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Abstract: V2 proteins encoded by some whitefly-transmitted geminiviruses were reported to be
functionally important proteins. However, the functions of the V2 protein of tobacco curly shoot
virus (TbCSV), a monopartite begomovirus that causes leaf curl disease on tomato and tobacco in
China, remains to be characterized. In our report, an Agrobacterium infiltration-mediated transient
expression assay indicated that TbCSV V2 can suppress local and systemic RNA silencing and the
deletion analyses demonstrated that the amino acid region 1-92 of V2, including the five predicted
a-helices, are required for local RNA silencing suppression. Site-directed substitutions showed that
the conserved basic and ring-structured amino acids in TbCSV V2 are critical for its suppressor
activity. Potato virus X-mediated heteroexpression of TbCSV V2 in Nicotiana benthamiana induced
hypersensitive response-like (HR-like) cell death and systemic necrosis in a manner independent
of V2's suppressor activity. Furthermore, TbCSV infectious clone mutant with untranslated V2
protein (TbCSV py») could not induce visual symptoms, and coinfection with betasatellite (TbCSB)
could obviously elevate the viral accumulation and symptom development. Interestingly, symptom
recovery occurred at 15 days postinoculation (dpi) and onward in TbCSV py, / TbCSB-inoculated
plants. The presented work contributes to understanding the RNA silencing suppression activity
of TbCSV V2 and extends our knowledge of the multifunctional role of begomovirus-encoded V2
proteins during viral infections.
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1. Introduction

RNA silencing is a highly conserved mechanism that plays important roles in endoge-
nous gene regulation and primary antiviral response in eukaryotes [1,2]. To counter plant
virus infection, Dicer-like (DCL) proteins of host recognize the double-stranded (ds) RNA
molecular structures such as viral replication intermediates or structured viral RNAs, which
are subsequently cleaved into small interfering RNAs (siRNAs) with 21-24 nucleotide
(nt) in length and are referred to as virus-derived siRNAs (vsiRNAs) [3,4]. Then, one
strand of the double-stranded siRNA is integrated into the argonaute (AGO)-containing
RNA-induced silencing complex (RISC) for degradation of cognate RNA molecules, such as
the vsiRNA-deriving virus or the endogenous RNA with sequence complementation [5-7].
During the arms race between viruses and hosts, at least one viral suppressor of RNA
silencing (VSR) was evolved by most of the known viruses [8-10]. These VSRs can target
diverse steps of RNA silencing through different mechanisms to suppress antiviral defense
of plant hosts [11-15].

An increasing number of reports have revealed that special sequence motifs or amino
acids of some VSRs play crucial roles in active RNA silencing suppression. The suppressors
pl of sweet potato mild mottle virus (SPMMYV) and p0 of potato leafroll virus (PLRV)
contain GW /WG motifs that were reported to be crucial for AGO1 targeting and ultimately
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RNA silencing suppression [16,17]. P21 encoded by beet yellows virus (BYV) can bind
siRNA in vitro, and the arginine at the position of 90 (R90), R130 and polar residue T149
were presumed to be important for RNA binding based on the crystal structure analysis [18].
The R2 and R86 located in the putative RNA binding inner surface of grapevine leaf roll
associated virus-2 (GLRaV-2) p24 are necessary for the suppressor activity [19]. The
asparagine residue in the FRNK box of Hc-Pro encoded by papaya ringspot virus is critical
for its function to bind small RNA and suppress PTGS [20].

Plant-infecting geminiviruses with circular single-stranded DNA (ssDNA) genome
are important causal agents of various viral diseases worldwide, which lead to extensive
agriculture production losses, especially in tropical and subtropical regions [21]. Gemi-
niviruses were classified into nine genera; among them, Begomovirus is the largest genus,
with more than 400 members [22]. Partial begomoviruses only comprise one circular
ssDNA as genome, named monopartite begomoviruses, and a circular ssDNA satellite
molecule was selectively associated with them for infection [21,23]. Six proteins (V1 and
V2 from the viral strand, and C1, C2, C3 and C4 from the complementary strand) are
encoded by circular genomic DNA and at least one protein named 3C1 can be encoded by
the satellite DNA [24,25]. Increasing evidence unraveling the pathogenicity mechanisms
recruited by viral proteins of begomoviruses with (such as tomato yellow leaf curl China
virus and the betasatellite complex, TYLCCNV /TYLCCNB) or without satellite (such as
tomato yellow leaf curly virus, TYLCV) for successful infections has been reported in the
last several decades [26-30]. For tobacco curly shoot virus (TbCSV), some isolates in the
field are associated with a betasatellite ((tobacco curly shoot betasatellite, TbCSB), and
coinfection with TbCSB can intensify symptom severity in tobacco hosts. However, the
knowledge on the function of viral proteins encoded by TbCSV is limited [31-33].

To our knowledge, independent studies have identified that V2, C1, C2, C4/AC4 and
BC1 encoded by different geminiviruses can suppress PTGS and/or TGS [31,32,34-40].
Besides, previous reports have shown that V2 proteins encoded by begomoviruses with
or without betasatellite have diverse functions for infection. TYLCV and cotton leaf curl
Kokhran virus (CLCuKoV) encoded V2 proteins were reported to be involved in viral
movement, and loss-of-function of CLCuKoV V2 led to significant decrease of viral accumu-
lation and symptomless phenotype on inoculated plants [41-43]. As reported previously,
the most common characteristics of V2 are hypersensitive response (HR) induction and
RNA silencing suppression. Potato virus X (PVX) mediated heterologous expression of
V2 encoded by papaya leaf curl virus (PaLCuV), tomato leaf curl Java virus-A (ToLCJV-
A[ID]) or CLCuKoV can induce a hypersensitive response [44,45]. V2 proteins encoded
by TYLCV and some other begomoviruses were reported to function as suppressors of
PTGS and/or TGS [44,46-51]. Nevertheless, the RNA-silencing suppressor activity of V2
was virus-specific. V2 encoded by watermelon chlorotic stunt virus (WmCSV), a bipar-
tite begomovirus, was unable to suppress exogenous GFP-induced RNA silencing [48].
A previous report showed that the C2 and C4 proteins of TbCSV are VSRs; however, it
is still unknown if TbCSV V2 could also be a functionally diverse VSR and function in
viral pathogenicity [32]. In addition, if the HR-like response induced by PVX-mediated
expression of V2 associated with V2's suppressor activity remains to be investigated.

In this study, we showed that TbCSV V2 can suppress positive-sense GFP RNA-
induced local and systemic RNA silencing, and the conserved amino acid region 1-92,
which contains five predicted «-helices, is required for VSR activity of V2. Site-directed
mutagenesis showed that basic and ring-structured amino acids located in the conserved
region (aa 1-92) of V2 are crucial for RNA silencing suppression. Notably, R17 and R43,
which may be involved in RNA binding and V2's self-interaction, respectively, are crucial
for suppressor activity of V2. We also found that PVX-mediated expression of TbCSV V2
can induce HR and systemic necrosis in N. benthamiana, and this function is independent
of the VSR activity of V2. The TbCSV mutant with loss-of-function of V2 (TbCSV ay»)
failed to induce any visible symptom throughout the infection stage, and the accumulation
of mutant virus was decreased significantly. Coinfection of TbCSV sy, with betasatellite
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(TbCSB) could obviously elevate the viral accumulation and induce symptom at the early
infection stage, whereas the symptom recovery on the systemically infected leaves occurred
over time.

2. Results
2.1. TbCSV V2 Inhibited Both Local and Systemic RNA Silencing Triggered by Positive-Sense
GFP RNA

Previous reports showed that V2 encoded by some other genimiviruses function as
VSRs [44,51,52]. However, besides TbCSV C2 and C4 proteins whose suppressor activities
have been reported, if the V2 protein encoded by TbCSV is the third VSR remains to be
determined. In this study, the coding sequence of TbCSV V2 was cloned into the binary
vector pGD (pGD-V2) and subjected to Agrobacterium co-infiltration assay with pGD-
GFP, as described previously, to test its suppression activity [19,53]. Wild-type Nicotiana
benthamiana leaf patches agroinfiltrated with pGD-V2/pGD-GFP showed obvious GFP
fluorescence at 3 days post-agroinfiltration (dpa), with less intensity of the fluorescence than
that emanated from the leaf patches co-infiltrated with p19 encoded by tomato bushy stunt
virus (TBSV) and GFP (pGD-p19/pGD-GFP), the positive control (Figure 1A). In contrast,
there was hardly any GFP fluorescence detected in leaf patches of negative control plants
co-infiltrated with pGD-GFP and the empty vector pGD (Figure 1A). Furthermore, the
infiltrated leaf patches were subjected to northern blot and western blot analyses to quantify
the accumulations of GFP mRNA and protein, and the results showed significantly more
GFP mRNA and protein accumulations in pGD-V2/pGD-GFP or pGD-p19/pGD-GFP
infiltrated leaf patches than that in the negative control, which were in agreement with the
fluorescence levels observed (Figure 1B,C). The results demonstrated that TbCSV V2 can
inhibit local RNA silencing triggered by positive-sense GFP RNA.

To further determine whether V2 could suppress systemic RNA silencing, Agrobac-
terium co-infiltration assay was performed as described above on GFP-expressing transgenic
N. benthamiana line 16¢c. At 10 dpa, for 10 of the 12 plants infiltrated with pGD/pGD-GFP,
GFP fluorescence began to exhibit loss along the vein of the upper non-infiltrated leaves.
In contrast, in 10 of 12 plants treated with pGD-V2/pGD-GFP and all 12 treated plants
with pGD-p19/pGD-GEFP, the non-infiltrated upper leaves retained green fluorescence
at this time point. At 20 dpa, 8 plants infiltrated with pGD-V2/pGD-GFP and 2 plants
infiltrated with pGD/pGD-GFP retained GFP fluorescence, respectively, whereas all the
positive control plants retained GFP fluorescence (Figure 1D). These results suggested that
TbCSV V2 can suppress systemic RNA silencing triggered by positive-sense GFP RNA
with a lower activity than the strong VSR p19.

2.2. Residues 1-92 Are Necessary for VSR Activity of V2

Protein sequence analyses (http://www.ebi.ac.uk/interpro/) showed that a “Gen-
imi_V2” (amino acids 1-78, aa 1-78) domain and a “WCCH” (aa 79-102) motif are contained
in V2 (115 amino acids). Secondary structure analysis (http://bioinf.cs.ucl.ac.uk/psipred/)
predicted that V2 possesses six o-helices (aa 13-31, aa 37-50, aa 55-56, aa 73-75, aa 91-92
and aa 103-107) (Figure S1). Based on the results of the analyses, six V2 truncated mutants—
V2 (1-110), V2 (1-100), V2 (1-92), V2 (1-90), V2 (16-115) and V2 (6-115)—were expressed by
pGD vector. These V2 mutants were subjected to agroinfiltration assay to determine their
activities on suppressing local RNA silencing, and pGD-V2 and pGD empty vector were
used as positive and negative controls, respectively. At 3 dpa, wild-type N. benthamiana leaf
patches coinfiltrated with V2 (1-92), V2 (1-100) or V2 (1-110) and pGD-GFP showed GFP
fluorescence, suggesting the retainment of RNA silencing suppression activity (Figure
2A). However, there was no GFP fluorescence detected in leaf patches of plants infiltrated
with V2 (1-90)/pGD-GFP, V2 (6-115)/pGD-GFP, V2 (16-115) /pGD-GFP or pGD/pGD-
GFP combinations (Figure 2A). In western blot assay, obviously higher levels of GFP
accumulation could be detected in leaf patches infiltrated with V2(1-110)/pGD-GFP, V2
(1-100)/pGD-GEFP, V2 (1-92) /pGD-GFP or V2/pGD-GFP constructs than that treated with
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V2 (1-90)/pGD-GFP, V2 (6-115)/pGD-GFP, V2 (16-115)/pGD-GFP or pGD/pGD-GFP
constructs, which were in agreement with the fluorescence observations (Figure 2B). Fur-
thermore, the multiple amino acid sequences alignment of V2 proteins encoded by TbCSV
and some other begomoviruses was performed, and a conserved amino acid region (aa
1-92) and a variable region (aa 93 to the end) among these V2 homologues were presented
(Figure S2). Interestingly, the predicted first five «-helices (aa 13-31, aa 37-50, aa 55-56, aa
73-75 and aa 91-92) were located in the conserved amino acid region of V2. These results
demonstrated that the phylogenetically conserved first 1-92 amino acid region of the V2
protein, which consists of five putative x-helices, is critical for the local RNA silencing
suppression activity.

GFP+

B pl9 pGD V2
. - - GFP mRNA

3 ! -
C
~ - anti-GFP
--- loading ol

Figure 1. Suppression of posttranscriptional gene silencing by tobacco curly shoot virus (TbCSV)
V2. (A) Suppression of gene silencing in wild-type Nicotiana benthamiana co-agroinfiltrated with
Agrobacterium strain containing pGD-GFP and a train containing pGD-V2. Co-infiltration with
pGD-GFP and pGD or pGD-p19 (expressing p19 protein encoded by TBSV) served as negative or
positive control, respectively. Photographs were taken at 3 days post-agroinfiltration (dpa) under
long-wavelength UV light. (B) Northern blot analysis of green fluorescent protein (GFP) mRNA
extracted from the agroinfiltrated leaf regions. Blots were hybridized with probes specific for GFP
mRNA. Ethidium-bromide-stained rRNA was used as an RNA loading control. (C) Western blot
analysis of the GFP protein accumulation in leaf patches with different treatment at 3 dpa. The
Coomassie-blue-stained gel served as a loading control. (D) TbCSV V2 suppresses systemic GFP
silencing triggered by GFP sense RNA. Representative images were taken at 20 dpa. The lower leaves
of 16¢ line N. benthamiana were co-infiltrated with Agrobacterium strain containing pGD-GFP and a
train containing the indicated construct, and the GFP fluorescence on the upper leaves were detected
at 20 dpa.

2.3. Basic and Ring-Structured Amino Acids Located in the Conserved Region Were Required for
V2 Suppressor Activity

Our present work suggested that the «-helices and conserved residues should con-
tribute to the VSR activity of V2 (Figure 2, Figure S2). Interestingly, previous reports
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revealed that basic residues located in «-helix regions of BYV p21 and GLRaV-2 p24 are
critical for RNA silencing suppression [18,19]. To determine whether the conserved basic
residues located in the first five «-helix regions are crucial for the RNA silencing suppres-
sion activity of V2, the basic residues in x-helix 1 (H14, R17), a-helix 2 (R43, R50), x-helix
3 (R60), a-helix 5 (R91 and H92) and two basic amino acids (K95 and K105) located in
the variable region (aa 93-115) were substituted with alanine (A) and subjected to agroin-
filtration assays. Wild-type V2 and pGD empty vector served as positive and negative
controls, respectively. The results showed that the mutant K95A and K105A could still
suppress the positive-sense GFP RNA-triggered local RNA silencing, indicated by the GFP
fluorescence similar to that detected on pGD-V2/pGD-GEFP infiltrated positive control
plants. In contrast, there was hardly any fluorescence detected on leaves co-expressed with
H14A,R17A, R43A, R50A, R60A, R91A or H92A and GFP, suggesting these mutants lost the
activity to suppress silencing of the exogenous GFP (Figure 3A). Western blot assays were
performed to examine the accumulation of GFP, and the blotting results were consistent
with the fluorescence observations that obviously decreased GFP protein accumulations
were detected in the leaves infiltrated with H14A, R17A, R43A, R50A, R60A, R91A and
H92A. In contrast, for K95A and K105A mutants, the GFP protein level was almost com-
parable with that in wt V2-infiltrated plants (Figure 3B). These results indicated that the
evolutionarily conserved basic residues located in o-helix regions are crucial for the RNA
silencing suppression activity of V2.

V2(1-90)

V2(1-92) V2(1-110)

V2(6-115) V2(16-115)

&
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loading control

Figure 2. Amino acid region required for V2 suppression of RNA silencing. (A) Examination of gene
silencing suppression in wild-type N. benthamiana leaves co-infiltrated with an Agrobacterium strain
containing pGD-GFP and a strain containing one of the truncated mutants of V2. Co-infiltration with
pGD-GFP and pGD or pGD-V2 served as negative and positive control, respectively. Photographs
were taken at 3 dpa. (B) Western blot analyses of the GFP protein accumulation in leaf patches with
different construct infiltrations at 3 dpa. The Coomassie-blue-stained gel served as loading control.



Int. ]. Mol. Sci. 2021, 22,923

6 of 20

R60A

S

\) =
AR R L
o o & W o8

~ ’ ~
Wb W W o ¥ v
BT T T S e

anti-Flag

loading
control

(Plus p19)

loading
control

anti-Flag

anti-
GFP
loading
control

loading
control

Figure 3. Silencing suppression activity of substitution mutants of V2. (A) Co-infiltration of wild-type N. benthamiana leaf
patches with pGD-GFP and one of the substitution mutants of V2 including H14, R17, R43, R50, R60, R91, H92, K95, K105,
F9, Y24, Y32, Y61 and F64. Co-infiltration with pGD-GFP and pGD or pGD-V2 served as negative and positive control,
respectively. Photographs were taken at 3 dpa. (B) Western blot analyses of the GFP protein accumulation in leaf patches

infiltrated with different constructs at 3 dpa. The Coomassie-blue-stained gel served as a loading control. (C) Northern blot

analysis of green fluorescent protein (GFP) mRNA extracted from the agroinfiltrated regions. Blots were hybridized with
probes specific for GFP mRNA. Ethidium-bromide-stained rRNA was used as an RNA loading control. (D) Western blot
analyses of the accumulation of flag-tagged V2 and V2 mutants. “Plus p19” indicates the presence of tomato bushy stunt

virus-encoded p19. The Coomassie-blue-stained gel served as loading control.

Ring-structured amino acids were reported to affect the VSR activity of melon aphid-
borne yellows virus (MABYV) p0 and GLRDV-2 p24 proteins with unknown precise
mechanism [19,54]. We generated five substitutions for amino acids with a ring-structured
side chain located in the conserved region (F9A, Y24A, Y32A, Y61A and F64A). Agroinfil-
tration assays were conducted to investigate the suppressor activity of these mutants, and
GFP fluorescence on leaves co-infiltrated with GFP and F9A, Y24A, Y32A, Y61A or F64A
were not easily detectable, suggesting that five mutants failed to suppress RNA silencing
(Figure 3A). Consistent with the results, Western blotting showed obviously decreased
levels of GFP protein accumulations in leaf patches co-infiltrated with GFP and F9A, Y24A,
Y32A, Y61A, F64A or pGD empty vector (Figure 3B). These results suggest that these five
conserved ring-structured amino acids at positions 9, 24, 32, 61 and 64 are crucial for the
RNA silencing suppression activity of V2.

Northern blot analysis was performed to determine the GFP mRNA accumulations in
leaf patches agroinfiltrated with V2 mutants (R17A, R43A, R91A, K95A, FO9A and Y24A).
Our results showed that obviously decreased GFP mRNA levels were detected in leaf
patches co-infiltrated with GFP and R17A, R43A, R91A, F9A, Y24A or pGD empty vector.
In contrast, for the K95A mutant, which retains the RNA silencing suppression activity, the
GFP mRNA level was comparable with that in the wt V2-infiltrated plant (Figure 3C).
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Seven V2 mutants were subjected to Western blot analyses for assessing the protein
accumulations. First, wt V2 and V2 mutants were tagged with a 3xFlag epitope at their
N-termini, and the effects of the tag on RNA silencing suppression activity of V2 were
investigated. Agroinfiltration assay indicated that 3xFlag-V2 can still suppress positive-
sense GFP RNA triggered gene silencing, although with decreased activity (Figure S3).
Subsequently, the protein accumulation levels of V2 mutant were examined at 3 dpa in the
presence or absence of TBSV p19. The protein accumulation levels of R43A and R91A were
lower than that of wt V2 in the absence of p19, whereas levels comparable with those of wt
V2 and K95A, a mutant that retains the suppressor activity, were reached in the presence of
p19 (Figure 3D). We noticed that the accumulation level of R91A increased markedly in the
presence of p19, which was even higher than that of wt V2. For V2 mutants R17A, FOA,
Y24A and Y61A, the protein accumulations were hardly detected in the absence of p19.
However, p19 can indeed increase the accumulation levels of these mutants (Figure 3D).
These results suggested that the decreased accumulations of V2 mutants can be attributed,
at least in part, to the robust RNA silencing mechanism.

2.4. Specific Amino Acids with Positive Charge or Those Required for V2 Self-Interaction Are
Critical for RNA Silencing Suppression

Similarly, we created mutations targeting basic or ring-structured amino acids by
substituting with isomorphic amino acids. Three basic amino acids (R17, R43 and R91)
and three amino acids with a ring-structured side chain (F9 with a benzene ring, Y24
and Y61 with phenol ring) located in conserved motifs were selected for further analyses.
We substituted the R17, R43 and R91 with lysine (K), another positively charged residue,
respectively. Similarly, we generated substitutions targeting F9, Y24 and Y61 with tyrosine
(Y), phenylalanine (F) and F, respectively. Agroinfiltration assays showed that leaves co-
infiltrated with GFP and R17K displayed weaker GFP fluorescence than that of leaves
co-infiltrated with pGD-GFP/pGD-V2. However, fluorescence in leaves co-infiltrated with
R43K, R91K, F9Y, Y24F or Y61F and GFP was not easily detectable (Figure 4A). Western
blotting confirmed the fluorescence observations results (Figure 4B). These results suggest
that basic residue R17 can be replaced by K, with attenuated RNA silencing suppression
activity. In contrast, R43, R91, F9, Y24 and Y61 could not be replaced by residues with
similar properties for recovering V2's suppressor activity.

A previous report revealed that the self-interaction of TYLCV V2 is associated with
its biological properties, including subcellular localization and pathogenicity [55]. In
our report, we generated a series of constructs expressing wt V2 (YFPN-V2 and YFPC-
V2) or V2 mutants (YFPC-V2(R17A), YFPC-V2(R43A), YFPC-V2(R91A), YFPC-V2(F9A),
YFPC-V2(Y24A), YFPC-V2(Y61A) and YFPC-V2(K105A)) for bimolecular fluorescence com-
plementation (BiFC) analyses. GFP fluorescence could be observed in YFPN-V2/YFPC-V2
co-expressed N. benthamiana cells, suggesting the self-interaction of TbCSV V2 in vivo
(Figure 5). In contrast, no fluorescence could be detected in YFPN-V2/YFPC pair expressed
cells. The lack of VSR activities could lead to decreased mRNA and protein accumulation
levels of V2 mutants because of the robust RNA silencing mechanism, and ultimately affect
the V2 mutants’ self-interactions [56]. To exclude this potential effect, we examined the
self-interaction between V2 mutants and wt V2 in N. benthamiana leaf epidermic cells by
BiFC. In this study, reconstitution of YFP fluorescence in N. benthamiana cells co-infiltrated
with YEPN-V2/YFPC-V2 (R17A), YEPN-V2/YFPC-V2 (R91A), YEPN-V2/YFPC-V2 (F9A),
YFPN-V2/YFPC-V2(Y24A), YFPN-V2/YFPC-V2(Y61A) and YFPN-V2/YFPC-V2(K105A)
could be observed, just as that shown in YEPN-V2 /YFPC-V2 co-expressed cells. However,
co-infiltration with YFPN-V2/YFPC-V2 (R43A) led to an obviously weaker YFP signal,
suggesting that the arginine (R) at the position 43 is critical for the self-interaction of V2 in
plants (Figure 5).
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Figure 4. Silencing suppression activity of V2 mutants substituted with isomorphic amino acids. (A)

Co-infiltration of wild-type N. benthamiana leaf patches with pGD-GFP and one of the substitution
mutants of V2 including R17K, R43K, R91K, F9Y, Y24F and Y61F. Co-infiltration with pGD-GFP and
pGD or pGD-V2 served as negative and positive control, respectively. Photographs were taken at 3
dpa. (B), Western blot analysis of the GFP protein accumulation in agroinfiltrated leaf patches with
different constructs at 3 dpa. The Coomassie-blue-stained gel served as a loading control.

Taken together, among the conserved basic or ring-structured amino acids that are nec-
essary for the VSR activity of V2, R17 is partially dependent on its positively charged prop-
erty, which might function in RNA binding during RNA silencing suppression, whereas
R43 is critical for self-interaction and RNA silencing suppression of TbCSV V2.

2.5. The Suppressor Activity of V2 Is Dispensable for Symptom Aggravation of Heterogenous PVX
Infection

Some reports showed that V2 proteins encoded by some geminiviruses could substan-
tially function in viral pathogenicity [43,55,57-59]. To investigate the role of V2 encoded
by TbCSV in virus infection, V2 coding sequence was inserted into and heteroexpressed
by potato virus X. The recombinant infectious clone named PVX-V2 was agroinfiltrated
into N. benthamiana at the six-leaf stage, and the hypersensitive response began to emerge
on the infiltrated leaves at 5 days postinoculation (dpi) (data not shown). At 9 dpi, the
cell death phenotype could be obviously observed on the whole infiltrated leaves, and
subsequently, the cell death extended to upper systemically infected leaves until systemic
necrosis occurred (Figure 6). In contrast, only chlorosis and mosaic phenotype could be
observed on the systemically infected leaves of PVX-inoculated control plants during
infection. Our results suggest that TbCSV V2 can exacerbate virus infection and induce cell
death response.

It has been reported that co-expression of PVX and RNA silencing suppressors, He-Pro
encoded by plum pox virus (PPV) or p19 encoded by tomato bushy stunt virus (TBSV), can
induce hypersensitive response-like necrosis of N. benthaniana leaves [60]. As a VSR, when
V2 was heterogenously expressed by PVX, the tissue necrosis could be induced (Figure 6).
Thus, it is necessary to determine whether the suppressor activity of V2 is responsible
for the severe symptom induction. For this purpose, the amino acid point mutants of V2,
including suppression activity retaining mutant V2-K95A and V2-K105A and inactivated
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V2-F9A, were used to be expressed by PVX. At 9 dpi, no visible necrosis phenotype could
be detected on PVX-V2(F9A)-, PVX-V2(K95A)- or PVX-V2(K105A)-infected N. benthamiana
plants, as that shown on PVX-GUS-inoculated negative control plants. At 11 dpi, systemic
necrosis occurred on the leaves of PVX-V2-, PVX-V2(F9A)- and PVX-V2(K95A)-infected
plants, whereas only mild local necrosis spots emerged on PVX-V2(K105A)-inoculated
plants. Furthermore, necrosis on some of the petioles and leaves developed for PVX-V2-,
PVX-V2(F9A)- and PVX-V2(K95A)-infected plants at 13 dpi. In contrast, there were still
only denser local necrosis spots and chlorosis on the upper leaves of PVX-V2(K105A)-
infected plants (Figure 6). These results indicated that the mutation of K105A attenuated
the activity of V2 to induce tissue necrosis when expressed by PVX. However, V2-FOA
and V2-K95A could both induce necrosis, although the V2-FOA mutant lost the RNA
silencing suppression activity, suggesting that the symptom aggravation activity of V2
does not depend on the suppressor activity. Furthermore, the relative accumulations of
PVX RNA in PVX-V2- or PVX-V2-mutant-inoculated plants compared with PVX-GUS-
inoculated plants were determined by RT-qPCR, and the results showed that the PVX RNA
accumulation levels were not significantly affected by V2's suppressor activity at 9, 11 and
13 dpi (Figure 54).

YFPN-V2+YFPC-V2 YFPN-V2+YFP€ YFPN-V2+YFPC-V2(R17A)

YFPN-V2+YFPC-V2(R43A) | YFPN-V2+YFP®=V2(R91A) YFPN-V2+YFPC-V2(F9A)

YFPN-V2+YFPC-V2(Y24A) | YFPN-V2+YFPC-V2(Y61A)

YFPN-V2+YFPC-V2(K105A)

Figure 5. Effects of amino acid substitutions on V2 self-interaction. Bimolecular fluorescence complementation (BiFC)

analyses of the interaction between wt V2 and V2 mutants in N. benthamiana. Different BiFC vector combinations were

co-agroinfiltrated into N. benthamiana leaves, respectively, and YFP fluorescence were detected at 3 days post-agroinfiltration
(dpa) at wavelength of 488 nm. Bars = 50 um.
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9 dpi 11 dpi 13 dpi

PVX-GUS

PVX-V2

PVX-V2(F9A) |

PVX-V2(K95A)

PVX-V2(K105A)

Figure 6. Symptom aggravation induced by V2-expressing PVX is independent of the RNA silencing
suppression activity of V2. Symptoms induced by chimeric PVX expressing wt V2 or V2 mutants.
PVX expressing partial B-glucuronidase (GUS) gene served as control. PVX-V2, PVX-GUS, PVX-
V2(F9A), PVX-V2(K95A) and PVX-V2(K105A) were inoculated into N. benthamiana respectively at the
six-leaf stage, and symptom images were taken at 9, 11 and 13 days post inoculation (dpi). Scale bar,
3 cm.

Taken together, PVX-mediated heterogenous expression of TbCSV V2 can aggravate
the symptoms, ultimately leading to systemic necrosis of infected N. benthamiana plants,
and this function of V2 is independent of its suppressor activity as well as the increased
accumulation of PVX.

2.6. V2 Is Critical for ToCSV Infection and Symptom Development

To further reveal the functions of V2 on TbCSV infection, viral mutant infectious clone
with untranslated V2 (designated as TbCSV py7) was constructed by changing the start codon
of ATG to ATC. Subsequently, TbCSV, TbCSV py,, TbCSV associated with DNAf satellite
(TbCSV /TbCSB) and TbCSV py, / TbCSB were inoculated into wild-type N. benthamiana plants
using the method previously reported, and inoculation with buffer (mock) served as a
control [33]. At 5 dpi, an obvious downward curling phenotype of the upper leaves emerged
on TbCSV-inoculated plants, and the symptoms including leaf curling and shrinking became
more obvious over time (Figure 7A). The symptoms could be observed on 80 percent plants
inoculated by TbCSV at 14 dpi. In contrast, TbCSV py; failed to induce visible symptoms
for all the inoculated plants until 20 dpi, as that shown on mock-inoculated control plants
(Figure 7A,B). For TbCSV /TbCSB inoculation, disease symptoms started to appear at 3 to
4 dpi, with about 90 percent of plants displaying typical symptoms at 8 to 10 dpi. For the
plants inoculated with TbCSV py, /TbCSB, leaf curling and mild shrinking could be observed
at 5 and 10 dpi. Interestingly, however, the symptom recovery occurred at 15 and 20 dpi, and
obviously less symptomatic plants could be observed (Figure 7A,B). We further determined
the virus accumulation levels in systemically infected leaves of these plants with different
inoculation treatments using quantitative PCR (qQPCR). As shown in Figure 7C, accumulation
of TbCSV was significantly lower in plants inoculated with TbCSV py, or TbCSV v, /TbCSB
than that detected in plants infected with wild-type TbCSV or TbCSV /TbCSB, respectively.
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In addition, we also noticed that coinfection with DNAf could elevate the accumulation of
TbCSV Ay at 5, 10 and 15 dpi. These results suggest that TbCSV V2 can function as a positive
regulator of TbCSV infection.

A mock TbCSV .y, TbCSV TbCSV/TbCSB TbCSV .1,/ TbCSB

10 dpi

15 dpi

20 dpi

¢ 4
B 120 =t=Mock
=#=TbCSV/TbCSB
=#=TbhCSVAV2/TbCSB
=@=TbCSV
=+=TbCSVAV2

00 -

Symptomatic palnts (%)

1 4 7 10 13 16
Days post inoculation (dpi)

6.5%10'" 4

6ox00] I rocsv
sswo0] [ oCsvavz
50x10°d ] TbCSv+TbCSB

4510 [ ToCSVAV2+TbCSB
4.0x10'
3.5%10° 4

_

2.0x10'° 4
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5dpi 10dpi 15dpi 20dpi

Figure 7. Disease symptoms and virus accumulations in the TbCSV-, TbCSV py;-, TbCSV /TbCSB- or TbCSV py» / TbCSB-
infected N. benthamiana plants. (A) Symptoms induced by TbCSV-, TbCSV py,-, TbCSV /TbCSB- or TbCSV py, /TbCSB
inoculations at 5, 10, 15 and 20 days postinoculation (dpi). Buffer inoculation (mock) served as a negative control. Scale bar,
3 cm. (B) The incidence of appearance of abnormal phenotypes on the upper leaves at different time points. (C) Accumulation
of TbCSV DNA in systemically infected leaves of TbCSV-, TbCSV py;-, TbCSV /TbCSB- or TbCSV pv, / TbCSB-inoculated
N. benthamiana plants at different time points. Quantitative PCR analyses of TbCSV copy numbers in systemically infected
leaves at 5, 10, 15 and 20 dpi. The experiments were conducted three times independently, and at least three technical
replicates were used each time. Error bars represented the means + SE. Significant differences were indicated using Student’s
t test: ** indicates p < 0.01, * indicates p < 0.05, “ns” indicates no significant difference. N. benthamiana 25S ribosomal RNA
was used as the internal control.
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3. Discussion

RNA silencing is a conserved antiviral immune mechanism of plants, and encoding
one or more RNA silencing suppressors to counter this defense mechanism is a usual
strategy recruited by viruses for successful infections [1,61]. In this study, canonical
Agrobacterium co-infiltration assays were performed to show that TbCSV V2 can suppress
positive-sense GFP RNA-induced local and systemic RNA silencing (Figure 1). V2 encoded
by TYLCV (without a satellite for infection) has been reported to be a suppressor of TGS
and local PTGS, whereas it can only delay rather than block systemic gene silencing com-
pletely [46—48]. It has been reported that TYLCCNYV (with a satellite for infection) encoded
V2 protein can suppress local and systemic PTGS, while V2-encoding TYLCCNYV infection
alone was found to be ineffective for TGS suppression, although whether TYLCCNV V2
itself could inhibit TGS had not yet been investigated [51,62]. We analyzed the amino acid
sequences homology of TbCSV V2 and other monopartite begomoviruses encoded V2
proteins whose suppressor activities have been investigated, including proteins derived
from TYLCV, TYLCCNY, cotton leaf curl Multan virus (CLCuMuV), CLCuKoV, ToLCJV,
ageratum yellow vein virus (AYVV) and WmCSV. The results showed that, except for
the high sequence similarity between V2 proteins encoded by TbCSV and CLCuKoV
(93.9%), the sequences similarity between TbCSV V2 and other V2 proteins is from 70.4% to
76.5% (Table S1). Previous report showed that CLCuKoV V2 could not suppress TGS [63].
However, whether TbCSV V2 can suppress TGS needs to be experimentally investigated.

As reported previously on the mechanisms exploited by various VSRs, binding of
ds-siRNA is a general strategy for countering antiviral RNA silencing [64—66]. For bego-
moviruses, TYLCV-Is-encoded V2 can bind dsRNA in vitro [67]. Prokaryotic expressed
and purified V2 protein of CLCuMuV can preferentially bind double-stranded long RNAs,
whereas it failed to bind single-stranded or double-stranded siRNAs [50]. TYLCCNV V2
was reported to bind 21- and 24-nt siRNA duplexes and 24-nt ss-siRNA in electrophoresis
mobility shift assays [51]. In our report, the predicted «-helices are required for the RNA
silencing suppression activity of TbCSV V2 (Figure 2). It has been reported that tomato
aspermy virus 2b adopts the «-helix structures to bind and monitor the preferential size of
siRNA duplex for selectively sequestering [68]. The a-helices and the inner basic amino
acids of BYV p21 are responsible for functional RNA binding surface formation [18]. No-
tably, substitution of the conserved basic amino acids R17 with nonpolar alanine abolished
the RNA silencing suppression activity of V2, whereas with positively charged lysine (K),
VSR activity was partially recovered (Figure 3). These results suggested that RNAs binding
may be one of the strategies used by TbCSV V2 to suppress RNA silencing; however, the
long or small RNAs binding activity and the binding preference of strand forms have yet
to be further investigated.

Previous reports showed a usual but not inevitable phenotype: ectopic expression of
geminiviruses-encoded V2 from a PVX-based vector accelerated local HR-like response and
systemic necrosis (SN) in N. benthamiana. For instance, the ability of geminiviruses-encoded
V2 protein to induce HR and SN has been reported for PaLCuV, CLCuMuV, Tomato leaf
curl Java virus-A (ToLCJV-A) and several others [44-46,50,51]. In contrast, expression of V2
encoded by EACMCV and ACMYV did not induce HR response in N. benthamiana [50,57].
In this study, PVX-mediated expression of TbCSV V2 can induce HR-like response and SN
phenotype in N. benthamiana (Figure 6). However, TbCSV infection alone or associated with
TBCSB did not induce visible cell death symptoms, and whether TbCSV C2 functioned in
this process as that described previously for PaLCuV needs to be determined [45]. When
TbCSV V2 was transiently expressed by a noninfectious binary vector pGD, there was no
HR response phenotype observed on the infiltrated leaf patches. It has been reported that
PVX-mediated expression of some VSRs could induce HR and SN responses for which PVX
P25 is a main determinant [60]. However, the expression of C4 protein, a VSR encoded
by malvastrum yellow vein virus, can not induce HR-like cell death [38]. Interestingly,
TbCSV V2 mutant with no suppressor activity retained the function to induce HR and SN
in N. benthamiana (Figure 6). Thus, the HR and SN induction ability should be an intrinsic
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function of TbCSV V2 for which the suppressor activity is dispensable. Furthermore, the
mechanisms underlying the cell death induction by TbCSV V2 and the absence of this
phenotype during TbCSV infection remain to be investigated.

In our report, infection with V2-mutated TbCSV (TbCSV py;) alone could not induce
any symptom on N. benthamiana, whereas coinfection with its satellite TbCSB could signifi-
cantly increase the virus accumulation and induce typical downward curling symptom
on upper new leaves at an early stage. However, the symptom was gradually recovered
over time, the leaf curling symptom disappeared and only mild leaf abnormality could be
observed at 20 dpi (Figure 7). In contrast, N. benthamiana plants infected with wild-type
TbCSV alone or TbCSV/TbCSB showed a steady increase in symptom severity during
the disease process. Symptom recovery is regarded as a virus exclusion phenomenon in
newly emerging leaves, which depends on the robust RNA silencing antiviral mechanism
in shoot apical meristems (SAM) [69,70]. During this process, the virus-infected plants can
develop obvious viral symptoms initially; however, the abnormal phenotypes are then
attenuated significantly or even disappear on the upper new leaves, and also the virus
accumulation also decreases [1,71]. VSRs are known to be exploited by most viruses to
counter RNA silencing defense of hosts for successful infections, such as CMV-encoded
2b and TRV 16K protein, which are responsible for SAM invasion by suppressing RNA
silencing [11,72-74]. Symptom recovery mechanisms have been investigated for some
geminiviruses. For instance, beet curly top virus (BCTV) infection could induce continuous
symptoms; however, L2- or L3-mutated virus-inoculated plants displayed a symptom re-
covery phenotype [75]. Further reports showed that AGO4, DRB3 and DCL3 are involved
in symptom remission in BCTV 51 p-infected Arabidopsis, and DNA methylation-mediated
TGS plays an important role in the recovery phenotype [76-78]. TbCSV V2 was shown
to be a suppressor of PTGS; whether V2-deficiency-induced symptom recovery closely
related to the loss-of-suppressor function of V2 remains to be determined. Furthermore,
except for V2, C2 and C4 proteins encoded by TbCSV and also fC1 encoded by TbCSB
have been confirmed to be suppressors of PTGS [31,32]. However, these three proteins
could not effectively complement the V2 function for virus accumulation and induction of
continuous symptoms. Thus, it is interesting to determine whether V2 and TbCSV encoded
other suppressors act at different infection stages or function with different manners for
RNA silencing suppression.

4. Materials and Methods
4.1. Plant Materials and Growth Conditions

Wild-type and GFP-transgenicléc line N. benthamiana plants were grown in a growth
room at 24 °C under a 16 h/8 h (light/dark) photoperiod cycle.

4.2. Plasmid Construction

To identify the RNA silencing suppression activity of TbCSV V2 by agroinfiltration
assay, the coding sequences of V2 were amplified from TbCSV-Y35 (GenBank No. AJ420318)
isolate infectious clone and inserted into the BglII-HindIII site of binary expression vector
pGD to produce pGD-V2 recombinant construct. The truncated derivatives of V2, including
V2 (1-90) (contains amino acids 1-90), V2 (1-92), V2 (1-100), V2 (1-110), V2 (6-115) and
V2 (16-115), were amplified using pGD-V2 as template and inserted into the BglII-HindIII
site of the pGD vector, respectively. To produce V2 substitution mutants, the V2 coding
sequence was inserted into pMD19-Tsimple vector and used as a template to amplify the
mutated V2 sequence by reverse PCR as described previously [19]. The V2 mutants H14A,
R17A, R43A, R50A, R60A, R91A, H92A, K95A, K105A, FOA, Y24A, Y32A, Y61A and F64A
were digested and cloned into the BglII-HindIII site of pGD.

To test the pathogenicity of TbCSV V2 or V2 mutants, the coding sequences were am-
plified from pGD-V2, pGD-V2-F9A, pGD-V2-K95A and pGD-V2-K105A, respectively, using
a primer pair (PVX-V2-F/PVX-V2-R) and subcloned into the Clal-Sall site of pGR106 [51].
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To examine the self-interaction of V2, the coding sequences were amplified from
pGD-V2 using primer pairs YFPN-V2-F/YFPN-V2-R and YFPC-V2-F/YFPC-V2-R, and
subcloned into N-terminus of YFP and C-terminus of YFP respectively. To examine the
self-interaction of V2 mutants, the coding sequences of V2 mutants were amplified from
pGD-V2-R17A, pGD-V2-R43A, pGD-V2-R91A, pGD-V2-F9A, pGD-V2-Y24A, pGD-V2-
Y61A and pGD-V2-K105A using primer pair YFPC-V2-F/YFPC-V2-R and cloned into
C-terminus of YFP, respectively.

To obtain TbCSV V2 mutant infections clone in which potential start codons of V2
were substituted, a construct including tandem 1 and 0.9 copy of TbCSV-Y35 clone was
used as the template for PCR. First, a fragment with mutations of the second ATG codon
of the first 1 copy and the first ATG codon of the second 0.9 copy was amplified using
AV2-F1/AV2-R1 primer pair. The product was extended using AV2-F2/AV2-R1 and AV2-
F3/AV2-R1 primer pairs in turn, to produce a fragment designated as P1 with an extension
at 5’ terminus overlapping with pBinPLUS vector. Primer pair AV2-F1/AV2-R2 was used
to amplify a fragment with mutation to another potential ATG codon of the second 0.9
copy. Subsequently, the products were extended by PCR, using AV2-F2/AV2-R2 and
AV2-F3/AV2-R2 primer pairs in turn to produce P2 fragment overlapping with P1 at 5’
terminus and with pBinPLUS vector at 3’ terminus. Eventually, P1 and P2 were inserted
into pBinPLUS vector that digested with BamHI-HindIIl enzymes, by the homologues
recombination method, to produce the TbCSVAV2 construct for further use.

4.3. Agroinfiltration and GFP Fluorescence Imaging

For local and systemic RNA silencing suppression activity identification, each plasmid
that needed to be tested was transformed into Agrobacterium tumefaciens GV3101, and
subsequent infiltration and fluorescence detecting were performed as described previ-
ously [19,79].

4.4. Western Blot Analyses

The protein extraction from N. benthamiana leaves and Western blot assay were per-
formed as described previously [38]. Briefly, total protein was extracted from infiltrated
N. benthamiana leaf patches using 2xSDS sample buffer and boiled at 100 °C for denatura-
tion. The protein samples were separated by 10% sodium dodecylsulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), and an anti-GFP polyclonal antibody (CWBIO, Beijing,
China) was used to probe the blots, and then incubating with a horseradish peroxidase
(HRP)-conjugated goat antirabbit IgG secondary antibody (CWBIO, Beijing, China). Finally,
GFP signal was detected with the Super ECL plus Western blotting kit according to the
manufacturer’s instructions (BIOGROUND, Chongqing, China).

4.5. RNA Extraction and Northern Blot Analyses

Total RNA was extracted from the agroinfiltrated leaf patches of N. benthamiana plants
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) as instructed by the manufacturer.
For accumulation levels analyses of GFP mRNA, probes were prepared using a PCR DIG
probe synthesis kit (Roche, Mannheim, Germany) using specific primers (Table S2). Total
RNAs were quantified and 15 pug of RNA samples were subjected to electrophoresis using
a 1.2% denaturing agarose gel; then, they were transferred to Hybond N+ nylon mem-
branes (GE Healthcare, Buckinghamshire, UK http://www.gelifesciences.com.cn/CNLS/
indexAction.action). The hybridization was performed using a DIG-High Prime DNA
labeling and detection starter kit II (Roche) according to the manufacturer’s instructions.
GFP mRNA signal was detected using the ChemiDoc™ Touch Imaging System (Bio-Rad,
Hercules, CA, USA).

4.6. BiFC Assay

Plasmids YFPN-V2, YFPC-V2, YFPC, YFPC-V2(R17A), YEPC-V2(R43A), YFPC-V2(R91A),
YFPC-V2(F9A), YFPC-V2(Y24A), YFPC-V2(Y61A) and YFPC-V2(K105A) were transformed
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into Agrobacterium tumefaciens strain GV3101, respectively. The cultured Agrobacterium cells
were resuspended in MMA buffer (10 mmol/L MES/NaOH, pH 5.6, 10 mmol/L MgCl,,
150 umol/L acetosyringone) to an OD600 of 0.5, and YFP split combinations were prepared
for coinfiltration. At 3 dpa, the fluorescence in agroinfiltrated leaves were detected under
a confocal laser scanning microscope (LSM780, Carl Zeiss, Oberkochen, Germany) at a
wavelength of 488 nm. Experiments were repeated three times.

4.7. gPCR and gRT-PCR Analysis

For quantitative analyses of PVX RNA accumulation, SYBR Green real-time RT-PCR
was performed using the reagent and method as described previously with the primer pair
qPVX-F/qPVX-R [33]. The expression level of the N. benthamiana 25S ribosomal RNA gene
(Accession no. KP824745) was examined with primer pair gNbrRNA-F/qNbrRNA-R and
used as the internal control (Table S2) [33,80,81]. The relative expression levels of target
genes were calculated using the 22T method [82].

To determine the accumulation of TbCSV, the standard curve for estimating the TbCSV
DNA copy number was established first. The full-length TbCSV sequence was inserted into
the pMD19-T vector to generate the pMD-TbCSV plasmid, followed by a tenfold serial dilu-
tion of the plasmid from 101 to 108, which were used as templates for gPCR with NovoStart
SYBR qPCR SuperMix Plus kit according to the manufacturer’s instructions (Novoprotein,
Shanghai, China), using primers specific to TbCSV V1 gene (qTbCSV-F/qTbCSV-R). An
optimal standard curve for TbCSV with a coefficient of regression R? = 0.990 was obtained
by optimizing the primer concentration in reactions. To calculate TbCSV copy number
based on the Ct values generated from qPCR assay, DNA was extracted from the upper
leaves of infected N. benthamiana plants using the CTAB method, and then was adjusted
to 50 ng before it was used as a template for qPCR. Three independent experiments were
conducted with at least three biological replicates for each treatment. The results shown
are the means from three individual experiments. Significant differences were indicated
using Student’s ¢ test: * indicates p < 0.05; ** indicates p < 0.01.

The constructs and primers used in this study are listed in Supplemental Table S2.

5. Conclusions

To better understand the function of TbCSV V2 during viral infection, in the present
study, the inoculation assay using TbCSV infectious clone mutant with untranslated V2
showed that V2 protein is critical for viral infection and continuous symptom development.
Agroinfiltration assays indicated that V2 can suppress local and systemic gene silencing.
Deletion and site-directed substitutions analyses demonstrated that the «-helix regions and
the conserved basic or ring-structured amino acids are critical for RNA silencing suppres-
sion activity of V2. Further analyses suggested that RNA binding and self-interaction of V2
may contribute to its suppressor activity. As that shown for some other homologues, TbCSV
V2 can also exacerbate the symptoms induced by PVX infection, and we first confirmed
that this function of V2 is independent of its suppressor activity.

Supplementary Materials: Supplementary materials can be found at https:/ /www.mdpi.com /1422
-0067/22/2/923/s1. Figure S1: The predicted secondary structure of TbCSV V2. The red asterisks
indicate the amino acids subjected to substitutions; Figure S2: The multiple alignments of the V2
protein sequences of several geminiviruses; Figure S3: Suppression of local silencing by flag tagged
TbCSV V2 protein. Figure S4: RT-qPCR analyses of PVX relative accumulation levels in V2 or V2
mutants expressed N. benthamiana plants at 9, 11 and 13 dpi. Each group contains 6 plants and these
experiments were repeated at least twice. Error bars represented the means+SE. N. benthamiana
255 rRNA gene was used as the internal control; Table S1. Homology of V2 proteins encoded by 8
geminiviruses; Supplemental Table S2. Constructs and primers used in this study.
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TbCSV  tobacco curly shoot virus

TbCSB  betasatellite of TbCSV

1Y% potato virus X

TBSV tomato bushy stunt virus

VSR viral suppressor of RNA silencing

dpi days postinoculation
dpa days postagroinfiltration
GFP green fluorescence protein
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