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Introduction 

The genus Phaseolus (Leguminosae family) comprises legumes 

commonly known as beans, which are cultivated as food crops. The 

beans and other legumes are an important source of nutrients, 

particularly in the developing countries, where they are useful in 

supplementing the human diets. They are usually referred to as the 

poor man's meat because of being rich in protein. This is particularly 

true when it comes to those areas where the availability of animal 

products is scarce and very expensive (1). They are nutritious and, 

thus, can be effectively used as a dietary supplement to help fight 

protein-energy malnutrition, which is prevalent among low-income 

populations (2, 3). The species possesses a diploid number of 

chromosomes (2n = 22) (4). Despite their nutritional significance, 

common bean cultivars are characterised by a narrow genetic base. 

Small floral structures, drought susceptibility, limited cultivation and 

the existence of a wide but poorly used germplasm are causes of the 

low genetic diversity. Because most cultivars were produced with 

few donor lines, the genetic bottleneck has been intensified. Here, 

mutation breeding can be viewed as an important approach to 

increase genetic diversity and accelerate the improvement of 

desirable characteristics in Phaseolus vulgaris L. (5). 

Plant viruses can cause significant global effects on crop 
quality and yield. The genus Begomovirus is the largest within the 

family Geminiviridae. According to the most recent report of the 

International Committee on Taxonomy of Viruses (ICTV), the family 

Geminiviridae comprises 522 species across 15 genera. The genus 

Begomovirus is the largest genus in the family, with 455 different 

species that infect a large variety of dicots and with different types of 

illnesses. These viruses are circular single-stranded DNA (ssDNA) 

genomes within unique geminate particles. The whitefly  

Bemisia tabaci is the main vector that feeds on a range of host plants, 

enhancing its capacity to acquire and transmit begomoviruses to 

new plants. The begomovirus infection is a severe threat to common 

bean, with evidence pointing toward the occurrence of multiple 

species infecting the same plant (6). High mutation rates, rapid 

replication and large population sizes contribute to extensive genetic 

variability within viral populations. RNA viruses exhibit higher 

mutation rates because their RNA-dependent RNA polymerase lacks 

proofreading capacity. Although DNA viruses can be replicated more 

precisely with the involvement of DNA-dependent DNA 

polymerases, research has shown that some single-stranded DNA 

viruses evolve at rates comparable to those of RNA viruses. Over the 

past few years, it was found that begomoviral populations undergo 

frequent recombination (7). They reproduce through a rolling-circle 

mechanism, and they have distinct patterns of genetic exchange as 

revealed in both non-homologous and homologous recombination. 

Frequent recombination contributes to the emergence of novel viral 
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variants and, in certain instances, they eventually evolve into highly 

virulent strains that cause massive outbreaks of disease. While 

recombination plays a vital role in shaping their genetic diversity, it 

relies on existing sequences and cannot introduce entirely new 

mutations. Consequently, the constant production of mutations is 

an essential aspect of the evolution of these viruses (8).  

 Begomoviruses evolve through multiple mechanisms such 
as frequent mutations, genetic recombination, reassortment in case 

of bipartite viruses and interactions with their insect vectors. The rate 

of their evolution poses a significant challenge to the development of 

effective diagnostics and disease management strategies. Therefore, 

an in-depth analysis of the evolutionary behaviour and genetic 

variation of begomoviruses that affect beans is necessary. 

 Viral populations usually have many different lineages that 

change over time. Each lineage has its own genetic variation, is found 

in different places and is specific to certain hosts. There is a lot to be 

learned about the historical processes that influenced the evolution 

of the species by combining the information about their evolutionary 

relationship, the date when the specimen was collected, the place of 

origin and the host species. The duration in which these changes have 

been occurring can also be determined (9).  

 

Materials and Methods 

Sequence selection and alignment 

A total of 203 DNA-A, 112 DNA-B and 9 betasatellite sequences 

associated with begomoviruses infecting P. vulgaris were retrieved 

from the National Centre for Biotechnology Information (NCBI) 

GenBank database (https://www.ncbi.nlm.nih.gov/) for the period 

between January 1, 2010 and July 31, 2025. From these, 42 complete 

DNA-A, 30 DNA-B and 8 betasatellite sequences were selected for 

analysis (Supplementary Table 1 and 2). Sequences were down 

selected to reduce redundancy. Full genome sequences with 

concise annotations that contained information on the host, place of 

collection, year of the sample and respective geographical location 

were only considered reliable and relevant. All the chosen sequences 

were downloaded in the FASTA format. The ClustalW, an algorithm 

of MEGA 11, was applied to align these sequences and six open 

reading frames (ORFs) of DNA-A (8, 10, 11). 

Phylogenetic relationship 

To derive the most suitable nucleotide substitution model to be 

used on each dataset, a thorough model selection test was 

conducted with the help of MEGA software. The selection criteria 

were considered based on the Bayesian Information Criterion scores 

(BIC) and the corrected Akaike Information Criterion (AICc), which are 

both taken as common and widely accepted measures to balance 

the model fit in consideration of the complexity of the model. The 

sequences of DNA-A, DNA-B and betasatellites were constructed 

using maximum likelihood (ML) method in the construction of 

phylogenetic trees. The strength of every clade was tested with 

support from bootstrap analysis based on 1000 replicates (9, 12). 

 To understand the trends in the nucleotide substitution 

patterns, the transition/transversion bias (R), which specifies the 

relative frequency of two types of substitutions, was calculated. This 

was done consistently with all six ORFs, the entire sequences of the 

DNA-A and DNA-B components and the corresponding 

betasatellites (11, 13). 

 

Recombination analysis 

A detailed recombination analysis was done using recombination 

detection program version 4.1 (RDP4.1) to determine the existence 

of recombination in the selected sequences. In this analysis, seven 

independent detection methods were used, which are RDP, 

BOOTSCAN, MaxChi, GENECONV, SISCAN, CHIMERA and 3Seq. They 

were all executed on default parameter settings. The significance 

level was set to a maximum p-value of 0.05 to reduce multiple testing 

errors and was further corrected by the Bonferroni error. The 

incidences of recombination were considered statistically significant 

when a combination of three or more algorithms detected the 

incidences. This was to reduce the risk of false outcomes (14, 15). 

Population genetics and structural analysis 

A detailed analysis with the help of DnaSP v6.12 was performed to 

evaluate the genetic variability and the population structure of the 

viral populations (16). This was done on the entire DNA-A sequence, 

the 6 distinct ORFs of DNA-A, as well as on DNA-B and the respective 

betasatellites. Several molecular diversity measures were calculated 

to describe the amount and the type of variation among and within 

populations. These included the total number of segregating sites 

(S), which reflects the number of variable nucleotide positions and 

the total number of mutations (η) observed across sequences. 

Nucleotide diversity (π) was determined to provide a quantitative 

measure of the genetic diversity to measure the average proportion 

of nucleotide differences per site between any two sequences. 

Moreover, the mean number of nucleotide differences (k) was 

calculated to create an additional understanding of the extent of 

divergence within the sequences (17, 18). 

Neutrality tests 

Neutrality tests were conducted with DnaSP v6.12 to determine 

deviations from the neutral evolution and to estimate the selection 

pressures that might be applied to the viral populations. These tests 

included Tajima’s D, Fu and Li’s D* and Fu and Li’s F*(16). Such 

analyses were applied systematically to the entire DNA-A, all six ORFs 

of DNA-A and DNA-B and betasatellite sequences to thoroughly 

examine selection throughout various genomic locations (16, 19).  

 

Results  

Phylogenetic analysis 

The phylogenetic trees revealed several groups with clustering 

patterns that appear to be associated with Begomovirus species and 

their geographical origin. Most major nodes showed strong bootstrap 

value support, which implies that inferred groupings are reliable. 

Moreover, the strong support indicates low uncertainty in the 

topology, which confirms the suitability of the chosen substitution 

model and alignment. TN93+G+I, HKY+G+I and T92+G+I were the best 

models for DNA-A, DNA-B and betasatellite respectively.  

Phylogenetic analysis of DNA-A sequences 

Phylogenetic analysis of DNA-A sequences showed several                 

well-supported clades corresponding broadly to New World and Old 

World begomovirus lineages (Fig. 1). Most of the isolates from the 

Americas grouped into one cluster, in accordance with previous 

observations indicating evolutionarily distant New World 

begomoviruses. Within these groups, additional regional clustering 

was observed among Caribbean, Central American and South 

American isolates, suggesting localised diversification patterns. The 
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Asian isolates emerged as genetically distinct clades apart from the 

American strains, thereby confirming the known distinction between 

the Old World and the New World begomoviruses. Despite the 

presence of some regional clustering tendencies, these observations 

should be interpreted cautiously, as no formal population structure 

analysis was conducted in this study. This phylogenetic structure 

could, in part, be an indication of recombination history and sequence 

evolution between geographically isolated viral strains. Similar 

clustering trends have previously been reported in begomovirus 

evolutionary studies, where recombination, mutation, host adaptation 

and vector-mediated transmission collectively contribute to viral 

diversification. Overall, the phylogenetic relationships indicate 

substantial genetic diversity among begomoviruses infecting                         

P. vulgaris, with lineage differentiation consistent with broader 

evolutionary patterns reported for global begomovirus populations.  

Phylogenetic analysis of DNA-B sequences 

Phylogenetic grouping of DNA-B sequences revealed numerous    

well-established groups representing geographically isolated 

begomovirus populations (Fig. 2). American isolates belonged 

primarily to the New World groups, while Asian isolates were 

grouped into their own genetically distinct clades in agreement with 

Old World begomovirus populations. 

 Within the American group, Caribbean, Central American 

and Northern South American isolates exhibited relatively close 

phylogenetic relationships, suggesting that the degree of similarity 

was higher in this region compared with other American regions. In 

contrast Andean and Southern South American isolates formed 

comparatively distinct subclusters, reflecting increased genetic 

divergence within the New World lineage. 

 Asian isolates were grouped into a distinct clade that clearly 
differed from American isolates, which agrees with previous 

evidence of considerable evolutionary divergence between Old 

World and New World begomoviruses. While some degree of 

clustering could be observed for certain regional groups, such 

observations should be made carefully since no formal population 

structure was analysed in this study. 

 The observed DNA-B phylogenetic structure may reflect the 

combined effects of mutation, recombination and long-term 

evolutionary divergence among begomovirus populations infecting 

P. vulgaris. The occurrence of multiple recombination events 

identified within DNA-B sequences may have contributed to the 

diversification and phylogenetic placement of several viral lineages. 

Phylogenetic analysis of betasatellite sequences 

Betasatellite phylogenetic analysis demonstrated that there were 

many sequence variations and several different clusters (Fig. 3). 

Unlike the DNA-A and DNA-B sequences, betasatellites were not very 

well clustered because of their evolutionary nature and their 

tendency to be associated with different begomovirus groups. 

 Multiple Asian betasatellite isolates formed well-supported 

phylogenetic subclades with high sequence similarity, while others 

branched off to form a different cluster, showing independent 

evolution in local populations. This variability is consistent with the 

Fig. 1. Maximum likelihood phylogenetic tree of begomoviruses infecting Phaseolus vulgaris based on DNA-A sequences. 
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Fig. 2. Phylogenetic tree created using maximum likelihood method illustrating the phylogenetic relations among begomoviruses DNA-B 
sequences associated with Phaseolus vulgaris. 

Fig. 3. Phylogenetic tree constructed using maximum likelihood method for betasatellites associated with begomoviruses infecting Phaseolus 

vulgaris. 
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elevated nucleotide diversity observed in betasatellites and may 

reflect their rapid evolutionary turnover. 

 Recombination signals observed in several betasatellite 

sequences additionally prove their nature as highly variable 

components of genomes, thus providing evidence for their 

participation in begomovirus evolution. In general, the results 

obtained from the study indicate that the betasatellites infecting                 

P. vulgaris can undergo significant genetic variations. 

Transition/transversion bias (R value) 

Variation in transition and transversion frequencies was observed 

when nucleotide substitution rates were compared across several 

begomovirus genomic components. With transitional substitution 

rates ranging from 10.96 to 20.27 and 8.78 to 19.63 respectively, the 

AC4 and AV1 regions had the highest rates, suggesting that they had 

faster evolution than other genomic components. Both R values for 

AC4 (1.357) and AV1 (1.083) are larger than 1.0, which suggests a 

tendency towards a higher frequency of transitional changes in 

these sequences relative to the remaining parts of the genome, 

whose R values are less than 1.0 (Table 1). The increased transition 

bias in AC4 and AV1 may be a result of either relaxed selective 

constraints or positive selection affecting these genomic regions due 

to their function in the virus-host relationship. 

Recombination analysis 

Recombination analysis revealed evidence of genetic reshuffling 

within viral populations, suggesting the evolutionary plasticity of 

begomoviruses. The numerous and extensively validated 

recombination cues in many genomic elements suggest that similar 

recombination events had played a pivotal role in genome diversity 

and adaptation. The distribution of recombination breakpoints 

within specific genomic regions may indicate the existence of 

potential recombination hotspots, highlighting the dynamic aspect 

of these loci in producing new genetic variants. The relatively higher 

frequency of recombination in some of these coding areas may 

reflect the existence of functional constraints that perhaps favoured 

exchange of sequences to provide an advantage to fitness or host 

adaptability. Additionally, the identification of uncharacterised 

parental sequences was an indication of involvement of unsampled 

or cryptic viral lineages of viruses in the recombination process. 

Collectively, these findings suggest that recombination may act as a 

key driver of molecular evolution, contributing to the emergence of 

new viral strains with broadened host ranges and increased 

adaptability within the agroecosystem (Table 2). 

Genetic analysis and DNA polymorphism 

These evaluations of DNA polymorphism revealed a high degree of 

genomic variability across all the components of the virus, 

highlighting the dynamic nature of their evolutionary processes 

underpinning the variation. The high level of nucleotide variation in 

specific regions suggest that there was an accumulation of 

mutations in them, thereby contributing to genetic differentiation 

and adaptation possibilities. The presence of numerous haplotype 

variations among various regions reflects extensive sequence 

heterogeneity among populations consistent with a lot of genetic 

exchange and diversification driven by selection pressures. In 

contrast, the relatively reduced diversity in specific coding regions 

points toward functional conservation, likely reflecting structural or 

replication constraints. The heterogenous distribution of 

polymorphism across genomic regions highlights the influence of 

evolutionary forces, resulting in variable rates of mutation and 

selection. The general patterns of polymorphism observed support 

the notion that the viral populations are shaped by complex 

interplay of mutation, recombination and selection, enhancing their 

adaptability and capacity to survive in varied host habitats (Table 3). 

 The findings of the neutrality test further suggested that 

demographic and selection pressures have contributed to shaping 

the evolutionary dynamics of the viral genome. The predominance 

of negative Tajima's D values across the DNA-A loci is consistent with 

the action of purifying selection or recent population expansion. 

However, the concurrent occurrence of positive Fu and Li’s D* and F* 

values in several regions suggests the possible influence of balancing 

selection, maintaining genetic variation at specific loci. A similar 

pattern observed in DNA-B, implies coordinated evolutionary 

pressures acting on different genomic components. In contrast, the 

consistently low neutrality rates detected in betasatellites point 

towards strong purifying selection and this was likely to preserve 

important functional elements. All these findings indicate that the 

viral populations are shaped by a complex interplay of adaptive 

diversification and selective pressures, which collectively promote 

viral survival and ecological success (Table 4). 

 

Discussion 

Phylogenetic analysis revealed substantial genetic diversity among 

begomoviruses infecting P. vulgaris, with clustering patterns broadly 

consistent with previously described Old World and New World 

lineages (20–22). However, the phylogeny observed could be 

explained by the numerous recombination found in DNA-A, DNA-B 

and betasatellite segments. The detection of breakpoint sites at AC1 

coding region indicates that genomic segment exchange has played 

a role in begomovirus evolution through the generation of novel viral 

lineages. Previous research has shown a similar evolution pattern 

whereby recombination was one of the mechanisms of 

begomovirus evolution and emergence (23, 24). 

Virus component Transitional substitution rate Transversional substitution rate Transition/transversion bias (R) 

DNA-A 9.41–15.93 5.5–8.08 0.863 

AC1 9.24–13.83 5.61–8.4 0.853 

AC2 8.06–17.43 5.68–7.83 0.887 

AC3 8.3–17.35 5.11–8.4 0.88 

AC4 10.96–20.27 4.59–6.59 1.357 

AV1 8.78–19.63 4.73–6.61 1.083 

AV2 9.33–13.84 6.19–6.99 0.888 

DNA-B 9.09–16.1 4.92–8.72 0.831 

Betasatellite 8.55–14.79 4.98–8.66 0.804 

Table 1. Substitution rates and transition/transversion bias among DNA-A, DNA-B, open reading frames and betasatellites 
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 Table 2. Recombination analysis for DNA-A, associated open reading frames, DNA-B and betasatellites determined using different algorithms, 
showing both major and minor parents along with recombinants and calculated p-value 

DNA-A 

Events Breakpoints Recombinant Parents   Method 

  Begin End   Major Minor   

1 2342 2672 KC004131.1_Mac KJ939854.1_Mac NC_018090.1_FB R,G,B,M,C,S,T 

2 2325 2725 NC_018090.1_FB Unknown JN848770.1_BCV R,G,B,M,C,S,T 

3 2324 2714 KX857725.1_BLC JN848770.1_BCV Unknown R,G,B,M,C,S,T 

4 2218 2412 HM357459.3_SiM JN848770.1_BCV KX458238.1_ToS R,G,B,M,C,S,T 

5 526 1128 KF440686.1_ToLCGV MG544284.1_ToLCJV MW082628.1_BGY R,G,B,M,C,S,T 

6 2154 2341 KJ939858.1_Mac KC004131.1_Mac Unknown R,G,B,M,C,S,T 

7 688 995 MG544284.1_ToLCJV NC_018090.1_FB Unknown R,G,B,M,C,T 

8 2430 2708 KJ939853.1_BGM KJ939854.1_Mac Unknown R,G,B,M,C,T 

9 2286 2710 MK087122.1_FBL MG544284.1_ToLCJV JN848770.1_BCV R,B,M,C,S,T 

10 2205 201 NC_055589.1_BLV Unknown JN848772.1_BWC R,G,B,M,C,S 

11 2346 2613 LC487406.1_AYV JQ733557.1_TbC JN848770.1_BCV R,G,B,M,C,T 

12 2254 2542 MH481901.1_Pep KX458238.1_ToS MG544284.1_ToLCJV R,G,M,C,S,T 

13 1068 2018 JN848770.1_BCV MK387701.1_SiG Unknown R,B,M,C,S,T 

14 319 2172 MW082628.1_BGY NC_038988.1_CB KX857725.1_BLC R,B,M,C,S,T 

15 1482 2024 NC_031961.1_CB MK241786.1_BGY MK087122.1_FBL R,B,M,CS,T 

16 2633 2712 KJ939858.1_Mac KJ939854.1_Mac Unknown R,M,C,S,T 

17 2170 2304 MK387701.1_SiG JN848772.1_BWC Unknown R,G,B,M,C,S,T 

18 2445 2718 PP937118.1_ToLNV Unknown JN848772.1_BWC R,M,C,T 

19 1270 1408 MH359390.1_CLC KX857725.1_BLC NC_038988.1_CB R,G,B,M,C,T 

20 2258 2554 KX011477.1_CBS KX458238.1_ToS JN848722.1_BWC R,G,B,M,C,S,T 

21 603 1177 KX452228.1_MYM JQ733557.1_TbC KJ939858.1_Mac B,M,C,S,T 

22 496 1168 LC487406.1_AYV NC_018090.1_FB Unknown M,C,S 

23 2446 2734 JQ733557.1_TbC KC019304.1_MYM JN848772.1_BWC R,M,C 

25 2346 2376 KJ939858.1_Mac KJ939854.1_Mac Unknown R,G,T 

26 2206 2254 KX458238.1_ToS KJ939854.1_Mac KF440686.1_ToLCGV R,G,M,C,T 

28 2084 2526 KJ939854.1_Mac Unknown KX011471.1_TbL R,B,M,C,S,T 

29 2238 2674 NC_038988.1_CB Unknown JN848772.1_BWC R,B,M,C,T 

30 2463 2502 KC019306.1_HYM KX452228.1_MYM MW082628.1_BGY R,G,T 

31 1620 2113 KX011477.1_CBS MH481901.1_Pep Unknown R,B,M,C,T 

32 750 1161 HM357459.3_SiM Unknown FJ944023.1_BYM R,M,C,T 

33 1654 333 NC_055589.1_BLV GU32321.1_HYM Unknown G,M,C,S 

34 2198 2444 JQ733557.1_TbC PP937118.1_ToLNV GU323321.1_HYM R,M,C,T 

35 2852 515 KF440686.1_ToLCGV MK087122.1_FBL JQ733557.1_TbC R,G,B,M,C 

36 83 518 MG544284.1_ToLCJV NC_018090.1_FB PQ373816.1_SLC M,C,T 

DNA-B 

1 710 2396 MH359391.1_CLC KX857726.1_BLC KX096982.1_CBS B,M,C,S,T 

2 570 2357 PP937119.1_ToL Unknown MT627028.1_Mac R,B,M,C,S,T 

3 2396 706 KX452231.1_MYM Unknown MK241787.1_BGY M,C,T 

4 504 1406 KX011474.1_CBM KX096982.1_CBS KU145406.1_BGY M,C,T 

5 159 436 NC_035888.1_TbL MT627028.1_Mac Unknown R,G,M,C,S,T 

6 2404 2742 KC019307.1_HYM Unknown NC_022003.1_BC R,M,T 

7 752 1926 KX857726.1_BLC MT627029.1_Mac KU145406.1_BGY M,C,T 

Betasatellite 

1 1000 1286 MG913377.1_CLC Unknown NC_018091.1_FB R,B,M,C,S,T 

2 1356 622 MH165182.1_TbC Unknown MG544284.1_ToLCJV R,B,M,C,S,T 

3 88 208 NC_018091.1_FB MG970383.1_ToL MG913377.1_CLC R,B,M,C,S,T 

4 1182 1336 MK087123.1_SYV Unknown MH165182.1_TbC R,B,M,C,S,T 

5 1372 1456 MG913377.1_CLC Unknown MG970363.1_ToLB R,G,B,M,C 

6 366 610 MH165182.1_TbC NC_018091.1_FB MG970363.1_ToLB M,C,S 
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 AC1 

1 624 1102 MH359391.1_CLC JN848770.1_BCV Unknown R,G,B,M,C,S,T 
2 560 1091 KJ939858.1_Mac KC004131.1_Mac NC_031961.1_CB R,B,M,C,S,T 

3 718 1116 KJ939853.1_BGM KC004131.1_Mac LC487406.1_AYV R,G,M,C,S,T 

4 716 1112 NC_055589.1_BLV KJ939891.1_Mac KX458238.1_ToS R,B,M,C,S,T 

5 778 1074 LC487406.1_AYV Unknown JN848772.1_BWC R,G,M,C,S,T 

6 666 1010 JN848772.1_BWC KJ939891.1_Mac NC_031961.1_CB R,G,B,M,C,S,T 

7 722 1046 NC_018090.1_FB JQ733557.1_TbC JN848770.1_BCV R,G,B,M,C,S,T 

8 582 918 MH481901.1_Pep KJ939853.1_BGM MG544284.1_ToLCJV R,G,B,M,C,S,T 

9 828 882 MW082628.1_BGY KJ939891.1_Mac KC019306.1_HYM R,G,M,C,T 

10 378 1057 JN848770.1_BCV Unknown MK387701.1_SiG R,G,M,C,S,T 

11 555 1030 MK387701.1_SiG KC004131.1_Mac KX458238.1_ToS R,G,B,M,C,S,T 

12 618 826 MK087122.1_FBL JQ733557.1_TbC Unknown R,M,C,T 

13 604 1064 FJ944023.1_BYM KJ939790.1_BGM Unknown B,M,C,S,T 

14 902 380 KX458238.1_ToS MK241786.1_BGY MG544284.1_ToLCJV M,C,S 

15 828 884 KX458238.1_ToS Unknown GU323321.1_HYM R,G,M,C,S 

16 1116 400 MG544284.1_ToLCJV Unknown KF440686.1_ToLCGV M,C,T 

17 1116 236 JQ733557.1_TbC Unknown MK087122.1_FBL R,G,M,C,T 

18 636 777 JQ733557.1_TbC LC487406.1_AYV KC019304.1_MYM R,M,C,S,T 

19 484 665 KJ939891.1_Mac KJ939854.1_Mac JN848772.1_BWC M,C,S 

20 648 777 KF440686.1_ToLCGV LC487406.1_AYV GU323321.1_HYM R,M,C,T 
21 489 576 NC_031961.1_CB MH481901.1_Pep Unknown M,C,T 

AC2 

1 212 292 MG544284.1_ToLCJV LC487406.1_AYV JN848772.1_BWC R,M,C,S,T 

2 490 108 MH359390.1_CLC KX857725.1_BLC NC_038988.1_CB R,G,B,M,C,T 

3 340 490 JN848770.1_BCV KX011471.1_TbL HM357459.3_SiM R,G,M,C 

4 344 490 NC_031961.1_CB FJ944023.1_BYM MG544284.1_ToLCJV M,C,T 

AC3 

1 123 258 MH359390.1_CLC KX857725.1_BLC NC_038988.1_CB R,G,M,C,T 
2 350 64 PQ373816.1_SLC LC487406.1_AYV KC019304.1_MYM M,C,S 

AC4 

1 474 318 KC004131.1_Mac Unknown KJ939854.1_Mac M,C,T 

2 434 300 MK087122.1_FBL NC_055589.1_BLV Unknown M,C,T 

3 366 477 MH481901.1_Pep Unknown NC_018090.1_FB G,M,C,S 

1Macroptilium yellow spot virus  
2French bean leaf curl virus 
3Bean chlorosis virus 
4Bean leaf crumple virus  
5Sida micrantha mosaic virus 
6Tomato severe rugose virus 
7Tomato leaf curl Gujarat virus 
8Tomato leaf curl Joydebpur virus 
9Bean golden yellow mosaic virus 
10Bean golden mosaic virus 
11French bean leaf curl Madikeri virus 
12Bean latent virus 
13Bean white chlorosis mosaic virus 
14Ageratum yellow vein virus 
15Tobacco curly shoot virus  
16Pepper leafroll virus 
17Sida golden mosaic virus 
18Common bean mottle virus 
19Tomato leaf curl New Delhi virus 
20Cabbage leaf curl virus 
21Common bean severe mosaic virus 
22Mungbean yellow mosaic India virus 
23Tobacco leaf curl Cuba virus  
24Horsegram yellow mosaic virus  
25Squash leaf curl China virus 
26Synedrella yellow vein betasatellite 
27Tomato leaf curl betasatellite  
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 A comparative substitution analysis revealed relatively high 

transition rates in the AC4 and AV1 regions, suggesting differential 

evolutionary pressures across genomic components. Because these 

genes are associated with pathogenicity, host–virus interactions and 

viral movement, elevated sequence variability within these regions 

may provide adaptive advantages under changing host and vector 

environments. Previous studies have similarly reported that genes 

involved in host interaction and pathogenicity frequently exhibit 

higher sequence variability than more conserved                                

replication-associated regions (25, 26).   

 The higher level of nucleotide diversity identified for DNA-B 

and betasatellites further supports the notion that                       

begomovirus-associated genomes are characterised by dynamic 

evolutionary processes. The significant sequence variability found 

for betasatellites along with multiple recombination events 

emphasises their crucial contribution towards genomic diversity and 

virus diversification (22, 27). 

  Although recombination and nucleotide variation were 

detected across all genomic regions analysed, neutrality tests 

revealed negative Tajima’s D scores for almost all genomic loci, 

indicating the occurrence of purifying selection. This observation 

suggests that despite ongoing begomovirus diversification by 

recombination and mutations, purifying selection acts to conserve 

functional genomic loci essential for the processes of replication and 

transmission. Positive values observed for some loci analysed 

according to Fu and Li's test may suggest the maintenance of 

genetic variation at specific genomic loci (7, 28, 29). 

 Together, the results suggest that the evolution of 

begomoviruses is governed by the interactions of mutational, 

recombinational and selective processes in various segments of the 

genome. However, it is important to acknowledge that these 

observations are based solely on phylogenetic tree topology and 

bootstrap support, and no formal statistical analysis of population 

structure was performed to confirm that geographic origin is a 

significant driver of this clustering. Phylogenetic co-clustering of 

geographically proximate isolates may also reflect shared host 

range, vector population structure, or historical dispersal routes 

rather than geographic isolation alone. Future studies incorporating 

larger and more geographically representative datasets, combined 

with formal population structure analyses, will be necessary to 

rigorously determine the extent to which geographic barriers shape 

the genetic diversity of begomoviruses infecting P. vulgaris.  

 

Conclusion  

The study highlights that begomovirus evolution is influenced by 

geographical distribution, host adaptation and vector dynamics, 

resulting in phylogenetic groupings that broadly reflect geographic 

distribution. Adaptive variation was observed in certain genomic 

regions, particularly AC4 and AV1, which exhibited relatively higher 

mutation rates. Frequent recombination events, especially within 

DNA-A and the AC1 region, contributed substantially to genetic 

variability. Despite this variability, purifying selection appears to 

conserve essential viral functions required for replication and 

transmission. Overall, the combined effects of mutation, 

recombination and selection shape begomovirus diversity, 

emphasising the importance of continuous molecular surveillance to 

better manage their impact on legume production. Future studies 

incorporating larger datasets and population genetic analyses will 

further improve understanding of begomovirus evolution and 

diversification. 
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