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Abstract 

Tomato yellow leaf curl China virus (TYLCCNV) and its betasatellite DNA isolates (TYLCCNB), seriously threaten tomato 
crop production in China. The present work aimed to analyze the genetic diversity and population structure of TYL-
CCNV/TYLCCNB, collected from 168 leaf samples with apparent yellow and curly leaf disease symptoms in China. The 
study involves phylogenetic, recombination, and selection pressure analysis, based on the genome sequences of 57 
TYLCCNV and 109 TYLCCNB isolates. It was found that the TYLCCNV/TYLCCNB populations collected from the same 
geographic regions exhibit a close relationship under phylogenetic analysis. The recombination analysis revealed 8 
possible recombination sites in the TYLCCNV C1 and C4 genes, and 6 possible recombination sites in the TYLCCNB 
βC1 gene. The results showed that the TYLCCNV C4 gene was under positive selection pressure in the selection pres-
sure analysis. Moreover, nucleotide and predicted amino acid sequence identities in C1 and C4 were significantly 
lower than other ORF region sequences. The lower gene flow and significant genetic differentiation between the geo-
graphic populations of Guangxi and Sichuan provinces suggested that environmental adaptation was an important 
evolutionary force in shaping the genetic structure of TYLCCNV/TYLCCNB. In addition, C1 and C4 ORFs of TYLCCNV 
were proved to be the major mutation regions in greenhouse and field inoculation experiments. A-rich region 
was the major mutant hot spot in the associated betasatellites such as TYLCCNB, TbCSB, and MYVB. A thorough 
investigation into the evolutionary factors affecting the population structure of TYLCCNV/TYLCCNB will provide vital 
information for systematic virus management.

Keywords Genetic variability, Molecular evolution, Tomato yellow leaf curl China virus, Tomato yellow leaf curl China 
betasatellite

Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Phytopathology Research

†Jingwen Yu and Yan Xiong contributed equally to this study.

*Correspondence:
Wenkun Huang
wkhuang2002@163.com
Ling Qing
qling@swu.edu.cn
1 Chongqing Key Laboratory of Plant Disease Biology, College of Plant 
Protection, Southwest University, Chongqing 400715, China
2 National Citrus Engineering Research Center, Southwest University, 
Chongqing 400712, China
3 State Key Laboratory for Biology of Plant Diseases and Insect Pests, 
Institute of Plant Protection, Chinese Academy of Agricultural Sciences, 
Beijing 100193, China

4 Agricultural Ecology and Resources Protection Station of the Ministry 
of Agriculture and Villages, Beijing 100125, China

http://orcid.org/0000-0002-8310-5080
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s42483-025-00312-w&domain=pdf


Page 2 of 14Yu et al. Phytopathology Research            (2025) 7:27 

Background
Viruses of  the Geminiviridae family  pose an imminent 
threat to global food security via seriously damaging 
many economically important crops (such as cotton, 
tomato, maize, cassava, and wheat) in tropical and tem-
perate regions of the world. The family Geminiviridae 
comprises 14 genera, with Begomovirus being the larg-
est with over 400 species, based on their genome struc-
ture, host ranges, and insect vectors (Walker et al. 2021). 
Viruses in the genera Begomovirus have mono- or bipar-
tite genomes, whereas the other 13 genera have only 
monopartite genomes (Ren et  al. 2022). The geographic 
distribution of begomoviruses spread by the white-
fly Bemisia tabaci to  infect dicotyledonous plants are 
mainly classified in two subgroups: New World viruses 
(the Americas) and Old World viruses (Europe, Africa, 
Asia, and Australasia) (Harrison and Robinson 1999). 
The genomes of Old World begomoviruses are either 
monopartite or bipartite, while New World begomovi-
ruses exhibit bipartite genomes (Zhou 2013).

Tomato yellow leaf curl China virus (TYLCCNV, genus 
Begomovirus) is a typical monopartite geminivirus, which 
appears associated with the betasatellite DNA TYL-
CCNB in the field (Yin et al. 2001). It is one of the most 
damaging and threatening viruses for tomato produc-
tion in China. The infection of TYLCCNV alone did not 
cause any obvious symptoms in Nicotiana benthamiana, 
N. glutinosa, N. tabacum, or tomato plants. However, 
when co-infection of TYLCCNV and TYLCCNB occurs, 
the  hosts showed signs of dwarfing, leaf curling, yellow 
mosaic patterns, and stem deformation (Cui et al. 2004). 
The circular ssDNA molecules known as TYLCCNB are 
approximately half the size (~ 1.4 kb) of the genome of 
the helper virus (TYLCCNV) (Liu et  al. 1998; Xie et  al. 
2013). TYLCCNB is dependent on TYLCCNV for plant 
mobility, insect transmission, and replication (Zhou et al. 
2003; Settlage et al. 2005).

The ORF regions of the TYLCCNV genome con-
tain six known genes. The virion-sense strand con-
tains genes V1 and V2, while the complementary-sense 
strand contains genes C1, C2, C3, and C4 (King et  al. 
2011). It has been demonstrated that  V1 encodes the 
viral coat protein (CP), involved in the  encapsidation 
of viral genome, whereas V2 encodes the movement 
protein (MP), which is responsible for virus motility 
in plants and serves as a suppressor of RNA silenc-
ing (Briddon et al. 1990; Glick et al. 2009; Mubin et al. 
2010). Previous studies also showed that the com-
plementary sense gene C1 encodes the replication 
enhancer protein Rep (Hanley-Bowdoin et  al. 2004). 
Interestingly, C2 encodes a transcriptional activator 
protein (TrAP), which activates the expression of coat 

protein (CP) and movement protein (MP) genes (Vani-
tharani et al. 2004). While C3 is a replication enhancer 
protein (REn), which promotes the accumulation of 
virus (Settlage et  al. 2005). Additionally, it was shown 
that C4 protein determines disease symptoms (Rigden 
et  al. 1994). In contrast to TYLCCNV, TYLCCNB 
encodes the βC1 protein in the complementary sense 
orientation. The βC1 protein is a movement protein, 
essential for the intercellular transmission of the virus 
(Zhou 2013). Furthermore, βC1 protein functions as an 
RNA silencing suppressor and is involved in transcrip-
tional gene silencing (TGS) and post-transcriptional 
gene silencing (PTGS) (Li et  al. 2018). Recently, βV1 
protein was identified to be conserved on the β-satellite 
and plays a role in the promotion of virulence during 
the co-infection by TYLCCNV/TYLCCNB (Hu et  al. 
2020).

The population structure and genetic diversity of 
plant viruses have been discovered to be highly con-
nected with their outbreaks, geographical origin, host 
range, and transmission vectors (García-Arenal et  al. 
2001). The analysis of variation in TYLCCNV popula-
tions in different stages after infecting the host  found 
that the level of TYLCCNV variation was similar to that 
of RNA viruses (Ge et  al. 2007). Similarly, TYLCCNV 
exhibits a quasispecies structure identical to that of 
RNA viruses, which is one of the important reasons for 
the loss of resistance in crop varieties (Domingo et al. 
1998). Furthermore, recombination, pseudo-recom-
bination, and mutations were all significant contribu-
tors to the rapid mutation of TYLCCNV (Harrison and 
Robinson 1999). Additionally, it was observed that the 
homology of the virus, geo-ecological, and climatic 
conditions are highly correlated. However, few quan-
titative studies have been conducted to investigate the 
genetic structure and variation in TYLCCNV popula-
tions under controlled conditions, indicating that there 
is a lack of knowledge on genetic variation in TYL-
CCNV in China.

The current study mainly focuses on TYLCCNV’s 
molecular characteristics, biology, genetic diversity, 
and molecular variability during infection. The objec-
tives of this study were as follows: (i) investigate the 
distribution of TYLCCNV/TYLCCNB in China; (ii) 
study the genetic diversity and genetic structure of 
TYLCCNV/TYLCCNB populations in different hosts 
based on sequences of different ORF regions; and (iii) 
characterize molecular variation among different bego-
moviruses under natural and experimental populations. 
These investigation of TYLCCNV will help trace the 
viruses origin and development, enhance our knowl-
edge regarding its epidemiology, and provide a theo-
retical foundation for the management of virus disease.
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Results
PCR detection of TYLCCNV and TYLCCNB isolates
A total of 168 leaf samples were collected from 11 crops 
and 11 weed species in three provinces of China, which 
exhibited typical symptoms of begomoviruses (leaf curl-
ing, yellowing, and growth retardation) in the field. These 
samples were used to detect and identify TYLCCNV/
TYLCCNB infection. PCR results revealed that TYL-
CCNV was detected in 67 (39.9%, 67 of 168) samples, 
whereas TYLCCNB was observed in 46 (27.4%, 46 of 
168) samples (Additional file  1: Table  S1). While sam-
ples collected from two provinces were: Yunnan [TYL-
CCNV (35.2%, 19 of 54), TYLCCNB (25.9%, 14 of 54)] 
and Sichuan [TYLCCNV (50.5%, 48 of 95), TYLCCNB 
(33.7%, 32 of 95)] (Additional file  1: Table  S1). In addi-
tion, TYLCCNV/TYLCCNB were detected in only two 
crops (Nicotiana tabacum and Solanum lycopersicum L.) 
and three weeds (Ageratum conyzoides  L., Malvastrum 
coromandelianum Garcke, and Malva sinensis  Cavan.) 
(Fig.  1a). A total of 23 new TYLCCNV isolates and 10 
new TYLCCNB isolates were sequenced and assembled 
based on genomic organization, geographic, and host 
origins (Fig. 1b, Additional file 1: Table S2 and Table S3).

Phylogenetic classification of TYLCCNV and TYLCCNB 
isolates
To clarify the relationships between TYLCCNV isolates 
and TYLCCNB isolates, the whole genome sequences 
of 57 TYLCCNV isolates (23 sequences obtained in this 
study and 34 corresponding sequences in the GenBank) 
and 109 TYLCCNBV isolates (10 sequences obtained 
in this study and 99 corresponding sequences in the 
GenBank) were used to construct phylogenetic trees 
using the software MEGA11, respectively. The 57 TYL-
CCNV sequences were clustered into three phylogenetic 
groups, correlating to some extent with geographic ori-
gins (Group I and III: Yunnan & Sichuan, and Group II: 
Yunnan & Guangxi) (Fig.  1c). Notably, Guangxi isolates 
(n = 5) and Sichuan isolates (n = 15) did not cluster into 
one subgroup. Similarly, the 109 TYLCCNB sequences 
clustered into four phylogenetic groups, closely related to 
geographic origin (Groups I and IV: Yunnan & Guangxi, 
Group II: Yunnan, and Group III: Yunnan & Sichuan) 
(Fig.  1d). In addition, phylogenetic analyses of TYL-
CCNV and TYLCCNB isolates revealed no association 
with their host origins. (Additional file 2: Figure S1).

Recombination analysis in TYLCCNV and TYLCCNB isolates
A crucial factor in the development and evolution of 
begomoviruses is recombination. The SplitsTree 4 
v.4.14.6 analyses showed that TYLCCNV and TYL-
CCNB sequences were linked to one another via vari-
ous pathways to form a network structure, suggesting 

that the populations of TYLCCNV and TYLCCNB may 
have undergone multiple possible recombination events. 
Meanwhile, the constructed network showed that the 
TYLCCNV population was divided into three groups 
of isolates (Group I and II: Yunnan & Sichuan, and 
Group III: Yunnan & Guangxi) (Additional file 2: Figure 
S2a), and the TYLCCNB population was also distin-
guished into three groups of isolates (Groups I: Yunnan 
& Sichuan, Group II: Yunnan & Guangxi, and Group III: 
Yunnan) based on geographic origin (Additional file  2: 
Figure S2b).

The RDP4 algorithms  identified multiple major puta-
tive recombination events which spread across the vari-
ous coding regions. Recombination analysis revealed 12 
clear recombinants among the 57 TYLCCNV isolates, 
with at least four of the seven recombination detection 
algorithms below the threshold P < 0.05 as acceptable. 
However, only 10 significant recombinants were detected 
in 109 TYLCCNB isolates. Interestingly, the majority of 
recombination breakpoints (67%) in TYLCCNCV iso-
lates were identified in the C1 (position in nucleotides 
1501–594) and C4 (position in nucleotides 2136–2437) 
gene regions, whereas recombination breakpoints (60%) 
in TYLCCNCB isolates were located in the βC1 (posi-
tion in nucleotides 209–565) gene region (Table 1). These 
results indicated that the TYLCCNV genome regions of 
C1 and C4 and the TYLCCNB genome regions of βC1 are 
recombination hotspots.

Sequence identity analysis in TYLCCNV and TYLCCNB 
isolates
The nucleotide sequence identities of 57 TYLCCNV and 
109 TYLCCNB genomes among and within phylogenetic 
groups were identified based on geographic origin. The 
nucleotide sequence identities ranged from 78.4 to 99.8% 
among 57 TYLCCNV isolates, while nucleotide sequence 
identities between genome sequences of 109 TYLCCNB 
isolates ranged from 69.4 to 100%, indicating a high level 
of sequence diversity among isolates (Additional file  1: 
Table S4 and Table S5 and Additional file 2: Figure S3). To 
further analyze the degree of variation in the TYLCCNV 
and TYLCCNB genomes, we used the average pairwise 
diversity parameter (π) for all positions on the TYL-
CCNV genome. The regions with the highest nucleotide 
variation occur in the 3’ terminal of C1 and throughout 
the C4 region (Fig.  2a). However, the lowest nucleotide 
diversity was in the C2 region. Similarly, nucleotide vari-
ation was not evident in the βC1 and βV1 regions of the 
TYLCCNB genome (Fig. 2b).

Variations in TYLCCNV protein and nucleotide 
sequences were also analyzed. Overall, the predicted pro-
tein amino acid sequence identities (aa) of different gene 
regions of TYLCCNV isolates were significantly lower in 
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Fig. 1 a Typical symptoms caused by TYLCCNV in some collected samples. b Genome organization features of TYLCCNV and TYLCCNB. 
Neighbor-joining (NJ) phylogenetic tree constructed using MEGA11 based on c 57 TYLCCNV isolates and d 109 TYLCCNB isolates. Different 
geographic regions are represented (●= Yunnan, ◼= Sichuan, ◀= Guangxi). Tobacco curly shoot virus (TbCSV, NCBI accession number NC_003722 
and TbCSB, NCBI accession number NC_004546) isolate served as an outgroup (★)



Page 5 of 14Yu et al. Phytopathology Research            (2025) 7:27  

Table 1 Putative recombination events among 57 Tomato yellow leaf curl China virus (TYLCCNV) isolates and 109 Tomato yellow leaf 
curl China virus betasatellite (TYLCCNB)

a Recombination breakpoint
b Seven algorithms were used: RDP (R), GENECONV (G), BootScan (B), Maximum χ-Square (M), Chimaera (C), SisScan (S), and 3Seq (T). Statistical significance for 
recombination: + indicates  10–6 < P value ≤ 0.05, ++indicates P value ≤  10–6, and − indicates not significant (P value > 0.05)

Event Putative 
recombinant

Putative parent Breakpointa Detection  methodb

Major Minor R G B M C S T

TYLCCNV 1 MY432 SC230 Unknown (YN-2022) 1206–2734 ++ ++ ++ ++ ++ ++ ++

2 YN72 YN4476 Dali-198 520–2733 ++ ++ ++ ++ ++ ++ ++

3 YN4534 G102 Y295 111–925 ++ ++ ++ ++ ++ ++ ++

4 YN182 09–29 Y295 1531–2727 ++ ++ ++ ++ + ++ ++

5 SC65 HG263 Y8 176–1052 ++ − + + ++ + +

6 YN4467 Y10 YN4348 180–2,706 + + − ++ ++ ++ ++

7 Y278 YN48 Unknown (09–29) 1240–2694 + + − + + ++ +

8 Dali-198 Y295 YN204 2273–2680 + + − + + ++ +

9 YN204 YM8 YN182 2352–2726 + + + + + ++ ++

10 HG263 NN2 Unknown (SC44) 140–982 + − − + + + +

11 YM5 Y11 Unknown (YN182) 2358–2685 + − − + + + +

12 Y10 Y278 Y38 712–952 + − − + + − +

TYLCCNB 1 HG230 YM5 YN506 30–523 ++ − ++ ++ ++ ++ ++

2 YN206 Y5 GX-BS 43–313 ++ ++ ++ ++ + ++ ++

3 Y92 Y87 Y263 635–1374 − − − + ++ ++ ++

4 GX-BS YN20 Unknown (Y268) 442–476 − ++ − + + − +

5 YN147 YN38 G102 120–978 − − − + + + ++

6 Y330 G103 YN154 265–1341 − − − + + ++ ++

7 YN506 Unknown (G103) YN466 1–1210 + + + + + + +

8 YN147 Unknown (G103) YN391 1271–1405 − + + + − + +

9 HG230 G103 YN383 982–1381 + + + + + ++ +

10 G103 Y244 Unknown (Y87) 1210–1380 + + + + − + +

Fig. 2 Distribution of nucleotide diversity (π) along a 57 TYLCCNV whole-genome sequence and b 109 TYLCCNB whole-genome sequence. The 
nucleotide diversity (Y-axis) was plotted against nucleotide position (X-axis) using DnaSP6 with a 100-nucleotide (nt) sliding window and a 25-nt 
step size. C1 = Replication-associated protein, C2 = Transcriptional activator protein, C3 = Replication enhancer protein, C4 = Disease symptom 
determinants, V1 = Coat protein, V2 = Pre-coat protein, βC1 = Movement protein, βV1 = Promotion of virulence during the infection
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C1 (88.42%) and C4 (83.29%) genes than in other gene 
regions (C2: 93.14%, C3: 92.97%, V1: 95.80%, V2: 94.04%) 
(Table 2). Notably, C2 was seen to have the highest nucle-
otide sequence identity (95.58%), but C4 had the lowest 
nucleotide sequence identity (90.73%). Meanwhile, the 
nucleotide sequence identity of the genes in different 
geographic populations showed a similar trend, rang-
ing from 55.1% to 100% for C4 and 75.5% to 100% for 
C2 (Additional file 1: Table S4). In addition, synonymous 
nucleotide mutations were dominant in V1, whereas 
non-synonymous nucleotide mutations dominated in 
three genes (C1, C3, C4). Meanwhile, C3 and V1 each had 
one insertion and deletion event (InDels), and two InDels 
both occurred on the boundary of V2 (Additional file 1: 
Table S6). Interestingly, significant differences in protein 
and nucleotide sequence identity were found in βC1 and 
βV1 genes of TYLCCNB. The predicted protein amino 
acid sequence identity of βV1 (59.63%) and the nucleo-
tide sequence identity of βV1 (63.41%) were significantly 
lower than that of βC1. Nevertheless, the types of βC1 
and βV1 nucleotide variants were mainly non-synon-
ymous nucleotide mutations, and only two InDels were 
detected in the region of the βV1 gene.

Differentiation of geographical populations
In order to clarify the degree of differentiation between 
different genetic regions of TYLCCNV and TYLCCNB 
isolates, pairwise comparisons of TYLCCNV and TYL-
CCNB populations from Yunnan, Guangxi, and Sichuan 
were performed using three different parameters (Ks*, 
Z*, and Snn) (Table  3). Overall, alignment tests of Ks*, 
Z*, and Snn between TYLCCNV/TYLCCNB populations 
from different geographical regions showed significant 
genetic differentiation (P < 0.05). Additionally, gene flow 

in different gene coding regions of TYLCCNV and TYL-
CCNB isolates was assessed using two parameters (Fst 
and Nm) of the population. These findings showed infre-
quent gene flow between Sichuan and Guangxi isolates 
in the coding regions of C1, C2, C3, V1, and V2 genes, 
as indicated by |Fst|> 0.33 and |Nm|< 1. The coding 
region of the βC1 and βV1 genes was detected in TYL-
CCNB isolates, which also indicated infrequent gene flow 
between Sichuan and Guangxi isolates. In conclusion, the 
data suggest significant genetic differentiation and rare 
gene flow between geographic groups.

Neutrality tests and selection pressure analysis
Nucleotide diversity and haplotype analyses were per-
formed on six gene sequences from the TYLCCNV 
genome and the βC1 and βV1 gene sequences from 
TYLCCNB. Among all TYLCCNV and TYLCCNB 
isolates, the C4 gene had the lowest haplotype diver-
sity (0.970 ± 0.014), while the V1 gene had the high-
est haplotype diversity (0.999 ± 0.004) (Table  4). 
Haplotype nucleotide diversity analysis revealed that 
the nucleotide diversity of C2 (0.06435 ± 0.00392), C3 
(0.05400 ± 0.00454), and V1 (0.09616 ± 0.00292) were 
below 0.1. All eight gene sequences of the Yunnan iso-
lates had negative Tajima’s D values for the parameter 
neutrality test, indicating that the genome evolution of 
the Yunnan population of TYLCCNV followed a neutral 
evolutionary model. In addition, mean dN/dS ratio values 
were calculated for eight genes (C1, C2, C3, C4, V1, V2, 
βC1, and βV1), in which six genes (C1, C2, C3, V1, V2, 
and βV1) were found to be under negative or purifying 
selection (dN/dS < 1) in each population. However, the 
C4 and βC1 genes were under positive selection because 
they had a dN/dS > 1 in all geographic populations.

Table 2 Sequence identities (ID), insertion or deletion events (InDels), and site nucleotide mutations in individual genes or proteins 
encoded by 57 Tomato yellow leaf curl China virus (TYLCCNV) isolates and 109 Tomato yellow leaf curl China virus betasatellite 
(TYLCCNB)

C1 = Replication-associated protein, C2 = Transcriptional activator protein, C3 = Replication enhancer protein, C4 = Disease symptom determinants, V1 = Coat protein, 
V2 = Pre-coat protein, βC1 = Movement protein, βV1 = Promotion of virulence during the infection
a Number of nucleotide mutations. Syn = synonymous and Non = nonsynonymous

Genomic region Amino acids (aa) Nucleotide (nt) Mutationsa

Length (aa) ID (%) InDels Length (nt) ID (%) Syn Non

C1 (Rep) 358–361 88.42 None 1077–1086 93.09 144 310

C2 (TrAP) 134 93.14 None 405 95.58 55 95

C3 (Ren) 116–134 92.97 I 351–405 94.32 55 101

C4 (SD) 85–97 83.29 None 258–294 90.73 21 109

V1 (CP) 256 95.80 II 771 92.78 181 91

V2 (Pre-CP) 112–115 94.04 III, IV 339–348 92.68 66 70

βC1 109–119 78.25 None 327–357 91.70 24 155

βV1 19–131 59.63 V, VI 57–393 63.41 53 219
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Molecular variation between different begomoviruses
Based on the current results, a mutation rate of 2.2 ×  10–4 
was found in 21 out of the 84 sequences obtained from 
the TYLCCNV population in N. glutinosa, while a muta-
tion rate of 4.3 ×  10–4 was found in 27 out of 65 sequences 
collected from N. benthamiana (Additional file  1: 
Table  S7). Interestingly, the mutated bases were mainly 
occurred in the C1 and C4 regions (60.0%, 15 of 25 in N. 
glutinosa; 47.4%, 18 of 38 in N. benthamiana) (Fig.  3a). 
Analysis of the distribution of population mutations 
in different natural hosts of TYLCCNV revealed that 
mutant bases in YN48 (100%, 11 of 11), SC65 (100%, 8 
of 8), and YM5 (100%, 6 of 6) populations were similarly 
found to be distributed within the C1 and C4 regions 
(Fig.  3b). Meanwhile, the base mutation types of TYL-
CCNV were analyzed and the mutation types (T → A, 
G → T, T → C, C → T, and A → G) were identified in both 
N. glutinosa and N. benthamiana in the indoor popula-
tions of TYLCCNV, whereas the mutation types (G → T 
and C → T) were found in the natural populations of 

TYLCCNV (Solanum lycopersicum  L., N. tabacum, and 
Malvastrum coromandelianum Garcke) (Fig. 3c, d).

The results of the indoor tests on TYLCCNB showed 
that 63 of 68 sequences obtained from N. glutinosa were 
mutated, with a mutation rate of 1.5 ×  10–3. In contrast, 
63 of 67 sequences obtained from N. benthamiana were 
also mutated, with a mutation rate of 1.2 ×  10–3 (Addi-
tional file  1: Table  S8). Remarkably, the mutated bases 
were predominantly distributed in the A-rich region 
(67.0%, 89 of 133 in N. glutinosa; 82.9%, 87 of 105 in N. 
benthamiana) (Fig. 4a). Similarly, base mutations in natu-
ral populations of HG230 (42.1%, 8 of 19), YN48 (47.6%, 
10 of 21), SC65 (57.1%, 16 of 28), and YM5 (73.9%, 17 of 
23) were found to be distributed within the A-rich region 
(Fig.  4b). Meanwhile, mutation types (T → G, C → A, 
A → T, G → A, C → T, and A → G) were observed both 
indoor populations of TYLCCNB in N. glutinosa and N. 
benthamiana, whereas the mutation types were (G → A 
and C → T) recorded both in N. tabacum and Solanum 
lycopersicum natural population (Fig. 4c, d).

Table 3 Measurement of genetic differentiation among 57 Tomato yellow leaf curl China virus (TYLCCNV) isolates and 109 Tomato 
yellow leaf curl China virus betasatellite (TYLCCNB)

Probability (P value) obtained by the permutation (PM) test with 1000 replicates. Fst = Standardized variance of allele frequencies across populations, Nm = Migration 
rate, C1 = Replication-associated protein, C2 = Transcriptional activator protein, C3 = Replication enhancer protein, C4 = Disease symptom determinants, V1 = Coat 
protein, V2 = Pre-coat protein, βC1 = Movement protein, βV1 = Promotion of virulence during the infection. * indicate 0.01 < P < 0.05, ** indicate P < 0.01, and ns = not 
significant (P > 0.05). Fst > 0.33 or Nm < 1 suggests infrequent gene flow; Fst < 0.33 or Nm > 1 suggests frequent gene flow

Genomic region Comparisons Ks* (P value) Z* (P value) Snn (P value) Fst Nm

C1 (Rep) Yunnan (n = 37) versus Sichuan (n = 15) 4.36113 (P = 0.0080**) 6.09968 (P = 0.0050**) 0.73007 (P = 0.0210*) 0.05179 9.15

Yunnan (n = 37) versus Guangxi (n = 5) 4.19892 (P = 0.0200*) 5.68251 (P = 0.0130*) 0.97619 (P = 0.0010**) 0.25381 1.47

Sichuan (n = 15) versus Guangxi (n = 5) 4.26561 (P = 0.0070**) 3.95030 (P = 0.0050**) 1.00000 (P = 0.0010**) 0.36457 0.87

C2 (TrAP) Yunnan (n = 37) versus Sichuan (n = 15) 2.96836 (P = 0.0000***) 6.06650 (P = 0.0000***) 0.74382 (P = 0.0030**) 0.18244 2.24

Yunnan (n = 37) versus Guangxi (n = 5) 3.16528 (P = 0.0650 ns) 5.71014 (P = 0.0450*) 0.94841 (P = 0.0000***) 0.18413 2.22

Sichuan (n = 15) versus Guangxi (n = 5) 2.60825 (P = 0.0000***) 3.93507 (P = 0.0000***) 1.00000 (P = 0.0000***) 0.55018 0.41

C3 (Ren) Yunnan (n = 37) versus Sichuan (n = 15) 2.95784 (P = 0.0010**) 6.04114 (P = 0.0010**) 0.70417 (P = 0.0390*) 0.22590 1.71

Yunnan (n = 37) versus Guangxi (n = 5) 3.03696 (P = 0.0050**) 5.67271 (P = 0.0060**) 0.98810 (P = 0.0000***) 0.30921 1.12

Sichuan (n = 15) versus Guangxi (n = 5) 2.61738 (P = 0.0000***) 3.79147 (P = 0.0000***) 1.00000 (P = 0.0010**) 0.65776 0.26

C4 (SD) Yunnan (n = 37) versus Sichuan (n = 15) 2.88070 (P = 0.0100*) 6.08731 (P = 0.0000***) 0.76122 (P = 0.0020**) 0.04323 11.07

Yunnan (n = 37) versus Guangxi (n = 5) 2.67718 (P = 0.1030 ns) 5.71561 (P = 0.0420*) 0.95238 (P = 0.0000***) 0.18857 2.15

Sichuan (n = 15) versus Guangxi (n = 5) 2.84760 (P = 0.0300*) 3.99473 (P = 0.0020**) 1.00000 (P = 0.0000***) 0.31522 1.09

V1 (CP) Yunnan (n = 37) versus Sichuan (n = 15) 3.86409 (P = 0.0010**) 6.02408 (P = 0.0010**) 0.74679 (P = 0.0240*) 0.24873 1.51

Yunnan (n = 37) versus Guangxi (n = 5) 3.98796 (P = 0.0050**) 5.68138 (P = 0.0100*) 0.95238 (P = 0.0000***) 0.28916 1.23

Sichuan (n = 15) versus Guangxi (n = 5) 3.38331 (P = 0.0000***) 3.91271 (P = 0.0000***) 0.95000 (P = 0.0040**) 0.61660 0.31

V2 (Pre-CP) Yunnan (n = 37) versus Sichuan (n = 15) 3.10102 (P = 0.0000***) 6.01641 (P = 0.0000***) 0.65865 (P = 0.1240 ns) 0.24375 1.55

Yunnan (n = 37) versus Guangxi (n = 5) 3.16259 (P = 0.0200*) 5.71082 (P = 0.0310*) 0.97616 (P = 0.0000***) 0.23296 1.65

Sichuan (n = 15) versus Guangxi (n = 5) 2.70925 (P = 0.0000***) 3.85143 (P = 0.0000***) 0.95000 (P = 0.0010**) 0.61931 0.31

βC1 Yunnan (n = 92) versus Sichuan (n = 7) 3.36093(P = 0.0000***) 7.43235 (P = 0.0000***) 0.98990 (P = 0.0000***) 0.28495 1.25

Yunnan (n = 92) versus Guangxi (n = 10) 3.33741 (P = 0.0000***) 7.48659 (P = 0.0020**) 0.98039 (P = 0.0000***) 0.18406 2.22

Sichuan (n = 7) versus Guangxi (n = 10) 2.94481 (P = 0.0000***) 3.44883 (P = 0.0000***) 0.94118 (P = 0.0010**) 0.41920 0.69

βV1 Yunnan (n = 92) versus Sichuan (n = 7) 1.77660 (P = 0.0020**) 7.46902 (P = 0.0030**) 0.97306 (P = 0.0000***) 0.20215 1.97

Yunnan (n = 92) versus Guangxi (n = 10) 1.70877 (P = 0.0000***) 7.51238 (P = 0.0010**) 0.90083 (P = 0.0000***) 0.16380 2.55

Sichuan (n = 7) versus Guangxi (n = 10) 2.52568 (P = 0.0000***) 3.50130 (P = 0.0000***) 0.88235 (P = 0.0040***) 0.36354 0.88
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In order to further clarify the betasatellite popula-
tion variation of different begomoviruses, indoor inoc-
ulation tests were conducted on TbCSB and MYVB 
populations, respectively. Mutated bases were mainly 
concentrated in the A-rich region (66.7%, 6 of 9 in 
N. glutinosa; 24.5%, 13 of 53 in N. benthamiana) for 
TbCSB population (Additional file  2: Figure S4a and 
Additional file  1: Table  S9). While in the MYVB pop-
ulation, the mutated bases were also predominantly 

occurred in the A-rich region (91.8%, 112 of 122 in 
N. glutinosa; 79.4%, 143 of 180 in N. benthamiana) 
(Additional file  2: Figure S4b and Additional file  1: 
Table  S10). The mutation types (T → A, G → T, G → C, 
A → T, and A → G) were observed in TbSCB population 
collected from both N. glutinosa and N. benthamiana, 
whereas mutation types (G → T, C → A, A → T, G → A, 
C → T, and A → G) were found in MYVB populations 
both in N. tabacum and Solanum lycopersicum  (Addi-
tional file 2: Figure S4c, d).

Table 4 Genetic parameters, neutrality test, and selection pressure on 57 Tomato yellow leaf curl China virus (TYLCCNV) isolates and 
109 Tomato yellow leaf curl China virus betasatellite (TYLCCNB) subpopulations based on geographic origin

a C1 = Replication-associated protein, C2 = Transcriptional activator protein, C3 = Replication enhancer protein, C4 = Disease symptom determinants, V1 = Coat protein, 
V2 = Pre-coat protein, βC1 = Movement protein, βV1 = Promotion of virulence during the infection
b Number of haplotypes
c ns = not significant (P > 0.05)
d Nonsynonymous/synonymous ratio (dN/dS) < 1 (negative selection), dN/dS = 1 (neutral evolution), and dN/dS > 1 (positive selection)

Genomic  regiona Population Nb Haplotype diversity Nucleotide diversity Tajima’s  Dc dN/dSd

C1 (Rep) All (n = 57) 54 0.998 ± 0.004 0.10369 ± 0.00959 − 0.40650 (ns) 0.42

Yunan (n = 37) 36 0.998 ± 0.007 0.09762 ± 0.01258 − 0.55573 (ns) 0.42

Sichuan (n = 15) 14 0.990 ± 0.028 0.12311 ± 0.01582 0.39777 (ns) 0.44

Guangxi (n = 5) 5 1.000 ± 0.126 0.01971 ± 0.00305 − 0.38767 (ns) 0.44

C2 (TrAP) All (n = 57) 49 0.993 ± 0.005 0.06435 ± 0.00392 − 1.38557 (ns) 0.37

Yunan (n = 37) 32 0.991 ± 0.009 0.06336 ± 0.00420 − 0.97510 (ns) 0.37

Sichuan (n = 15) 14 0.990 ± 0.028 0.04889 ± 0.01240 − 1.47299 (ns) 0.41

Guangxi (n = 5) 5 1.000 ± 0.126 0.02519 ± 0.00373 − 0.25279 (ns) 0.28

C3 (Ren) All (n = 57) 44 0.987 ± 0.007 0.05400 ± 0.00454 − 1.55238 (ns) 0.39

Yunan (n = 37) 33 0.992 ± 0.009 0.07747 ± 0.00327 − 0.42140 (ns) 0.33

Sichuan (n = 15) 13 0.971 ± 0.039 0.04846 ± 0.01419 − 1.33768 (ns) 0.27

Guangxi (n = 5) 5 1.000 ± 0.126 0.02815 ± 0.00600 − 0.37214 (ns) 0.23

C4 (SD) All (n = 57) 41 0.970 ± 0.014 0.12779 ± 0.01968 0.38725 (ns) 1.25

Yunan (n = 37) 27 0.943 ± 0.032 0.11601 ± 0.02509 − 0.11698 (ns) 1.29

Sichuan (n = 15) 11 0.952 ± 0.040 0.17128 ± 0.03323 1.29297 (ns) 1.29

Guangxi (n = 5) 4 0.900 ± 0.161 0.01565 ± 0.00321 0.46060 (ns) 3.10

V1 (CP) All (n = 57) 55 0.999 ± 0.004 0.09616 ± 0.00292 − 0.40929 (ns) 0.09

Yunan (n = 37) 35 0.997 ± 0.007 0.09282 ± 0.00498 − 0.41862 (ns) 0.09

Sichuan (n = 15) 15 1.000 ± 0.024 0.06206 ± 0.01684 − 0.88493 (ns) 0.09

Guangxi (n = 5) 5 1.000 ± 0.126 0.03826 ± 0.00820 − 0.52106 (ns) 0.07

V2 (Pre-CP) All (n = 57) 51 0.987 ± 0.010 0.10064 ± 0.00497 − 0.57899 (ns) 0.17

Yunan (n = 37) 31 0.968 ± 0.022 0.09765 ± 0.00865 − 0.73616 (ns) 0.19

Sichuan (n = 15) 15 1.000 ± 0.024 0.06526 ± 0.01677 − 0.69765 (ns) 0.15

Guangxi (n = 5) 5 1.000 ± 0.126 0.03448 ± 0.00710 0.30976 (ns) 0.07

βC1 All (n = 109) 70 0.982 ± 0.005 0.11688 ± 0.00325 − 0.59699 (ns) 2.68

Yunan (n = 92) 55 0.975 ± 0.007 0.11421 ± 0.00307 − 0.09960 (ns) 2.79

Sichuan (n = 7) 7 1.000 ± 0.076 0.06736 ± 0.01154 − 0.00819 (ns) 0.20

Guangxi (n = 10) 9 0.978 ± 0.054 0.08472 ± 0.02861 − 1.45465 (ns) 0.23

βV1 All (n = 109) 31 0.922 ± 0.012 0.12021 ± 0.23330 − 1.55761 (ns) 0.35

Yunan (n = 92) 23 0.904 ± 0.016 0.10909 ± 0.11022 − 0.03154 (ns) 0.31

Sichuan (n = 7) 7 1.000 ± 0.076 0.07423 ± 0.07003 0.34393 (ns) 0.36

Guangxi (n = 10) 8 0.956 ± 0.076 0.09820 ± 0.14104 − 1.49921 (ns) 0.46
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Discussion
Begomoviruses are highly notorious for affecting many 
plants worldwide. Researchers in China have identified 

99 species of begomoviruses with  1651 isolates, exten-
sively spread over 32 administrative regions at the pro-
vincial level (Li et  al. 2022). However, the knowledge 

Fig. 3 a Distribution of mutations in IR-C1 regions of TYLCCNV populations in N. glutinosa and N. benthamiana, and b distribution of mutations 
in IR-C1 regions of TYLCCNV in field populations. c The analysis of genome variation of TYLCCNV populations in N. glutinosa and N. benthamiana, 
and d genome variation of TYLCCNV populations in field populations

Fig. 4 a Distribution of mutations in SCR-βC1 regions of TYLCCNB populations in N. glutinosa and N. benthamiana, and b distribution of mutations 
in SCR-βC1 regions of TYLCCNB in field populations. c The analysis of genome variation of TYLCCNB populations in N. glutinosa and N.benthamiana, 
and d genome variation of TYLCCNB populations in field populations
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regarding the distribution of TYLCCNV, an important 
monopartite begomovirus in China is still limited. Many 
factors, such as virus transmission through international 
trade, changes in vector populations, genetic recombina-
tion, novel farming practices, and variations in weather 
patterns, have been identified as potential drivers for 
the emergence of viral outbreaks (Jones 2009). Here, we 
examined 168 samples, including 67 TYLCCNV posi-
tive samples and 46 TYLCCNB positive samples. Nota-
bly, TYLCCNB was not detected in 31.3% (21 out of 67) 
of the TYLCCNV positive samples, due to the fact that 
TYLCCNV might be accompanied by heterologous satel-
lites, such as TbCSB (Qing and Zhou 2009; Zhou 2013). 
In addition, we studied the occurrence and distribution 
of TYLCCNV and betasatellite (TYLCCNB) isolates, 
predominantly distributed in the southwestern region of 
China (Yunnan, Sichuan, and Guangxi provinces).

Previous studies showed that geographic isolation 
is an important factor in the genetic structure of viral 
populations (Sun et  al. 2021). Our results suggest that 
TYLCCNV/TYLCCNB populations are associated with 
geographic origins in China, independent of host plants. 
Unexpectedly, Guangxi isolates and Sichuan isolates 
among TYLCCNB isolates were not clustered into one 
subgroup. In addition, low levels of gene flow and sig-
nificant genetic differentiation between different ORF 
regions were found in TYLCCNV/TYLCCNB popula-
tions of Sichuan and Guangxi isolates, suggesting that 
geographic isolation factors are responsible for influenc-
ing TYLCCNV/TYLCCNB population structure. These 
results are consistent with SCSMV and rice stripe mosaic 
virus geographical driven adaptation (Liang et  al. 2016; 
Yang et  al. 2018). Interestingly, it was also found that 
TYLCCNB, as a virus satellite, tends to co-evolve with its 
helper virus TYLCCNV.

The ability of viruses to evolve and become more envi-
ronmentally adapted is largely dependent on recombina-
tion (Lin et al. 2014; Lefeuvre et al. 2019). In the present 
study, 12 recombination events were detected in TYL-
CCNV isolates. Remarkably, 8 recombination events 
had recombination breakpoints distributed in the coding 
regions of the C1 and C4 genes. Similarly, 10 recombina-
tion events were detected in TYLCCNB isolates, of which 
6 recombination breakpoints were distributed in the cod-
ing region of the βC1 gene. In addition, recombination 
events were also supported by split network analysis. 
Notably, the presence of cross-infection in TYLCCNV 
and TYLCCNB isolates may promote recombination 
between different viral species or isolates and facilitate 
the generation of new viral strains or variants (Moradi 
and Mehrvar 2019).

Natural selection is an important evolutionary mecha-
nism and a key of driver variation in viral populations. 

The purifying selection can effectively drive variation in 
viral populations by increasing the rate of elimination of 
genetically deleterious mutations and the formation of a 
stable population genetic structure (Moradi and Mehr-
var 2019). Here, the C4 gene was found to be under posi-
tive selection, whereas the five TYLCCNV genes (C1, C2, 
C3, V1, and V2) and the βV1 gene in TYLCCNB were 
under negative or purifying selection, suggesting that 
they might play an important role in the adaptation of 
TYLCCNV and TYLCCNB to environmental changes. 
Moreover, the neutrality tests of different ORF regions in 
Yunnan isolates were negative, indicating that the popu-
lation was in a state of expansion.

Begomoviruses genome sequence mutations may lead 
to amino acid changes that affect virus particle forma-
tion, replication, and host range as well as virus-induced 
symptoms formation (Yaakov et al. 2011). Based on previ-
ous studies, the TYLCCNV population is a quasispecies, 
much like RNA virus populations (Ge et al. 2007). In this 
study, we analyzed the genetic structure and variability of 
TYLCCNV and TYLCCNB populations in natural and 
indoor infections with different hosts. It was found that 
TYLCCNB (1.2 ×  10–3–1.5 ×  10–3) had a higher mutation 
rate during viral genome replication compared to TYL-
CCNV (2.2 ×  10–4–4.3 ×  10–4), which might be related to 
the fact that TYLCCNB is a determinant of viral symp-
tom formation (Cui et al. 2004; Saunders et al. 2004; Brid-
don and Stanley 2006). Furthermore, the distribution of 
base mutations showed that the mutations in TYLCCNV 
were concentrated in C1 and C4, indicating that it was 
less selectively constrained. Meanwhile, the distribution 
of base mutations in the three begomoviruses (TYL-
CCNB, TbCSB, and MYVB) revealed that the mutations 
were mainly concentrated in the A-rich region. In future 
studies, we plan to reintroduce these mutations into the 
TYLCCNV and TYLCCNB genomes to elucidate their 
functional consequences.

Conclusions
The data from this study involves the molecular genetic 
variation, population genetic structure, and evolutionary 
drivers of the impact of the TYLCCNV/TYLCCNB iso-
lates at the level of viral genes or gene fragments as well 
as at the level of the genome. We found that the TYL-
CCNV population was mainly distributed in south-west-
ern regions of China. Genetic diversity analysis revealed 
a co-evolutionary relationship between TYLCCNV and 
TYLCCNB isolates. In addition, the molecular variation 
of TYLCCNV and its accompanying satellite TYLCCNB 
was characterized in both indoor and natural field popu-
lations, and the coding regions of the C1 and C4 genes 
were found to be the major mutated regions in TYL-
CCNV, which were hypothesized to be possibly related 
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to their functions (viral replication as well as symptom 
formation related). Indoor population analysis of differ-
ent companion satellites TYLCCNB, TbCSB, and MYVB 
and natural population analysis of TYLCCNB revealed 
that the A-rich region was the main mutated region. It 
was also shown that TYLCCNB has a higher mutation 
frequency and higher mutation rate than TYLCCNV. The 
present research results will provide important informa-
tion for epidemiological studies and reliable diagnostic 
methods for healthy tomato programs.

Methods
Sample collection and virus detection
During 2008–2012, 168 samples were collected from 
11 crops (N. tabacum, Carica papaya, Ipomoea aquat-
ica, Capsicum annuum, Lactuca sativa  var.  angustata, 
Solanum lycopersicum, Beta vulgaris, Ipomoea batatas, 
Glycine max, Vigna unguiculata, and Phaseolus vul-
garis) and 11 weeds (Ageratum conyzoides, Malvastrum 
coromandelianum Garcke, Alternanthera philoxeroides 
Griseb, Mirabilis jalapa, Malva sinensis Cavan, Solanum 
nigrum, Sigesbeckia orientalis, Datura stramonium, Petu-
nia hybrida  (Hook.) E. Vilm, Dysphania ambrosioides, 
and Emilia sonchifolia) that showed typical symptoms 
of begomoviral infection in different regions of three 
provinces (Yunnan, Sichuan, and Guangxi) in China. 
Fresh leaf genomic DNA was extracted by the conven-
tional CTAB method (Yan et  al. 2008). Subsequently, 
TYLCCNV and TYLCCNB sequences were amplified 
using specific primers and whole genome sequence infor-
mation was obtained by sequencing (Additional file  1: 
Table  S11). Information and locations of the collected 
samples are shown in Additional file 1: Table S1.

Sequence alignment and phylogenetic analysis
The whole genome sequences and six ORFs regions 
(V1, V2, C1, C2, C3, and C4) of 57 TYLCCNV isolates 
(23 from this study and 34 from GenBank) were used 
for sequence analysis. Among them, 37 from Yunnan, 5 
from Guangxi, and 15 from Sichuan (Additional file  1: 
Table  S2). Likewise, the whole genome sequences and 
βC1 and βV1 gene regions of 109 TYLCCNB isolates (10 
in this study and 99 GenBank) were sequence analyzed, 
of which 92 were from Yunnan, 10 from Guangxi, and 7 
from Sichuan (Additional file 1: Table S3). The full TYL-
CCNV/TYLCCNB whole genome sequences were com-
pared multiple times using the CLUSTALW algorithm 
in MEGA11 (Kumar et al. 2016). Phylogenetic trees were 
constructed through neighbour-joining (NJ) method in 
MEGA11 using the two aligned nucleotide datasets of the 
TYLCCNV/TYLVVNB genome sequences, respectively. 
Pairwise identities between and among phylogenetic 

groups were calculated using BioEdit version 7.1.9 and 
SDT v1.2 (Hall 1999).

Test for recombination signal
The TYLCCNV and TYLCCNB whole genome sequence 
datasets were tested for the presence of recombination 
signals using SplitsTree4 v.4.13.1 (Huson and Bryant 
2006). The parsing phylogenetic network was constructed 
based on 1000 bootstrap pseudo-replicates to validate the 
statistical confidence of specific nodes. Subsequently, 
evidence of recombination was further analyzed using 
seven programs (RDP, GENECONV, MaxChi, Chimaera, 
BOOTSCAN, SISCAN, and 3Seq) in the software RDP 
v.4.16 (Martin et  al. 2015). A putative recombination 
analysis was considered significant if it was supported by 
at least four of the seven different methods and the asso-
ciated P value was less than 1 ×  10–6 (Chinnaraja et  al. 
2013; Lin et al. 2014).

Calculation of population genetic parameters
Based on phylogenetic groups (geographic distribution) 
of TYLCCNV and TYLCCNB, population genetic param-
eters were calculated for different ORFs regions using 
the software DnaSP version 5.10.01 (Librado and Rozas 
2009). InDel analyses were calculated manually based on 
the aligned sequences of TYLCCNV and TYLCCNB iso-
lates. To investigate the extent and distribution of genetic 
variation among the 57 TYLCCNV isolates and 109 TYL-
CCNB isolates, nucleotide diversity was estimated based 
on the average number of nucleotide differences per site, 
with a sliding window adjusted to 100 nt and a step size 
of 25 nt. Meanwhile, haplotypic diversity (h) and nucleo-
tide diversity (π) were calculated for the TYLCCNV and 
TYLCCNB isolates, respectively (Nei 1987). Neutrality 
tests were examined using Tajima’s D method (Tajima 
1989). Genetic differentiation between TYLCCNV and 
TYLCCNB populations was assessed using three ranking 
statistics, Ks*, Z*, and Snn (Hudson et al. 1992; Hudson 
2000). The null hypothesis of no genetic differentiation 
was rejected if the P value < 0.05. In addition, the degree 
of gene flow between the TYLCCNV and TYLCCNB 
populations was analyzed using the standardized vari-
ance of Fst (subpopulation fusion index) and Nm (num-
ber of migrants) (Sun et  al. 2021). The gene flow was 
considered to have occurred infrequently if |Fst|> 0.33 or 
|Nm|< 1. When |Fst|< 0.33 or |Nm|> 1, there is a high fre-
quency of gene flow. To assess the strength of selection 
pressure in TYLCCNV and TYLCCNB different ORFs 
regions, we calculated the ratio of non-synonymous (dN) 
to synonymous (dS) substitution rates (ω = dN/dS) using 
DnaSP version 5.10.01 software.
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Molecular variation between different viruses
Infectious clones of TYLCCNV and TYLCCNVB were 
mixed in equal proportions at the same concentra-
tion with TYLCCNV-Y10 (Y10A and Y10β) isolates, 
TbCSV-Y35 (Y35A and Y35β) isolates, and MYVB-Y47 
(Y47A and Y47β) isolates, respectively. Subsequently, 
they were inoculated into the phloem of N. benthami-
ana and N. glutinosa. The TYLCCNV-Y10 isolate and 
TbCSV-Y35 (Y35A and Y35β) inoculated plants leaves 
were collected at 60 dpi and 120 dpi for N. benthami-
ana and N. glutinosa, respectively, whereas MYVB-Y47 
(Y47A and Y47β) isolate inoculated plants leaves were 
collected at 30 dpi, 60 dpi, and 120 dpi. N. benthami-
ana and N. glutinosa were tested separately using spe-
cific primers. Sequence splicing and processing were 
performed with the aid of DNAStar software (Version 
7.0, Madison, Wis., USA), and multiple sequence com-
parisons were performed using the DNAStar Clustal 
V method (Jia et  al. 2008). Accordingly, the molecu-
lar variant sites were identified by comparison with 
Y10A, Y10β, Y35A, Y35β, Y47A, and Y47β. The TYL-
CCNV and TYLCCNVB sequences of the viruses were 
obtained from naturally infected TYLCCNV tomato, 
tobacco, and malvastrum, and the mutant clones of 
all populations of TYLCCNV-Y10 (Y10A and Y10β) 
were calculated by comparing them with the pri-
mary sequences by following the method of Ge et  al., 
respectively (Ge et  al. 2007). The percentage (ratio of 
the total number of mutated clones to the total num-
ber of clones) and mutation frequency (ratio of the 
total number of mutated bases to the total number of 
sequenced bases) were calculated for all populations of 
TYLCCNV-Y10 (Y10A and Y10β) as an indicator of the 
genetic diversity of the viral populations and the level 
of population variability.
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