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Tomato yellow leaf curl virus (TYLCV) is a monopartite DNA virus with a genome
size of ~ 2,800 base pairs. The virus belongs to the genus Begomovirus within the
family Geminiviridae. Extant TYLCV strains are differentiated based on an
established threshold of 94% genome-wide pairwise nucleotide identity. The
phylogenetic relationships, diversification mechanisms, including
recombination, and extent of spread within and from the center of origin for
TYLCV have been reported in previous studies. However, the evolutionary
relationships among strains, strains’ distribution and genomic diversification,
and genetic mechanisms shaping TYLCV strains’ evolution have not been re-
evaluated to consider globally representative genome sequences in publicly
available sequence database, including herein newly sequenced genomes from
the U.S. and Middle East, respectively. In this study, full-length genome
sequences for the extant strains and isolates of TYLCV (n=818) were
downloaded from the GenBank database. All previously published genome
sequences, and newly sequenced TYLCV genomes of TYLCV isolates from
Kuwait and USA, determined herein (n=834), were subjected to recombination
analysis. To remove the ‘phylogenetic noise’ imparted by interspecific
recombination, the recombinant genomes were removed from the data set,
and the remaining non-recombinant genome sequences (n=423) were
subjected to population genetics and Bayesian analyses. Results of the
phylogeographical analysis indicated that the type strain, TYLCV-Israel, and
TYLCV-Mild strain, were globally distributed, spanning Africa, America, Asia,
Australia/Oceania, Europe, and New Caledonia, while the other TYLCV strains
were prevalent only throughout the Middle East. The results of Bayesian
evolutionary (ancestral) analysis predicted that TYLCV-Israel represents the
oldest, most recent common ancestor (MRCA) (41,795 years), followed by
TYLCV-Mild at 39,808 years. These were closely followed by two Iranian
strains viz., TYLCV-Kerman and TYLCV-lran at 37,529 and 36,420 years,
respectively. In contrast, the most recently evolving strains were TYLCV-Kuwait
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and TYLCV-Kahnooj at 12,445 and 298 years, respectively. Results of the
neutrality test indicated that TYLCV-lIsrael and TYLCV-Mild populations are
undergoing purifying selection and/or population expansion, although
statistically significant selection was documented for only TYLCV-Israel, based
on positive selection acting on five codons.
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1 Introduction

Viruses in the family Geminiviridae are pathogens of plants that
are transmitted by hemipteran insects. Members of this plant virus
group cause diseases resulting in yield loss and reduced quality of
fiber, ornamental, and vegetable crops (1, 2). Begomoviruses have a
circular, single-stranded DNA genome that can be bipartite,
referred to as the DNA-A (~2.6 kb) and DNA-B (~2.5-2.6 kb)
components, or monopartite, with one DNA molecule of
approximately 2.8 kb in size. Each DNA fragment is encapsidated
within a virion that has a twinned icosohedral or ‘geminate’
structure (3).

The genus, Begomovirus is the largest of nine genera within the
Geminiviridae (4). The viruses in this genus are transmitted in a
persistent, circulative, and non-propagative manner by the whitefly
Bemisia tabaci (Gennadius) cryptic species (family Aleyrodidae)
and infect primarily dicotyledonous plants (5-7). Among
begomovirus species, Tomato yellow leaf curl virus, has been the
most extensively studied because of its economic importance (8).
The abundance of full-length genome sequences available in public
databases for tomato yellow leaf curl virus (TYLCV) has provided a
valuable resource for investigating begomoviral intraspecific and
interspecific evolutionary relationships (2, 9). Also, the small
genome size has facilitated molecular cloning and sequencing of
many, globally-representative, begomovirus genomes (8). Different
strains of TYLCV causes leaf curl disease of tomato and infect other
crop species, with several strains being particularly widely
distributed from the zone(s) of endemism primarily within the
last 50 years, by human-mediated transport of infected plants and/
or the viruliferous whitefly vector (2, 10-14).

The genome of TYLCV is approximately 2,800 base-pairs in size
and encodes six genes. Two genes, V1 and V2, are encoded on the
virus sense strand. The V1 open reading frame (ORF) encodes the
capsid protein, while the V2 ORF encodes a protein involved in
modulating host symptom expression and influences virus
accumulation (15). Four genes, designated as C1-C4, are encoded
on the viral complementary strand (16). The C1 ORF encodes the
viral replication-associated protein, while C2 encodes the
transcriptional activator protein involved in the suppression of
host plant post-transcriptional gene silencing. The C3 and C4
ORFs encode the replication enhancer protein and a determinant
of host symptom development and severity, host range, and
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systemic spread in the host plant, respectively (16-19). The highly
variable intergenic region (IR) of approximately 200 nucleotides in
length, contains the promoters for transcription of the viral-sense
genes, V1 and V2, and complementary sense C1 and C4 genes (15).

Disease symptoms in tomato plants caused by TYLCV include
stunted growth, leaf chlorosis, and curling. Reduced fruit yield was
observed for the first time in Israel and Jordan during the 1930s and
1940s, but the causal agent was not identified until the 1960s when
the genome sequence was determined, earning notoriety as the first
monopartite begomovirus (20, 21). The initial spread of two strains
of TYLCV-Mild and TYLCV-Israel from Israel and Jordan occurred
during the 1990s (9, 22) through international trade of ornamentals
and vegetable seedlings, either virus-infected or harboring the
viruliferous B. tabaci vector (23-25).

The vector of TYLCV, B. tabaci, is a complex of cryptic species
that are morphologically indistinguishable but possess distinct
biological and behavioral characteristics that have facilitated
adaptation to different environments (26-29). They can be
differentiated phylogeographically based on divergence of the
rapidly evolving cytochrome oxidase subunit I gene (30-32).
Recently, six cryptic species groups have been recognized based
on analysis of 2,184 nuclear orthologs (7, 32, 33). The TYLCV
vector native to the Middle East and adjacent areas is the B mitotype
[North Africa-Middle East (NAF-ME) cryptic species (previously, B
biotype)] (34), which has co-evolved with the TYLCV begomovirus
species (26). Several studies have shown that the Q mitotype, or the
North Africa-Mediterranean (NAF-MED) cryptic species, also
transmits TYLCV (35-37), an observation that is consistent with
the predicted close evolutionary relationship among members of the
NAF-MED-ME cryptic species group (7, 33). The cryptic species of
the NAF-MED-ME group harbor invasive haplotypes, and they
have displaced certain native B. tabaci species and established in
vegetable and fiber cropping systems throughout the world (26, 37-
44). The dispersal of certain B. tabaci cryptic species and its co-
evolved strains of TYLCV also has been documented on six
continents, including Africa (45, 46), Asia (47, 48), Australia (49),
Europe (35, 50-53), North America and the Caribbean region (11,
54, 55), and South America (56, 57).

The species TYLCV as a tomato pathogen has been studied at
the phylogenetic, population genetics, and biological levels, to
elucidate virus origins and diversification patterns and to facilitate
resistance breeding efforts (14, 22, 58-63). Interestingly, TYLCV
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accumulates mutations nearly as rapidly as single-stranded RNA
viruses, at a rate of 2.88 x 107* substitutions/site/year (9).
Additionally, mutations were found to accumulate at a higher
rate in the viral intergenic compared with coding regions (62).
Such a high substitution rate is consistent with the ‘quasispecies’
concept, recognized for single-stranded RNA plant and animal
viruses (25, 64). This concept envisions quasi-species as having
no ‘specific members’ that exists within the host as closely related
variants of a population. In addition, population dynamics of a virus
quasi-species is hypothesized to facilitate virus adaptation to the
environment through the exploration of landscape fitness (65). The
high rates of mutation and genetic recombination as powerful
forces in the evolution of begomoviruses, including TYLCV, are
well-established (9, 25).

The dispersal of TYLCV-infected plant material and/or of
TYLCV-viruliferous whiteflies has contributed to the global
spread of two of the several other well-characterized strains,
TYLCV-Israel and TYLCV-Mild (59, 66); however, the basis for
the restricted distribution of the other extant strains endemic to the
Middle East and adjacent vicinities where the NAF-ME-MED
cryptic species co-occur, is not understood. The objective of this
study was to use all TYLCV genome sequences available (as of
2022), for a comprehensive analysis of the genomic evolution of
extant TYLCV strains. A curated genome sequence set consisting of
recently determined genome sequences from U.S. and Middle East
isolates, and globally- and temporally-representative reference
sequences from the GenBank database were examined with
respect to phylogenomics, population genetics signatures
reminiscent of gene flow and genetic differentiation, evidence for
neutral or positive selection within viral coding regions, and fixed
mutations. The goal was to reveal potentially static and dynamic
diversification scenarios that could shape new population structures
and invasion paths or hotspots of TYLCV strains and variants
that could emerge. The analyses considered all TYLCV genomes
available in the NIH-NBCI-GenBank database and recently
sequenced TYLCV genomes from US TYLCV-hotspots
(Georgia and Florida) and Kuwait. The TYLCV reference
genomes represented all recognized strains of TYLCV (67).
Recombinant genomes were not included in the population
genetics analyses because of their potential for inferring unreliable
evolutionary history.

2 Methods

2.1 Tomato yellow leaf curl
genome sequences

Representative genome sequences were downloaded from the
GenBank database, representing the following seven TYLCV
strains, TYLCV-Israel: X15656, TYLCV-Boushehr: GU076454,
TYLCV-Iran: AJ132711, TYLCV-Kahnooj: EU635776, TYLCV-
Kerman: GU076442, TYLCV-Mild: X76319 and TYLCV-Oman:
FJ956700. The genome sequences were queried using the Basic
Local Alignment Search Tool (BLAST) available at the National
Center for Biotechnology Information (NCBI) database. Among the
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obtained genome sequences, a 94% pairwise nucleotide identity
threshold was applied as the strain cut-off, and the requirement for
at least 90% coverage to the queried sequence (67). The initial
number of downloaded genomes for each strain available in
GenBank were: TYLCV-Israel = 849, TYLCV-Boushehr = 3,
TYLCV-Iran = 33, TYLCV-Kahnooj = 37, TYLCV-Kerman = 11,
TYLCV-Mild = 215 and TYLCV-Oman = 33. To enhance
computing efficiency, highly similar genome sequences and
therefore redundant at the isolate level, were uniformly removed
across all strains with a filter query coverage, at 100% and 99%,
respectively. Twenty-two previously unpublished sequences from
the Middle East (Kuwait), determined in the Florida laboratories
were also included in the initial data set. In these instances, the
DNA samples were subjected to rolling circle amplification to
obtain complete sequences following the protocols described by
Inoue-Nagata et al. (68) and modifications by Marchant et al. (69).
The total number of complete genome sequences for each TYLCV
strain was: TYLCV-Israel (n = 709), TYLCV-Boushehr (n = 2),
TYLCV-Iran (n = 11), TYLCV-Kahnooj (n = 4), TYLCV-Kerman
(n=11), TYLCV-Mild (n = 48), TYLCV- Kuwait (16), and TYLCV-
Oman (n = 33).

2.2 Recombination detection

The TYLCV genome sequences were subjected to
recombination analysis using the Recombination Detection
Program (RDP4) v4.100 (70). A genome was considered to
represent a recombinant when a significant result was identified
for three or more of the seven methods available in the RDP4
software, namely, RDP, GENECONYV, Bootscan, Maxchi,
Chimaera, SiSscan, and 3Seq. A predicted event was confirmed by
a shift in tree position based on phylogenetic analysis of the genome
sequence, minus the predicted recombined region(s) (Table 1). The
predicted recombinant genomes were removed from the data set,
leaving 422 remaining TYLCV genomes. The genome sequences
were labeled to indicate strain, GenBank accession number, and
country of collection.

2.3 Bayesian evolutionary analysis

The evolutionary analysis was carried out using the Bayesian
Evolutionary Analyses Sampling Trees algorithm (BEAST v2.7.4)
(71). The optimal nucleotide substitution model for coding and
untranslatable regions was identified using PartitionFinder2 and
selecting the BEAST suitability option (72). PartitionFinder2
suggested models were approximated to the closest umbrella
models available in BEAST. The Generalized Time Reversible
(GTR) was identified as the best fitting model based on the lowest
Bayesian Information Criterion (BIC) Scores for all the coding and
untranslatable genomic regions selected. The genome sequences
and nucleotide substitution model parameters were exported in
BEAUi2: Standard. Also, a gamma site heterogeneity model was
selected to permit an analysis that considered the between-site-
variation. The sequence data were partitioned into six taxa, each
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TABLE 1 Number and percentage of TYLCV recombinant genomes for
each strain.

Strain No. of No. of Percentages of
genomes  recombinants = recombinants

TYLCV- 2 1 50.00

Boushehr

TYLCV- 709 335 47.25

Israel

TYLCV- 4 2 50.00

Kahnooj

TYLCV- 11 7 63.64

Kerman

TYLCV- 48 28 58.33

Mild

TYLCV- 11 5 45.45

Iran

TYLCV- 16 2 12,5

Kuwait

TYLCV- 33 32 96.97

Oman

representing a strain of TYLCV. TYLCV-Boushehr and TYLCV-
Oman strains were not partitioned because they were represented
by a single sequence. A Strict clock model was selected, and the
coalescent constant population model was set as the tree prior,
under the default assumption of uniform distribution of taxon sets.
The calibration time limits for estimating the Most Recent
Common Ancestor (MRCA) per species were set to 290 and
40211 years ago, based on previously published calibrators (58).
The Monte Carlo Markov Chain was set to run at 75,000,000 with
trace log generated for every 1000 trees. The subsequent Xml file
was used as an input file to BEAST with which two runs were
carried out. The combined tracer (log) file was produced with
LogCombiner, and the MCMC output file was visualized using
Tracer v1.7.1 (73). TREEANNOTATOR was used to select a tree
from among all trees sampled and available in the BEAST output
files. The maximum clade credibility tree was reconstructed. The
tree was drawn using the interactive tree of life software (iTOL v6-
https://itol.embl.de).

2.4 Polymorphism analysis

Polymorphic traits associated with the TYLCV genomes were
characterized in DnaSP v6.12.03 using the DNA Polymorphism tool
(74). Six TYLCV strains were subject to this analysis, excluding
TYLCV-Boushehr and TYLCV-Oman, the only genome
representing this strain. Polymorphic traits examined included
the number of polymorphic sites and haplotypes, haplotype
diversity, nucleotide diversity (Pi), and average number of
nucleotide differences (k). Polymorphism analysis was conducted
with all the samples in each strain group as well as with only two
randomly selected samples (genome sequences from each strain
grouping) to offset the influence of vastly differing sample sizes.
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2.5 Gene flow and genetic differentiation

The extent of genomic differentiation was analyzed for six
TYLCV strains, both within and between strains. The statistical
analyses, Ks, Kst, Snn, Z, and Fst (75) were carried out using DnaSP
and the Gene Flow and Genetic Differentiation tool. A permutation
test with 1000 replications was conducted to test for levels of
significance, with a p-value of < 0.05 considered significant.

2.6 Tests of population neutrality

To carry out a reliable population neutrality test required a
minimum of four genome sequences, a criterion that limited the
analysis to only five strains, TYLCV-Iran, TYLCV-Israel, TYLCV-
Mild, TYLCV-kerman, and TYLCV-Kuwait. Tajima’s D test (76)
estimated the average number of pairwise nucleotide differences, and
the number of segregating sites among the genome sequences to
calculate a value on a strain-by-strain basis. The Fu and Li’s D and F
statistics (77) were computed for the TYLCV strains using the Fu and
Li’s Tests tool in DnaSP. The D statistic was based on the number of
mutations occurring only once, and the total number of mutations.
The F statistic was calculated based on the number of mutations
occurring once and the pairwise distances between sequences.

2.7 Test of positive selection

The six TYLCV coding regions for the selected TYLCV
genomes were analyzed for potential positive selection. The
HyPhy tool (78) in MEGA X (79, 80) was used to identify viral
codons evolving under positive selection, based on the number of
non-synonymous (dN) and synonymous (dS) substitutions per
codon. The Tamura-Nei model (81) was identified as the most
parsimonious model for calculating the rate substitution, based on
codons with a dN greater than dS, and a p-value less than 0.05,
which are considered evidence that a coding region is evolving
under positive selection.

2.8 Generation of strain distribution map
The geographic collection site for each TYLCV genome
sequence analyzed in this study was provided and used to draw

the distribution map with the ArcGIS online tool (https://
usg.maps.arcgis.com/home/index.html).

3 Results

3.1 Recombination detection. Resource
identification initiative

Overall, 59 separate recombination events were observed
(Supplementary Table 1). Of which, 44 were significant in at least
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three of the tests conducted using RDP4 (Table 1). The TYLCV-
Oman genome sequences showed evidence of the highest
percentage of recombination events, followed by, TYLCV-
Kerman, TYLCV-Mild, TYLCV- Boushehr, TYLCV-Kahnooj, and
TYLCV-Iran. TYLCV-Kuwait had the least number of
recombinants of all strains/isolates (Table 1). The events, though
occurring in the same regions, in most instances were unique to
each strain data set evaluated. The events did not follow a pattern
and were distributed across all six genes on the complementary as
well as virus strands and on the untranslatable intergenic regions
(UTRs). All are detailed in an Excel spread sheet (Supplementary
Table 1). Based on the RDP analysis an example is illustrated
below, the genome of MH507499.1 Iran was predicted to have
resulted from recombination between the major parent AJ132711.1
Iran and secondary (minor) parent JQ928349.1 Iran. The
MH507499.1 Iran sequence shared its high nucleotide identity
with AJ132711.1 Iran at bases of the predicted recombination site
comprising the 1-130 and 913-2808 nucleotides. In addition, it
shared high nucleotide identity with JQ928349.1 Iran at the
predicted recombination site consisting of a fragment located at
nucleotides 131 to 912 within the genome. This recombination
event is supported by the results of phylogenetic analyses
(Supplementary Figure 1).

3.2 Bayesian evolutionary analysis

The Markov Chain Monte Carlo (MCMC) analysis yielded an
effective sample size (ESS) of >200 relative to the posterior
parameters, indicating convergence (Table 2). The summary
statistics for the most recent common ancestor (MRCA) per
strain are presented in the Tracer panel (Table 2; Figure 1). The
MRCA was calculated for each TYLCV strain except for TYLCV-

10.3389/fviro.2023.1221156

Boushehr and TYLCV-Oman, which were represented by only one
non-recombinant genome sequence. The TYLCV-Israel strain was
the most ancient at 41,795 years, followed by TYLCV-Mild at
39,808 years. These strains were then closely ensued by TYLCV-
Kerman and TYLCV-Iran at 37,529 and 36,420 years, respectively.
TYLCV-Kuwait and TYLCV-Kahnooj strain were identified as the
most recently diversifying isolates, at 12,445 and 298
years, respectively.

The Tracer marginal density panel kernel density estimate (kda)
plots (Figure 2) showed that probability mass distribution for each
strain occurred at 290 and 40211 years ago. The Tracer joint-
marginal panel (Figure 3) between the six TYLCV strains illustrate
the strength and direction of each correlation. The ellipticals
indicate the extent of reinforced strength of the correlations, with
no correlation appearing as a circle and perfect correlation as a line
(Figure 3). Finally, the Trace panel showing line plots connecting
sequential samples of six TYLCV strains against character
(Figure 4) was suggestive of admixture between Israel and Mild
strains based on the MRCA values, which were similar. In addition,
admixtures were also observed among the Kerman and Iran strains.
The Kuwait strain rarely showed admixture with the other strains.
The mean substitution rate for all TYLCV genomes analyzed here
was 2.7899 x 10™* substitutions/site/year (95% HPD with a range of
3.7339 x 107> to 4.7489 x 107°).

In the Bayesian tree, TYLCV genomes grouped with the
genome sequences determined in this study as multiple clades
(Figure 5). The TYLCV-Israel strain was represented by the
greatest number of sequences and formed a monophyletic clade,
and consisted of isolates from Africa (Egypt, Tunisia, Morocco,
Mauritius, Reunion), Asia (India, Japan, South Korea, China),
Australia, the Caribbean region (Cuba, Dominican Republic, and
Puerto Rico), Eastern Mediterranean (Jordan, Turkey, Lebanon),
Europe (Estonia, Italy, Spain, UK), New Caledonia, and North

TABLE 2 Summary Statistics for the time of most recent common ancestor (MCRA) among six strains, as determined by BEAST analysis.

o MRCA.Age MRCA.Age MRCA.Age MRCA.Age
Summary Statistic = .
(Kerman) (Kahnoojj) (Kuwait) (Israel)

Mean 39807.9866 36490.0006 37529.3128 297.6345 12444.8455 41794.955
Stderr of mean 24.9953 153.6665 58.6153 3.8529 33.1678 16.5099
Stdev 965.9421 3136.5417 2378.404 168.2584 584.6603 1303.2316
Variance 9.3304E5 9.8379E6 5.6568E6 28310.882 584.6603 1.6984E6
Median 39946.7984 37003.6051 38008.2916 292.6185 12434.3091 41410.3149

[414.6066, [302.9725, [488.0727, [290, [315.2348, (40501.0261,
Value range

40210.9958] 40210.9896] 40210.9896] 12606.2577] 23186.0718] 74498.2251]
Geometric mean 39767.728 36317.4588 37424.734 294.3718 12423.3956 41775.5379

. [39082.2294, (30806.1485, [33433.7456, [11447.5644, [40501.0261,

95% HPD interval [290, 301.5156]

40210.9896] 40210.9896] 40210.9655] 13457.5055] 44313.7236]
Auto-correlation time
(ACT) 90397.2972 3.2404E5 81995.5894 70787.4295 4.3448E5 21666.472
Effecti le si

SCHVE Sampie size 1493.4 4166 1646.4 1907.1 3107 6230.9
(ESS)
Number of samples 1.35E5 1.35E5 1.35E5 1.35E5 1.35E5 1.35E5
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FIGURE 1

Estimates of time of the most recent common ancestor (MRCA) among six strains after BEAST runs. The TYLCV-Israel strain was the most ancient, at
41,795 years, followed by TYLCV-Mild at 39,808 years. These strains were followed by TYLCV-Kerman and TYLCV-Iran at 37,529 and 36,420 years,
respectively. TYLCV-Kuwait and TYLCV-Kahnooj strains were identified as the most recently diversifying strains, at 12,445 and 298 years,
respectively.
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FIGURE 2
Marginal density plot showing kernel density estimates for the six strains. These plots illustrate each strain's probability mass distribution between
290 and 40211 years ago.
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correlation appearing as a circle and perfect correlation as a line.

America (Mexico and USA). However, a few TYLCV-Israel
sequences were present in clades with other strain groups such as
TYLCV-Mild and TYLCV-Kuwait. A majority of the TYLCV-Mild
(70%) sequences were in multiple sister clades within a single node.
The TYLCV-Mild isolates formed a monophyletic group together
with sequences for isolates from Africa (Reunion), Asia (Japan),
Europe (Portugal, Spain, and Sweden), the Eastern Mediterranean
(Israel, Jordan and Lebanon), the Caribbean region (Dominican
Republic), and South America (Venezuela). The remaining
TYLCV-Mild sequences were clustered in sister clades with
TYLCV-Israel. Two Iranian isolate sequences (MF536415.1 and
KY825714.1) were in a sister clade with other TYLCV isolates from
viz., Boushehr, Kerman, and Kahnooj thereby forming a
monphyletic clade. Whereas a few other Iranian isolate sequences
were found in a sister clade with TYLCV-Israel and TYLCV-
Kuwait. TYLCV-Kuwait and TYLCV Oman sequences did not
form a monphyletic group and were often found in clades with
TYLCV-Israel. The results of this analysis are supported by
previous studies that also reported the global distribution of
TYLCV-Israel and TYLCV-Mild, compared with TYLCV-Oman,
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TYLCV-Iran, TYLCV-Kahnooj, TYLCV-Kerman and TYLCV-
Boushehr strains, which are restricted to the Middle East
(Figure 6) (14, 22, 60).

3.3 Polymorphism analysis

An analysis of genomes for number of polymorphic sites was
carried out for all TYLCV strains, except TYLCV-Boushehr and
TYLCV-Oman (Table 3). High haplotype diversity was noticed in
the case of all TYLCV strains regardless of sample size. The number
of polymorphic sites were the highest in TYLCV-Mild followed by
TYLCV-Israel and TYLCV-Kuwait. TYLCV-Kahnooj had the
fewest polymorphic sites. The highest average number of
nucleotide differences (k) — was observed in the case of TYLCV-
Mild followed by TYLCV-Kuwait and two Iranian strains TYLCV-
Kerman and TYLCV-Iran (Table 3). The results of the analyses may
in some instances could have resulted from bias related to too few
sequences per group. To overcome the above-stated bias, the
polymorphism test was conducted with the same number of
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Trace panel displayed line plots connecting the sequential samples of the six TYLCV strains against state. The plot shows mixing between strains with
similar MRCA.
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FIGURE 5
Bayesian tree constructed for tomato yellow leaf curl virus (TYLCV) strains. Genomes are color-coded by strain group: red indicates TYLCV(-Israel),
blue indicates TYLCV-mild, green indicates TYLCV-Iran, orange indicates TYLCV-Kahnooj, pink indicates TYLCV-Boushehr, yellow indicates TYLCV-
Kerman, and black purple indicates TYLCV-Kuwait. TYLCV Sardinia virus is in Grey. The scale represents that the tree branches are drawn to scale
with respect to time.
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FIGURE 6

10.3389/fviro.2023.1221156

Global distribution of tomato yellow leaf curl virus (TYLCV) strains. Colored dots represent TYLCV strains: red dots indicate TYLCV-Israel, blue dots
indicates TYLCV-Mild, green dots indicate TYLCV-Iran, orange dots indicate TYLCV-Kahnooj, pink dots indicate TYLCV-Boushehr, yellow dots

indicate TYLCV-Kerman, and black dots indicate TYLCV-Kuwait.

randomly selected sequences for all isolates (n = 2) (Table 4). In this
scenario, the same haplotype diversity was reflected across all
strains (Table 4). Also, the highest average number of nucleotide
differences (k) was observed in the case of TYLCV-Iran followed by
TYLCV-Israel, and two Iranian strains (Kahnooj and Kerman).

3.4 Gene flow and genetic differentiation

The between and within strain nucleotide statistics were
calculated for each strain group to estimate the extent of
differentiation. The p-values for Ks, Kst, Snn, and Z indicated
most TYLCV strains were significantly differentiated from one
another, (Table 5). The Snn values were all close to one, which is
again indicative of differentiation. The Fst values for between strain
comparisons were high (>0.50), indicating substantial differences
between TYLCV-Israel and TYLCV-Mild as well as between
TYLCV-Israel and the Iranian isolates and TYLCV-Mild and
Iranian isolates, especially TYLCV-Kerman and TYLCV-Kahnooj.
These patterns were indicative of extensive genetic differentiation
with low intra-strain gene flow.

TABLE 3 Nucleotide polymorphisms among strains of TYLCV worldwide.

3.5 Tests of population neutrality

The Fu and Li’s D and F statistics and Tajima’s D statistics were
calculated for five TYLCV strains for which sufficient number of
strains/populations were available to derive reliable estimates
(Table 6). Negative values for all three statistical tests are
indicative either of purifying selection or population expansion.
The negative values could reflect a large number of mutations
occurring rarely or only once within a population. All except for
TYLCV-Iran and TYLCV-Kuwait strains exhibited negative
Tajima’s D values and only TYLCV-Kerman for all three
statistical tests; however, results were significant only for TYLCV-
Israel and TYLCV-Kerman strains.

3.6 Test of positive selection

The six ORFs encoded by all seven TYLCV strains were
analyzed for selection to determine if the coding regions were
evolving under positive selection. Among the seven strains,
positive selection was identified for only TYLCV-Israel, while no

Kahnooj Kerman Iran Israel Mild Kuwait
Number of sequences 2 4 6 374 20 14
Variable (polymorphic) sites 4 2067 1997 2762 2785 2523
Number of haplotypes 2 4 6 368 20 14
Haplotype diversity + standard deviation 1.000 + 0.500 1.000 + 0.177 1.000 + 99 + 1.000 + 1.000 +
0.096 0.000 0.00025 0.027
Nucleotide diversity (Pi) 0.00144 0.38579 0.39755 0.14808 0.63403 0.46042
Average number of nucleotide differences (k) 4 1066 1070 409 1767 1280
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TABLE 4 Nucleotide polymorphisms among strains of TYLCV worldwide with selected sequences.

Kahnooj Kerman Iran Israel Mild Kuwait
Number of sequences 2 2 2 2 2 2
Variable (polymorphic) sites 4 4 14 12 2 1
Number of haplotypes 2 2 2 2 2 2
Haplotype diversity + standard deviation 1.000 + 1.000 + 1.000 + 1.000 + 1.000 + 1.000 +

0.500 0.500 0.500 0.500 0.500 0.500

Nucleotide diversity (Pi) 0.00144 0.00145 0.00508 0.05311 0.02509 0.00036
Average number of nucleotide differences (k) 4 4 14 12 2 1

signals of positive selection were predicted for the other strains.
Positive selection was predicted for the TYLCV-Israel at codons 7,
13, 27, 196, and 319.

4 Discussion

The phylogenetic relationships and genetic differentiation of the
TYLCV species genomes were analyzed for the extant strains of
TYLCV. The results underscore the ancestral position of TYLCV-
Israel strain to all the other TYLCV strains based on the most
ancient MRCA. However, MRCAs for TYLCV-Mild, TYLCV-Iran,
and TYLCV Kerman were not very far apart from TYLCV-Israel.
TYLCV-Israel sequences were collected from five continents across
the globe. Similarly, TYLCV-Mild sequences also were collected
from multiple continents. Interestingly, all the TYLCV-Iran and
Kuwait genomes analyzed in the data set were collected in their

TABLE 5 Genetic differentiation analyses.

respective countries alone. Multiple strains were observed in Iran
than in any other region. The results reported here are consistent
with those reported in a previous study (14), wherein Iran could be
the center of divergence.

Although TYLCV-like symptoms were first observed in tomato
in the Jordan Valley during 1929 (82), the first economic damage to
the tomato crop was documented in Israel during 1931 and shortly
after in Jordan during 1935. However, the TYLCV-Israel strain
etiology of leaf curl disease was not demonstrated until the 1960s
(20, 21). Since then, several TYLCV strains have been identified in
Iran, where the TYLCV isolates possess the greatest genetic
diversity, an observation that is consistent with the hypotheses
that Iran is the center of divergence of TYLCV (22, 60).

Ancestral reconstruction for the TYLCV species indicated an
estimated mean MRCA of ~28,000 years ago, which is consistent
with the previously reported the 95% highest probability density
(HPD) values ranging between 290 and 40,211 years ago (9). Here,

TYLCV strains analyzed p-value of Ks & K, S,  p-valueof S, Z p-value of Z

Kuwait vs Iran 1284.689 | 1188.829  0.075 | 0.036 1.000 | 0.000 8.031 0.043 0.158
Kuwait vs Kerman 1469464 | 1221.114  0.169 | 0.004 0944  0.009 56.746 0.002 0.368
Kuwait vs Mild 1726021 | 1549.827  0.102 | 0.000 0941  0.000 229.109 0.000 0.190
Kuwait vs Kahnooj 1433117 1109212 0226 | 0.009 1.000 | 0.026 46.423 0.009 0.686
Kuwait vs Israel 460018 | 437.820  0.048 | 0.000 0997  0.000 36166.124 | 0.000 0.275
Tran vs Kerman 1413778 | 1056987 0252  0.052 0900  0.028 16.411 0.049 0.388
Iran vs Mild 1705335 | 1559.147  0.086  0.003 1.000 | 0.000 147.890 0.022 0.222
Iran vs Kahnooj 1414821 | 803.650 0432  0.035 1.000 | 0.072 10.133 0.035 0.726
Iran vs Israel 413601 | 409.186 0011  0.006 1.000 | 0.000 34994152 0.000 0.161
Kerman vs Mild 1803986 | 1633.142  0.095  0.001 0958  0.000 113.775 0.000 0.296
Kerman vs Kahnooj 769.667 | 708111  0.080  0.067 1.000 | 0.067 6.417 0411 0.178
Kerman vs Israel 435035 | 413579  0.049  0.000 0997  0.000 34674.748 | 0.000 0.581
Mild vs Kahnooj 1793853 | 1589215  0.114 | 0.004 1.000 | 0.017 101.847 0.004 0.574
Mild vs Israel 540289 | 474990 0121  0.000 0995  0.000 36162.119 | 0.000 0.385
Kahnooj vs Israel 424024 | 404484 0046  0.000 1.000 | 0.003 34506.552  0.000 0.899

K, is the average number of pairwise nucleotide differences across genomes in the two virus strains; K, Ky, Sy, and Z are statistics of genetic differentiation; Ky, close to zero indicates no

differentiation; S,,,, values approaching 1 indicate differentiation; Low Fy values indicate a high level of mixing between populations while high Fy, values indicate genetically distinct groups. P-

values were indicators of genetic differentiation between strains.
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TABLE 6 Population neutrality analysis.

TYLCV Strain Fu and Li's D statistics p-value Fu and Li’s F statistics Tajima’s D statistics p-value
Iran 1.71915 <0.02 1.65417 <0.05 1.25530 >0.10
Israel 1.31120 >0.10 0.05094 >0.10 ~1.87874 <0.05
Mild 1.64517 > 0.10 1.86414 > 0.10 ~0.29384 > 0.10
Kerman ~0.80037 >0.10 ~0.80037 >0.10 -0.91818 < 0.001
Kuwait 1.35634 >0.10 1.45092 >0.10 0.54788 >0.10

Negative values for Fu and Li’s D statistics, Fu and Li’s F statistics and Tajima’s D statistics in bold provide evidence for purifying selection or population expansion.

using the estimated HPD values, a more recent mean MRCA of
approximately 290 years was estimated for TYLCV-Kahnooj and
12445 years for TYLCV-Kuwait, and between 36,490 to 41,795
years for the other strains. These results provide support for the
hypothesis that TYLCV diverged from a common ancestor long
before tomato yellow leaf curl disease outbreaks were documented
in tomato crops (9). Although a lower MRCA was predicted for the
TYLCV-Kahnooj from Iran, as shown by the Trace panel line plots,
the Joint marginal distribution plot indicated good correlation
between TYLCV-Kahnooj and other Iranian strains. TYLCV-
Kahnooj also had good correlation with TYLCV-Mild.
Interestingly, joint marginal distribution of TYLCV-Israel was not
substantial (as indicated by circles than ellipticals) with other
TYLCV-strains.

The estimated TYLCV genome substitution rate in the current
study was 2.7899 x 10™* substitutions/site/year (95% HPD with a
range of 3.7339 X 107 to 4.7489 x 107°). Estimates from previous
studies have suggested a similar substitution rate for TYLCV, at 2.88
x 107% substitutions/site/year (95%, HPD with a range of 1.34 x
107 to 6.06 x 107*) and 4.5 x 107* substitutions/site/year (95%
HPD ranging from 2.4 x 107 t0 6.8 x 107%) (9, 22). All three studies
were carried out with similar parameters, including tree prior
(constant population size). However, this analysis included 423
full-length genome sequences compared with 56 and 82 full genome
sequences, respectively, available in two previous studies (9, 22). All
three studies found the TYLCV genome substitution rate was
similar to that of the ssDNA bacteriophage PhiX174 (~7 X 107°
nt/generation), and greater than double-stranded DNA viruses
(~1078 nt/generation) (83, 84).

Accelerated substitution rates such as those observed for
TYLCV, are expected to contribute to relatively rapid genome
diversification. The genome sequences of the TYLCV strains/
isolates in this study represented diverse variants or haplotypes.
In contrast with viral populations consisting of relatively
homogeneous genome sequences, multiple haplotypes among the
different TYLCV strains are consistent with the quasispecies
concept (65). Previous studies have enumerated the quasispecies-
like characteristics of begomoviruses (25, 64). Given the relatively
rapid substitution rate of TYLCV, emergence of the most fit or
better adapted than previous isolates would be expected.

The TYLCV strains [-Iran (including Boushehr, Kerman, and
Kahnooj), -Kuwait, and -Oman] that prevail nearly exclusively in
the Middle East, including the Arabian Peninsula and in Iran
exhibited the highest average number of nucleotide differences (k)
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and comprised the highest proportion of recombinant genomes.
High, significant inter-strain genetic diversity may have facilitated
accelerated recombination. In contrast, TYLCV-Israel isolates,
despite the high proportion of recombinant genomes of 46.4%,
harbored a lower average number of nucleotide differences
compared with TYLCV-Mild and TYLCV-Iranian strains. Despite
initial reports of tomato yellow leaf curl disease outbreaks in Israel
and the Jordan Valley from 1929 to 1944 (82, 85), the genomic
diversity among TYLCV-Israel isolates appears to be surprisingly
low. This suggests that one or a few founder events led to first and
regular-occurring annual outbreaks, a scenario in which the crop
serves as the source of virus for each subsequent infection cycle,
creating a potential for a species bottleneck. Notably, among all the
TYLCV strains, TYLCV-Israel was the only strain undergoing
positive selection. The relatively low average number of
nucleotide differences, and the five mutations in the codon
positions strongly suggest that these fixed mutations co-exist in
populations as the result of a population bottleneck resulting from
the nearly continuous cropping of tomato. In contrast, the TYLCV-
Kahnooj strains harbored the fewest nucleotide differences.
However, this observation may represent an artifact resulting
from the very small sample size of only two genomes.

Analysis of the full-length genome and coat protein sequences
revealed that the Middle East constitute the zones of TYLCV
endemism (22), making them the epicenter of the most ancient,
and potentially, the most recent common extant ancestors of
TYLCV. The extensive diversity among the genomes of TYLCV-
Iranian strains, native to the Middle East, compared with the much
lower diversity associated with TYLCV-Israel, can best be explained
by differences in endemism and invasion history (22).

Based on the signals from the population neutrality tests only
TYLCV-Israel and TYLCV-Kerman were identified as undergoing
either purifying selection or population expansion, with evidence
favoring TYLCV-Israel expansion. Of course, the inclusion of a
substantially high number of TYLCV-Israel sequences could have
influenced the results. Nevertheless, records show that TYLCV-
Israel was introduced into China in 2006, and by 2009 was prevalent
in 11 provinces (37). By 2014, the virus had been identified in 13
provinces or autonomous regions in China (62). The TYLCV-Israel
predicted ‘recombinant free’ reference sequences available in
GenBank (as of 2022) contained genomes from 12 provinces, two
municipalities (Beijing and Shanghai), and 1 autonomous region
(Xinjiang Uyghur) of China. Rapid spread of the introduced Q
mitotype of B. tabaci (cryptic species NAF-MED) throughout
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China at about this same time was strongly correlated with the rapid
spread of TYLCV (37, 63). Evidence further suggests the Q mitotype
was a more fit and/competent B. tabaci vector of TYLCV in China
than either of the two B haplotypes introduced to China (32, 37, 63).
Thus, the predicted genomic signals of population expansion
support the observed rapid TYLCV-Israel population sweep
in China.

The TYLCV genomes in this analysis represent all known
TYLCV strains, of which only two, TYLCV-Israel and TYLCV-
Mild, have spread globally. Although it seems likely that naturally
occurring mixed TYLCV-Mild (mild symptoms) and TYLCV-Israel
(severe symptoms) infections would be common, the two strains are
usually not reported to occur in mixtures, post-introduction. Even
so, experiments carried out during the 1960’s, showed that mixed
infections of the two strains could be established (58, 86). Recent
studies have shown that primarily TYLCV-Israel has been
introduced into Africa, the Americas, Asia, and the
Mediterranean region on infected plants originating in the Middle
East (10, 45-47, 87). The predominant vector involved in
establishing the primary infections was B. tabaci B mitotype that
infested ornamentals and other TYLCV host plants including
tomato seedlings (13, 25, 36, 37, 88) Thus, a combination of
factors likely facilitated global spread of TYLCV-Israel and
TYLCV-Mild. Although international trade is one of the main
drivers for the global spread of TYLCV-Israel and TYLCV-Mild
strains, why the other TYLCV strains have not spread through these
activities and routes is not clear. For example, dispersal of TYLCV
strains native to Iran, from there to other countries/locales that may
be expected to occur, may have been lessened by the minimized
trade between Iran and other countries due to political reasons. In
contrast, movement of TYLCV-Oman strain to other countries is
expected because extensive trade of many horticultural crops occurs
between Oman and other countries. Similar scenarios of the spread
of TYLCV strains endemic to Iran or Oman have not been
documented to date.

Among the 834 TYLCV genomes analyzed, 412 exhibited
evidence of one or more recombination events, or a frequency of
49.40%. Recombination is a well-known mechanism among
begomoviruses that has contributed to genetic diversity among
begomovirus populations, including TYLCV. The TYLCV species,
as a whole, has undergone frequent intraspecific recombination
events, as well as recombination with other begomovirus species. In
one study, 18 recombination events among species infecting tomato
in the Middle East and Western Mediterranean was identified, with
16 of those events involving two virus species (22). Indeed, in
another study, predicted recombination events were identified
between TYLCV and tomato leaf curl Iran virus, tomato leaf curl
Sardinia virus, tomato leaf curl Karnataka virus from India, and
cotton leaf curl Gezira virus. Other analyses have discovered
TYLCV interspecific recombination with tomato yellow leaf curl
Sardinia virus (89), tomato leaf curl virus (90), tomato leaf
curl Comoros virus (91), tomato leaf curl Sudan virus (92),
tomato leaf curl Iran virus (93), tobacco leaf curl virus (94), and
tomato yellow leaf curl Thailand virus (95). In the current study >40
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intra-strain recombination events were identified. The most fit
recombinants may be expected to exhibit a selective advantage
over parental lineages, potentially manifest as host range shifts or
host range expansion, variability in symptom severity, and/or
increased transmission frequency (96-98). For example, a
recombinant between TYLCV-Israel and tomato yellow leaf curl
Sardinia virus was found to have broadened its host range while
symptom severity was lessened (99). The unusually high prevalence
of TYLCV recombinants may in part be explained by the
widespread and overlapping distributions of extant TYLCV
strains, and the potential for intra- and inter-specific
recombination that has favored their survival over apparently less
competitive recombinants.

Despite the additional sequences analyzed in this study, the
topography of the Bayesian phylogenetic tree was overall consistent
with those reconstructed in previous studies that have also
differentiated TYLCV strains (22, 60). Among the TYLCV strains,
two have spread rapidly aided by human-facilitated transport into
non-endemic areas (10, 12, 22). For example, TYLCV-Israel isolates
prevalent in the Americas are extant there as the result of multiple
introductions over time, perhaps, six or more. Among the
introductions are (i) a large group of U.S. isolates and several
from Cuba, Dominican Republic, Guatemala, and Puerto Rico that
are most closely related to isolates from Jordan, (i) a group of
isolates extant in both China and Mexico, (iii) one U.S. isolate that
grouped with isolates introduced into Japan, (iv) one U.S. isolate
that clustered with TYLCV isolates also found in Australia, (v) a
single isolate found in the U.S. and Jordan, (vi) one isolate from
Lebanon that clustered with a group of U.S. isolates, and
(vii) TYLCV variants introduced into Japan apparently before
they further spread to South Korea. Based on a previous analysis
of fewer TYLCV genome sequences (58), two TYLCV-Israel
variants were introduced separately into North America from
Asia and the Middle East. Similarly, (22) reported the same two
separate introduction events into North America. Later, (14)
identified three introductions into mainland North America, and
three that had dispersed throughout the Caribbean. The mainland
North America lineages apparently originating from introductions
to Australia, East Asia (Japan), and the Caribbean, while the
Caribbean isolates were most recently of Mediterranean origin.
Notably, the Caribbean region has also experienced introductions
from the Eastern and Western Mediterranean, and East Asia,
making this not only a hot spot for diversification, but also a
major pathway for introductions of TYLCV in the long term. In
summary, TYLCV in the U.S. have originated from Asia, the Middle
East, the Eastern Mediterranean, as well as Australia. Finally,
although much less widespread, TYLCV-Mild has been
introduced into Japan in two separate events, stemming from
prior introductions to Portugal and Reunion Island, respectively,
while isolates extant in the Dominican Republic, Jordan, and
Sweden were identified for the first time in a unique, previously
unreported association. These results may portend a new invasion
route for TYLCV-Mild to spread from the latter to new and/or
already TYLCV affected locales.
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5 Conclusions

The geographic distribution of TYLCV, once endemic only to
the Middle East, has expanded dramatically over the last half
century and more of international trade and human travel that
have aided in the dispersal of at least three invasive haplotypes of
the B. tabaci cryptic species, and virus-infected plant reservoirs
throughout much of the world. Multiple introductions, intra- and
inter-specific recombination, selection, and the accumulation of
fixed mutations have and continue to shape the genomic
diversification and evolution of the TYLCV species and its diverse
populations. The results of this study offer a recent snapshot of
TYLCV population distribution and of the prospective trends
involving the spread of new variants and/or strains, and of the
potential impact of new and continued TYLCV outbreaks on crop
production, in relation to global human demographics
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