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ABSTRACT
The C3 protein of tobacco curly shoot virus (TbCSV), a possible evolutionary intermediate between truly monopartite begomovi-
ruses and those requiring satellite molecules for infectivity, has been identified as a viral replication enhancer (REn). However, 
the mechanisms underlying this enhancement are largely unknown. In this study, we generated two mutant infectious clones of 
TbCSV: one with a deletion of the 3′ end region of the C3 gene that does not overlap with C2 (TbCSVdC3) and another in which this 
region was replaced by a phylogenetically unrelated iLOV gene sequence (TbCSVdC3-iLOV). Our findings highlight the crucial role 
of the 3′ end region of C3 for viral DNA accumulation and further demonstrated that overexpression of TbCSV C3 protein in trans 
complements the functional deficiency of TbCSVdC3. Further analyses revealed the essential role of the C-terminal seven-amino 
acid motif from residues 123–129 of C3 in replication enhancement. Previous studies suggested that both intra- and intermolec-
ular interactions of C3/AC3 proteins encoded by some other geminiviruses are vital for their capacity to enhance replication. 
Interestingly, among the tested potential interactors, NbPOLA2, a subunit of DNA polymerase α, was confirmed to interact 
with C3 in yeast and in planta. Our findings indicated that NbPOLA2 positively regulates TbCSV replication and infection and 
that the seven-amino acid motif (residues 123–129) in C3 is required for recruiting NbPOLA2 to facilitate TbCSV replication by 
mediating the viral double-stranded DNA (dsDNA) replication intermediate synthesis. These findings contribute to our under-
standing of the mechanisms through which the C3 protein enhances TbCSV replication.

1   |   Introduction

Geminiviruses are a large family of plant viruses that cause 
severe diseases in numerous crops worldwide, particularly in 
tropical and subtropical regions, resulting in substantial agricul-
tural losses (Zhou 2013; Li, Qiao, et al. 2022). Members of the 

Geminiviridae family possess a circular single-stranded DNA 
(ssDNA) genome that is encapsidated within twinned icosa-
hedral particles (Hanley-Bowdoin et  al.  2013). Currently, this 
family is classified into 14 genera: Becurtovirus, Begomovirus, 
Capulavirus, Citlodavirus, Curtovirus, Eragrovirus, Grablovirus, 
Maldovirus, Mastrevirus, Mulcrilevirus, Opunvirus, Topilevirus, 
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Topocuvirus and Turncurtovirus, with Begomovirus being the 
largest genus comprising 445 members (https://​ictv.​global/​tax-
onomy). Begomoviruses are further classified into two groups: 
bipartite viruses, which possess two genomic components 
(DNA-A and DNA-B), and monopartite viruses, which contain a 
single genomic molecule (Rojas et al. 2005). With some monopar-
tite begomoviruses, a circular ssDNA satellite molecule is also 
required for successful infection (Yang et al. 2019; Zhou 2013). 
The DNA-A component of bipartite begomoviruses in the ‘Old 
World’ and the genome of monopartite begomoviruses were 
originally believed to encode six proteins (V1/AV1 and V2/AV2 
from the viral strand, and C1/AC1, C2/AC2, C3/AC3 and C4/
AC4 from the complementary strand) (Fondong 2013). Recently, 
several additional proteins have been identified, including 
V3, C5/AC5, C6 and C7 (Gong et  al. 2021; Gong et  al.  2022; 
Li et al. 2015; Li, Su, et al. 2021; Liu et al. 2023; Wang, Wang, 
et al. 2022). The DNA-B molecule of bipartite begomoviruses en-
codes two proteins, BV1 and BC1 (Fondong 2013). These viral 
proteins function in diverse cycle processes, such as viral repli-
cation, transcription, encapsidation, movement and pathogenic-
ity (Fondong 2013; Gong et al. 2022; Li, Su, et al. 2021).

Geminiviral replication occurs in the nuclei of infected plant 
cells, through rolling circle replication (RCR) or recombination-
dependent replication (RDR), using the host replication machin-
ery (Hanley-Bowdoin et  al.  2000; Jeske et  al.  2001). Notably, 
among all the viral proteins, only the C1/AC1 (replication as-
sociated protein, Rep) is reported to be indispensable for gemi-
niviral RCR, which functions in the initiation and elongation of 
replication and the release of newly synthesised viral genomes 
(Rizvi et  al.  2015; Hanley-Bowdoin et  al.  2013). Another viral 
protein, C3/AC3, acts as a replication enhancer (REn), and the 
null mutation of this protein results in decreased geminivi-
ral genome accumulation (Settlage et al. 2005; Sun et al. 2020; 
Pasumarthy et  al.  2011; Morris et  al.  1991). Previous reports 
have shown that the oligomerisation of C3/AC3 and the hetero-
oligomerisation of C3/AC3 with C1/AC1 are essential for the 
replication enhancement function in several begomoviruses, 
including tomato yellow leaf curl virus (TYLCV), tomato golden 
mosaic virus (TGMV) and bean golden mosaic virus (BGMV) 
(Settlage et  al.  2005; Settlage et  al.  1996). In addition, the in-
teractions between C3/AC3 and a few host factors, such as pro-
liferating cell nuclear antigen (PCNA), retinoblastoma-related 
protein (pRBR) and NAC domain-containing transcription fac-
tor, have been reported to contribute to its replication enhance-
ment activity (Selth et  al.  2005; Castillo et  al.  2003; Settlage 
et  al.  2001). Moreover, recent findings by Wu et  al.  (2021) re-
vealed that the subunits of host nuclear replicative DNA poly-
merases α (POLA2) and δ (POLD2) can be directly recruited 
by the C3 protein of TYLCV and function in viral replication. 
Previous studies on TYLCV and TGMV identified four critical 
domains in C3/AC3 proteins responsible for protein interactions 
with viral and host factors and proposed a C3 interaction model 
(Settlage et al. 2005). However, given the high variation in the 
amino acid sequences of geminiviral C3/AC3 proteins, the cru-
cial motifs in the C3 protein that have biological significance in 
its replication enhancement activity are worth investigating for 
different viruses.

Tobacco curly shoot virus (TbCSV), a member of the genus 
Begomovirus in the family Geminiviridae, is prevalent in 

southwest China, causing leaf curl disease on tobacco and to-
mato crops (Li et al. 2002; Xie et al. 2002). While a small pro-
portion of TbCSV isolates are associated with a β-satellite DNA 
molecule in the field, the DNAβ is dispensable for TbCSV infec-
tion (Li et al. 2005). As such, TbCSV is considered an evolution-
ary intermediate between the truly monopartite begomoviruses 
and those requiring a DNAβ for successful infection. Our pre-
vious research demonstrated that a mutation in the start codon 
of the TbCSV C3 open reading frame (ORF) reduced viral DNA 
accumulation, whereas it only slightly delayed the onset of viral 
symptoms (Sun et al. 2020). In this study, we illustrate that de-
letion or replacement of the 3′ end region of the TbCSV C3 gene, 
which does not overlap with the C2 gene sequence, significantly 
reduces viral accumulation and viral disease severity. Using a 
mutant infectious clone with obviously decreased infectivity, 
we further determined the nucleotide region 367–387 of the 
C3 gene, corresponding to amino acid residues 123–129, is in-
dispensable for the proviral function of C3 in enhancing viral 
replication. Protein interaction analysis revealed that the seven-
amino acid motif spanning residues 123–129 of TbCSV C3 is piv-
otal for mediating the interaction between C3 and NbPOLA2, a 
subunit of DNA polymerase α that facilitates TbCSV replication 
and infection.

2   |   Results

2.1   |   The 3' End Region of TbCSV C3 Gene 
Is Essential for Robust Viral Accumulation 
and Infection

In our previous study, we demonstrated that a C3 null mutant 
virus, TbCSV∆C3, lacking two potential start codons, led to a 
significant reduction in TbCSV DNA accumulation. However, 
it only caused a slight delay and attenuation in symptom ex-
pression in infected Nicotiana benthamiana plants (Sun 
et  al.  2020). Earlier reports showed that deletions of the 3′ 
end sequence in the AL3 gene of TGMV hampered viral DNA 
accumulation and notably altered the timing and severity of 
symptoms (Elmer et al. 1988; Settlage et al. 2005). To investi-
gate the functional significance of the 3′ end sequence of the 
TbCSV C3 gene, we constructed two mutant infectious clones: 
TbCSVdC3, lacking the 3′ end 144 nucleotides (from nucleotide 
262 to 405) that do not overlap with the C2-encoding region, 
and TbCSVdC3-iLOV, where the 3′ end sequence was replaced 
by an exogenous iLOV sequence (Figure  1a). Subsequently, 
TbCSVdC3 and TbCSVdC3-iLOV mutants were agroinoculated 
into N. benthamiana plants, with the inoculation of wild-type 
TbCSV serving as a control. As reported previously, N. ben-
thamiana plants infected with wild-type TbCSV exhibited 
a leaf curling phenotype in upper leaves as early as 5 days 
post-inoculation (dpi), with symptoms intensifying over time 
(Figure  1b). In contrast, plants infected with TbCSVdC3 and 
TbCSVdC3-iLOV mutants exhibited only mild curling of the up-
permost leaves, with no obvious abnormal developmental phe-
notype, even at 20 dpi (Figure 1b).

To assess systemic infection, we collected the upper new leaves 
from plants inoculated with TbCSV, TbCSVdC3 or TbCSVdC3-iLOV 
at 5 and 15 dpi and subjected to PCR detection of virus infec-
tions. Our results demonstrated that all three viruses could 
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systemically infect N. benthamiana plants (Figure 1c). However, 
quantitative PCR (qPCR) analysis revealed significantly lower 
viral DNA accumulation in plants inoculated with TbCSVdC3 
and TbCSVdC3-iLOV compared to wild-type TbCSV (Figure 1d). 
Taken together, these findings demonstrate that deletion or re-
placement of the 3′ end 144 nucleotides of the C3 gene (from 
nucleotide 262 to the end) impairs viral accumulation and 
infection.

2.2   |   Trans Expression of C3 Rescues the Infection 
Ability of TbCSVdC3 Mutant

In view of the similar functional deficiency of TbCSVdC3 and 
TbCSVdC3-iLOV mutants, TbCSVdC3 was selected for further in-
vestigations. The coding sequence of TbCSV C3 was inserted 
into the potato virus X (PVX) vector (PVX-C3) and co-inoculated 
with TbCSVdC3 into N. benthamiana plants. Co-infection with 

FIGURE 1    |    Deletion or replacement of the 3′ end region of the TbCSV C3 gene attenuates viral infection. (a) Schematic diagram of the TbCSV, 
TbCSVdC3 and TbCSVdC3-iLOV genomes. (b) Symptoms of Nicotiana benthamiana plants inoculated with TbCSV, TbCSVdC3 or TbCSVdC3-iLOV at 5, 10, 
15 and 20 days post-inoculation (dpi). The results were reproduced in three independent experiments using 12 plants per treatment. (c) Infection rate 
of TbCSV, TbCSVdC3 and TbCSVdC3-iLOV in inoculated N. benthamiana plants, determined by PCR detection of the virus in upper new leaves at 5 and 
15 dpi. Data are presented as the means from three independent experiments. Bars labelled with ‘n.s.’ indicate no significant difference (p > 0.05, t 
test). (d) Relative accumulation of TbCSV DNA in TbCSV-, TbCSVdC3- and TbCSVdC3-iLOV-inoculated N. benthamiana plants at 5, 10, 15 and 20 dpi. 
Four plants were analysed for each treatment, and three technical replicates were used for each biological sample. Error bars represent means ± SEM. 
Significant differences were determined using Student's t test, **p < 0.01. Nicotiana benthamiana 25S ribosomal RNA was used as the internal refer-
ence. The experiment was repeated three times with similar results.
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wild-type PVX and TbCSV or TbCSVdC3 served as control. 
At 7 dpi, downward curling of the upper new leaves could be 
readily observed in TbCSVdC3/PVX-C3 co-infected plants, as 
that shown in TbCSV/PVX-inoculated control plants. In con-
trast, except for the mosaic phenotype induced by PVX infec-
tion, there was no visible leaf curling symptom on TbCSVdC3/

PVX-infected plants (Figure  2a). qPCR analyses showed that 
the viral DNA in systemically infected leaves of TbCSVdC3/PVX-
C3 co-inoculated plants accumulated a similar level to that in 
TbCSV/PVX control, and accumulated approximately threefold 
higher than that in TbCSVdC3/PVX co-infected control plants 
(Figure 2c). Furthermore, the expression levels of the C3 gene 

FIGURE 2    |    Trans expression of C3 rescues the functional deficiency of TbCSVdC3 mutant. (a–c) TbCXV C3 systemically overexpressed by virus 
vector PVX facilitates TbCSVdC3 mutant infection. (a) Symptoms of Nicotiana benthamiana plants co-infected with TbCSV/PVX, TbCSVdC3/PVX or 
TbCSVdC3/PVX-C3 at 7 days post-inoculation (dpi). (b) Reverse transcription-quantitative PCR (RT-qPCR) analysis of the relative expression levels of 
C3. NbActin was used as the internal reference. (c) Relative accumulations of TbCSV DNA. (d, e) Complementation of TbCSVdC3 in C3-overexpressing 
transgenic N. benthamiana plants. (d) Symptoms induced by TbCSVdC3 infection on wild-type (Nb) and C3-overexpressing transgenic N. benthami-
ana plants (L2) at 7 and 14 dpi. (e) Relative accumulations of TbCSV DNA. In (c) and (e), N. benthamiana 25S ribosomal RNA was used as the internal 
reference. Total RNA and DNA were extracted from the upper systemically infected leaves and subjected to RT-qPCR (b) and qPCR (c, e). In (a) and 
(d), the results were reproduced in three independent experiments using 12 plants per treatment. In quantitative experiments, four plants were ana-
lysed for each treatment and three technical replicates were used for each biological sample. Error bars represent means ± SEM. The different letters 
above each bar in panels (b) and (c) indicates statistically significant differences as determined by one-way analysis of variance followed by Tukey's 
multiple test (p < 0.05). The ‘*’ above the bars in panel (e) indicates statistically significant differences as determined by Student's t test (p < 0.05).
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were determined by reverse transcription (RT)-qPCR, and our 
results showed more than 300-fold increase in C3 transcript lev-
els in PVX-C3-infected plants over that in PVX-infected controls 
(Figure 2b).

We have known that the viral accumulation of PVX can also 
be elevated when it was used to mediate TbCSV C3 overex-
pression (Sun et  al.  2020). To exclude the potential effects 
of differentially accumulated PVX on TbCSVdC3 infection, 
transgenic N. benthamiana plants stably expressing the 
TbCSV C3 gene were generated. The T2 generation plants 
derived from the C3-overexpressing line L2 were inoculated 
with TbCSVdC3, and the wild-type N. benthamiana plants 
served as control. Consistent with the PVX-mediated trans-
expression assay, more severe viral symptoms manifested on 
C3-expressing transgenic plants at 7 and 14 dpi (Figure  2d). 
Correspondingly, viral DNA accumulation levels increased 
approximately four- and eightfold in transgenic plants com-
pared to those in wild-type N. benthamiana plants at 7 and 14 
dpi, respectively (Figure 2e). High levels of C3 expression in 
transgenic plants were confirmed by RT-qPCR (Figure  S1). 
These findings demonstrate that the trans-expression of C3 
protein is able to complement the functional deficiency of the 
TbCSVdC3 mutant, which lacks the 3′ end region of the C3 gene 
and exhibits reduced virus accumulation in N. benthamiana 
plants.

2.3   |   The C-Terminal Amino Acid Motif From 
Residues 123 to 129 of TbCSV C3 Is Critical for Its 
Replication Enhancement Activity

Previous reports revealed that the C3 protein enhances 
TbCSV replication, prompting us to investigate whether the 
decreased accumulation of TbCSVdC3 can be attributed to the 
impaired virus replication, using a local infection assay as de-
scribed previously with minor modifications (Sun et al. 2020; 
Wu et  al.  2019; Wu et  al.  2021; Chang et  al.  2022). Briefly, 
the fully expanded N. benthamiana leaves were inoculated 
with wild-type TbCSV or TbCSVdC3 indivudually followed by 
agroinfiltration with a binary vector expressing TbCSV C3 
(pCV-C3) or an empty vector (pCV) at 2 dpi. At 3 days post-
agroinfiltration (dpai), the over-accumulation of the C3 tran-
script in TbCSVdC3/pCV-C3 infiltrated leaves was confirmed 
by RT-qPCR (Figure  3a). Compared to TbCSV/pCV control, 
qPCR analysis showed a decrease in viral DNA accumulation 
in TbCSVdC3/pCV infiltrated leaves by approximately 60%, in-
dicating impaired replication activity of TbCSVdC3. Notably, 
co-infiltration of TbCSVdC3 with pCV-C3 restored viral DNA 
accumulation levels comparable to the TbCSV/pCV controls 
(Figure 3b). These results indicate that deletion of the 3′ end 
144 nucleotides of TbCSV C3 impedes its REn activity, which 
can be complemented in trans by heterogeneously expressed 
C3 protein.

Our findings suggest that the 3′ end 144 nucleotides of C3 
(amino acids 88–134) are needed for its replication enhance-
ment activity. To further precisely delineate this critical re-
gion, a series of C3 truncated mutants expressed by the pCV 
vector, including C3(1–87) (reserved the amino acid region 
from residues 1 to 87 of C3), C3(1–94), C3(1–101), C3(1–108), 

C3(1–115), C3(1–122) and C3(1–129), were constructed and 
subjected to local infection assays accompanied by TbCSVdC3 
in N. benthamiana, as described earlier. The infiltrations of 
TbCSVdC3/C3 and TbCSVdC3/pCV empty vector served as pos-
itive and negative controls, respectively. At 3 dpai with pCV-
C3 or pCV-C3 mutants, the accumulation levels of viral DNA 
in infiltrated areas were determined by qPCR, and our results 
showed that only the C3(1–129) mutant successfully restored 
TbCSVdC3 accumulation to levels similar to the positive con-
trol (Figure  3c). In contrast, none of the other C3 mutants 
showed significant increases in viral DNA accumulation, as 
shown in TbCSVdC3/pCV negative control (Figure 3c). The 35S 
promoter-mediated transcription of the C3 gene and all the C3 
mutants was confirmed by RT-PCR (Figure S2a). Additionally, 
we examined the function of C3 mutants in the context of 
TbCSV∆C3 infection, a mutant virus with untranslated C3 
that was constructed and used in our previous report (Sun 
et al. 2020). Two C3 mutants, C3(1–122) and C3(1–129), were 
subjected to local infection analyses as mentioned earlier, and 
the results further validated the functional complementation 
of C3(1–129) to TbCSV∆C3 replication (Figure S3).

Next, co-infection assays with TbCSVdC3 and PVX vector ex-
pressing each of the C3 truncated mutants were performed, 
and the combinations TbCSVdC3/C3 and TbCSVdC3/PVX served 
as positive and negative controls, respectively. As shown in 
Figure 3d, at 7 dpi, only co-infection with TbCSVdC3 and C3(1–
129) induced an obvious downward curling phenotype on upper 
systemically infected leaves, mimicking the symptoms seen in 
positive control plants. In contrast, no visible abnormal growth 
phenotype was observed in other C3 truncated mutants or neg-
ative control N. benthamiana plants. Correspondingly, among 
all the C3 mutants, co-infection with PVX-C3(1–129) exclusively 
restored the viral DNA accumulation of TbCSVdC3 in upper new 
leaves of infected plants, similar to full-length C3-expressed 
positive control (Figure  3e). The transcription of the C3 gene 
and all the C3 mutants was confirmed by RT-PCR (Figure S2b). 
Together, these results suggest that the C-terminal amino acid 
region (residues 123–129) of C3 is critical for its replication en-
hancement activity.

2.4   |   The Amino Acid Motif (residues 123–129) 
of C3 Is Required for Effective Infection of TbCSV

To further determine the biological significance of the amino 
acid motif (residues 123–129) of C3 in TbCSV infection, we 
constructed a mutant infectious clone of TbCSV by deleting 
the coding sequence of the amino acids 123–129 of C3 from the 
viral genome (designated as TbCSV-C3(d123–129)). Subsequently, 
TbCSV and TbCSV-C3(d123–129) were agroinoculated into N. ben-
thamiana plants individually, with buffer inoculation (Mock) 
serving as a control. Symptoms and viral genomic DNA accu-
mulation were monitored at 7, 14 and 21 dpi. As expected, typi-
cal and gradually aggravating symptoms, including leaf curling 
and shrinking, were observed in TbCSV-infected plants. In con-
trast, TbCSV-C3(d123–129) infection only induced mild downward 
curling of the upper new leaves (Figure  4a). Correspondingly, 
qPCR analysis confirmed significantly lower viral accumula-
tion of TbCSV-C3(d123–129) compared to wild-type TbCSV in the 
systemically infected leaves (Figure 4b). Together, these results 
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FIGURE 3    |    The C-terminal 123–129 amino acids of TbCSV C3 protein are critical for its replication enhancement ability. (a, b) Transient expres-
sion of C3 elevated the replication level of TbCSVdC3. (a) Reverse transcription quantitative PCR analysis of the relative expression levels of C3 using 
NbActin as the internal reference. (b) Relative accumulations of TbCSV DNA. (c) Relative accumulations of TbCSV DNA in Nicotiana benthamiana 
leaves transiently expressing C3 or truncated C3 mutants. (d) Symptoms of N. benthamiana plants co-infected with TbCSVdC3 and PVX-C3 or trun-
cated C3 mutants. The results were reproduced in three independent experiments using 12 plants per treatment. (e) Relative accumulations of TbCSV 
DNA in infected N. benthamiana plants. N. benthamiana 25S ribosomal RNA was used as the internal reference in (b), (c) and (e). In quantitative 
experiments, four plants were analysed for each treatment, and three technical replicates were used for each biological sample. Error bars represent 
means ± SEM. The different letters above each bar in panels (a), (b), (c) and (e) indicate statistically significant differences as determined by one-way 
analysis of variance followed by Tukey's multiple test (p < 0.05).

FIGURE 4    |    The 123–129 amino acid residues of TbCSV C3 are required for viral DNA accumulation and symptoms development. (a) Symptoms 
of Nicotiana benthamiana plants infected with wild-type TbCSV and TbCSV(d123–129) mutant infectious clone at 7, 14 and 21 days post-inoculation 
(dpi). Mock-inoculated N. benthamiana plants served as controls. (b) Relative accumulation of TbCSV DNA. N. benthamiana 25S ribosomal RNA was 
used as the internal reference. The results were reproduced in three independent experiments using 12 plants per treatment. Error bars represent 
means ± SEM, and significant differences were indicated using Student's t test, **p < 0.01. These experiments were performed with three independent 
biological replicates with similar results.
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suggest that the amino acid motif from residues 123 to 129 of C3 
is crucial for facilitating viral accumulation and infection.

2.5   |   The Amino Acid Motif (residues 123–129) 
of C3 Is Required for Its Interaction With DNA 
Polymerase α

To uncover the mechanism underlying the biological impor-
tance of the C-terminal amino acid motif of C3, we investigated 
whether this region is involved in its functional characteristics, 
including the subcellular localisation and intra- and intermo-
lecular interactions. Given that geminiviruses replicate in the 
nuclei of host cells, the nuclear localisation of the C3 protein 
is considered essential for its replication enhancement activ-
ity. Thus, using agroinfiltration-mediated transient expression 
assays, we investigated the subcellular localisation of C3 and a 
C3 truncated mutant (1–122 amino acids [aa]), which expressed 
the amino acid residues from 1 to 122. Our results showed that 
C3-GFP exclusively localised in the nuclei of N. benthamiana 
leaf cells, and interestingly, deletion of the C-terminal region 
(residues 123–134) of C3 did not alter its subcellular localisation 
(Figure S4).

Previous research on begomoviruses has shown that the oligom-
erisation of C3/AC3, hetero-oligomerisation with C1/AC1 (AL1) 
and interactions with several host factors such as PCNA, pRBR 
and DNA polymerases α and δ are important for its replication 
enhancement activity (Settlage et al. 2001; Settlage et al. 1996; 
Settlage et al. 2005; Castillo et al. 2003; Wu et al. 2021). We hy-
pothesised that the C-terminal region of the C3 protein might 
mediate its interactions with both viral and host proteins. To test 
this, we first examined the self-interaction of TbCSV C3 protein, 
as well as its interaction with TbCSV C1, NbPCNA, NbpRBR, 
NbPOLA2 and NbPOLD2 proteins by yeast two-hybrid (Y2H) as-
says. Our results showed that only the yeast transformants with 
BK-C3 and AD-NbPOLA2 were able to grow on the selective me-
dium SD/−Trp−Leu−His−Ade (Figure 5a). The positive interac-
tions of TYLCV C3 with these factors in yeast cells suggest their 
proper expressions (Figure  S5). The protein interactions were 
further investigated by in planta bimolecular fluorescence com-
plementation (BiFC) and luciferase complementation imaging 
(LCI) assays. The TbCSV-encoded V2–V2 protein combination 
served as a positive control, whose self-interaction was verified 
in our previous report (Li, Li, et al. 2021). Of note, in BiFC exper-
iments, the reconstituted fluorescence could be observed in C3-
NbPOLA2 or C3-NbpRBR combinations expressed in leaf cells 
(Figures 5b and S6), whereas only the interaction between C3 
and NbPOLA2 could be confirmed by the LCI assay (Figure 5c). 
These results indicate that NbPOLA2, an important component 
of the host cellular DNA replication machinery, stably interacts 
with TbCSV C3 in yeast and in planta.

Considering the importance of the amino acid motif (residues 
123–129) of C3 for its replication enhancement activity, it is in-
triguing to know whether this region is critical for its interac-
tion with NbPOLA2. Interestingly, the Y2H analyses showed 
that yeast transformants harbouring BK-C3m1 (reserving the 
amino acid residues 1–129 of C3) and NbPOLA2 could grow 
on selection medium, while the mutant BK-C3m4 lacking the 
amino acids from 124 to 134 failed to interact with NbPOLA2 

(Figure 6a). It is worth mentioning that the motif (residues 123–
129) of the C3 protein is essential but not sufficient to mediate 
its interaction with NbPOLA2, because the C3(85–134) mutant 
failed to interact with NbPOLA2 in yeast (Figure 6a). To further 
clarify the biological importance of this seven-amino acid motif 
of C3 in its interaction with NbPOLA2, a C3 mutant in which 
the amino acids from 123 to 129 were substituted with seven al-
anines (C3(123–129A)) was constructed and subjected to BiFC 
and LCI assays. Notably, in both assays, no visible fluorescence 
or luciferase signal was detected in leaf tissue co-expressing 
NbPOLA2 and C3(123–129A), suggesting the abolishment of 
protein interaction (Figures  6b,c and S7). Taken together, the 
seven-amino acid motif from residues 123 to 129 of C3 is essen-
tial for its interaction with NbPOLA2.

2.6   |   NbPOLA2 Positively Regulates Systemic 
Infection of TbCSV

The biological significance of the seven-amino acid motif (resi-
dues 123–129) of C3 in its replication enhancement activity and its 
interaction with NbPOLA2 prompted us to investigate the effects 
of NbPOLA2 on TbCSV infection, by virus-induced gene silenc-
ing (VIGS) and overexpression assays. First, we overexpressed 
NbPOLA2 in N. benthamiana plants using a PVX vector; PVX-
GUS, harbouring the partial sequence of β-glucuronidase (gus) 
gene, served as a control. By 7 dpi, RT-qPCR analysis confirmed 
that the relative expression level of NbPOLA2 in PVX-NbPOLA2-
inoculated plants was increased by approximately 300-fold com-
pared to that in PVX-GUS-inoculated plants, while no obvious 
growth defects were observed in NbPOLA2-overexpressing 
N. benthamiana plants (Figure S8a,b). Subsequently, the effect of 
overexpressing NbPOLA2 on TbCSV infection was investigated. 
PVX-NbPOLA2- and PVX-GUS-infected N. benthamiana plants 
were inoculated with TbCSV at 5 dpi. At 7 dpi with TbCSV, 
PVX-NbPOLA2-inoculated plants exhibited a more pronounced 
downward curling phenotype of newly emerging leaves com-
pared to controls (Figure 7a). At 14 days after TbCSV inocula-
tion, PVX-NbPOLA2-infected plants showed more severe leaf 
curling and shrinking symptoms. qPCR analysis revealed that 
the accumulation of TbCSV DNA in NbPOLA2-overexpressing 
plants was significantly higher at both 7 and 14 dpi compared to 
control plants (Figure 7b). These results indicate that the over-
expression of NbPOLA2 facilitates TbCSV infection.

Next, we examined the effects of silencing NbPOLA2 on TbCSV 
infection. Because silencing of NbPOLA2 in N. benthamiana 
plants using the tobacco rattle virus (TRV)-based VIGS sys-
tem caused an intense local and systemic necrosis phenotype, 
the PVX vector was employed to perform the NbPOLA2 gene 
silencing assay. To this end, a partial nucleotide sequence of 
300 bp in length from NbPOLA2 was cloned into the PVX vec-
tor to generate the PVX-Nbpola2 construct for the VIGS assay. 
At 7 days post-inoculation with PVX-Nbpola2, the expression of 
NbPOLA2 was down-regulated by approximately 60% compared 
with PVX-GUS-inoculated control plants (Figure S8e). At 14 dpi, 
the PVX-Nbpola2-inoculated N. benthamiana plants exhibited 
leaf shrinking and dwarf phenotype, while the cell death was 
not induced (Figure S8c,d). When co-infected with TbCSV, the 
PVX-Nbpola2 and TbCSV co-infected N. benthamiana plants 
showed milder leaf curling and shrinking symptoms compared 
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FIGURE 5    |     Legend on next page.
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FIGURE 5    |    Interactions between TbCSV C3 and NbPOLA2 in yeast and in planta. (a) Yeast two-hybrid (Y2H) analysis of intra- and intermolec-
ular interactions of TbCSV C3. Recombinant plasmid pairs as that indicated were co-transformed into yeast strain Y2H-Gold. Serial dilutions (10-
fold) of transformants were spotted on SD/−Trp−Leu and SD/-Trp−Leu−His−Ade selective media. Co-transformation with AD-T+BK-53 served as 
a positive control. Yeast co-transformed with AD-Lam+BK-53, AD-NbPCNA+BK, AD-NbpRBR+BK, AD-NbPOLA2+BK and AD-NbPOLD2+BK 
were negative controls. Images were taken after 72 h. (b) Bimolecular fluorescence complementation (BiFC) analysis of the intra- and intermo-
lecular interactions of TbCSV C3 in planta. Leaves co-infiltrated with cYFP-C3 and one of the candidates including nYFP-C3, -C1, -NbPCNA, 
-NbpRBR, -NbPOLA2 and -NbPOLD2 were examined under confocal microscope. Co-infiltration with cYFP-C3+nYFP, cYFP+nYFP-NbPOLA2 
and cYFP+nYFP-NbpRBR served as negative controls. Histone 2B-RFP (H2B-RFP) was used as a nuclear marker. (c) Luciferase complementa-
tion imaging (LCI) analysis of the interaction between C3 and candidate proteins in Nicotiana benthamiana leaves. Leaves were co-infiltrated 
with Agrobacterium strains harbouring the indicated plasmids and subjected to fluorescence detection after 3 days. Co-infiltration with V2-nLUC 
and cLUC-V2 served as a positive control, while co-infiltration combinations nLUC+cLUC, C3-nLUC+cLUC, nLUC+cLUC-C3, nLUC+cLUC-C1, 
NbpRBR-nLUC+cLUC, NbPCNA-nLUC+cLUC, nLUC+cLUC-NbPOLA2 and nLUC+cLUC-NbPOLD2 served as negative controls.

FIGURE 6    |    Interaction analysis between NbPOLA2 and C3 mutants. (a) Yeast two-hybrid (Y2H) analysis of the amino acid region in TbCSV 
C3 required for interaction with NbPOLA2. The schematic diagram indicates the truncated mutants of C3. Transformants were serially diluted 10-
fold and spotted on SD/−Trp−Leu−His−Ade selective medium. Images were captured after 72 h. (b) Bimolecular fluorescence complementation 
(BiFC) analysis of the interaction between NbPOLA2 and the C3(123–129A) mutant. Fluorescence in Nicotiana benthamiana leaves co-infiltrated 
with nYFP-NbPOLA2 and cYFP-C3(123–129A), in which the amino acids from residues 123 to 129 were substituted with seven alanines, was exam-
ined using a confocal microscope. Co-infiltration with nYFP-NbPOLA2+cYFP and nYFP+cYFP-C3(123–129A) served as negative controls, while 
co-infiltration of nYFP-NbPOLA2 with cYFP-C3 was used as a positive control. (c) Luciferase complementation imaging (LCI) analysis of the in-
teraction between NbPOLA2 and the C3(123–129A) mutant in N. benthamiana. Agrobacterium strains harbouring C3(123–129A)-nLUC and cLUC-
NbPOLA2 were co-infiltrated into N. benthamiana leaves, with luciferase detection performed 3 days post-infiltration. Co-infiltration of C3-nLUC 
with cLUC-NbPOLA2 served as a positive control, while nLUC+cLUC-NbPOLA2 and C3(123–129A)-nLUC+cLUC were used as negative controls.
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to PVX-GUS and TbCSV co-infected control plants at 7 and 
14 dpi with TbCSV (Figure 7c). As expected, the viral titres of 
TbCSV in NbPOLA2-silenced plants were obviously lower than 
those in control plants at both 7 and 14 dpi (Figure 7d). Taken 
together, these findings indicate that NbPOLA2 positively regu-
lates TbCSV infection and viral accumulation.

2.7   |   Overexpression of NbPOLA2 Enhances TbCSV 
Replication

In the DNA replication machinery of eukaryotes, POLA2 pro-
tein is a regulatory subunit of DNA polymerase α, which is 
responsible for priming DNA replication (Jain et  al.  2018). To 
investigate the role of NbPOLA2 in TbCSV replication, the local 
infection assays were performed as described earlier. TbCSV 
was used to pre-inoculate N. benthamiana plants, and then the 
Agrobacterium cells carrying pCV-NbPOLA2 were infiltrated 
into the inoculated leaves to transiently overexpress NbPOLA2 
at 2 dpi with TbCSV. The N. benthamiana leaves pre-inoculated 
with TbCSV followed by pCV-GFP infiltration served as con-
trols. At 3 dpai with pCV-NbPOLA2 or pCV-GFP, the infiltrated 
leaves were harvested for RNA and DNA extraction. RT-qPCR 
analyses confirmed that the expression level of NbPOLA2 
was elevated approximately eightfold in pCV-NbPOLA2-
infiltrated leaves compared to control leaves, and qPCR results 
showed that the TbCSV DNA in NbPOLA2-overexpressing 

leaves accumulated significantly higher than that in controls 
(Figure 8a,b).

To explore the mechanisms by which NbPOLA2 facilitates viral 
replication of TbCSV, a two-step anchored qPCR was conducted 
to measure the accumulation of viral ssDNA (viral strand, 
VS) and the dsDNA intermediate (presented by complemen-
tary strand, CS) in a local infection assay (Rodríguez-Negrete 
et  al.  2014; Wu et  al.  2021). Interestingly, overexpression of 
NbPOLA2 significantly increased the complementary strand ac-
cumulation, hence facilitating the subsequent production of the 
viral strand (Figure 8c,d). Our findings suggest that NbPOLA2 
may regulate the initial synthesis of the viral complementary 
strand and the subsequent generation of the double-stranded 
DNA intermediate during TbCSV infection, ultimately enhanc-
ing viral accumulation.

3   |   Discussion

The C3/AC3 protein of geminiviruses functions as a replica-
tion enhancer to increase geminiviral DNA accumulation lev-
els (Fondong 2013; Settlage et al. 2005; Sung and Coutts 1995a, 
1995b; Sunter et al. 1990). Our previous study revealed that mu-
tations in the start codon of the TbCSV C3 protein mildly attenu-
ated symptom development and reduced viral accumulation up 
to 15 dpi, while the mutant virus accumulated to a similar level 

FIGURE 7    |    NbPOLA2 positively regulates TbCSV infection. (a, b) Overexpression of NbPOLA2 facilitates TbCSV infection. (a) Symptoms of 
Nicotiana benthamiana plants infected with PVX-NbPOLA2 or the PVX-GUS control at 7 days post-inoculation (dpi). (b) Quantitative PCR (qPCR) 
analysis of TbCSV DNA accumulation at 7 and 14 dpi. (c, d) Silencing of NbPOLA2 inhibits TbCSV infection. (c) Symptoms of N. benthamiana plants 
infected with PVX-Nbpola2 or PVX-GUS at 7 and 14 dpi. (d) qPCR analysis of TbCSV DNA accumulation at 7 and 14 dpi. In panels (b) and (d), N. ben-
thamiana 25S ribosomal RNA was used as the internal reference. Each experiment was conducted independently three times with four plants for 
each treatment each time. Error bars represent means ± SEM, and significant differences were determined using Student's t test, *p < 0.05, **p < 0.01. 
These experiments were performed with three independent biological replicates with similar results.
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as the wild-type TbCSV at 20 dpi (Sun et al. 2020). In this study, 
we showed that deletion or replacement of the 3′ end region of 
the C3 gene that does not overlap with C2 sharply decreased 
viral accumulation and symptom development (Figure  1). We 
further found that the seven-amino acid motif from residues 123 
to 129 of C3 is crucial for its interaction with NbPOLA2, which 
is a component of the host DNA replication machinery and posi-
tively regulates TbCSV replication and infection. Based on these 
findings, a working model of the viral replication enhancement 
by TbCSV C3 was proposed. In this model, C3 can exert its REn 
activity by recruiting NbPOLA2, a positive regulator of TbCSV 
replication. Mutation of the seven-amino acid motif (residues 
123–129) of C3 abolishes its interaction with NbPOLA2 and 
leads to the impairment of its replication enhancement activity 
(Figure 9).

Our findings are consistent with studies on other geminivi-
ruses like TGMV and African cassava mosaic virus (ACMV), 
where disrupting AC3 expression by deletion or insertion of 
nucleotide sequences markedly affected symptom develop-
ment and viral DNA accumulation (Elmer et al. 1988; Morris 
et al. 1991). However, why does the deletion of the 3′ end re-
gion of C3 has more pronounced effects than mutations in its 
start codon on TbCSV infection? Firstly, the truncated muta-
tion of C3 may change the genomic structure of TbCSV. An 
increasing body of evidence suggests that the structural motifs 
within viral nucleotide sequences generally play roles in viral 
replication, transcription, translation, genome packaging 
and even the regulation of host antiviral defences (Hefferon 

FIGURE 8    |    NbPOLA2 enhances TbCSV replication. In local infection assays, pGD-NbPOLA2 or pGD empty vector was infiltrated into Nicotiana 
benthamiana leaves pre-inoculated with TbCSV for 2 days, and the leaf samples were collected at 3 days post-agroinfiltration. (a) Reverse transcrip-
tion quantitative PCR (RT-qPCR) analysis of NbPOLA2 expression levels in pGD-NbPOLA2 and pGD-infiltrated leaves. NbActin was used as the 
internal reference. (b) qPCR analysis of TbCSV DNA accumulations in pGD-NbPOLA2 and pGD-infiltrated leaves. (c, d) Quantifications of the viral 
complementary strand (CS) (c) and viral strand (VS) (d) in N. benthamiana plants overexpressing NbPOLA2 (pGD-NbPOLA2) or the control (pGD). 
In panels (b) to (d), N. benthamiana 25S ribosomal RNA was used as the internal reference. Data represent the mean of five independent biological 
replicates. Error bars represent means ± SEM. Significant differences were determined using Student's t test, **p < 0.01.

FIGURE 9    |    Proposed working model for the seven-amino acid 
motif-dependent viral replication enhancement activity of TbCSV C3. A 
C-terminal seven-amino acid motif spanning from residues 123 to 129 
of the C3 protein is responsible for recruiting the host factor NbPOLA2 
to facilitate viral replication. Mutation of the 123–129 motif to seven al-
anines abolishes the interaction between C3 and NbPOLA2, hence im-
pairing the replication enhancement activity of C3.
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et  al.  2006; Shen and Miller  2004; Wang, Yang, et  al.  2022; 
Yan et  al.  2022; Stockley et  al.  2013; Wikström et  al.  2007). 
For geminiviruses, the hairpin motif in the intergenic region 
is a well-established element essential for the geminivirus 
replication origin (Orozco and Hanley-Bowdoin 1996; Fontes 
et al. 1994; Orozco et al. 1998). Interestingly, a report identi-
fied a conserved and biologically functional stem-loop struc-
ture in the genomes of TYLCV, East African cassava mosaic 
virus (EACMV) and Malvastrum yellow vein Yunnan virus 
(MYVYV), derived from a sequence that covered the 3′ end 
region of C3/AC3 (Muhire et  al.  2014). Thus, deleting or re-
placing the 3′ end region of the C3 gene may disrupt the crit-
ical secondary structures necessary for viral infectivity and 
DNA accumulation (Figure  S9). However, it is worth noting 
that the infectivity and viral accumulation of the TbCSVdC3 
mutant could be restored when C3 was overexpressed in trans, 
suggesting that a high expression level of C3 can compensate 
for the secondary structure changes (Figure 2). Secondly, as 
presented in our work, deletion of the C-terminal amino acid 
motif of TbCSV C3 abolished its interaction with NbPOLA2, 
a component of plant DNA replication machinery that is 
recruited by TbCSV to support viral genomic replication. 
Meanwhile, whether the truncated C3 mutant can induce host 
antiviral defence through interacting with host factors needs 
to be further investigated.

Intra- and intermolecular interactions have been reported to 
be crucial for the replication enhancement activity of C3/AC3 
protein (Settlage et al. 2005; Pasumarthy et al. 2010). For in-
stance, the homo-oligomerisation of TYLCV C3 protein and 
its hetero-oligomerisation with C1 are required to enhance ge-
nomic DNA accumulation (Settlage et al. 2005). Geminiviral 
C3/AC3 protein also recruits host factors to facilitate virus 
replication. The interactions of C3 encoded by TYLCV and 
tomato yellow leaf curl Sardinia virus (TYLCSV) with prolif-
erating cell nuclear antigen (PCNA), a regulator of the host 
cell cycle, have been reported to be important for the replica-
tion enhancement activity of C3 (Castillo et al. 2003; Settlage 
et  al.  2005). Recently, two components of the host cellular 
DNA replication machinery, the subunits of DNA polymerase 
α (POLA2) and DNA polymerase δ (POLD2) were verified to 
be directly recruited by TYLCV C3 protein (Wu et al. 2021). 
In this study, we analysed the interactions of TbCSV C3 with 
viral and host proteins. Among all of the tested proteins, 
only NbPOLA2 interacted with TbCSV C3, which might be 
because of the high variation of different C3/AC3 proteins 
(Figure  S10). POLA2 is a subunit of the DNA polymerase α 
complex, and our results showed that NbPOLA2 may function 
in the generation of the dsDNA intermediate during TbCSV 
replication (Figure  8). Additionally, transcription levels of 
the other subunits in the DNA polymerase α complex were 
determined, and the RT-qPCR results revealed significantly 
higher accumulation of the transcriptions of NbPOLA1.1/1.2, 
NbPOLA3.1/3.2 and NbPOLA4.2 in NbPOLA2-overexpressing 
leaves, suggesting some other pleiotropic effects of NbPOLA2 
on plants (Figure S11).

In summary, we revealed in this study that the seven-amino 
acid motif (residues 123–129) in TbCSV C3 is essential for func-
tioning in viral replication enhancement, through recruiting 
NbPOLA2 to facilitate the viral dsDNA replication intermediate 

synthesis. Our results deepen our understanding of the mecha-
nism underlying TbCSV C3-mediated replication enhancement 
and provide potential insights for the development of strategies 
to control viral diseases caused by TbCSV.

4   |   Experimental Procedures

4.1   |   Plant Materials and Growth Conditions

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

4.2   |   Plasmid Construction

To obtain TbCSV C3 truncated mutant infections, a clone in 
which the 3′-terminal region of the C3 open reading frame 
(ORF) that does not overlap with the C2-encoding sequence was 
deleted, a pGEM-T vector derived construct harbouring 1.0 copy 
of the TbCSV clone (isolate Y35, GenBank No. AJ420318) was 
used as a template for PCR. Firstly, overlap extension PCR was 
performed using two primer pairs, dC3-R/Y35b-F and dC3-F/
Y35b-R, to delete the 3′ end region of the C3 gene. Then, the 
cleaned PCR product was inserted into the pGEM-T vector 
to get one copy of a mutant TbCSV clone (pGEM-Y35AdC3). 
Next, the 0.9 copy of Y35AdC3 was released from the pGEM-
Y35AdC3 plasmid with enzymes BamHI-HindIII and inserted 
into the binary expression vector pBINPLUS to produce 
pBINPLUS-0.9AdC3. Finally, a 1.0 copy of Y35AdC3 was digested 
from pGEM-T-Y35AdC3 with the enzyme BamHI  and inserted 
into pBINPLUS-0.9AdC3 to generate the infectious 1.9 copy of 
Y35AdC3 (referred to as TbCSVdC3).

To obtain TbCSV mutant infections, a clone in which the 
3′ terminal region of C3 was replaced by the iLOV gene se-
quence, overlap extension PCR was performed using three 
primer pairs dC3-iLOV-R/Y35b-F, iLOV-F/iLOV-R and dC3-
iLOV-F/Y35b-R to replace the 3′ end region of the C3 gene 
with the iLOV gene sequence, with the pGEM-Y35A plasmid 
as the template. Subsequently, the cleaned PCR product was 
inserted into pGEM-T to get 1.0 copy of a mutant TbCSV clone 
(pGEM-Y35AdC3-iLOV). Then, the 0.9 copy and 1.0 copy of 
Y35AdC3-iLOV were released from the pGEM-Y35AdC3-iLOV plas-
mid using the method presented earlier. Finally, the 1.0 copy 
of Y35AdC3-iLOV was inserted into pBINPLUS-0.9AdC3-iLOV to 
generate the infectious 1.9 copy of Y35AdC3-iLOV (referred to as 
TbCSVdC3-iLOV).

To obtain TbCSV mutant infections clone in which the amino 
acids 123–129 were deleted (TbCSV-C3(d123–129)), the primer 
pairs C3(d123–129)-R/Y35b-F and C3(d123–129) -F/Y35b-R were used 
to perform overlap extension PCR, and the other procedures are 
the same as those used for generating TbCSVdC3 mutant.

To identify the critical region of C3 which is required for the 
replication enhancement activity, the coding sequence of C3 and 
a series of C3 mutants were amplified from TbCSV-Y35 isolate 
infectious clone and inserted into BamHI-SacI sites of a tran-
sient expression vector pCV-GFP-N1 and into ClaI-SalI sites of a 
PVX vector pGR106.
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For Y2H assays, the TbCSV C3 gene sequence and C3 deletion 
derivatives were amplified and cloned into the pGBK-T7 vector 
to produce BK-C3, BK-C3m1, BK-C3m2, BK-C3m3, BK-C3m4, 
BK-C3m5 and BK-C3m6. The coding sequences of TbCSV C1 
and C3, NbPCNA, NbpRBR, NbPOLA2 and NbPOLD2 were 
amplified and cloned into the pGAD-T7 vector.

For BiFC assays, the coding sequence of TbCSV C3 was ampli-
fied and cloned into the pCV-cYFP vector to generate cYFP-C3. 
The full-length sequences of TbCSV C1 and C3, NbPCNA, 
NbRBR, NbPOLA2 and NbPOLD2 were amplified and inserted 
into the pCV-nYFP vector individually.

For the LCI assays, the full-length sequences of TbCSV C3, 
NbPCNA and NbpRBR were cloned into the pCAMBIA-NLuc 
vector individually. Meanwhile, the coding sequences of C3, C1, 
NbPOLA2 and NbPOLD2 were cloned into the pCAMBIA-CLuc 
vector individual (Chen et al. 2008).

To overexpress and silence NbPOLA2, the full-length sequence 
and a fragment of NbPOLA2 were amplified and cloned into the 
pGR106 vector to generate PVX-NbPOLA2 and PVX-Nbpola2, 
respectively.

4.3   |   Agrobacterium-Mediated Transient 
Expression

Agrobacterium-mediated transient expression assay was 
performed as described previously (Li et  al.  2018). In brief, 
Agrobacterium tumefaciens GV3101 harbouring the recombi-
nant plasmids was cultured in Luria Bertani (LB) broth with ap-
propriate antibiotics for approximately 16 h at 28°C, and then the 
cultures were centrifuged at 4000 g for 10 min and resuspended 
in MMA buffer (10 mM MgCl2, 10 mM MES, pH 5.7, 100 μM ac-
etosyringone) to OD600 = 0.5. After 3 h at room temperature in 
the dark, the resuspension solution was injected into the fully 
expanded leaves of 4-week-old N. benthamiana plants using a 
1-mL needleless syringe.

4.4   |   Local and Systemic Infection Assays

Agrobacterium-mediated virus inoculation was used for local 
and systemic infection assays. A. tumefaciens EHA105 har-
bouring the viral infectious clones was incubated in LB broth 
with appropriate antibiotics overnight at 28°C and resuspended 
in MMA buffer to OD600 = 1.0 after centrifugation (4000 g, 
10 min). After 3 h at room temperature in the dark, the resus-
pension solution was used for inoculation. The local infection 
assay was performed as previously described for TYLCV inoc-
ulation, with minor modifications (Wu et al. 2021). In detail, 
the inoculation solution was infiltrated into the fully expanded 
leaves of 4-week-old N. benthamiana plants. At 2 dpi, A. tumefa-
ciens GV3101 carrying the binary expression vector for protein 
overexpression was infiltrated into the TbCSV pre-inoculated 
leaves through the agroinfiltration method as presented earlier. 
After 3 days, the inoculated leaves were harvested for further 
analyses. For systemic infection of TbCSV, the resuspension 
solution carrying the virus was inoculated into the leaves of 

4- to 6-leaf stage N. benthamiana plants through the agroinfil-
tration method.

4.5   |   Y2H Assay

Y2H assays were conducted using the yeast strain Y2H-Gold 
according to the manufacturer's instructions (Clontech). The 
transformants were grown on double dropout medium (SD/−
Trp−Leu) with agar for 72 h, and then the colonies were picked 
and cultured on the quadruple dropout medium (SD/−Trp−
Leu−His−Ade) with agar after gradient dilution.

4.6   |   BiFC Assay

The BiFC assays were conducted as described previously (Li, 
Guo, et al. 2022). The plasmids were transformed into A. tume-
faciens GV3101. The cultured Agrobacterium cells were resus-
pended in MMA buffer to an OD600 of 0.5, and then the YFP 
split combinations were subjected to co-infiltration. At 3 dpai, 
the fluorescence was detected using a confocal laser scanning 
microscope (LSM780; Zeiss) at a wavelength of 488 nm.

4.7   |   LCI Assay

LCI assays were performed as described previously (Chen 
et  al.  2008). The combinations were co-agroinfiltrated into 
the leaves of N. benthamiana plants. At 3 dpi, the leaves were 
detached and sprayed with 1 mM luciferin (Invitrogen). The 
luciferase activity was detected using a low-light cooled CCD 
imaging apparatus (iXon, Andor Technology), and the pictures 
were taken after 15 min exposure.

4.8   |   RT-qPCR Analysis

Total RNA was extracted from N. benthamiana leaves using the 
RNAiso Plus reagent (TaKaRa). The first-strand complementary 
DNA was synthesised, and the host genomic DNA was removed 
using an RT reagent kit (TaKaRa). qPCR was conducted using 
the NovoStart SYBR qPCR SuperMix Plus kit (Novoprotein). All 
the operations were according to the manufacturer's instructions. 
Relative accumulation levels of the NbPOLA2 transcripts were 
calculated using the 2−ΔΔCt method (Livak and Schmittgen 2001). 
The expression level of the NbActin gene was detected and used as 
an internal control. For each treatment, four technical replicates 
were used and each treatment was repeated three times.

4.9   |   DNA Extraction and Viral Accumulation 
Level Analysis

The total DNA extraction and the absolute and relative quan-
tification of TbCSV were conducted according to the method 
described previously (Sun et al. 2020; Li, Li et al. 2021; Mason 
et  al.  2008). The quantification of viral and complementary 
strands in local infections was performed following a previous 
report (Rodríguez-Negrete et al. 2014).
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4.10   |   PVX-Mediated Overexpression and Gene 
Silencing Assay

To overexpress the TbCSV C3, C3 mutants and NbPOLA2, the 
coding sequences were inserted into the PVX vector and trans-
formed into A. tumefaciens GV3101(pSoup). The Agrobacterium 
cells were incubated for approximately 16 h at 28°C, and the 
cells were collected and resuspended using MMA buffer to 
OD600 = 1.0. Then the resuspended solution was inoculated into 
the leaves of N. benthamiana plants at the 4- to 6-leaf stage using 
the agroinfiltration method.

To silence the NbPOLA2 gene, a fragment of NbPOLA2 with 
a size of about 500 bp was inserted into the PVX vector. The 
Agrobacterium transformation and inoculation were performed 
as described before.

The primers used in this study are listed in Table S1, S12.
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