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Abstract: Five of the seven recognized phylogeographical tomato yellow leaf curl 

virus (TYLCV; Begomovirus coheni) strains occur in Iran, the proposed TYLCV 

center of diversification, including the globally invasive, exotic tomato yellow leaf 

curl virus-Israel (TYLCV-IL). Here, the phylogeny, population structure, and 

microevolutionary patterns were studied for TYLCV-IL populations infecting 

wild Datura stramonium plants growing near commercial tomato fields in 

Bojnourd, Iran, from which TYLCV-IL haplotypes had previously been 

characterized. Genome variation of TYLCV in D. stramonium was maintained 

primarily by natural selection on viral coding regions involved in replication and 

the non-coding intergenic region involved in regulation of replication and 

transcription. The C4 ORF harbored signatures of host adaptation consistent with 

its known functions in long-distance movement and host plant gene silencing. 

Recombination analysis revealed predicted interspecies recombinants in D. 

stramonium, in the C1 and C1/C4 coding regions and intergenic region (IR). The 

IR nucleotide substitution rate of 4.02 × 10⁻⁴ per site was indicative of extensive 

genome plasticity. Further, the high genomic diversity of TYLCV isolates 

associated with 'wild-host' populations was attributed to 'within-host structuring', 

evident by the presence of unique variants in each host plant. Finally, 

recombination and population structure analyses suggest that mutation and 

interspecies recombination have contributed to the differentiation of TYLCV-IL 

populations and subsequent genetic isolation by host. 

 

Keywords: Begomovirus, Nucleotide substitutions, Plant virus evolution, 

Recombination 

 

Introduction12 

 

Whitefly-transmitted geminiviruses contain a 

single-stranded DNA (ssDNA) genome and are 

classified in the genus Begomovirus 

(Geminiviridae) (Frischmuth et al., 1997). The 
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begomoviral genome encodes six open reading 

frames (ORFs), some partially overlapping and 

organized bidirectionally on the viral and 

complementary strands. A non-coding 

regulatory sequence of ~300 nucleotides, located 

between the C1 and V2/V1 ORFs, is referred to 

https://profile.ut.ac.ir/en/~khtalebi/ateliers
https://profile.ut.ac.ir/en/~khtalebi/ateliers
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as the intergenic region (IR). It contains a 

conserved stem-loop structure and a 

nonanucleotide sequence, TAATATTAC, 

comprising the predicted loop, conserved in all 

geminiviruses. The nonanucleotide is nicked by 

the begomovirus-encoded replication-associated 

protein (Rep) between the thymine and adenine 

residues, respectively, to initiate rolling-circle 

replication (Laufs et al., 1995; Navot et al., 

1991). In monopartite begomoviruses, the V1 

and V2 ORFs are arranged on the viral sense 

strand and encode the coat protein (CP) and a 

viral movement protein (MP; BC1 for bipartite 

begomoviruses), respectively (Rojas et al., 

2005). Four ORFs are encoded on the 

complementary sense strand, C1, C2, C3, and 

C4, and the last ORF is nested within the C1 

ORF. They encode a Rep, a transcription 

activator (TrAP), and a replication enhancer 

(REn) protein, respectively, while the C4 protein 

is involved in virus-mediated suppression of host 

plant-mediated post-transcriptional gene 

silencing and in virus-mediated movement 

(Jupin et al., 1994; Laufs et al., 1995; Wartig et 

al., 1997). 

Begomoviruses replicate in the nucleus, 

where host proof-reading DNA polymerases also 

reside (Gutierrez, 1999). Despite this, moderate 

to high nucleotide substitution rates have been 

reported for several begomoviruses, including 

the monopartite TYLCV and the DNA-A 

component of the bipartite East African cassava 

mosaic virus, which were estimated at 2.88 × 10-

⁴ and 1.60 × 10-³, respectively (Duffy and 

Holmes, 2008, 2009). RNA-directed DNA 

methylation (RdDM), the recruitment of an 

error-prone DNA polymerase, and deamination 

of bases during replication have been proposed 

as explanations for the unanticipatedly high 

mutation rates in these ssDNA viruses, which 

can approach those observed for certain RNA 

viruses (Duffy and Holmes, 2008; Xia and Yuen, 

2005). Accumulation of mutations and 

recombination are primary drivers of 

begomovirus evolution (Ge et al., 2007); 

however, an upper limit or threshold that 

preserves essential coding and non-coding 

sequence functions is anticipated (Domingo and 

Perales, 2019). The monopartite tobacco leaf 

curl virus (TLCV) infecting Eupatorium makioni 

Kawahara & Yuhara var. oppositifolium 

(Koidzumi) Kawahara & Yuhara was shown to 

exhibit within-host variability manifest as 9-14 

nucleotides (nts) per AC1 ORF per individual 

host plant (Ooi et al., 1997). Tomato plants 

infected with the monopartite tomato yellow leaf 

curl China virus harbored highly heterogeneous 

populations, as reflected by single-nucleotide 

polymorphisms in the IR, C4, and C1 ORFs 

(1396 nt) (Ge et al., 2007). Similarly, high 

variability has been reported for monopartite 

cotton leaf curl begomoviruses and betasatellites 

recovered from fifteen wild and cultivated 

Gossypium species (Nawaz-ul-Rehman et al., 

2012). Finally, analysis of predicted 

recombinant genomes of TYLCV-tomato leaf 

curl Mayotte virus has shown that individual 

host plants can harbor multiple recombinants 

(Urbino et al., 2013). 

During 1970 to 1980, begomoviruses 

emerged for the first time as damaging plant 

pathogens, a phenomenon thought to be 

exacerbated by monoculture crop expansion, and 

the increasingly widespread cultivation of 

genetically-uniform varieties that supported 

year-round populations of the whitefly vector 

Bemisia tabaci (Genn.) cryptic species group 

(Hemiptera, Aleyrodidae) (Brown and Bird, 

1992). Most economically important cryptic 

species are polyphagous, may have a unique host 

range, and occupy distinct micro-climate niches 

(Paredes-Montero et al., 2021). During this time, 

begomoviruses underwent rapid diversification 

and speciation (Brown and Czosnek, 2002), with 

genome variation manifest as nucleotide 

substitutions, recombination, and/or component 

(bipartite) reassortment (Padidam et al., 1999; 

Silva et al., 2012). Further, begomoviruses 

previously unknown to infect cultivated plants 

were transmitted from endemic wild plant 

reservoirs to crop species by the whitefly vector 

(Silva et al., 2012). Even so, few studies have 

addressed the population structure of endemic 

begomoviruses associated with infected wild-

cultivated plant counterparts (Sobrinho et al., 

2014). 
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Begomoviruses represent either those first 

identified in tomato crops following a host 

jump from a wild reservoir (Castillo-Urquiza et 

al. 2007; Ribeiro et al., 2003), or had been 

initially recognized in symptomatic wild plant 

host(s) before their discovery in cultivated 

plants (Castillo-Urquiza et al., 2010). 

Compared to virus populations in genetically 

uniform cultivated plant species, viruses 

associated with wild plant populations exhibit 

greater genetic variability and can serve as 

reservoirs or 'melting pots' that support ongoing 

virus-host evolution (Cooper and Jones, 2006; 

Roossinck, 2019), while also providing 

populations potentially amenable to a ‘host 

species jump' that can result in virus host range 

shifts. In one such scenario, the genome 

sequences of bean golden mosaic virus and 

Macroptilium yellow spot virus associated with 

the respective wild and cultivated legume host 

species were highly similar, providing an 

example in which population structure was 

minimally influenced by different host 

associations (Sobrinho et al., 2014). This 

observation may have been due to naturally 

occurring, frequent intra-host transmission of 

these begomovirus species by the whitefly 

vector. In contrast, comparisons of the 

potyvirus hardenbergia mosaic virus (HarMV) 

genome sequences recovered from wild and 

cultivated host counterparts indicated that each 

host-specific population harbored distinct 

signals of genome variability (Webster et al., 

2007), revealing virus-host-specific influences 

on HarMV evolution (Czosnek and Laterrot, 

1997).  

The objective of this study was to 

investigate the variability among TYLCV-IL 

isolates recovered from individual wild 

Datura stramonium L. (Hosseinzadeh et al., 

2014) and those previously characterized 

isolates infected crops and weeds from the 

Middle East. In the latter study, four 

monophyletic TYLCV-IL sister clades 

recovered from tomato plants grouped based 

on ‘local-geography’ (Hosseinzadeh et al., 

2014). Here, TYLCV-IL genome sequences 

from a community of wild D. stramonium 

plants were subjected to phylogenetic and 

recombination analyses, and population 

structure was compared within and between 

individual plants. Finally, genome sequences 

of TYLCV-IL isolated from D. stramonium 

and cultivated tomato plants were compared. 

Of particular interest was to evaluate the 

extent of small-scale ‘within-’ and ‘among’-

host genome variability harbored by the 

respective wild and cultivated host plant 

counterparts on a 'micro-evolutionary' scale 

for host-specified evolution of TYLCV-IL 

populations. 

 

Material and Methods 

 

Acquisition of full-length TYLCV genomic 

sequences  

According to our previous study (Hosseinzadeh 

et al., 2014), we selected TYLCV genomes 

collected from D. stramonium plants and 

submitted them to the National Center for 

Biotechnology Information (NCBI) database 

(Table 1). To investigate the population 

structure of isolates infecting D. stramonium 

compared to other host plants, some isolates 

infected crops and weeds. Comprehensive 

details on the sequences (accession numbers, 

countries of origin, and hosts) are provided in 

Table S1. 

 

Begomovirus genome sequences, pairwise 

distances, and phylogenetic analysis 

Based on the BLASTn analysis 

(http://www.ncbi.nlm.nih.gov), representative 

TYLCV-IL isolates that were most closely 

related to the TYLCV-IL isolates recovered 

from D. stramonium were selected for the 

analyses and downloaded from the GenBank 

database (Table 1). Also, a sequence of Tomato 

leaf curl Iran virus (TLCIV) was selected as an 

outgroup and downloaded from GenBank.  

Pairwise distance analysis was carried out 

using the PASC algorithm, available at the NCBI 

Genbank database (http://www.ncbi.nlm.nih. 

gov/sutils/pasc/). For phylogenetic analysis, the 

sequences determined and reference sequences 

were aligned using the Q-INS-i algorithm in 

http://www.ncbi.nlm.nih.gov/sutils/pasc/
http://www.ncbi.nlm.nih.gov/sutils/pasc/
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MAFFT (https://mafft.cbrc.jp/alignment/server) 

(Katoh et al., 2013). The alignment was edited 

with Gblocks (http://phylogeny.lirmm.fr/phylo 

_cgi/one_task.cgi?task_type=gblocks) and the 

least stringent parameters (Castresana, 2000). 

The optimal base-substitution model was 

determined using MrModeltest 2 (Nylander, 

2004). The Akaike-supported model, a general 

time-reversible model, was used to analyze 

among-site rate heterogeneity and estimate 

invariant sites (GTR + G + I). The Bayesian 

analysis was carried out using MrBayes v3.1.2 

(Ronquist and Huelsenbeck, 2003), with a 

random burn-in tree run of 1,000,000 

generations and convergence set to 25%. The 

posterior probabilities (Larget et al., 1999) were 

estimated by the Markov chain Monte Carlo 

(MCMC) method with 50% majority rule.  

 

Recombination analysis 

Recombination analysis was carried out for 

TYLCV-IL genomes recovered from D. 

stramonium plants and selected closest 

relatives (Table 1) using the Recombination 

Detection Package RDP v.4, with default 

parameters. The RDP package includes a suite 

of programs: RDP, GENECONV, BootScan, 

MaxChi, Chimaera, SiScan, and 3Seq. 

Statistically significant results across at least 

six of the seven programs were considered 

robust evidence of a predicted recombination 

event (Martin et al., 2010). 

 
Table 1 List of isolates and full-length sequences of Datura stramonium-associated Tomato yellow leaf curl virus-

IL (TYLCV-IL) haplotypes from Bojnourd, Iran. Three reference begomoviral sequence and acronym, plant host 

and number, origin, collection year, GenBank Accession number, begomovirus genome size, and source or 

published reference. 
 

Virus haplotype Acronym Plant host 
/Plant number 

Origin Year of 
collection 

GenBank 
accession 

number 

Full-length 
genome  

size (nt) 

Sequence 
source or 

reference 

Tomato yellow leaf curl virus-IL 
TYLCV-IL[IR:BojD5-2:12] 

TYLCV-IL[IR:BojD5-
2:12 ] 

Datura #5 Bojnourd /Iran 2011 KC106635 2782 (49) 

Tomato yellow leaf curl virus-IL 

[IR:BojD8-1:12] 

TYLCV-IL[IR:BojD8-

1:12] 

Datura #8 Bojnourd /Iran 2011 KC106636 2779 (49) 

Tomato yellow leaf curl virus-IL 

[IR:BojD11-1:12] 

TYLCV-IL[IR:BojD11-

1:12] 

Datura #11 Bojnourd /Iran 2011 KC106637 2779 (49) 

Tomato yellow leaf curl virus-IL 
[IR:BojD23-7:12] 

TYLCV-IL[IR:BojD23-
7:12] 

Datura #23 Bojnourd /Iran 2011 KC106638 2782 (49) 

Tomato yellow leaf curl virus-IL 

[IR:BojD23-A:12] 

TYLCV-IL[IR:BojD23-

A:12] 

Datura #23 Bojnourd /Iran 2011 KC106640 2782 (49) 

Tomato yellow leaf curl virus-IL 
[IR:BojD28-7:12] 

TYLCV-IL[IR:BojD28-
7:12] 

Datura # 28 Bojnourd /Iran 2011 KC106641 2781 (49) 

Tomato yellow leaf curl virus-IL 

[IR:BojD28-3:12] 

TYLCV-IL[IR:BojD28-

3:12] 

Datura #28 Bojnourd /Iran 2011 KC106642 2759 (49) 

Tomato yellow leaf curl virus-IL 

[IR:BojD28-5:12] 

TYLCV-IL[IR:BojD28-

5:12] 

Datura #28 Bojnourd /Iran 2011 KC106643 2781 (49) 

Tomato yellow leaf curl virus-IL 

[IR:BojD28-2:12] 

TYLCV-IL[IR:BojD28-

2:12] 

Datura #28 Bojnourd /Iran 2011 KC106644 2781 (49) 

Tomato yellow leaf curl virus-IL 

[IR:BojD28-8:12] 

TYLCV-IL[IR:BojD28-

8:12] 

Datura #28 Bojnourd /Iran 2011 KC106645 2781 (49) 

Tomato yellow leaf curl virus-IL 
[IR:BojD132-1:12] 

TYLCV-IL[IR:BojD132-
1:12] 

Datura #132 Bojnourd /Iran 2011 KC106646 2781 (49) 

Tomato yellow leaf curl virus-IL 

[IR:BojD132-13:12] 

TYLCV-IL[IR:BojD132-

13:12] 

Datura #132 Bojnourd /Iran 2011 KC106647 2781 (49) 

Tomato yellow leaf curl virus-
IR[IR:Iranshar:98] 

TYLCV-IR[ 
IR:Iranshar:98] 

Tomato Iranshahr/Iran 1998 AJ132711 2771 (67) 

Tomato yellow leaf curl virus-Mild 

[Israel] 

TYLCV-Mld Tomato Israel 1994 X76319 2790 (96) 

Tomato yellow leaf curl virus-Israel 

[Israel:rehovot] 

TYLCV-IL Tomato Israel 1991 X15656 2787 (5) 

Tomato leaf curl Iran virus[Iran] TLCIV Tomato Iranshahr/Iran 2004 NC005842 2763 (88) 
 

http://phylogeny.lirmm.fr/phylo_cgi/one_task.cgi?task_type=gblocks
http://phylogeny.lirmm.fr/phylo_cgi/one_task.cgi?task_type=gblocks
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Nucleotide substitution rate estimates and 

mutational bias  

Analysis of the mean rate of nucleotide 

substitutions per site was carried out for 

TYLCV-IL coding regions (n = 6) and the 

corresponding IR sequence associated with 

each genome (n = 12 haplotypes). Mutation 

and insertion-deletion rates were determined 

using Maximum likelihood in MEGA5 with 

the T92 + G model of evolution (Tamura et al., 

2011).  

 

Gene flow and genetic differentiation among 

TYLCV-IL populations  

Population differentiation analyses (Hudson et 

al., 1992; Hudson, 2000) of the TYLCV 

genome sequences recovered from D. 

stramonium (Hosseinzadeh et al., 2014) 

plants, and previously reported TYLCV 

genomes associated with other plants (Table 

S1), based on KS, Z, and Snn parameters, 

implemented in the DnaSP v.5 software 

package, were calculated. Genetic divergence 

among populations by plant host was assessed 

using the KST statistic, as established methods 

(Tsompana et al., 2005). The FST algorithm 

was used to analyze between-population gene 

flow and genetic isolation (Hudson et al., 

1992; Coskan et al., 2022). 

 

Genetic variability and evolutionary 

determinants  

Genetic variability analysis between TYLCV-

IL genome sequences isolated from D. 

stramonium were determined based on the 

number of polymorphic sites (S), total number 

of mutations (Eta), nucleotide diversity (𝜋), 

number of haplotypes (h), mean number of 

nucleotide differences (k), haplotype diversity 

(Hd), Watterson's estimate of population 

mutation rate (total number of segregating 

sites (θ-w) and mutations, or θ-Eta). The 

Tajima’s D dN/dS (Ka/Ks) ratio of neutrality 

test was used to identify the extent of deviation 

from assumptions associated with neutral 

evolution by analyzing the TYLCV open 

reading frames (n = 6) and non-coding IR 

sequences for twelve haplotypes (Table 1). 

Analysis was conducted with DnaSP v.5 to 

determine the best-fitting evolutionary model, 

the neutral mutation rate/site, and the 

transition/transversion ratio (Rozas et al., 

2003). 

 

Results 

 

Begomovirus genome sequences, 

preliminary BLASTn identification, and 

pairwise distances  

Pairwise distance analyses of the TYLCV-IL 

sequences (Table 1), indicated that the 

TYLCV-IL sequences from D. stramonium 

shared > 94% nucleotide identity with 

reference TYLCV-IL sequences. The Rep 

binding site sequences or ‘iterons’ in the IR of 

all TYLCV-IL haplotypes (from D. 

stramonium) (Table 1) were similar to but 

unique from the IR of previously reported 

TYLCV-IL and TYLCV-IR isolates (Fig. 1). 

Differences within the IR consisted of the 

following modifications: 1) adenine (A) 

replaced by thymine (T) in the predicted 5’- 

putative Rep binding motif e.g., plants #132 

and #28; 2) a 4-nt spacer consisting of ATCC 

at the 3’-putative Rep binding motif, compared 

to ATC e.g., plant #5; 3), replacement of T 

with A at the third base position (5′-GGAGT-

3′) e.g., plants #5, #28, and #132 (Table 1). 

 

Nucleotide substitution rate and mutational 

bias  

The estimated mean nucleotide substitution rate 

for TYLCV-IL genomes isolated from D. 

stramonium was 1.45 × 10⁻⁴ substitutions per 

site. Substitution rates were 4.02 × 10⁻⁴, 1.94 × 

10⁻⁴, 1.37 × 10⁻⁴, and 8.07 × 10⁻⁵ for IR, V1 

(cp), C1 (rep), and C4 coding regions, 

respectively (Table 2). Based on the number and 

location of mutations in D. stramonium-

TYLCV-IL haplotype genomes, the most 

common substitutions were C→T and G→A, 

indicating a bias toward transitions over 

transversions (Table 2). Also, the CG→AT shift 

occurred in parallel with the most common 

substitutions, which were C→T or G→A 

transitions. 
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Figure 1 Alignment of predicted Rep binding sites in the non-coding intergenic region of sequences of 12 Tomato 

yellow leaf curl virus-IL genomes recovered from Datura stramonium plants naturally-occurring near tomato fields 

in Bojnourd, Iran, and selected TYLCV-IL and TYLCV-IR isolates (Table 1). The stem (yellow) and loop (light 

brown) sequence of predicted stem-loop structure, location of the 5'- and 3'- putative regions of Rep-binding motifs 

(green) or ‘iterons’, and the TATA box (blue) of the Rep promoter are highlighted by different colors, as indicated. 

 
Table 2 The estimated nucleotide substitution rate 

and mutational bias analysis of Tomato yellow leaf 

curl virus-IL-Datura stramonium haplotypes based 

on the T92 + G model of evolution. The substitution 

rate for transitions is shown in bold and transversion 

substitutions are indicated by italics. 
 

 A T C G 

A - 5.90 4.09 12.30 

T 5.90 - 12.30 4.09 

C 5.90 17.74 - 4.09 

G 17.74 5.90 4.09 - 

 

Recombination analysis 

The recombination analysis for TYLCV-IL 

haplotypes (n = 12) and selected putative parental 

TYLCV genomes (Table 1) predicted five unique 

recombination events, each supported six or more 

algorithms (Table 3). A recombination breakpoint 

was detected for TYLCV-IL haplotype from plant 

#23, isolate KC106640 (TYLCV-IL [IR: Boj:23-

A]). Breakpoints were located between nucleotide 

coordinate 2606 of C1 and 2728 in the IR, which 

were supported by six of seven RDP algorithms 

(Table 3). The isolate KC106643, TYLCV-IL 

[IR: Boj:28-5] from plant #28 was identified as 

the major parent. An analogous fragment was 

identified at the same genomic location in the 

TYLCV-IL haplotype from plant #8, KC106636 

(TYLCV-IL [IR: Boj: 8-1]), identifying it as the 

minor parent. A third recombination event (data 

not shown) was associated with haplotype 

X76319 (TYLCV-MId), based on a breakpoint 

between coordinates 2589 in C1/C4 ORF and 

2715 in the C1 ORF. The major parent was 

identified as a haplotype from D. stramonium 

plant #132, KC106646, TYLCV-IL [IR: Boj: 

132-1], whereas the minor parent was identified 

as haplotype X15656 (TYLC-IL). The 

predominant regions for recombination were 

consistently localized in the IR, C1 ORF, and 

overlapping C1/C4 regions, all involved in 

replication and/or containing regulatory elements, 

i.e., IR, known to interact with host elements. 

 

Phylogenetic analysis 

To avoid overestimating genetic variation due to 

elevated mean apparent substitution rates and 

genomic variability, the predicted recombinant 

regions of the TYLCV-IL haplotype sequences 

were removed before Bayesian analysis. In the 

Bayesian phylogeny, all of the TYLCV-IL 

haplotypes were grouped by plant host species 

(Fig. 2). The ‘within-host’ phylogenetic analysis 

identified six subpopulations of TYLCV-IL 

from D. stramonium plant cohorts. They are 

represented by haplotypes from plant #5 

(KC106635), #8 (KC106636), #11 (KC106637), 

#23 (KC106638, KC106640,), #28 (KC106641, 

KC106643, KC106644, KC106645, 

KC106642), and #132 (KC106646, KC106647), 

respectively. Based on the results the evolution 

(Fig. 2) of D. stramonium-TYLCV-IL 

haplotypes has been shaped by host plant 

species-begomovirus interactions. 
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Table 3 Putative recombination breakpoints detected by RDP for the Datura stramonium-associated Tomato 

yellow leaf curl virus-IL isolates from Bojnourd, Iran and selected GenBank reference sequences. 
 

Event Recombinant isolate* Parents Breakpoints1 Detection  

methods2 

P-value** 

Major Minor Start End 

1  TYLCV-IL[IR:Boj:23-A] TYLCV-IL[IR:Boj:28-5] TYLCV-

IL[IR:Boj:8-1] 

2606 2728 GBMCST 1.054×10-2 

2 TYLCV-MId TYLCV-IL [IR: Boj: 132-1] TYLCV-IL 2589 2715 RGBMCST 1.312×10-10 

* Virus names and their accession numbers are given in table1 and 2. 

**The described P-value corresponds to the calculated P-value for the event in question, detected by the program in bold. 
¹. Numbering starts at the first nucleotide after the nicking site of the origin of replication and increases clockwise. 

². Recombination detection methods: RDP (R); GENECONV (G); BootScan (B); MaxChi (M); Chimaera (C); SiScan (S); 3Seq (3S). 

 

 
 
Figure 2 Bayesian consensus tree of the Datura stramonium plant-isolated full genome Tomato yellow 

leaf curl virus-IL variants from Bojnourd, Iran and the selected begomoviruses (Table 1), under the GTR 

+ G + I model. Bayesian posterior probability values, shown above the nodes. The burn -in phase was set 

at 25% of the converged runs. The tree was rooted with the Tomato leaf curl Iran virus (TLCIV) genome 

sequence. 

 

Gene flow and Genetic differentiation among 

TYLCV-IL populations  

The best-fitting evolutionary model, relevant 

to the MEGA5 analysis, varied by genome 

region and was identified as GTR, T92 + G, 

T92, and JC (Table S2). Based on DnaSP 

assignments, analysis of population genetic 

structure revealed that the D. stramonium-

TYLCV-IL genome haplotypes recovered 

from plants #23 and #28, respectively, showed 

greater genetic variability than haplotypes 

from plant #132 (Table 4). The indicators of 

genetic variability among twelve TYLCV-IL 

haplotypes recovered from the six D. 

stramonium plants were as follows: high 

nucleotide diversity (𝜋 = 0.00888), haplotype 

diversity (Hd = 0.985), mutation rate (Eta = 

75), segregating sites (S = 75), average inter-

genome nucleotide differences (k = 24.47), 

diversity based on segregating sites (θ-w = 

0.0098), and total mutations (θ-Eta = 0.0098) 

(Table 4). 
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Genetic differentiation of TYLCV 

populations, analyzed pairwise, indicated the 

highest average and most significant pairwise 

nucleotide difference between the wild D. 

stramonium reservoir and populations 

associated with tomato plant hosts (Table 5), 

with KS = 4.106. The KST, Z, Snn, and FST 

values were significant, indicating the D. 

stramonium populations were distinct from 

those associated with a non-D. stramonium 

host (Table 5). The FST value was highest for 

D. stramonium population comparisons, with 

the ‘crop’ population (FST = 0.517) (Table 5). 

The Tajima's D neutrality test carried out to 

evaluate potential selection and/or 

demographic forces acting on V2 and C3 

coding regions, indicated both ORFs had a 

negative dN/dS ratio (Table S2). for the C4 

ORF the dN/dS ratio was 1.1663 or > 1, 

indicating positive selection that has 

contributed to TYLCV-IL haplotype micro-

evolution in wild D. stramonium plants. 

Finally, the dN/dS ratio of > 1 for V1 and C1 

ORFs among TYLCV-IL haplotypes from 

plants #23 and #28, respectively, indicated 

within-host selection of TYLCV-IL 

haplotypes unique to each D. stramonium 

plant, a pattern consistent with ongoing 

diversification driven by non-genetically 

uniform host plants. 

 
Table 4 Estimated genetic variability for Datura stramonium-Tomato yellow leaf curl virus-IL isolates from 

Bojnourd, Iran. 
 

Population(s) No. of  

sequences 
Sequence 

length 
S¹ Eta² k³ 𝜋⁴ h⁵ Hd⁶  

D. stramonium   plant 132   2 2782   1   1   1 0.00030   2 1  

D. stramonium   plant 23   2 2782   2   2   1 0.00023   2 1  

D. stramonium   plant 28   5 2781   3   3   1.200 0.00043   4 0.900  

D. stramonium plants 23,  

132 and 28 
  9 2781-2 40 40 15.72 0.00570   8 0.972  

D. stramonium  plants 5,  

8, 11, 23, 28 and 132 
12 2779-2782 75 75 24.47 0.00888 11 0.985  

1. Total number of segregating sites. 

2. Total number of mutations. 

3. Average number of nucleotide differences between sequences, or Tajima’s estimate of the population mutation rate, θ. 
4. Nucleotide diversity. 

5. Haplotype number. 

6. Haplotype diversity. 
7. Waterson’s estimate of population mutation rate based on total number of segregating sites. 

8. Waterson’s estimate of population mutation rate based on total number of mutations. 

 
Table 5 Genetic differentiation among Tomato yellow leaf curl virus genomes associated with different host plants. 
 

Populations KS* KST* P value* Z* P value* Snn P value* FST  

Datura Vs Tomato 4.071 0.038 0.0000 *** 7.5870 0.0000 *** 1 0.0000 *** 0.343  

Datura Vs Weed 3.930 0.183 0.0000 *** 4.1450 0.0000 *** 0.95830 0.0010 ** 0.509  

Datura Vs Other crops 4.106 0.171 0.0000 *** 4.6863 0.0000 *** 0.93548 0.0000 *** 0.517  

Weed Vs Tomato 4.527 0.005 0.0110 * 7.7459 0.0020 ** 0.91149 0.0000 *** 0.050  

Tomato Vs Other crops 4.522 0.009 0.0010 ** 7.8530 0.0000 *** 0.86079 0.0020 ** 0.050  

Weed Vs   Other crops 5.385 0.019 0.0870 ns 4.9460 0.0800 ns 0.67930 0.0620 ns 0.060  

KS *, KST *, Z * and Snn are test statistics of genetic differentiation. FST, coefficient of gene differentiation, which measures inter-population 

diversity. 
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Discussion 

 

Five strains of tomato yellow leaf curl virus 

(TYLCV) are extant in Iran, including the 

most widespread and damaging, TYLCV-IL 

(Brown and Idris, 2006), with predicted 

endemism in Israel and Iran, TYLCV-IR, 

TYLCV-Bou, and TYLCV-Ker strains, all 

endemic to Iran, and TYLCV-OM, which is 

endemic to Iran and Oman (Bananej et al., 

2004; Khan et al., 2008; Lefeuvre et al., 2010). 

Although the host range might vary among 

TYLCV strains, D. stramonium is most 

probably a universal wild host of TYLCV-IL 

(Diaz-Pendon et al., 2010; Hosseinzadeh et 

al., 2014). Also, naturally-occurring reservoirs 

of TYLCV-IL have been identified in the 

Compositae, Leguminosae, Malvaceae, 

Plantaginaceae, and Solanaceae (Abraham et 

al., 2021; Ioannou et al., 1987).  

At least seven TYLCV strains have evolved 

in Middle East (https://www.worldatlas. 

com/webimage/countrys/me.htm) and are 

recognized as pathogens of tomato crops 

worldwide. They are represented by 'type' 

genome sequences: TYLCV-Bou [IR-Gen29-

06] GU076454, TYLCV-IR [IR-Ira-98] 

AJ132711, TYLCV-Kah [IR-Kah-07] 

EU635776, TYLCV-Ker [IR-Hor32-06] 

GU076442, TYLCV-Mld [IL-93] X76319, and 

TYLCV-OM [OM-Alb22-05] FJ956700. Based 

on the phylogeographical analysis of isolates 

extant in Iran and the Middle East-Arabian 

Peninsula, five of those strains are endemic to 

Western Asia (Hosseinzadeh et al., 2014). 

In this study, within-host TYLCV-IL isolates 

from each D. stramonium plant were grouped 

into six phylogeographical monophyletic groups 

(Fig. 2), including predicted recombinants. 

Although several TYLCV-IL strains are 

distributed worldwide, most have not spread 

beyond their respective centers of diversification 

(Marchant et al., 2023). Those TYLCV-IL 

isolates originating in southern Iran show greater 

genetic variability than their northeastern 

counterparts, apparently due to geographical 

isolation (Hosseinzadeh et al., 2014). In Oman, 

TYLCV-OM isolates are geographically isolated 

and exhibit greater genomic variability than their 

Iranian relatives (Khan et al., 2008). 

Newly emerging recombinants were 

discovered, several of which have invaded 

tomato-producing areas worldwide. An 

analogous recombinant region identified in 

TYLCV-IL Iran isolates from D. stramonium 

was localized to the IR, C1, and C1/C4 

overlapping coding regions. These findings 

have been reported previously for other 

TYLCV isolates (Bananej et al., 2004; Berrie et 

al., 2001; Hosseinzadeh et al., 2014; Padidam 

et al., 1999). In particular, the IR has been 

reported as a common hotspot for begomovirus 

recombination (Berrie et al., 2001; Padidam et 

al., 1999). Because the IR contains the origin of 

replication (ori) and regulatory elements that 

interact with host factors during replication, this 

region comprises likely targets involved in 

begomovirus evolution and host adaptation. 

Although coding regions may be less 

susceptible to recombination (Lefeuvre et al., 

2007), predicted recombination hotspots have 

been detected in CP, Rep, and C4 (Berrie et al., 

2001; Hosseinzadeh et al., 2014; Idris and 

Brown, 2002). Here, predicted TYLCV 

recombinants were identified in D. stramonium, 

comprising co-infecting TYLCV isolates herein 

(Tables 1 and 2), including a strain and another 

species of TYLCV. 

Micro-evolutionary analyses of TYLCV-IL, 

the predominant and most invasive TYLCV 

strain infecting tomato crops worldwide (Fig. 2 

and Table 4), suggest its potential to evolve 

uniquely structured populations within 

individual plants. Furthermore, in D. 

stramonium, TYLCV-IL genomes exhibit a high 

'RNA-like substitution rate,' harbor extensive 

genetic variation (Table S2), and show within-

host predicted recombination. Further, in this 

wild reservoir, the consensus sequence that 

represents divergent mutants was maintained. A 

similar result has been reported for different 

TYLCV species (2.88 × 10⁻⁴), East African 

cassava mosaic virus [1.60 × 10⁻³ for DNA A] 

(Duffy and Holmes, 2008, 2009), and several 

RNA viruses (1 × 10‾³ to 1 × 10‾⁵) (Jenkins et 

al., 2002). The high nucleotide substitution rate 

https://www.worldatlas.com/webimage/countrys/me.htm
https://www.worldatlas.com/webimage/countrys/me.htm
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within the TYLCV-IL IR indicates that positive 

selection is acting on the conserved Rep-binding 

'iterons' (Font et al., 2007), thereby preserving 

the essential functionality ascribed to these 

repeated sequences. Although the TYLCV-IL IR 

harbors extensive genetic variability that allows 

for relaxed, purifying selection, essential 

promoter sequences and the ori must also be 

maintained for virus survival (Ge et al., 2007). 

Begomovirus evolution has been reported to rely 

primarily on mutations occurring unevenly 

throughout the virus genome (Duffy and 

Holmes, 2008b; Ge et al., 2007; Silva et al., 

2012). This pattern is consistent with the 

substitution pattern reported for other TYLCV 

species, which also involved G-to-A and C-to-T 

substitutions (Duffy and Holmes, 2008). The 

dN/dS analysis revealed ORF regions of D. 

stramonium-associated TYLCV-IL variants 

with a dN/dS ratio of less than one, indicating 

that through purifying selection, the integrity of 

proteins has been preserved. And although C4 

showed positive selection ‘among’ host-

specified begomovirus populations (Table S2), 

the ‘within’ and/or ‘among’ host population 

comparisons revealed both showed strong 

negative and positive selection for C1 and V1 

ORFs. The begomovirus CP is a multi-functional 

protein required for encapsidation, movement, 

and whitefly vector transmission (Noris et al., 

1998). Evidence of synonymous substitutions in 

the cp and C1 ORFs indicated purifying 

selection, consistent with maintaining capsid 

integrity. Finally, positive selection in V1 may 

be suggestive of ongoing-evolution between 

TYLCV-IL variants and the whitefly vector, 

with virus variants vying in planta and/or in the 

vector itself for preferential transmission.  

The TYLCV-IL iteron sequence, 5′-GGTGT-

3′, at nucleotide coordinates 2627-2631, and two 

directly-repeated sequences consisting of the 

three-nucleotide spacer, 5′-GGTGTATCG 

GTGT-3′, occurring on the virus-sense strand 

between coordinates 2645-2657, immediately 

upstream of the TATA box of the Rep promoter. 

Independently replicating begomovirus variants 

that have a single nucleotide change in the Rep 

binding motif have been reported (Behjatnia et 

al., 2001; Chatterji et al., 1999). Alignment of 

the IR for D. stramonium-derived TYLCV-IL 

isolates revealed that regions within the 5′ and 3′ 

Rep binding motif differed from tomato-

infecting TYLCV-IL counterparts (Fig.). 

Although these changes occurred consistently 

between the wild and cultivated host-specified 

TYLCV-IL isolates, their functional importance 

is not yet understood. 

Positive selection acting on the C4 ORF is 

expected to reflect an adaptive evolution 

scenario in which sequences become fixed in a 

virus population over time. The D. stramonium-

TYLCV-IL haplotypes are therefore posited to 

have evolved to counter host-specific defenses 

conferred by the C4 protein suppressor of host 

plant PTGS (Li et al., 2020). Increased virus-

host adaptation could result in larger relative 

population sizes that drive adaptation and 

increase the likelihood of host jumps. For 

example, tobacco leaf curl virus (TLCV), a 

begomovirus of Eupatorium makinoi endemic to 

Japan, is predicted to have established in the 

latter host, following a host-jump attributed to 

C4 protein-mediated host-range determination 

(Yahara et al., 1998). Selection pressure can lead 

to host adaptation through increased or 

decreased rates of replication, host defense 

evasion, increased vector transmission 

efficiency/competency, and speciation (Nigam, 

2021). Finally, scenarios observed here for 

TYLCV-IL are consistent with a "niche-filling 

model", which purports a role for host 

interactions in shaping virus evolution 

(Simmonds et al., 2019). This study provides 

evidence that D. stramonium-TYLCV-IL 

interactions have shaped distinct begomovirus 

populations on an individual plant basis by 

individual host-specified selection of TYLCV-

IL populations or ‘quasispecies’. Finally, gene 

flow and genetic differentiation analyses have 

shown that D. stramonium plants support host-

specific populations. 

 

Conclusions 

 

A high mutation rate is a primary driving force 

behind variation in begomovirus populations 
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(Lima et al., 2017), and host plant-imposed 

selection can shape virus population-host 

interactions (Nigam et al., 2020). The observed 

within- and among-host plant variability 

associated with TYLCV-IL populations 

evolving in a wild, genetically variable host 

suggests that D. stramonium acts as an 

important 'melting pot' for TYLCV-IL 

diversification in Iran and likely elsewhere. 

Each plant harbored a uniquely structured virus 

population with the potential to contribute to 

evolutionary plasticity conducive to survival 

and plant-to-plant spread.  

A better understanding of the evolutionary 

dynamics of begomoviruses associated with wild 

plant reservoirs could benefit efforts to develop 

TYLCV-IL-resistant tomato and other crop 

species. Resistance-breaking by begomoviruses 

in commercial tomato varieties has been linked 

to the global expansion of monoculture 

agriculture, which has favored the planting of 

genetically uniform cultivars over expansive 

areas. Deciphering genome- and population-

level interactions between coevolving quasi-

species at the wild-cultivated plant host 

interface, particularly in centers of plant host 

and/or virus diversification, may provide 

important insights into quasi-species. This 

diversification favors the emergence of 

resistance-breaking strains through repeated 

encounters with genetically uniform crop 

varieties, leading to virus-host coevolutionary 

scenarios that could ultimately inform the 

development of durable resistance. 
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Supplementary table 1. List of the full-length sequences of Tomato yellow leaf curl virus from several hosts used 

for gene flow and genetic differentiation among populations categorized based on host plant. 
 

Accession Host Country Accession Host Country 

KY284012 Solanum lycopersicum India GU076447 Solanum lycopersicum Iran 

MT551610 Solanum lycopersicum India KX347163 Solanum lycopersicum Iran 

MT551618 Solanum lycopersicum India KX347165 Solanum lycopersicum Iran 

MT551621 Solanum lycopersicum India KX347166 Solanum lycopersicum Iran 

MT551616 Solanum lycopersicum India OQ319127 Solanum lycopersicum Iran 

MT551617 Solanum lycopersicum India JQ414025 Solanum lycopersicum Iran 

MT551620 Solanum lycopersicum India JQ928347 Solanum lycopersicum Iran 

MT551615 Solanum lycopersicum India JQ928348 Solanum lycopersicum Iran 

MT551611 Solanum lycopersicum India EU085423 Solanum lycopersicum Iran 

MT551612 Solanum lycopersicum India JQ231214 Solanum lycopersicum Iran 

MT551613 Solanum lycopersicum India GU076451 Solanum lycopersicum Iran 

MT551614 Solanum lycopersicum India AJ132711 Solanum lycopersicum Iran 

MT551619 Solanum lycopersicum India EU635776 Solanum lycopersicum Iran 

MN397780 Solanum lycopersicum Saudi Arabia GU076441 Solanum lycopersicum Iran 

KT355023 Corchorus olitorius Saudi Arabia GU076448 Solanum lycopersicum Iran 

KT033715 Solanum lycopersicum Saudi Arabia GU076449 Solanum lycopersicum Iran 

KT033709 Solanum lycopersicum Saudi Arabia GU076452 Solanum lycopersicum Iran 

KF435137 Solanum lycopersicum Saudi Arabia GU076453 Solanum lycopersicum Iran 

KF561125 Solanum lycopersicum Saudi Arabia MH507499 Carica papaya Iran 

KT728745 Cucumis sativus Saudi Arabia GU076442 Solanum lycopersicum Iran 

KT728744 Cucumis sativus Saudi Arabia GU076443 Solanum lycopersicum Iran 

KT728743 Cucumis sativus Saudi Arabia GU076454 Solanum lycopersicum Iran 

KC845301 Solanum lycopersicum Saudi Arabia KT990213 Solanum lycopersicum Iran 

KT728752 Solanum lycopersicum Saudi Arabia KY825714 Brassica rapa Ira 

KT728746 Solanum lycopersicum Saudi Arabia MF536415 Physalis divaricata Iran 

MN397779 Solanum lycopersicum Saudi Arabia MZ911862 Cyamopsis tetragonoloba Iran 

KT033713 Cucumis sativus Saudi Arabia GU076450 Solanum lycopersicum Iran 

MG571546 Mentha longifolia Saudi Arabia JQ928346 Solanum lycopersicum Iran 

KT033706 Solanum lycopersicum Saudi Arabia ON254272 Solanum lycopersicum Iraq 

KU248482 Ridge gourd Saudi Arabia OP771625 Solanum lycopersicum Iraq 

KF435136 Capsicum annuum Saudi Arabia MT583814 Solanum lycopersicum Iraq 

ON756220 Solanum lycopersicum Saudi Arabia JQ354991 Solanum lycopersicum Iraq 

ON756221 Solanum lycopersicum Saudi Arabia EF054894 Solanum lycopersicum Jordan 

ON756218 Solanum lycopersicum Saudi Arabia EF158044 Cucumis sativus Jordan 

ON756219 Solanum lycopersicum Saudi Arabia EU143745 Cucumis sativus Jordan 

KX347156 Solanum lycopersicum Iran GQ861427 Solanum lycopersicum Jordan 

KX347162 Solanum lycopersicum Iran EF054893 Solanum lycopersicum Jordan 

KX347155 Solanum lycopersicum Iran EF433426 Cucumis sativus Jordan 

KX347157 Solanum lycopersicum Iran JX444575 Solanum lycopersicum Jordan 

KX347158 Solanum lycopersicum Iran MG930479 Solanum lycopersicum Jordan 

KX347159 Solanum lycopersicum Iran GQ861426 Solanum lycopersicum Jordan 

KX347160 Solanum lycopersicum Iran JX131286 Sinapis arvensis Jordan 

KX347161 Solanum lycopersicum Iran MG930477 Solanum lycopersicum Jordan 

KX347164 Solanum lycopersicum Iran MF766109 Solanum lycopersicum Jordan 

OQ319123 Ocimum basilicum Iran MG930476 Solanum lycopersicum Jordan 

OQ319125 Vicia faba Iran KJ830842 Solanum lycopersicum Kuwait 

OQ319126 Euphorbia sp. Iran KR108214 Solanum lycopersicum Kuwait 

OQ319130 Dracocephalum moldavica Iran KJ830841 Solanum lycopersicum Kuwait 

GU076440 Solanum lycopersicum Iran JF451352 Solanum lycopersicum Kuwait 

GU076444 Solanum lycopersicum Iran OL890677 Solanum lycopersicum Kuwait 

GU076445 Solanum lycopersicum Iran OL890678 Solanum lycopersicum Kuwait 

GU076446 Solanum lycopersicum Iran OL890679 Solanum lycopersicum Kuwait 
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Continued supplementary table 1. 
 

Accession Host Country 

OM691684 Solanum lycopersicum Kuwait 

OL890666 Solanum lycopersicum Kuwait 

HG969254 Solanum lycopersicum Oman 

KF229722 Solanum lycopersicum Oman 

KF229721 Solanum lycopersicum Oman 

MF996518 Solanum lycopersicum Oman 

KF229726 Solanum lycopersicum Oman 

KF229725 Solanum lycopersicum Oman 

KF229724 Solanum lycopersicum Oman 

KF229723 Solanum lycopersicum Oman 

MT800821 Cucurbita pepo Pakistan 

MT800822 Cucurbita pepo Pakistan 

MT800823 Cucurbita pepo Pakistan 

MT800824 Cucurbita pepo Pakistan 

MT800838 Solanum melongena Pakistan 

MT800839 Solanum melongena Pakistan 

MT800840 Solanum melongena Pakistan 

KX710157 Cyamopsis tetragonoloba Pakistan 

MG210483 Solanum lycopersicum Pakistan 

MG210484 Solanum lycopersicum Pakistan 

ON864378 Solanum lycopersicum Syria 

ON864380 Solanum lycopersicum Syria 

ON864382 Solanum lycopersicum Syria 

ON864372 Solanum lycopersicum Syria 

ON864374 Solanum lycopersicum Syria 

ON864376 Solanum lycopersicum Syria 

AJ812277 Solanum lycopersicum Turkey 

OM691682 Solanum lycopersicum Kuwait 
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Supplementary Table 2. The evolutionary parameters measured for the full-length viral genomes, open reading 

frame (ORF), and intergenic region (IR) of Tomato yellow leaf curl virus-IL isolates associated with Datura 

stramonium plants from Bojnourd, Iran. 
 

Data set Parameter Full genome V1 V2 C1 C4 C2 C3 IR 

Datura 23 Substitution best-fit model¹   T92 - - T92 - JC - - 

Neutral  mutation rate 1.05 × 10⁻⁵ - - 2.60 × 10⁻⁵ - 6.75 × 10⁻⁵ - - 

Sequence length(nt) 2782 777 351 1056-1074 309 408 405 314 

Sequence no. 7 7 8 8 8 8 8 8 

Ts/Tv² 0 - - 0 - 0.50 - - 

dN³ - - - 0.0142 - 0.0026 - - 

dS⁴ - - - 0.0106 - 0 - - 

dN/dS - - - 1.3490 - - - - 

Tajima’s D - - - -1.0548 - -1.0548 - - 

Datura 28 Substitution best-fit model¹   T92 T92 - GTR JC - - - 

Neutral  mutation rate 3.17 × 10⁻⁵ 7.51 × 10⁻⁴ - 5.42 × 10⁻⁵ 9.43 × 10⁻⁵ - - - 

Sequence length(nt) 2781 777-840 351 1074 309 408 405 313 

Sequence no. 7 7 7 7 7 7 7 7 

Ts/Tv² 2.0 0.67 - 0 0.50 - - - 

dN³ - 0.0706 - 0.0044 0 - - - 

dS⁴ - 0.0434 - 0 0.01483 - - - 

dN/dS - 1.6263 - - 0 - - - 

Tajima’s D - -1.6843 - -1.2371 -1.0062 - - - 

Three Datura plant  

(5,23 and 28) 

Substitution best-fit model¹   T92 T92 JC T92 GTR JC T92 JC 

Neutral  mutation rate 1.08 × 10⁻⁴ 2.00 × 10⁻⁴ 5.26 × 10⁻⁵ 8.16 × 10⁻⁵ 1.99 × 10⁻⁵ 4.52 × 10⁻⁵ 6.08 × 10⁻⁵ 3.14 × 10⁻⁴ 

Sequence length(nt) 2781-2782 777-840 351 1056-1074 309 408 405 313-314 

Sequence no. 22 22 23 23 23 23 23 23 

Ts/Tv² 1.62 0.79 0.50 3.68 0 0.50 3.02 0.50 

dN³ - 0.0729 0.0033 0.0195 0 0.0065 0.0034 - 

dS⁴ - 0.0682 0.0163 0.0464 0.0098 0.0228 0.0231 - 

dN/dS - 1.0690 0.2052 0.4215 0 0.2860 0.1477 - 

Tajima’s D - -1.4952 1.8144 1.5127 -1.1609 0.6986 1.9984 2.5149 

Six Datura plants  

(5,8,11,23,28 and 132) 

Substitution best-fit model¹   T92  +  G T92 JC T92 JC JC T92 T92 

Neutral  mutation rate 1.45 × 10⁻⁴ 1.94 × 10⁻⁴ 5.68 × 10⁻⁵ 1.37 × 10⁻⁴ 8.07 × 10⁻⁵ 6.11 × 10⁻⁵ 7.39 × 10⁻⁵ 4.02 × 10⁻⁴ 

Sequence length(nt) 2779-2782 777-840 351 1056-1074 309 408 405 311-314 

Sequence no. 26 26 27 27 27 27 27 27 

Ts/Tv² 1.52 0.88 0.50 3.01 0.50 0.50 5.01 0.63 

dN³ - 0.0742 0.0090 0.0290 0.0162 0.0096 0.0068 - 

dS⁴ - 0.0826 0.0131 0.0868 0.0139 0.0326 0.0675 - 

dN/dS - 0.8979 0.6880 0.3347 1.1663 0.2939 0.1014 - 

Tajima’s D - -1.7053 1.1446 -0.1570 -1.4126 -0.1929 0.9956 1.0424 

1. Abbreviations- GTR: General Time Reversible; HKY: Hasegawa-Kishino-Yano; TN93: Tamura- Nei; T92: Tamura 3-parameter; K2: 

Kimura 2-parameter; JC: Jukes-Cantor. 

2. Transition/Transversion ratio (R). 
3. Mean non-synonymous substitutions per non-synonymous site. 

4. Mean synonymous substitutions per synonymous site. 
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شده ویروس پیچیدگی  پنج تا از هفت استرین شناختهچکیده: 

جمله سویه خطرناک اسرائیلی ( ازTYLCVفرنگی )برگ زرد گوجه

(TYLCV-ILدر ایران که به )تنوع این ویروس رسد مرکز نظر می

 ین بررسی، فیلوژنی، ساختار جمعیتاست، وجود دارد. در ا

 TYLCV-ILهای ی جمعیتهاپیهاپلوتو الگوهای ریز فرگشت 

که در اطراف  Datura stramoniumکننده گیاهان وحشی تاتوره آلوده

کردند، مورد فرنگی تجاری در بجنورد رشد میمزارع گوجه

در تاتوره در درجه  TYLCVنومی مطالعه قرار گرفت. تنوع ژ

اول با انتخاب طبیعی در مناطق رمزکننده پروتئین همراه 

ژنی غیر کدکننده درگیر در ازی و منطقه بینبا همانندس

دارای  C4ژن  است. تنظیم همانندسازی و رونویسی رخ داده

های سازگاری با میزبان و عملکردهای شناخته شده سیگنال

اموشی ژن گیاه میزبان ر طولانی و خدر حرکت ویروس در مسی

ای ویروس گونههای بینوتحلیل نوترکیبی نوترکیباست. تجزیه

و منطقه  C1/C4و  C1کننده را در میزبان تاتوره در مناطق کد

-IR 4.02 × 10( نشان داد. نرخ جایگزینی نوکلئوتید IRژنی )بین

بر علاوهپذیری ژنوم بود. دهنده انعطافدر هر سایت نشان 4

های مرتبط با جمعیت TYLCVهای این، تنوع ژنومی بالای جدایه

تغییرات در میزبان نسبت داده شد که با  میزبان وحشی به

در هر گیاه میزبان مشهود است. فرد وجود انواع منحصربه

وتحلیل ساختار جمعیت نشان درنهایت، نوترکیبی و تجزیه

های ی به تمایز جمعیتاگونهدهد که جهش و نوترکیبی بینمی

TYLCV-IL  و جداسازی ژنتیکی بعدی توسط میزبان کمک کرده

 است.
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