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Abstract 

Tomato yellow leaf curl virus (Family Geminiviridae, Genus Begomovirus) is a serious menace in the cultivation 
of tomato causing Tomato leaf curl disease (ToLCD). Recently, we presented the TYLCV isolates having additional 
genomic features (nucleotides insertions) characterized from the tomato fields of Kuwait adding up to the genetic 
diversity repertoire of these viruses. The widespread prevalence of disease in tropics across the continents, emergence 
of genetic variants and ever increasing complete genome sequences of virus isolates in public database warrant 
a global analysis to infer the genetic diversity, evolutionary pattern so as to devise suitable disease control stratagems. 
Molecular phylogeny suggested the monophyletic origin of the TYLCV Kuwait isolates and TYLCV reported from Asian 
countries revealing their genetic relatedness. Though genetic diversity of TYLCV reported from elsewhere (TYLCV oth‑
ers) is two folds higher (0.11765) than TYLCV Kuwait, a relatively high number of polymorphic sites in the latter imply 
their inherent genetic diversity. Neutrality tests of TYLCV as a whole suggest the operation of phenomenon of purify‑
ing selection indicating deleterious mutations are being weeded out from the population. Recombination analysis 
discloses that TYLCV Kuwait isolates are potential genetic recombinants or involved in the generation of potential 
recombinants as parents. The results of the neutrality tests were further strengthened by the outcome of codon 
substitution analysis indicating the operation of purifying selection in the codons of C1 ORF of TYLCV population 
as a whole and in the sub‑group TYLCV Kuwait. The implications of these results are discussed.

Introduction
Tomato yellow leaf curl virus belonging to family Gemi-
niviridae and genus Begomovirus is a serious threat to 
the production of tomato across the world since infection 
due to this virus could cause a yield loss even to the extent 
of 100% [1]. The pervasiveness and rapid rate of spread of 
the TYLCV causing economically considerable damages 
to the cultivation of tomato warrants an immediate atten-
tion [2]. Availability of infected plant materials and pres-
ence of the insect vectors, whiteflies (Bemisia tabacci), 
in the tropical conditions have led to the rampant spread 

of the virus across middle eastern countries, China, Aus-
tralia, East Asia, Western Mediterranean regions to Car-
ibbean and America. It has assumed a pathogen of global 
significance [3]. The disease has been reported to occur 
not only in tropical conditions but also in subtropical, 
temperate, and even semi-arid regions, worldwide [4]. 
In addition, the ability of vector Bemisia tabacci, which 
is a cryptic species characterized as a complex of closely 
related interbreeding strains or 39 species, to spread rap-
idly and its wide host range in the tropics have contrib-
uted to the extensive spread of the virus from Middle 
East to other parts of the world [5].

TYLCV genome is characterized by a closed circu-
lar single stranded DNA of 2.7–2.8  kb in length, with 
monopartite or bipartite genome compositions [6]. The 
monopartite viruses carry single DNA component coding 
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for proteins involved in regulatory (C1 through C4) and 
structural functions (V2 and V2) such as replication, vec-
tor transmission and viral suppressors of RNA silencing 
[1]. In bipartite viruses, another DNA component called 
DNA B encodes for proteins involved in inter and intra-
cellular movement functions within host cellular system 
[7]. However, in monopartite viruses lacking DNA B, the 
movement functions of the viruses are regulated by coat 
protein and pre-coat protein [8].

Intense breeding efforts to evolve cultivars or host 
plants resistant to TYLCV infection are a pragmatic 
approach to thwart the virus infection. Nevertheless, 
introduction of host-mediated virus resistance in crops 
have led to the emergence of extremely adaptive viral 
quasispecies and/or viral gene pools encompassing a 
multiple adaptive traits [9]. Hence, it is imperative to ana-
lyze the genetic variability and population architecture 
of economically important plant viruses to comprehend 
the features of viral evolution and to unravel the genetic 
basis of virus-host plant interactions. Above all these 
approaches would yield way forward in devising effective 
disease management strategies that are not only durable 
but also ecologically viable [10]. Recently we reported 
genetically distinct isolates of TYLCV from Kuwait and 
observed that a few of the Kuwait isolates exhibited an 
extra 19 nucleotides insertion in its genome [11]. As a 
follow up we present herein the genetic diversity and 
molecular evolutionary genomic analysis of TYLCV iso-
lates reported elsewhere from the world and compare it 
with that of Kuwait isolates. Such information can aid in 
developing effective control against emerging variant in 
the future.

Materials and methods
Data source of complete genome sequences of TYLCV
Complete genome sequences of 234 isolates of Tomato 
yellow leaf curl virus (TYLCV) reported across the 
globe were obtained from the sequence repository, Gen-
Bank. TYLCV whole genome sequences analyzed were 
reported from 39 countries (Kuwait 34; Japan 9; Israel 3; 
South Korea 20; Dominican Republic 2; Portugal 1; Iran 
21; Cuba 2; Spain 3; Reunion Island 1; China 53; Sudan 
1; Puerto Rico 1; Egypt 1; Mexico 9; Oman 17; Lebanon2; 
Jordan 4; USA14; Morocco 1; The Netherlands 1; Came-
roon 1; Hawaii 1; Guatemala 1; Iraq 1; Turkey1, New Cal-
edonia 1; Sweden 1; Estonia 1; Mauritius 2; Azerbaijan1; 
French Polynesia 1; Trinidad and Tobago 2; Costa Rica 
2; Saudi Arabia 6; Pakistan 5; Australia 1; Italy 4; India 
2) representing diverse continents, Asia, Africa, South 
and North America, Europe, Australia. Only complete 
genome sequences of TYLCV isolated reported were 
used for analysis.

DNA polymorphism, evaluation of neutral evolution
DnaSP software was used in determining the nucleo-
tide diversity and DNA polymorphism in the complete 
genome sequences of TYLCV [12]. To test the theory of 
neutral evolution, the test statistics such as Tajimas’s D 
[13], Fu and Li’s D, and Fu and Li’s F [14, 15] were com-
puted in DnaSP software [12, 16, 17].

Genetic differentiation and gene flow estimates
DnaSP was used to compute nucleotide test statistics 
such as Ks, Kst (Kst value close to zero indicate no dif-
ferentiation), Snn (Snn value close to one indicates dif-
ferentiation) [18] and haplotype statistics Hs, Hst [19, 
20]. These tests estimate genetic differentiation within 
the populations of IYSV genotypes. Fst statistics was 
used to estimate the extent of the gene flow (panmixia 
or free gene flow has values close to zero whereas infre-
quent gene flow attains values close to one) [16, 17, 20].

Population selection studies and neutrality test
Mean rates of non-synonymous (dN) and synony-
mous substitutions (dS) in the coding regions of C1 
ORF (encoding replication associated protein which 
is important for reprograming the host cell cycle and 
mediating the viral genome rolling circle replication) 
were calculated using codon-based maximum likeli-
hood methods, i.e., SLAC (single like ancestor count-
ing), and FEL (fixed effects likelihood). DATAMONKEY 
server [21] was used to calculate dN/dS ratio. FEL anal-
ysis was performed on the sequence alignment [22]. 
Statistical significance is evaluated based on the asymp-
totic χ2 distribution and it includes site to site synony-
mous rate variation. Similarly, an adaptive branch-site 
REL (aBSREL) test for episodic diversification, which is 
an improved version of the commonly-used “branch-
site” models, used to test if positive selection has 
occurred on a proportion of branches, was performed 
[23]. Also, a gene-wide model for selection analysis was 
performed using BUSTED (Branch-site Unrestricted 
Statistical Test for Episodic Diversification) module.

Molecular phylogeny construction
Multiple sequence alignment (MSA) was performed 
using MUSCLE algorithm [24]. Best-fit model of 
nucleotide substitution was determined using MODEL 
TEST in MEGA 11. Aligned sequence relatedness was 
evaluated using the Maximum Likelihood phylogenetic 
analysis that can accurately infer evolutionary relation-
ships among viral sequences (default parameters with 
1,000 bootstrap replicates) method based on Tamura 
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parameter 3 model (T92) with Gamma distributed (G) 
available in MEGA 11 [25].

Recombination detection analysis
Unaligned sequences were loaded in SDT v1.2 program, 
pairwise scan was performed with the MUSCLE, and the 
sequence data was saved with minimum identity of 70% 
and maximum of 100% to ensure sequences were prop-
erly aligned. The aligned TYLCV sequences were then 
used as an input query and analyzed for recombination 
events using Recombination Detection Program (RDP) 
v 4.0 [26], BOOTSCAN [27], 3SEQ, GENECONV [28], 
MAXCHI [29], CHIMAERA [30] and SISCAN [31] avail-
able in RDP 4 Beta 4.88. Default settings for the different 
recombination detection methods and a Bonferroni cor-
rected P-value cut-off of 0.05 was used for analysis [16, 
17].

Results
Molecular phylogeny of TYLCV isolates
Phylogenetic tree of the complete genome sequences 
of TYLCV constructed based on the aligned nucleotide 
sequences (Fig.  1) using Maximum Likelihood method 
reveals that all the 34 TYLCV isolates reported from 
Kuwait formed a distinct clade. Interestingly, most of the 
isolates reported from Iran, Oman, Saudi Arabia, Paki-
stan, and some isolates from Japan, Portugal along with 
Kuwait isolates exhibited monophyletic origin suggest-
ing their genetic relatedness. A clade comprising isolates 
from Mauritius, Reunion Island, New Caledonia, The 
Netherlands, Spain was also formed. Another Asiatic 
clade comprised isolates reported from South Korea, 
Japan, Israel, Jordan and Egypt. Another clade of the tree 
is made up on TYLCV isolates reported from USA, Cuba, 
Trinidad and Tobago, Gautemala, and Mexico. Most of 
the Chinese isolates were basal to these above mentioned 
clades suggesting their genetic distinctness.

Genetic diversity of TYLCV isolates
The complete genome sequences of TYLCV isolates 
were used for the determination of genetic diversity, 
and DNA polymorphism (Table  1). The nucleotide 
diversity of (π) of TYLCV isolates reported from else-
where (0.11765) is two folds high than that observed 
in TYLCV isolates of Kuwait (0.04784) suggesting 
the genetic relatedness of the Kuwait TYLCV isolates 

Fig. 1 Molecular phylogeny based on the complete nucleotide 
sequences of Tomato yellow leaf curl virus (TYLCV) isolates reported 
from Kuwait and other parts of the world. GenBank accession number 
and place of origin are the indicators of each TYLCV isolate. The 
percentages of replicate trees in which the associated taxa clustered 
together in the bootstrap test are shown next to the branches

◂
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reported. Similarly, haplotype diversity (H)—a meas-
ure of probability that two sampled alleles are geneti-
cally different, of Kuwait isolates is relatively low 
(0.9660) than other isolates (0.9968). However, TYLCV 
isolates of Kuwait show relatively high number (493) 
of polymorphic sites (S) than isolates reported from 
other parts of world (432) implying the inherent diver-
sity of Kuwait isolates (Table 1).

Neutrality test
The test of neutral evolution analyzed based on the 
total number of mutations and segregating sites, 
revealed negative values of test statistic Tajimas’s D for 
all the TYLCV isolates (Table  2). It suggests the phe-
nomenon of operation of purifying selection and pop-
ulation expansion in TYLCV. Similarly, negative values 
of other test statistics such as Fu and Li’s D and Fu and 
Li’s F also revealed the parallel characteristic feature 
of TYLCV isolates. Hence, neutrality test analysis of 
TYLCV isolates reveal that any deleterious mutations 
in their genomes are removed from the population so 
as to pave way for population expansion.

Genetic differentiation and gene flow
Haplotype-based statistics (Hs and Hst) and nucleotide-
based statistics (Ks, Kst, Snn) were estimated to evaluate 
inherent genetic differentiation between TYLCV iso-
lates of Kuwait and those reported elsewhere (Table  3). 
The observance of nucleotide statistic value (Snn) close 
to one (0.99138) and Kst value (0.05112) denotes greater 
genetic differentiation between the TYLCV isolates of 
Kuwait and genomes reported from other parts of the 
world. Similarly, Fst—a measure of extent of gene flow, 
reveal that (0.25128) there exists free gene flow or pan-
mixis (Table 3).

Genetic recombination among the TYLCV isolates
In order to examine any potential recombination event(s) 
among the various isolates of TYLCV, Recombination 
Detection Programme 4 (RDP 4) was used (Table  4). 
After discarding the potentially weak and inadvertent 
recombinant signals, eight recombination events (event # 
85, 132,65, 58, 88, 63, 76 and 128) were identified. These 
recombination events were detected by atleast three 
recombination detection modules in the RDP 4. TYLCV 
isolates of Kuwait (Al Wafra 19, Al Wafra 20, AlWafra 29, 
KR108214 Kuwait KISR) were found to be recombinant 
isolates detected as recombination event #63. TYLCV 
isolate AB613208-South Korea and KY996463 Trinidad & 
Tobago served as major and minor parent of this recom-
bination event, respectively (Table  4). Also, KR108214 
Kuwait (KISR) isolate was found to be a major parent 
involved in the generation of TYLCV isolates (EF054894 
Jordan and KJ913683 Dominican Republic). Similarly, 
Kuwait TYLCV isolate (Al Wafra 17) was found to be a 
minor parent of isolates (EU085423 Iran and KF435136 
Saudi Arabia) (Table 4).

Natural selection analyses
Codons of gene encoding replication associated pro-
tein (C1) that are in positive or negative selection pres-
sure would provide knowledge regarding its molecular 
evolution pattern. A comprehensive analysis was per-
formed using individual site based models such as FEL 
(fixed effects likelihood), SLAC (single like ancestor 
counting) and individual branch site models aBRSEL 
(an adaptive branch-site REL) and gene-wide model 

Table 1 Genetic diversity test of Tomato yellow leaf curl virus 
genotypes reported from Kuwait and elsewhere

N, Number of isolates; S, Number of polymorphic (segregating) sites; Hd, haplotype diversity; π, nucleotide 

diversity 

Genotype N S π Hd

Kuwait 34 493 0.04784 0.9660

Others 198 432 0.11765 0.9968

All 232 438 0.13196 0.9963

Table 2 Neutrality test of Tomato yellow leaf curl virus 
genotypes based on total number of mutations

Calculated using total number of mutations. *Statistically significant at P < 0.01

Genotypes N Tajimas’s D Fu &Li’s D Fu & Li’s F

Kuwait 34 − 0.23200 − 0.21375 − 0.26161

Others 198 − 1.10415 − 1.41829 − 1.49866

All 232 − 0.92093 − 1.61201 − 1.48999

Table 3 Gene flow and genetic differentiation of Tomato yellow leaf curl virus genotypes (TYLCV KUWAIT VS TYLCV OTHERS)

Hs, Hst—measure genetic differentiation based on haplotype statistics

Ks, Kst, Snn, Z—measure genetic differentiation based on nucleotide statistics

Fst—measures extent of gene flows

*Statistically significant at P < 0.05

Genotypes Hs Hst χ2 P value Kt Ks* Kst* Snn Z* Fst

KUWAIT VS OTHERS 0.99131 0.00502 232.000 0.0063 82.47309 3.60106 0.05112 0.99138 9.07501 0.25128
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BUSTED (Branch-site Unrestricted Statistical Test for 
Episodic Diversification). FEL analysis revealed that 161 
sites of C1 ORF are under purifying selection in TYLCV 

isolates reported from elsewhere whereas 88 codon sites 
are undergoing purifying selection in TYLCV isolates 
reported from Kuwait. Similarly, the number of codon 

Table 4 Recombination events in Tomato yellow leaf curl virus genomes as detected by Recombination detection program (RDP)

Recombinant isolate Parental isolates Recombination 
detection program

Recombination 
event #

p-values

Major Minor

AB192965 Japan 
and AJ812277 Turkey

KT355023 Saudi Arabia KY965867 USA GENECONV, MaxChi, 
Chimaera, SiScan

85 8.192 ×  10–11–2.803 × 
 10–3

AB613209 South Korea AB636412 South Korea HQ260984 South Korea Chimaera, SiScan, 3Seq 132 6.229 ×  10–3–4.080 ×  10–2

AJ132711 Iran KU836750 Mexico HE819240 Oman GENECONV, Boot Scan, 
MaxChi, Chimaera, 
SiScan, 3Seq

65 3.716 ×  10–26–2.141 × 
 10–2

EF054894 Jordan 
and KJ913683 Domini‑
can Republic

KR108214 Kuwait (KISR) KX347172 Mauritius GENECONV, Boot Scan, 
MaxChi, Chimaera, 
SiScan, 3Seq

58 3.332 ×  10–24–1.407 × 
 10–12

EU085423 Iran 
and KF435136 Saudi 
Arabia

EU635776 Iran Al Wafra 17 MaxChi, Chimaera, 
SiScan, 3Seq

88 6.180 ×  10–5–1.162 ×  10–2

GU076440 Iran, 
KY412552 Azerbaijan, 
Al Wafra 19, Al Wafra 20, 
AlWafra 29, GU076446 
Iran, KC106647 Iran, 
KR108214 Kuwait KISR, 
GU076445 Iran

AB613208 South Korea KY996463 Trinidad & 
Tobago

GENECONV, Boot Scan, 
MaxChi, Chimaera, 
SiScan, 3Seq

63 8.236 ×  10–12–1.356 × 
 10–7

GU076441 Iran, 
GU076450 Iran

EU085423 Iran EU635776 Iran Boot Scan, MaxChi, Chi‑
maera, SiScan, 3Seq

76 2.900 ×  10–16–2.643 × 
 10–5

HE819240 Oman KY996463 Trinidad & 
Tobago

KM435324 China MaxChi, Chimaera, 3Seq 128 6.323 ×  10–12–2.896 × 
 10–7

Table 5 Codon substitution studies in the replication associated protein gene (C1) of TYLCV isolates [dN, the number of non‑
synonymous substitutions per non‑synonymous site; dS, the number of synonymous substitutions per synonymous site]

Genotype Sites under diversifying/positive selection 
at p ≤ 0.1

Sites under purifying/negative selection 
at p ≤ 0.1

ω = dN/dS

Fixed Effects Likelihood (FEL) analysis

TYLCV others 16 161 –

TYLCV Kuwait 3 88 –

Single-Likelihood Ancestor Counting (SLAC)

TYLCV others 0 131 0.331

TYLCV Kuwait 0 25 0.239

adaptive Branch Site (aBSREL)

TYLCV others 13 – –

TYLCV Kuwait 4 – –

Fast Unconstrained Bayesian AppRoximation (FUBAR)

TYLCV others 8 165 –

TYLCV Kuwait 5 60 –

Branch-site Unrestricted Statistical Test for Episodic Diversification (BUSTED)

TYLCV Others 129 – 0.2466
(constrained)
0.5145 (unconstrained)

TYLCV Kuwait 14 – 0.1426 (constrained)
1.246 (unconstrained)



Page 6 of 8Akbar et al. Virology Journal          (2024) 21:308 

sites undergoing diversifying positive selection is at 16 for 
TYLCV others compared to 3 for TYLCV from Kuwait 
(Table 5).

SLAC analysis utilizes a combination of maximum-
likelihood (ML) and counting approaches to infer non-
synonymous (dN) and synonymous (dS) substitution 
rates on a per-site basis for a given coding alignment and 
corresponding phylogeny. A global MG94xREV model fit 
was performed to optimize branch length and nucleotide 
substitution parameters before proceeding to hypothesis 
testing along with Nucleotide GTR model in SLAC analy-
sis. SLAC analysis revealed that 131 sites of C1 ORF are 
under purifying selection in TYLCV isolates reported 
from elsewhere whereas 25 codon sites are undergoing 
purifying selection in TYLCV isolates reported from 
Kuwait (Supplementary Figs. 1 and 2).

A total of 273 branches were formally tested for diver-
sifying selection among the TYLCV isolates reported 
from elsewhere and aBSREL found evidence of episodic 
diversifying selection on 13 out of 273 branches in the 
phylogeny. Significance was assessed using the Likeli-
hood Ratio Test at a threshold of p ≤ 0.05, after correcting 
for multiple testing. Full adaptive model aBSREL which 
infers an optimized number of ω rate categories per 
branch estimated 636 parameters with a log likelihood of 
model fit (− 20,786.21). Similarly, a total of  29  branches 
were formally tested for diversifying selection when 
TYLCV isolates from Kuwait were studied. Evidence of 
episodic diversifying selection was found on 4 out of 29 
branches in the phylogeny. Full adaptive model aBSREL 
estimated 84 parameters with a log likelihood of model 
fit (− 4811.18). Also, based on the likelihood ratio test, 
there is evidence of episodic diversifying selection in the 
TYLCV isolates of Kuwait (p = 1.710e−13). Among the 
coding sequences of TYLCV Kuwait isolates, 14 sites 
were found to have undergone positive selection with evi-
dence ratio threshold > 10, whereas 129 sites were found 
to have positive selection when TYLCV others sequences 
were analyzed. Application of Bayesian approach to 
identify nonsynoymous (dN) and synonymous (dS) sub-
stitution rates via Fast Unconstrained Bayesian AppRoxi-
mation (FUBAR) revealed that 165 and 60 codon sites 
are under purifying selection in TYLCV others and 
TYLCV Kuwait isolates, respectively. FUBAR found 8 
and 5 codon sites were undergoing positive selection in 
TYLCV others and TYLCV Kuwait isolates, respectively 
suggesting negative selection is predominant.

Discussion
Genetic diversity analysis of viral species has attained 
greater interests since the molecular evolutionary fea-
tures of the viruses directly affect the realm of host-virus 
interactions [32, 33]. Genetic diversity analysis of TYLCV 

in plants and insect vectors has provided molecular 
insights regarding the spectrum of viral genomic varia-
tions [34–36]. In general, mutations, genome segment 
reassortment, genetic drift, genetic recombination, 
migration are the important sources of evolutionary 
modifications in defining the genetic architecture of viral 
populations [37–40]. Determination of geographical dis-
tribution of viral population and the inherent genetic 
variation, via phylo-geographic evolutionary analysis 
is also rewarding and has become an important ana-
lytical module in the field of viral genomics [39, 41, 42] 
(Ifthikhar et  al. 2014). Recently we published molecular 
sequence features of TYLCV isolates characterized from 
the tomato fields of Kuwait (BMC research notes ref ). 
The TYLCV genomes of Kuwait isolates reported earlier 
showed considerable genetic diversity. As a follow up, 
molecular evolutionary genomic analysis of TYLCV iso-
lates reported across the globe is compared with that of 
isolates reported from Kuwait. Unlike the partial or com-
plete gene sequence-based phylogenetic analysis reported 
earlier, complete viral genomes are quite informative for 
evolutionary analysis [39, 43] (Ifthikhar et al. 2014).

Genetic structure of begomovirus population results 
from the interplay of the evolutionarily important adap-
tations both in various plants and strains of vectors which 
immensely determine the geographical distribution and 
dispersion of the viral species. Identification of factors 
driving genetic variability within the population is cru-
cial for estimating the population expansion and devising 
suitable control measure or disease management tac-
tics. Earlier studies on genetic diversity and population 
structure of TYLCV in Spain, during an 8  year period, 
showed low genetic diversity and high genetic stability 
[44] in Italy, co-existence of TYLCV and TYLCSV [45], 
and TYLCV population structure in Mediterranean basin 
was shaped due to recombination [46]. A global analysis 
of tomato yellow leaf curl virus in Iran and the Arabian 
Peninsula using complete genome sequences of TYLCV 
strains has revealed that TYLCV-IL isolates from south-
ern Iran possessed greater genetic variability than the 
northeastern isolates and identified recombination hot 
spots [10]. It also suggested that molecular evolution 
could be attributed due to the geographical isolation of 
the virus isolates and Iran was proposed as a TYCLV 
centre of diversity [10]. The geographic proximity of the 
Kuwait TYLCV isolates (BMC research notes) with that 
of Iran isolates and genetic distinctness of Kuwait iso-
lates from others reported warrant an in depth molecular 
evolutionary genomic analysis. The results of this study 
reveal the monophyletic origin of Kuwait isolates with 
that from Middle East further corroborates the asser-
tion that the region is centre of TYLCV genetic diversity 
(Fig. 1) [3, 10]. Despite the centre of diversity of TYLCV, 
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the geographic isolation of the TYLCV strains (Fig.  1) 
confirm that these isolates do not pose a serious threat 
to global epidemiology of TYLCV infection [3]. This fact 
is also further confirmed from the genetic or nucleo-
tide diversity of TYLCV isolates reported from Kuwait 
which is relatively low than that of nucleotide diversity 
of TYLCV others. Findings of neutrality tests and gene 
flow estimates suggest that any deleterious mutations in 
the genomes of TYLCV Kuwait isolates is removed so 
that purifying selection functions paving way for popu-
lation explosion. It is further supported due to the high 
degree of gene flow between Kuwait and other isolates of 
TYLCV. The number of sites under positive selection and 
sites under purifying selection among the TYLCV iso-
lates reveal that most of the genetic elements of C1 ORFs 
are neither under positive nor negative selection suggest-
ing the neutral evolution of these codons.

Recombination analysis has been at the forefront of 
detection of genetic changes in viral genomes. Unlike 
recombination events detected in a relatively short 
genetic elements of a particular gene [16, 39], eight 
potential recombination events detected among the 
TYLCV isolates mostly involving Kuwait origin either 
as a recombinant or as the parents in the generation of 
recombinant strains suggest that the Middle Eastern 
region continues to contribute to the diversity of the 
TYLCV strains globally. Nevertheless, the fitness advan-
tage of these recombinants vis-à-vis inter-species TYLCV 
recombinants reported earlier would be an interesting 
area of research [47]. A recent analysis of C1 protein of 
TYLCV sequences derived from five major geographi-
cally distinct Asian countries (India, China, Iran, Oman 
and S. Korea) reveal a significant differences among the 
gene sequences across geographical regions. Also, the 
pressures of selection and mutation shape the codon 
usage bias of the C1 gene of TYLCV [48]. Similar anal-
ysis of codon usage bias in TYLCV C1 genes reported 
worldwide could provide novel insights. TYLCV C1 ORF 
codon substitution analysis utilizing multiple algorithms 
also imply that most of the codons are under purifying or 
negative selection so that deleterious changes in the gene 
sequences are not tolerated.

Conclusion
The inherent genetic diversity of TYLCV Kuwait isolates 
and its contribution to the generation of potential genetic 
recombinant isolates are presented. Analysis of popula-
tion structure of TYLCV across the globe reveals that it is 
under purifying selection and the phenomenon of popu-
lation expansion is occurring. This report thus forms a 
groundwork for further investigation of molecular evo-
lutionary genomics of one of the most devastating plant 
Geminiviruses.
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