). These
results suggest that FLRaV P25 and P37 are suppressors of PTGS
and are able to restrain GFP gene silencing at both local and
systemic levels in 16¢ N. benthamiana.

10.3389/fmicb.2022.964156

FLRaV P25 and P37 suppress the PTGS
mainly in a sense RNA manner

Given that RNA silencing can be elicited by S-PTGS or
IR-PTGS in plants (Li et al., 2014; Feng et al, 2018; Murai
et al., 2022), we next investigated which form of PTGS could
be inhibited by FLRaV P25 and P37. For this purpose, classic
three-component S-PTGS and IR-PTGS assays were carried out
as described previously (Li etal., 2014, 2015; Feng et al., 2018). In
the S-PTGS assay, N. benthamiana leaves co-agroinfiltrated with
35S:GFP and 35S:FP plus pGD:Vec or TBSV P19 were served as
the negative and positive controls, respectively. Compared with
the negative control, N. benthamiana leaves co-agroinfiltrated
with 35S:GFP and 35S:FP (a C-terminal 400-bp fragment of
sense GFP mRNA) plus pGD:P25 or pGD:P37 showed strong
GFP fluorescence around the infiltration sites, which were
similar to that resulted from TBSV P19 (Figure 5A). To further
confirm the observations detected in Figure 5A, qRT-PCR and
WB analyses were conducted to determine the accumulation
patterns of GFP at mRNA and protein levels. Consistently, the
visible GFP fluorescence at the sites of infiltration of FLRaV
P25 or P37 was because of the accumulation of GFP mRNA

35S:GFP +

TBSV P19

pGD:P25

pGD:P37

B
| et onstenad | uppresson tiency (4
1 2 3 1 2 3
35S:GFP + pGD:Vec 3/13 5/13 4/14 23.1% 38.5% 28.6%
35S:GFP + TBSV P19 13/15 1113 10/13 86.7% 84.6% 77.0%
35S:GFP + pGD:P25 9/15 12/14 8/15 60.0% 85.7% 53.3%
35S:GFP + pGD:P37 12/15 8/14 8/15 80.0% 57.1% 53.3%

FIGURE 4

Firespike leafroll-associated virus (FLRaV) P25 and P37 can inhibit the post-transcriptional gene silencing (PTGS) of systemic green fluorescent
protein (GFP) in 16¢ Nicotiana benthamiana. (A) 16c N. benthamiana seedlings were co-infiltrated with Agrobacterium tumefaciens containing
the binary vector expressing GFP (35S:GFP) plus pGD:Vec, TBSV P19, pGD:P25, or pGD:P37 at 28 days post infiltration (dpi). Leaves of 16¢

N. benthamiana seedlings co-infiltrated with A. tumefaciens containing the 35S:GFP plus pGD:Vec or TBSV P19 were served as negative and
positive controls, respectively. (B) Statistics of 16c N. benthamiana seedlings co-agroinfiltrated with the 35S:GFP plus pGD:Vec, TBSV P19,
pGD:P25, or pGD:P37 showed systemic GFP RNA silencing at 28 dpi. At least 13 N. benthamiana seedlings were utilized in each independent

systemic silencing experiment.
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FIGURE 5

Firespike leafroll-associated virus (FLRaV) P25 and P37 can
inhibit the post-transcriptional gene silencing (PTGS) of green
fluorescent protein (GFP) mainly in a sense RNA manner.

(A) Wild-type Nicotiana benthamiana seedlings were
co-infiltrated with Agrobacterium tumefaciens containing the
binary vector expressing GFP (35S:GFP) and 35S:FP (a C-terminal
400-bp fragment of sense GFP mRNA) plus pGD:Vec, TBSV P19,
pGD:P25, or pGD:P37 at 5 days post infiltration (dpi). Leaves of
N. benthamiana seedlings co-infiltrated with A. tumefaciens
containing the 35S:GFP and 35S:FP plus pGD:Vec or TBSV P19
were served as negative and positive controls, respectively.

(B) Quantitative real time PCR (qRT-PCR) analysis of the
accumulation of GFP mRNA in leaf patches shown in (A)
NbACTZ2 was utilized as the internal control. (C) Western blot
(WB) analysis of the accumulation of GFP protein in leaf patches
shown in (A). GFP protein was detected using an antibody
against GFP (a-GFP). (D) Wild-type N. benthamiana seedlings
were co-infiltrated with A. tumefaciens containing the 35S:GFP
and 35S:dsFP (an inverted repeat of C-terminal 400-bp GFP
fragment) plus pGD:Vec, TBSV P19, pGD:P25, or pGD:P37 at

(Continued)
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FIGURE 5

5 dpi. Leaves of N. benthamiana seedlings co-infiltrated with

A. tumefaciens containing the 35S:GFP and 35S:dsFP plus
pGD:Vec or TBSV P19 were served as negative and positive
controls, respectively. (E) gRT-PCR analysis of the accumulation
of GFP mRNA in leaf patches shown in (D). NbACT2 was utilized
as the internal control. (F) WB analysis of the accumulation of
GFP protein in leaf patches shown in (D). GFP protein was
detected using an a-GFP. For (B and E) Data are presented as
means + SD of three biological replicates. Means with asterisks
are significantly different (Student's t-test; P < 0.05). ns, not
significant. For (c and f), WB analysis of actin with an a-Actin was
served as the loading control.

and protein (Figures 5B,C). These findings indicated that both
FLRaV P25 and P37 were capable of inhibiting the sense GFP
RNA-induced PTGS. In the IR-PTGS assay, N. benthamiana
leaves co-agroinfiltrated with 35S:GFP and 35S:dsFP (an
inverted repeat of C-terminal 400-bp GFP fragment) plus
pGD:Vec or TBSV P19 were served as the negative and positive
controls, respectively. As shown in Figure 5D, N. benthamiana
leaves co-agroinfiltrated with 35S:GFP and 35S:dsFP plus
pGD:P25 showed relatively strong GFP fluorescence around
the infiltration sites. In contrast, N. benthamiana leaves co-
agroinfiltrated with 35S:GFP and 35S:dsFP plus pGD:P37
exhibited undetectable GFP fluorescence around the infiltration
sites, which was similar to that resulting from pGD:Vec
(Figure 5D). As expected, compared with the positive control
TBSV P19, there was moderate or no accumulation of GFP
mRNA and protein at the sites of infiltration of FLRaV P25 or
P37, respectively (Figures 5E,F). These results indicated that
FLRaV P25 but not P37 was able to inhibit the IR-PTGS. Taken
together, these results suggest that FLRaV P25 can suppress both
the S-PTGS and the IR-PTGS and that FLRaV P37 is only able
to inhibit the S-PTGS but not the IR-PTGS.

FLRaV P25 functions as a suppressor of
TGS of GFP

To fully explore the biological functions of FLRaV P25
and P37, we next determine whether they can reverse the
methylation-mediated TGS of GFP using 16-TGS plants
(Buchmann et al,, 2009; Zhong et al.,, 2017a). To this end, the
ORFs of P25 and P37 genes of FLRaV were fused with a 3 x HA
tag and cloned into a PVX-based expression vector to produce
PVX:3HA-P25 and PVX:3HA-P37 constructs, respectively.
The TGS assay was carried out as described previously
(Zhong et al., 2017a; Zhao et al,, 2022a). 16-TGS seedlings
infiltrated with A. tumefaciens containing the empty PVX
vector (PVX:Vec) or the TYLCCNB BC1 (PVX:8Cl1) (Zhong
et al., 2017a) were served as the negative and positive controls,
respectively. As anticipated, compared with the control, 16-
TGS seedlings infiltrated with A. tumefaciens containing
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PVX:BC1 displayed extremely strong GFP fluorescence due
to the reverse of the TGS-silenced GFP gene (Figure 6A).
Similar to the PVX:BCI positive control, relatively strong GFP
fluorescence was also detected in 16-TGS seedlings infiltrated
with A. tumefaciens containing PVX:3HA-P25 (Figure 6A),
indicating that methylation-mediated TGS of GFP was reversed

10.3389/fmicb.2022.964156

by FLRaV P25. In contrast, very feeble GFP fluorescence was
detected in 16-TGS seedlings infiltrated with A. tumefaciens
containing PVX:3HA-P37 (Figure 6A). To further confirm
the GFP fluorescence observed in Figure 6A, PCR and WB
analyses were carried out to determine GFP accumulation
patterns at the mRNA and protein levels. Consistently, the
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FIGURE 6

Frontiers in Microbiology

Firespike leafroll-associated virus (FLRaV) P25 and P37 can inhibit the transcriptional gene silencing (TGS) of green fluorescent protein (GFP) in
16-TGS Nicotiana benthamiana. (A) 16-TGS N. benthamiana seedlings were agroinfiltrated with an empty PVX vector (PVX:Vec), PVX:BC1,
PVX:3HA-P25, or PVX:3HA-P37, and the seedlings at 10 days post infiltration (dpi). 16-TGS seedlings agroinfiltrated with PVX:Vec and PVX:BC1
were served as the negative and positive controls, respectively. (B) Quantitative real time PCR (qRT-PCR) analysis of the accumulation of GFP
MRNA in systemic leaves shown in (A). NbACT2 was used as the internal control. Data are presented as means =+ SD of three biological
replicates. Means with asterisks are significantly different (Student's t-test; P < 0.05). ns, not significant. (C) Western blot (WB) analysis of the
accumulation of GFP protein in systemic leaves shown in (A). GFP, HA-P25, HA-P37, and PVX CP were detected using antibodies to GFP (a-GFP),
HA tag (a-HA), and to PVX-CP (a-PVX-CP), respectively. WB analysis of actin using an a-Actin was served as the loading control. (D) Chop-PCR
analysis of the DNA methylation of the 35S promoter in 16-TGS. Genomic DNA was isolated from systemic leaves shown in (A). Samples
extracted from 16-TGS seedlings agroinfiltrated with PVX:Vec was served as the negative control
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visible GFP fluorescence in 16-TGS seedlings infiltrated with
FLRaV P25 or TYLCCNB BC1 was because of the accumulation
of GFP mRNA and protein (Figures 6B,C). These results
indicate that only FLRaV P25 is capable of reversing the
established TGS-mediated silencing of GFP in 16-TGS plants.

Next, a general chop-PCR (Zhong et al, 2017a; Kong
et al, 2020; Li et al., 2020) was performed to examine
the 35S promoter methylation status in 16-TGS seedlings
infiltrated with PVX:3HA-P25, PVX:3HA-P37 or the negative
and positive controls (PVX:Vec and PVX:BCl), respectively.
To this end, total genomic DNA was extracted from the
systemic leaves of seedlings displayed in Figure 6A, and
then digested with a methylation-sensitive endonuclease Hpall
and subjected to PCR. As shown in Figure 6D, similar
to the positive control (PVX:Cl), amounts of the PCR
products resulting from the 35S promoter in 16-TGS seedlings
infiltrated with PVX:3HA-P25 were much lower than those
derived from seedlings infiltrated with PVX:3HA-P37 or
the negative control (PVX:Vec). This result indicated that
the 35S promoter was demethylated by FLRaV P25 in 16-
TGS seedlings infiltrated with PVX:3HA-P25. Collectively,
these results suggest that FLRaV P25 can reverse established
methylation-mediated TGS of GFP and act as a suppressor of
TGS in N. benthamiana.

FLRaV P25 aggravates the disease
symptom and viral titer of PVX in
N. benthamiana

During the TGS assay, we noticed that 16-TGS seedlings
agroinfiltrated with PVX:3HA-P25 or PVX:3HA-P37 showed
leaf curl compared with the plants agroinfiltrated with
PVX:Vec (Figure 6A), suggesting that FLRaV P25 and
P37 may have a role in viral pathogenicity. To further
evaluate these observations, we transiently expressed FLRaV
P25 and P37 in wild-type N. benthamiana seedlings using
the PVX-based expression system, and the PVX system
expressing a GFP gene (PVX:GFP) was served as a negative
control. As expected, compared with N. benthamiana seedlings
agroinfiltrated with PVX:GFP, seedlings agroinfiltrated with
either PVX:3HA-P25 or PVX:3HA-P37 displayed severe leaf
curl at 6 dpi (Figure 7A, top panel). Interestingly, at 14 dpi,
N. benthamiana seedlings agroinfiltrated with PVX:3HA-P25
exhibited unexpected premature leaf deaths and moderate
leaf curl, whereas N. benthamiana seedlings agroinfiltrated
with PVX:3HA-P37 displayed very slight leaf curl that was
similar to these agroinfiltrated with PVX:GFP (Figure 7A,
bottom panel). WB analysis with an anti-HA verified the
expression of FLRaV P25 and P37 in the upper non-
infiltrated N. benthamiana leaves at 14 dpi (Figure 7B,
top panel), suggesting that FLRaV P25 and P37 were
accurately maintained in viral progenies. Furthermore, WB
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analysis with an anti-PVX CP antibody showed that PVX
accumulation in the upper leaves of PVX:3HA-P25-infected
N. benthamiana seedlings was higher than that in the
N. benthamiana leaves agroinfiltrated with PVX:3HA-P37 or
PVX:GFP (Figure 7B, middle panel), indicating that FLRaV
P25 may help induce the accumulation and viral titer of PVX.
Collectively, these results suggest that FLRaV P25 but not
P37 aggravates the disease symptom and viral titer of PVX in
N. benthamiana.

Discussion

We have previously identified and characterized a novel
FLRaV in firespike and found that it is capable of infecting
N. benthamiana through mechanical inoculation and infectious
c¢DNA clones (Wang et al, 2020). Here, we reported the
characterization of FLRaV P25 and P37 as VSRs that were
actively involved in suppressing both the PTGS and TGS.

In plants, it has been shown that RNA silencing is a crucial
immune system to preventing viral infections (Yang and Li,
2018; Li et al., 2019; Jin et al., 2021, 2022). To overcome the
host immune system, plant viruses have developed various
VSRs to inhibit RNA silencing at different steps (Feng et al.,
2018; Guo et al., 2019; Jin et al., 2021, 2022). Previous studies
have shown that the most common counteraction of VSRs
is to suppress vsiRNA amplification (Guo et al, 2019; Li
and Wang, 2019; Jin et al, 2022). In the present study, we
demonstrated that FLRaV P25 could suppress PTGS at both
the S-PTGS and the IR-PTGS levels (Figures 3, 5). In contrast,
FLRaV P37 could only inhibit the S-PTGS but not the IR-
PTGS (Figure 5). These findings agree with previous reports
which showed that VSRs can target not only the production
of dsRNA formation but also the actions of secondary siRNAs
in the RNA silencing pathway (Silhavy et al, 2002; Bayne
et al, 2005; Li et al, 2015; Feng et al., 2018; Zhao et al,
2022b).

As well known, RNA silencing in plants can be divided
into three main stages, that is silencing initiation, the spread
of the silencing signal, and maintenance of silencing (Feng
et al, 2018; Zhao and Guo, 2022). Recently, several plant
virus-encoded VSRs, which include cucumber mosaic virus
(CMV) 2b, rice stripe virus (RSV) NS3, and strawberry vein
banding virus (SVBV) P6, have been found to be involved in
suppressing systemic RNA silencing in plants (Ghosh et al,
2021). CMV 2b is one of the first VSRs that are demonstrated
to prevent the RNA silencing in systemic leaves, probably
by impeding the initiation of systemic propagation of the
silencing signal (Xu et al, 2013; Du et al, 2014). RSV
NS3 can suppress systemic RNA silencing by sequestering
siRNA duplexes, interfering with dsRNA production, and
further blocking the spread of the silencing signal (Xiong
et al., 2009; Zheng et al,, 2017). As a VSR, SVBV P6 can
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FIGURE 7

Effects of Firespike leafroll-associated virus (FLRaV) P25 and P37 on modulation of the symptom development and viral titer of potato virus X
(PVX) in wild-type Nicotiana benthamiana. (A) N. benthamiana seedlings were agroinfiltrated with PVX:GFP, PVX:3HA-P25, or PVX:3HA-P37 at

6 days post infiltration (dpi) and 14 dpi. N. benthamiana seedlings agroinfiltrated with PVX: green fluorescent protein (GFP) were served as a
negative control. (B) Western blot (WB) analysis of FLRaV P25 and P37 protein accumulation in systemic leaves shown in (A). HA-P25, HA-P37,
GFP, and PVX-CP were detected using antibodies to HA tag (a-HA), GFP (a-GFP), and to PVX CP (a-PVX CP), respectively. WB analysis performed

using an antibody to actin was served as the loading control.

suppress systemic RNA silencing by impeding the spread of
the silencing signal (Feng et al., 2018; Li et al., 2018b). Here,
we demonstrated that although FLRaV P25 and P37 could
not prevent the short-range movement of the silencing signal,
they were capable of preventing the RNA silencing signal
from spreading systemically in 16¢ N. benthamiana (Figure 4).
This finding corroborates previous reports which showed that
VSRs from the genus Ampelovirus of Closteroviridae family are
frequently capable of inhibiting the systemic RNA silencing in
16¢ N. benthamiana (Kubota and Ng, 2016; Li et al., 2018a;
Zhang et al., 2020).

Over the past two decades, it has been well demonstrated
that host RNA-directed DNA methylation (RdADM)-mediated
TGS is one of the most effective defense responses against
geminiviruses due to their DNA replication in the host nucleus
(Raja et al., 2008; Zhong et al., 2017b; Zarreen and Chakraborty,
2020; Gupta et al,, 2021). In turn, geminiviruses evolve various
VSRs to interfere with the host RADM-mediated TGS (Hanley-
Bowdoin et al, 2013; Wang et al, 2019; Jin et al, 2021;
Zhou, 2021). Interestingly, several RNA viruses encoded VSRs
are found to be able to inhibit RADM-mediated TGS in host
plants (Zhao et al., 2016; Jin et al., 2021). For example, the
CMV 2b, which is originally identified as a viral suppressor
of PTGS, primarily localizes in the nucleolus of the host cell
and exhibits a siRNA-binding ability that is sufficient to inhibit
the RdDM-mediated TGS (Duan et al., 2012). Consistently,
CMV 2b-transgenic and CMV-infected Arabidopsis plants show
reduced DNA methylation levels at a genome-wide level
(Zhao et al.,, 2018). Similarly, VSR HC-Pro from tobacco vein
banding mosaic virus (TVBMV) has been demonstrated to
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be able to reduce the methylation in the promoter region
of a set of host genes implicated in salicylic acid and auxin
biosynthesis pathways (Yang et al., 2016, 2020). In this study,
we demonstrated that FLRaV P25 was capable of reversing
the established methylation-mediated TGS of GFP in 16-TGS
N. benthamiana (Figure 6). We also showed that FLRaV P25
was localized in both cytosol and nucleus (Figure 1), which
provides a spatial possibility for its inhibition function on TGS.
This finding corroborates previous reports which demonstrated
that RNA virus-encoded VSRs can bind siRNAs and suppress
RdDM-mediated TGS in the nucleus (Nuthikattu et al., 2013;
Zhao et al., 2016).

In addition to suppressing RNA silencing, many VSRs are
also characterized as determinants of viral symptoms in host
plants (Feng et al., 2018; Hussain et al., 2021). Transient and
transgenic expression of RSV NS3, CMV 2b, SVBV P6, or
TVBMV HC-Pro in Arabidopsis or N. benthamiana plants
result in severe chlorosis, mosaics, or leaf curl on leaves
(Xiong et al, 2009; Yang et al, 2016; Feng et al., 2018;
Zhao et al, 2018). In our study, when FLRaV P25 was
transiently expressed in N. benthamiana using a PVX-based
expression system, much severe leaf curl and premature leaf
deaths were detected in the PVX:3HA-P25-infiltrated plants
(Figure 7). This might because that the accumulation of FLRaV
P25, we speculated that the enhanced symptoms displayed
in PVX:3HA-P25-infiltrated N. benthamiana resulted from
increased PVX replication in cells following the suppression of
RNA silencing by FLRaV P25. Therefore, future studies should
focus on how FLRaV P25 aggravates the disease symptom of
PVX so the mechanisms underlining RNA virus-encoded VSR
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functions in viral pathogenicity of the genus Ampelovirus of
Closteroviridae family.

In conclusion, our results demonstrate that FLRaV P25
and P27 proteins have functional suppression activities on host
PTGS and TGS, which may interfere with host RNA silencing
during viral infection. To the best of our knowledge, this is
the first report which characterizes the functions of FLRaV P25
and P27 proteins as VSRs. Furthermore, further studies should
focus on how FLRaV P25 aggravates the disease symptom of
PVX in the future.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary material, further
inquiries can be directed to the corresponding authors.

Author contributions

TH and XZ conceived the study. YW, HL, and YG
conducted experiments. YW and TH analyzed experimental
data. YW, ZW, and XZ wrote the manuscript. All authors read
and agreed, and gave final approval to the published version
of the manuscript.

Funding

This work was supported by grants from the National
Natural Science Foundation of China (Nos. 31972235 and
31930092), the National Key Research and Development

References

Bayne, E. H., Rakitina, D. V., Morozov, S. Y., and Baulcombe, D. C. (2005). Cell-
to-cell movement of potato potexvirus X is dependent on suppression of RNA
silencing. Plant J. 44, 471-482. doi: 10.1111/§.1365-313X.2005.02539.x

Buchmann, R. C., Asad, S., Wolf, ]. N., Mohannath, G., and Bisaro, D. M. (2009).
Geminivirus AL2 and L2 proteins suppress transcriptional gene silencing and
cause genome-wide reductions in cytosine methylation. J. Virol. 83, 5005-5013.
doi: 10.1128/JV1.01771-08

Carbonell, A., Fahlgren, N., Garcia-Ruiz, H., Gilbert, K. B., Montgomery, T. A.,
Nguyen, T, et al. (2012). Functional analysis of three Arabidopsis ARGONAUTES
using slicer-defective mutants. Plant Cell 24, 3613-3629. doi: 10.1105/tpc.112.
099945

Chapman, E. J., Prokhnevsky, A. I., Gopinath, K., Dolja, V. V., and Carrington,
J. C. (2004). Viral RNA silencing suppressors inhibit the microRNA pathway at an
intermediate step. Genes Dev. 18, 1179-1186. doi: 10.1101/gad.1201204

Chen, B,, Lin, L, Lu, Y., Peng, J., Zheng, H., Yang, Q., et al. (2020). Ubiquitin-
Like protein 5 interacts with the silencing suppressor p3 of rice stripe virus and
mediates its degradation through the 26S proteasome pathway. PLoS Pathog.
16:¢1008780. doi: 10.1371/journal.ppat.1008780

Frontiers in Microbiology

11

10.3389/fmicb.2022.964156

Program of China (2021YFD1400400), and the Project of China
Tobacco Company [110202001030 (JY-13)].

Acknowledgments

We are grateful to Prof. D. C. Baulcombe (University of
Cambridge, United Kingdom) for providing the A. tumefaciens
containing a 35S:GFP.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2022.964156/full#supplementary-material

Cui, X,, Li, G, Wang, D., Hu, D., and Zhou, X. (2005). A begomovirus DNAB-
encoded protein binds DNA, functions as a suppressor of RNA silencing, and
targets the cell nucleus. J. Virol. 79, 10764-10775. doi: 10.1128/JV1.79.16.10764-
10775.2005

Dell’Angelica, E. C. (2001). Clathrin-binding proteins: Got a motif? Join the
network!. Trends Cell Biol. 11, 315-318. doi: 10.1016/s0962-8924(01)02043-8

Dong, Z., Liang, Y., Wang, X,, Lu, S., Zuo, W, Liu, Z,, et al. (2022). Complete
genome sequence of peony leafroll-associated virus, a novel ampelovirus in
subgroup 1. Arch. Virol. 167, 995-998. doi: 10.1007/s00705-022-05389-8

Du, Z., Chen, A., Chen, W,, Liao, Q., Zhang, H., Bao, Y., et al. (2014). Nuclear-
cytoplasmic partitioning of cucumber mosaic virus protein 2b determines the
balance between its roles as a virulence determinant and an RNA-silencing
suppressor. J. Virol. 88, 5228-5241. doi: 10.1128/JVI1.00284- 14

Duan, C. G,, Fang, Y. Y., Zhou, B. ], Zhao, J. H.,, Hou, W. N,, Zhu, H., et al.
(2012). Suppression of Arabidopsis ARGONAUTEI1-mediated slicing, transgene-
induced RNA silencing, and DNA methylation by distinct domains of the
cucumber mosaic virus 2b protein. Plant Cell 24, 259-274. doi: 10.1105/tpc.111.
092718

frontiersin.org


https://doi.org/10.3389/fmicb.2022.964156
https://www.frontiersin.org/articles/10.3389/fmicb.2022.964156/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.964156/full#supplementary-material
https://doi.org/10.1111/j.1365-313X.2005.02539.x
https://doi.org/10.1128/JVI.01771-08
https://doi.org/10.1105/tpc.112.099945
https://doi.org/10.1105/tpc.112.099945
https://doi.org/10.1101/gad.1201204
https://doi.org/10.1371/journal.ppat.1008780
https://doi.org/10.1128/JVI.79.16.10764-10775.2005
https://doi.org/10.1128/JVI.79.16.10764-10775.2005
https://doi.org/10.1016/s0962-8924(01)02043-8
https://doi.org/10.1007/s00705-022-05389-8
https://doi.org/10.1128/JVI.00284-14
https://doi.org/10.1105/tpc.111.092718
https://doi.org/10.1105/tpc.111.092718
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Wang et al.

Dyachok, J., Sparks, J. A., Liao, F., Wang, Y. S., and Blancaflor, E. B. (2014).
Fluorescent protein-based reporters of the actin cytoskeleton in living plant
cells: Fluorophore variant, actin binding domain, and promoter considerations.
Cytoskeleton 71, 311-327. doi: 10.1002/cm.21174

Feng, M., Zuo, D,, Jiang, X, Li, S., Chen, ], Jiang, L., et al. (2018). Identification
of strawberry vein banding virus encoded P6 as an RNA silencing suppressor.
Virology 520, 103-110. doi: 10.1016/j.virol.2018.05.003

Feng, Z., Chen, X., Bao, Y., Dong, J., Zhang, Z., and Tao, X. (2013). Nucleocapsid
of Tomato spotted wilt tospovirus forms mobile particles that traffic on an
actin/endoplasmic reticulum network driven by myosin XI-K. New Phytol. 200,
1212-1224. doi: 10.1111/nph.12447

Fuchs, M., Bar-Joseph, M., Candresse, T., Maree, H. J., Martelli, G. P., Melzer,
M.J., etal. (2020). ICTV virus taxonomy profile: Closteroviridae. J. Gen. Virol. 101,
364-365. doi: 10.1099/jgv.0.001397

Ghosh, D., M, M., and Chakraborty, S. (2021). Impact of viral silencing
suppressors on plant viral synergism: A global agro-economic concern. Appl.
Microbiol. Biotechnol. 105, 6301-6313. doi: 10.1007/s00253-021-11483-9

Glick, E., Zrachya, A., Levy, Y., Mett, A, Gidoni, D., Belausov, E., et al. (2008).
Interaction with host SGS3 is required for suppression of RNA silencing by tomato
yellow leaf curl virus V2 protein. Proc. Natl. Acad. Sci. U.S.A. 105, 157-161.
doi: 10.1073/pnas.0709036105

Goodin, M. M., Dietzgen, R. G., Schichnes, D., Ruzin, S., and Jackson, A. O.
(2002). pGD vectors: Versatile tools for the expression of green and red fluorescent
protein fusions in agroinfiltrated plant leaves. Plant J. 31, 375-383. doi: 10.1046/j.
1365-313x.2002.01360.x

Gouveia, P., Dandlen, S., Costa, A, Marques, N., and Nolasco, G. (2012).
Identification of an RNA silencing suppressor encoded by Grapevine leafroll-
associated virus 3. Eur. J. Plant Pathol. 133, 237-245. doi: 10.1007/s10658-011-
9876-1

Gui, X, Liu, C., Qi, Y., and Zhou, X. (2022). Geminiviruses employ host
DNA glycosylases to subvert DNA methylation-mediated defense. Nat. Commun.
13:575. doi: 10.1038/541467-022-28262-3

Guo, Z., Li, Y., and Ding, S. W. (2019). Small RNA-based antimicrobial
immunity. Nat. Rev. Immunol. 19, 31-44. doi: 10.1038/s41577-018-0071-x

Gupta, N., Reddy, K., Bhattacharyya, D., and Chakraborty, S. (2021). Plant
responses to geminivirus infection: Guardians of the plant immunity. Virol J.
18:143. doi: 10.1186/s12985-021-01612-1

Hafrén, A., Ustiin, S., Hochmuth, A., Svenning, S., Johansen, T., and Hofius, D.
(2018). Turnip mosaic virus counteracts selective autophagy of the viral silencing
suppressor HCpro. Plant Physiol. 176, 649-662. doi: 10.1104/pp.17.01198

Han, L. B,, Li, Y. B,, Wang, H. Y., Wu, X. M,, Li, C. L., Luo, M., et al. (2013).
The dual functions of WLIM1a in cell elongation and secondary wall formation in
developing cotton fibers. Plant Cell 25, 4421-4438. doi: 10.1105/tpc.113.116970

Hanley-Bowdoin, L., Bejarano, E. R., Robertson, D., and Mansoor, S. (2013).
Geminiviruses: Masters at redirecting and reprogramming plant processes. Nat.
Rev. Microbiol. 11, 777-788. doi: 10.1038/nrmicro3117

Himber, C., Dunoyer, P., Moissiard, G., Ritzenthaler, C., and Voinnet, O.
(2003). Transitivity-dependent and —independent cell-to-cell movement of RNA
silencing. EMBO J. 22, 4523-4533. doi: 10.1093/emboj/cdg431

Hu, T., Song, Y., Wang, Y., and Zhou, X. (2020). Functional analysis of a novel
BV1 gene identified in a geminivirus betasatellite. Sci. China Life Sci. 63, 688-696.
doi: 10.1007/s11427-020-1654-x

Hussain, M. D., Farooq, T., Chen, X,, Tarigjaveed, M., Jiang, T., Liu, S., et al.
(2021). Viral suppressors from members of the family Closteroviridae combating
antiviral RNA silencing: A tale of a sophisticated arms race in host-pathogen
interactions. Phytopathol. Res. 3:27. doi: 10.1186/s42483-021-00104-y

Ismayil, A., Haxim, Y., Wang, Y., Li, H,, Qian, L, Han, T, et al. (2018).
Cotton leaf curl multan virus C4 protein suppresses both transcriptional and post-
transcriptional gene silencing by interacting with SAM synthetase. PLoS Pathog.
14:1007282. doi: 10.1371/journal.ppat.1007282

Ito, T., and Nakaune, R. (2016). Molecular characterization of a novel putative
ampelovirus tentatively named grapevine leafroll-associated virus 13. Arch. Virol.
161, 2555-2559. doi: 10.1007/s00705-016-2914-8

Jiang, L., Lu, Y., Zheng, X,, Yang, X., Chen, Y., Zhang, T., et al. (2021). The plant
protein NbP3IP directs degradation of Rice stripe virus p3 silencing suppressor
protein to limit virus infection through interaction with the autophagy-related
protein NbATGS. New Phytol. 229, 1036-1051. doi: 10.1111/nph.16917

Jin, L., Chen, M., Xiang, M., and Guo, Z. (2022). RNAj-based antiviral innate
immunity in plants. Viruses 14:432. doi: 10.3390/v14020432

Frontiers in Microbiology

12

10.3389/fmicb.2022.964156

Jin, Y., Zhao, J. H,, and Guo, H. S. (2021). Recent advances in understanding
plant antiviral RNAi and viral suppressors of RNAi. Curr. Opin. Virol. 46, 65-72.
doi: 10.1016/j.coviro.2020.12.001

Kong, X., Hong, Y., Hsu, Y. F.,, Huang, H,, Liu, X, Song, Z., et al. (2020). SIZ1-
mediated SUMOylation of ROS1 enhances its stability and positively regulates
active DNA demethylation in Arabidopsis. Mol. Plant 13, 1816-1824. doi: 10.1016/
j.molp.2020.09.010

Korner, C. J., Pitzalis, N., Pefa, E. J., Erhardt, M., Vazquez, F., and Heinlein, M.
(2018). Crosstalk between PTGS and TGS pathways in natural antiviral immunity
and disease recovery. Nat. Plants 4, 157-164. doi: 10.1038/s41477-018-0117-x

Kubota, K., and Ng, J. C. (2016). Lettuce chlorosis virus P23 suppresses RNA
silencing and induces local necrosis with increased severity at raised temperatures.
Phytopathology 106, 653-662. doi: 10.1094/PHYTO-09-15-0219-R

Li, F., and Wang, A. (2019). RNA-targeted antiviral immunity: More than just
RNA silencing. Trends Microbiol. 27, 792-805. doi: 10.1016/j.tim.2019.05.007

Li, F., and Wang, A. (2022). Transient expression-mediated gene silencing in
plants and suppression of gene silencing with viral suppressors. Methods Mol. Biol.
2400, 33-41. doi: 10.1007/978-1-0716-1835-6_4

Li, F., Huang, C, Li, Z., and Zhou, X. (2014). Suppression of RNA silencing by a
plant DNA virus satellite requires a host calmodulin-like protein to repress RDR6
expression. PLoS Pathog. 10:e1003921. doi: 10.1371/journal.ppat.1003921

Li, F., Liu, W., and Zhou, X. (2019). Pivoting plant immunity from theory to the
field. Sci. China Life Sci. 62, 1539-1542. doi: 10.1007/s11427-019-1565-1

Li, F,, Xu, X, Huang, C., Gu, Z., Cao, L., Hu, T,, et al. (2015). The AC5 protein
encoded by mungbean yellow mosaic India virus is a pathogenicity determinant
that suppresses RNA silencing-based antiviral defenses. New Phytol. 208, 555-569.
doi: 10.1111/nph.13473

Li, J., Yang, D. L., Huang, H., Zhang, G., He, L., Pang, J., et al. (2020). Epigenetic
memory marks determine epiallele stability at loci targeted by de novo DNA
methylation. Nat. Plants 6, 661-674. doi: 10.1038/s41477-020-0671-x

Li, M., Zhang, J., Feng, M., Wang, X,, Luo, C., Wang, Q., et al. (2018a).
Characterization of silencing suppressor p24 of Grapevine leafroll-associated virus
2. Mol. Plant Pathol. 19, 355-368. doi: 10.1111/mpp.12525

Li, S., Hu, Y., Jiang, L., Rui, P., Zhao, Q., Feng, J., et al. (2018b). Strawberry
vein banding virus P6 protein is a translation trans-activator and its activity can be
suppressed by FvelF3g. Viruses 10:717. doi: 10.3390/v10120717

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression
data using real-time quantitative PCR and the 2—A ACt method. Methods 25,
402-408. doi: 10.1006/meth.2001.1262

Lu, R, Malcuit, I, Moffett, P., Ruiz, M. T., Peart, J., Wu, A. ., et al. (2003). High
throughput virus-induced gene silencing implicates heat shock protein 90 in plant
disease resistance. EMBO J. 22, 5690-5699. doi: 10.1093/emboj/cdg546

Morton, W. M., Ayscough, K. R., and McLaughlin, P. J. (2000). Latrunculin
alters the actin-monomer subunit interface to prevent polymerization. Nat. Cell
Biol. 2, 376-378. doi: 10.1038/35014075

Murai, H., Atsumaru, K., and Mochizuki, T. (2022). Effect of mutations in the 2b
protein of tomato aspermy virus on RNA silencing suppressor activity, virulence,
and virus-induced gene silencing. Arch. Virol. 167, 471-481. doi: 10.1007/s00705-
021-05344-z

Nuthikattu, S., McCue, A. D., Panda, K., Fultz, D., DeFraia, C., Thomas, E. N,
et al. (2013). The initiation of epigenetic silencing of active transposable elements
is triggered by RDR6 and 21-22 nucleotide small interfering RNAs. Plant Physiol.
162, 116-131. doi: 10.1104/pp.113.216481

Qin, C,, Li, B,, Fan, Y., Zhang, X., Yu, Z., Ryabov, E., et al. (2017). Roles of dicer-
like proteins 2 and 4 in intra- and intercellular antiviral silencing. Plant Physiol.
174, 1067-1081. doi: 10.1104/pp.17.00475

Qu, F., and Morris, T. J. (2002). Efficient infection of Nicotiana benthamiana by
tomato bushy stunt virus is facilitated by the coat protein and maintained by p19
through suppression of gene silencing. Mol. Plant Microbe Interact. 15, 193-202.
doi: 10.1094/MPMI.2002.15.3.193

Raja, P., Sanville, B. C., Buchmann, R. C., and Bisaro, D. M. (2008). Viral genome
methylation as an epigenetic defense against geminiviruses. J. Virol. 82,8997-9007.
doi: 10.1128/JVI1.00719-08

Rajamaki, M. L., Streng, J., and Valkonen, J. P. (2014). Silencing suppressor
protein VPg of a potyvirus interacts with the plant silencing-related protein SGS3.
Mol. Plant Microbe Interact. 27, 1199-1210. doi: 10.1094/MPMI- 04-14-0109-R

Rubio, L., Guerri, J., and Moreno, P. (2013). Genetic variability and evolutionary
dynamics of viruses of the family Closteroviridae. Front. Microbiol. 4:151. doi:
10.3389/fmicb.2013.00151

frontiersin.org


https://doi.org/10.3389/fmicb.2022.964156
https://doi.org/10.1002/cm.21174
https://doi.org/10.1016/j.virol.2018.05.003
https://doi.org/10.1111/nph.12447
https://doi.org/10.1099/jgv.0.001397
https://doi.org/10.1007/s00253-021-11483-9
https://doi.org/10.1073/pnas.0709036105
https://doi.org/10.1046/j.1365-313x.2002.01360.x
https://doi.org/10.1046/j.1365-313x.2002.01360.x
https://doi.org/10.1007/s10658-011-9876-1
https://doi.org/10.1007/s10658-011-9876-1
https://doi.org/10.1038/s41467-022-28262-3
https://doi.org/10.1038/s41577-018-0071-x
https://doi.org/10.1186/s12985-021-01612-1
https://doi.org/10.1104/pp.17.01198
https://doi.org/10.1105/tpc.113.116970
https://doi.org/10.1038/nrmicro3117
https://doi.org/10.1093/emboj/cdg431
https://doi.org/10.1007/s11427-020-1654-x
https://doi.org/10.1186/s42483-021-00104-y
https://doi.org/10.1371/journal.ppat.1007282
https://doi.org/10.1007/s00705-016-2914-8
https://doi.org/10.1111/nph.16917
https://doi.org/10.3390/v14020432
https://doi.org/10.1016/j.coviro.2020.12.001
https://doi.org/10.1016/j.molp.2020.09.010
https://doi.org/10.1016/j.molp.2020.09.010
https://doi.org/10.1038/s41477-018-0117-x
https://doi.org/10.1094/PHYTO-09-15-0219-R
https://doi.org/10.1016/j.tim.2019.05.007
https://doi.org/10.1007/978-1-0716-1835-6_4
https://doi.org/10.1371/journal.ppat.1003921
https://doi.org/10.1007/s11427-019-1565-1
https://doi.org/10.1111/nph.13473
https://doi.org/10.1038/s41477-020-0671-x
https://doi.org/10.1111/mpp.12525
https://doi.org/10.3390/v10120717
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1093/emboj/cdg546
https://doi.org/10.1038/35014075
https://doi.org/10.1007/s00705-021-05344-z
https://doi.org/10.1007/s00705-021-05344-z
https://doi.org/10.1104/pp.113.216481
https://doi.org/10.1104/pp.17.00475
https://doi.org/10.1094/MPMI.2002.15.3.193
https://doi.org/10.1128/JVI.00719-08
https://doi.org/10.1094/MPMI-04-14-0109-R
https://doi.org/10.3389/fmicb.2013.00151
https://doi.org/10.3389/fmicb.2013.00151
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Wang et al.

Ruiz, M. T., Voinnet, O., and Baulcombe, D. C. (1998). Initiation and
maintenance of virus-induced gene silencing. Plant Cell 10, 937-946. doi: 10.1105/
tpc.10.6.937

Silhavy, D., Molnir, A., Lucioli, A., Szittya, G., Hornyik, C., Tavazza, M., et al.
(2002). A viral protein suppresses RNA silencing and binds silencing-generated,
21- to 25-nucleotide double-stranded RNAs. EMBO J. 21, 3070-3080. doi: 10.1093/
emboj/cdf312

Szittya, G., and Burgyan, J. (2013). RNA interference-mediated intrinsic
antiviral immunity in plants. Curr. Top. Microbiol. Immunol. 371, 153-181. doi:
10.1007/978-3-642-37765-5_6

Wang, C., Wang, C., Zou, J., Yang, Y., Li, Z., and Zhu, S. (2019). Epigenetics
in the plant-virus interaction. Plant Cell Rep. 38, 1031-1038. doi: 10.1007/500299-
019-02414-0

Wang, Y., Gong, Q., Wu, Y., Huang, F., Ismayil, A., Zhang, D., et al. (2021). A
calmodulin-binding transcription factor links calcium signaling to antiviral RNAi
defense in plants. Cell Host Microbe 29, 1393.e-1406.e. doi: 10.1016/j.chom.2021.
07.003

Wang, Y., Song, Y., Wang, Y., Cao, M., Hu, T., and Zhou, X. (2020). Discovery
and characterization of a novel ampelovirus on firespike. Viruses 12:1452. doi:
10.3390/v12121452

Xiong, R., Wu, J., Zhou, Y., and Zhou, X. (2008). Identification of a movement
protein of the tenuivirus rice stripe virus. J. Virol. 82, 12304-12311. doi: 10.1128/
JVL.01696-08

Xiong, R, Wu, J., Zhou, Y., and Zhou, X. (2009). Characterization and
subcellular localization of an RNA silencing suppressor encoded by rice stripe
tenuivirus. Virology 387, 29-40. doi: 10.1016/j.virol.2009.01.045

Xu, A., Zhao, Z., Chen, W., Zhang, H., Liao, Q., Chen, J,, et al. (2013). Self-
interaction of the cucumber mosaic virus 2b protein plays a vital role in the
suppression of RNA silencing and the induction of viral symptoms. Mol. Plant
Pathol. 14, 803-812. doi: 10.1111/mpp.12051

Yang, L., Meng, D., Wang, Y., Wu, Y,, Lang, C,, Jin, T., et al. (2020). The viral
suppressor HCPro decreases DNA methylation and activates auxin biosynthesis
genes. Virology 546, 133-140. doi: 10.1016/j.virol.2020.04.003

Yang, L., Xu, Y., Liu, Y., Meng, D,, Jin, T., and Zhou, X. (2016). HC-Pro
viral suppressor from tobacco vein banding mosaic virus interferes with DNA
methylation and activates the salicylic acid pathway. Virology 497, 244-250. doi:
10.1016/j.virol.2016.07.024

Yang, X., Xie, Y., Raja, P, Li, S., Wolf, J. N,, Shen, Q,, et al. (2011). Suppression
of methylation-mediated transcriptional gene silencing by BC1-SAHH protein
interaction during geminivirus-betasatellite infection. PLoS Pathog. 7:¢1002329.
doi: 10.1371/journal.ppat.1002329

Yang, Z., and Li, Y. (2018). Dissection of RNAi-based antiviral immunity in
plants. Curr. Opin. Virol. 32, 88-99. doi: 10.1016/j.coviro.2018.08.003

Frontiers in Microbiology

13

10.3389/fmicb.2022.964156

Zarreen, F., and Chakraborty, S. (2020). Epigenetic regulation of geminivirus
pathogenesis: A case of relentless recalibration of defence responses in plants.
J. Exp. Bot. 71, 6890-6906. doi: 10.1093/jxb/eraa406

Zhang, C. W, Liu, Q., Zeng, Q., Huang, W. T., Wang, Q., and Cheng, Y. Q.
(2020). p24G1 encoded by grapevine leafroll-associated virus 1 suppresses RNA
silencing and elicits hypersensitive response-like necrosis in Nicotiana species.
Viruses 12:1111. doi: 10.3390/v12101111

Zhang, X., Yuan, Y. R, Pei, Y, Lin, S. S., Tuschl, T., Patel, D. J., et al
(2006). Cucumber mosaic virus-encoded 2b suppressor inhibits Arabidopsis
ARGONAUTEI cleavage activity to counter plant defense. Genes Dev. 20, 3255—
3268. doi: 10.1101/gad.1495506

Zhao, J. H., and Guo, H. S. (2022). RNA silencing: From discovery and
elucidation to application and perspectives. J. Integr. Plant Biol. 64, 476-498.
doi: 10.1111/jipb.13213

Zhao, J. H., Hua, C. L., Fang, Y. Y., and Guo, H. S. (2016). The dual edge of RNA
silencing suppressors in the virus-host interactions. Curr. Opin. Virol. 17, 39-44.
doi: 10.1016/j.coviro.2015.12.002

Zhao, J. H., Liu, X. L, Fang, Y. Y., Fang, R. X,, and Guo, H. S. (2018). CMV2b-
dependent regulation of host defense pathways in the context of viral infection.
Viruses 10:618. doi: 10.3390/v10110618

Zhao, L., Che, X., Wang, Z., Zhou, X,, and Xie, Y. (2022a). Functional
characterization of replication-associated proteins encoded by alphasatellites
identified in Yunnan province. China. Viruses 14:222. doi: 10.3390/v14020222

Zhao, S., Chen, G., Kong, X., Chen, N., and Wu, X. (2022b). BmNPV p35
reduces the accumulation of virus-derived siRNAs and hinders the function of
siRNAs to facilitate viral infection. Front Immunol. 13:845268. doi: 10.3389/
fimmu.2022.845268

Zheng, L., Zhang, C., Shi, C,, Yang, Z., Wang, Y., Zhou, T,, et al. (2017). Rice
stripe virus NS3 protein regulates primary miRNA processing through association
with the miRNA biogenesis factor OsDRB1 and facilitates virus infection in rice.
PLoS Pathog. 13:€1006662. doi: 10.1371/journal.ppat.1006662

Zhong, X., Wang, Z. Q., Xiao, R., Cao, L., Wang, Y., Xie, Y., et al. (2017a). Mimic
phosphorylation of a BC1 protein encoded by TYLCCNB impairs its functions
as a viral suppressor of RNA silencing and a symptom determinant. J. Virol. 91,
€300-e317. doi: 10.1128/JVI1.00300-17

Zhong, X., Wang, Z. Q,, Xiao, R,, Wang, Y., Xie, Y., and Zhou, X. (2017b).
iTRAQ analysis of the tobacco leaf proteome reveals that RNA-directed DNA
methylation (RdDM) has important roles in defense against geminivirus-
betasatellite infection. J. Proteomics 152, 88-101. doi: 10.1016/j.jprot.2016.1
0.015

Zhou, X. (2021). Hijack to escape: A geminivirus seizes a host imprinted E3
ligase to escape epigenetic repression. Sci. China Life Sci. 64, 323-325. doi: 10.1007/
s11427-020-1829-4

frontiersin.org


https://doi.org/10.3389/fmicb.2022.964156
https://doi.org/10.1105/tpc.10.6.937
https://doi.org/10.1105/tpc.10.6.937
https://doi.org/10.1093/emboj/cdf312
https://doi.org/10.1093/emboj/cdf312
https://doi.org/10.1007/978-3-642-37765-5_6
https://doi.org/10.1007/978-3-642-37765-5_6
https://doi.org/10.1007/s00299-019-02414-0
https://doi.org/10.1007/s00299-019-02414-0
https://doi.org/10.1016/j.chom.2021.07.003
https://doi.org/10.1016/j.chom.2021.07.003
https://doi.org/10.3390/v12121452
https://doi.org/10.3390/v12121452
https://doi.org/10.1128/JVI.01696-08
https://doi.org/10.1128/JVI.01696-08
https://doi.org/10.1016/j.virol.2009.01.045
https://doi.org/10.1111/mpp.12051
https://doi.org/10.1016/j.virol.2020.04.003
https://doi.org/10.1016/j.virol.2016.07.024
https://doi.org/10.1016/j.virol.2016.07.024
https://doi.org/10.1371/journal.ppat.1002329
https://doi.org/10.1016/j.coviro.2018.08.003
https://doi.org/10.1093/jxb/eraa406
https://doi.org/10.3390/v12101111
https://doi.org/10.1101/gad.1495506
https://doi.org/10.1111/jipb.13213
https://doi.org/10.1016/j.coviro.2015.12.002
https://doi.org/10.3390/v10110618
https://doi.org/10.3390/v14020222
https://doi.org/10.3389/fimmu.2022.845268
https://doi.org/10.3389/fimmu.2022.845268
https://doi.org/10.1371/journal.ppat.1006662
https://doi.org/10.1128/JVI.00300-17
https://doi.org/10.1016/j.jprot.2016.10.015
https://doi.org/10.1016/j.jprot.2016.10.015
https://doi.org/10.1007/s11427-020-1829-4
https://doi.org/10.1007/s11427-020-1829-4
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

	P25 and P37 proteins encoded by firespike leafroll-associated virus are viral suppressors of RNA silencing
	Introduction
	Materials and methods
	Plant materials
	Subcellular localization analysis of FLRaV P25 and P37
	PTGS suppression analysis of FLRaV P25 and P37
	TGS suppression analysis of FLRaV P25 and P37
	RNA extraction and quantitative real time PCR analysis
	Protein extraction and western blot analysis
	Genomic DNA extraction and chop-PCR analysis
	Statistical analysis

	Results
	Subcellular localization of P25 and P37 proteins of FLRaV
	FLRaV P25 and P37 function as suppressors of PTGS of GFP
	FLRaV P25 and P37 suppress the PTGS mainly in a sense RNA manner

	FLRaV P25 functions as a suppressor of TGS of GFP
	FLRaV P25 aggravates the disease symptom and viral titer of PVX in N. benthamiana

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


