Globally diverse Toxoplasma gondii isolates comprise
six major clades originating from a small number of
distinct ancestral lineages
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Marked phenotypic variation characterizes isolates of Toxoplasma
gondii, a ubiquitous zoonotic parasite that serves as an important
experimental model for studying apicomplexan parasites. Progress
in identifying the heritable basis for clinically and epidemiologically signiﬁcant differences requires a robust system for describing
and interpreting evolutionary subdivisions in this prevalent pathogen. To develop such a system, we have examined more than 950
isolates collected from around the world and genotyped them
using three independent sets of polymorphic DNA markers, sampling 30 loci distributed across all nuclear chromosomes as well as
the plastid genome. Our studies reveal a biphasic pattern consisting of regions in the Northern Hemisphere where a few, highly
clonal and abundant lineages predominate; elsewhere, and especially in portions of South America are characterized by a diverse
assemblage of less common genotypes that show greater evidence of recombination. Clustering methods were used to organize the marked genetic diversity of 138 unique genotypes into 15
haplogroups that collectively deﬁne six major clades. Analysis of
gene ﬂow indicates that a small number of ancestral lineages gave
rise to the existing diversity through a process of limited admixture. Identiﬁcation of reference strains for these major groups
should facilitate future studies on comparative genomics and identiﬁcation of genes that control important biological phenotypes
including pathogenesis and transmission.
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T

he parasite Toxoplasma gondii commonly infects warmblooded vertebrates and also causes zoonotic disease in
humans (1). T. gondii has a global distribution and it infects many
mammals and birds, yet all isolates of the genus Toxoplasma have
been classiﬁed a single species (2). T. gondii was ﬁrst isolated in
the early 1900s from an African rodent (i.e., Ctenodactylus
gundi), from which the species name was derived (3). At almost
the same time, it was independently isolated from an infected
rabbit in South America (4). Subsequent surveys have found T.
gondii to be highly prevalent among many species of mammals
and birds (1). Although isolates of T. gondii were historically
considered to be highly similar, molecular analysis revealed that
they display very marked clonality, notably in North America and
Europe, where three predominant lineages, known as types 1, 2,
and 3, comprise the vast majority of isolates (5). A fourth clonal
lineage, referred to as type 12, has recently been described in
North America where it is commonly found in wildlife (6). All
four clonal lineages show evidence of overly abundant, highly
similar multilocus genotypes, high levels of linkage disequilibrium, and only infrequent recombination. Despite their extant
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differences, these four lineages likely arose from a few, recent
genetic crosses that occurred between a type 2 parental strain
and one of several other ancestors (6, 7). Following a genetic
bottleneck, these clonal lineages have rapidly expanded their
ranges in the past 10,000 y (8). In contrast, an entirely distinct
pattern is seen in South America, which is populated by different
lineages that show markedly greater diversity within and divergence between groups (9, 10). These opposing patterns suggest that T. gondii propagates largely clonally in North America
and Europe, but shows greater evidence of sexual recombination
in South America (5). These two regions show historical patterns
of interbreeding and yet currently maintain strong geographic
separation (5).
The complex life cycle of T. gondii facilitates both clonal and
sexual modes of transmission. Although many vertebrates serve as
intermediate hosts for replication of haploid tissue stages, sexual
development is restricted to the intestinal epithelium of cats,
which shed diploid oocysts that undergo meiosis in the environment (1). Environmentally resistant oocysts are responsible for
infecting herbivores and can contaminate food and water (1).
Unlike related species of parasites, T. gondii can also be passed
directly between intermediate hosts via ingestion of haploid tissue
cysts during omnivorous or carnivorous feeding (8). Humans can
become infected by ingesting oocysts in contaminated water or
food (11, 12) or tissue cysts found in undercooked meat (13).
Clonal propagation results from asexual transmission among intermediate hosts or from self-fertilization in cats encountering
only one, genetically homogeneous strain.
Several methods have been developed for genotyping T. gondii,
including restriction fragment length polymorphism (RFLP)
markers that take advantage of the biallelic polymorphism displayed by the northern clonal lineages (14). Additionally, microsatellite (MS) markers have been developed to provide ﬁner
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Results
Distribution and Population Structure of Major T. gondii Genotypes
Based on RFLP Markers. Previous studies have described the iso-

lation and preliminary genotyping of a large number T. gondii
strains isolated from humans and animals from around the world
(Fig. S1). Here, an unprecedented 956 of these isolates were
compared using a set of 11 RFLP markers scattered across 8 of
14 chromosomes and plastid genome (Dataset S1). Network
analysis revealed two, markedly distinct patterns: some major
clusters deﬁned overrepresented, highly clonal genotypes (large
circles in Fig. 1); others were unique, or only infrequently

sampled (small circles in Fig. 1). The most abundant genotypes
correspond to the previously characterized haplogroups, which
represent assemblages of closely related strains as deﬁned previously (9). Particularly abundant where haplogroups 2 and 3,
which are widely distributed in North America and Europe (9,
10, 16, 17) (Fig. 1). Somewhat surprisingly, these highly clonal
groups showed several closely related and highly abundant
clusters that were found in both North America and Europe.
Because these analyses are based on RFLP markers that do not
capture the diversity of surrounding genomic regions, we do not
know whether these represent single mutations that have arisen
by drift, or whether they represent greater genetic diversity that
might have occurred from recombination with a distinct genotype. Other major clusters include haplogroup 12 (6), whereas
the highly virulent type I haplogroup (18), was less abundant
(Fig. 1). Consistent with previous reports, the clonal lineages
(types 1, 2, and 3) predominate in North America and Europe,
and wider surveys of strains from Europe have afﬁrmed both the
paucity of diversity and the great prevalence of type 2 strains
there (16, 17, 19). Parasites that correspond to clonal haplogroups 1, 2, and 3 (by means of RFLP markers) also occur in
South America, where more divergent strain types abound (20–
22). These clonal isolates may have been recently introduced in
the south by, for example, the exchange of agricultural animals
or natural migration of birds. However, some or all of these may
be misclassiﬁed owing to the relatively low level of resolution
afforded by RFLP markers initially designed to discriminate
among types 1, 2, and 3. Among predominantly South American
strains, haplogroups 6 and 9 exemplify clusters of highly similar
genotypes, whereas all other isolates comprise smaller clusters
representing less frequent genotypes that are related by a dense
network (small connected circles in Fig. 1). Although sampling is
less complete in Asia, a dominant cluster deﬁned by haplogroup
13 represents strains that appear to be common in China (23,
24). Overall, the highly clonal structure of populations in North
America and Europe contrast markedly with much more divergent groups in South America.
Multilocus Analysis of Unique T. gondii Genotypes Deﬁned by Network
Phylogeny. A total of 138 unique RFLP genotypes were recog-

Fig. 1. Geographic distribution of major haplotypes of T. gondii. A total of
956 T. gondii strains were characterized using 11 multilocus RFLP markers
plus 1 marker for the apicoplast (Dataset S1), and a phylogenetic network
was constructed using median-joining algorithm implemented in NETWORK
4.1. Samples were collected from North America, Central America, South
America, Europe, Africa, Asia, and Australia (numbers of samples are in
parentheses). Each circle indicates a unique haplotypes of T. gondii. Circle
size indicates the number of samples present in each haplotype. Major clades
are indicated in uppercase letters, haplogroups indicated in parentheses,
and a representative strain is denoted in brackets for each of the major
clusters.
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nized among the 956 strains analyzed above. Representatives of
these 138 genotypes were analyzed with three different multilocus sets of markers, including RFLP (25), microsatelites (26),
and sequencing of introns from housekeeping genes (9). In total,
these markers survey polymorphisms at 30 loci distributed across
all 14 chromosomes and the apicoplast (Dataset S1 and S2).
Because RFLP and intron-based markers sample single nucleotide changes that arise by mutation, they were combined for
analysis. A network derived from the combined polymorphism
data from the RFLP and intron-based markers agreed closely
with previously deﬁned haplogroups constructed from intron
sequencing alone (numbers marked within circles in Fig. 2A).
However, several groups previously considered distinct were
merged: notably haplogroups 4 and 8 (prominent in South
America) comprise a single, highly diverse group. Similarly,
haplogroups 6 and 14, representing strains found in Africa and
South America (10, 17), form part of a major region of the
network that also includes the clonal haplogroup 1 (Fig. 2A).
Haplogroups 2 and 12, related clonal groups common in North
America (6), comprise a single major branch. Not anticipated
was a cluster of strains related to haplogroups 5, and 10, originally isolated from French Guiana (27, 28), but occupying a distinct position on the network: these strains, which originate from
Brazil, have been named haplogroup 15 (Fig. 2A). A number of
strains were found on long branches that occupy intermediate
positions on the network; in some cases, these are represented by
individual strains, but others represent strains previously designated as distinct haplogroups (i.e., 7, 11, 13). Although not
PNAS | April 10, 2012 | vol. 109 | no. 15 | 5845
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distinction among strains (15). Finally, sequenced-based markers
(based on introns in housekeeping genes) have been used to
detect polymorphisms and to generate coalescence estimates (6,
9). Although each of these genotyping strategies has advantages, they have largely been used independently, complicating
comparison of strains analyzed by different methods. Additionally, the wider application of these typing methods has led to
rapid expansion of the number of strains with distinct “genotypes,” without improving our understanding of how they are
related. Here, we used all three typing methods to provide a
comparative analysis of a large number of isolates. We were
interested in several goals: (i) comprehensively assess strain
abundance and geography, (ii) compare methods of analysis to
enable cross-referencing of methods, (iii) cluster genotypes into
major groups of related strains, (iv) estimate shared ancestry
between major groups, and (v) identify the prototype strains of
each major group for comparative genomic analysis. These
analyses provide a framework for considering the global population structure of T. gondii and deﬁne lineages for future exploration of biological traits and for deep sequencing efforts of
representative isolates.

Fig. 2. Population genetic structure of T. gondii. (A)
Neighbor-net analysis was conducted using 11 multilocus RFLP markers plus 1 marker for the apicoplast
and four intron sequences from the 138 representative strains representing unique haplotypes. Neighbor-net analysis showed various routes for gene ﬂow
between different populations (interconnecting lines
between representative strains). Six major clades (A
through F) are indicated on the basis of STRUCTURE
analysis (Fig. 2B). Strains in black lettering do not
correspond with major clades. Haplogroups are
shown in circled numbers on the basis of previous
designations (9, 10). Representative strains for each
haplogroup are indicated by yellow boxes. (B) Population structure analysis of 138 unique T. gondii
haplotypes carried out using STRUCTURE. Ancestral
population size of 8 (K = 8) was chosen as the best ﬁt
for the current data (Fig. S2). Population structures
of other K values are depicted in Fig. S3. (Upper)
Clades; (Lower) haplogroups (HG). Intermixed haplogroups were separated by / (i.e., 6/14). *, strains
that did not correspond closely to their position on
the network in Fig. 2A. (C) Population structure
based on PCA analysis. Haplogroups are indicated by
numbers. Percentages of variation explained by axes
1, 2, and 3 are 44, 23, and 12, respectively (cumulative ∼80%).

commonly encountered, we have retained these haplogroup
names to facilitate comparison with prior studies.
Deﬁning Major Clades of Related T. gondii Haplogroups. To better
deﬁne the relationships among haplogroups, we used a Bayesian
clustering method called STRUCTURE (29) and principle coordinate analysis (PCA) to group them into clades, which represent groups of related haplogroups, on the basis of the
combined RFLP and intron data. For STRUCTURE analysis,
we performed 20 simulations of different ancestral population
values of K from 1 to 10 and then used the average membership
coefﬁcients to generate a plot of their overall relationships.
Analysis of combined data from the 138 strains using a previously
described method (30) indicated that K = 8 ancestral types best
5846 | www.pnas.org/cgi/doi/10.1073/pnas.1203190109

explained the current population structure (Fig. S2), although
similar proﬁles were obtained using K values of 5–8 (Fig. 2B and
Fig. S3). Overall, STRUCTURE organized the 138 unique
genotypes into six major clades: haplogroups 1, 6, and 14 deﬁne
clade A; haplogroups 4 and 8 comprise clade B; haplogroup 3
forms clade C; haplogroups 2 and 12 form clade D; and haplogroup 9 forms clade E (Fig. 2B). When these ﬁve clades were
placed on the network in Fig. 2A, they conformed closely to the
major branches of the network. In addition, there were several
major clusters of strains that were genetically more diverse and
not easily classiﬁed by STRUCTURE. For example, haplogoups
5 and 10 were found proximate to clade B, on the basis of a
shared genetic composition with haplogroups 4 and 8. Somewhat
Su et al.

Detecting Substructure Within Clades. To better deﬁne the relationship among haplogroups within clades, we combined the
microsatellite polymorphism data with the RFLP and intron
polymorphisms and derived separate networks for each clade.
For this analysis, we only included strains belonging to haplogroups that deﬁne the major clades, excluding strains that lie at
the boundaries, occupy rare haplogroups such as 7 and 11, or
where classiﬁcation by network and STRUCURE differed (asterisk in Fig. 2B). We also generated estimates of the variance
within vs. between groups using FST as a measure of population
subdivision. Assignment of strains to a speciﬁc haplogroup was
based on reference strains that had been previously genotyped
(9, 10) combined with the position of newly sampled strains on
the networks (indicated in Dataset S2). Comparison of the network for clade A revealed that haplogroup 1 formed a distinct
cluster, separate from strains of haplogroups 6 and 14 (Fig. 3).
Each of these haplogroups showed within population heterogeneity (Fig. 4A) and separation between these groups was also
supported by moderately high FST values (Fig. 4 B and C). Clonal
type I strains are not abundant and so far have largely been
sampled from North America, whereas type 6 and 14 are seen in
South America and Africa (10), suggesting the basis for separation is partially geographic. Within the network for clade B,
there was a clear bifurcation of strains (Fig. 3), justifying their
further subdivision into haplogroups 4 and 8. Analysis of pairwise differences between these groups provided support for
population subdivision on the basis of moderately elevated FST
values (Fig. 4). Clade F also showed evidence of subdivision on
the basis of network and FST analysis (Figs. 3 and4). Previously
designated haplogroups 5 and 10 were separated in the network

(Fig. 3), although less clearly distinct from each other on the
basis of FST values (Fig. 4C). In contrast, the newly designated
haplogroup 15 formed a separate subgroup within the network
(Fig. 3) as supported by elevated FST values (Fig. 4C). Clade D,
which is the most divergent from the other clades, showed less
evidence of partitioning between haplogroups 2 and 12 (Fig. S4),
and low divergence on the basis of FST (Fig. 4C). However, this
may result from the choice of markers used here, as previous
studies using antigen-encoding genes have documented strong
evidence for separation of these groups (6). Clades C and E
comprised heterogeneous, but relatively unstructured genotype
assemblages (Fig. S4). Because microsatelite markers can evolve
at different rates than the other markers, we also analyzed the
same set of strains but without inclusion of the microsatellite
markers. The separation of clades into distinct haplogroups was
also supported by FST analysis of data that excluded the microsatellites (Fig. S5).
Discussion
We have examined the genetic diversity of T. gondii by sampling
more than 950 isolates collected from around the world. Our
ﬁndings reveal that the overall population structure consists of
clusters of highly abundant, overrepresented clonal genotypes
intermixed with more diverse groups that show greater evidence
of outcrossing. The bistability of this pattern is reinforced by
strong geographic separation, with clonal isolates being widespread in North America and Europe, and more diverse genotypes found in South America. Of 138 distinct genotypes, most
could be grouped into a small number of haplogroups comprising six major clades. Analysis of the relationships among these
groups suggests that interbreeding of a small number of founding
populations likely gave rise to extant diversity of T. gondii, by
a process of admixture. Although such patterns are informative
on a global level, they should be interpreted with caution as
strains that appear genetically similar here may not be genealogically the same due to the limited nature of sampling and the
inherent variability of inheritance among progeny of any given
genetic cross.
Collectively, this analysis provides a framework for considering
genetic diversity and for grouping strains on the basis of shared
ancestries. Highly abundant clonal genotypes continue to dominate
in North America and Europe, but these results also afﬁrm a growing realization that the extent and structure of diversity is markedly
different elsewhere. The contrast is especially evident in South
America, where strains show greater evidence of recombination (5).

Fig. 3. Neighbor-net analysis of clades using polymorphisms from microsatellite, RFLP, and intron sequences. Haplogroups were analyzed using separate
networks on the basis of the clades deﬁned in Fig. 2. Members of each haplogroup were deﬁned by prior designation of reference strains combined with the
partitioning of new strains on the network (Dataset S2). Haplogroups designated by different letter coloring; black indicates strains where the clustering here
did not coincide with position on Fig. 2A. Representative strains for each haplogroup are indicated by yellow boxes.
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related genotypes were seen in haplogroup 15, which is found
proximate to clade E (Fig. 2B). On the basis of their similar
mixed genetic composition and proximity in the network, haplogroups 5, 10, and 15 were designated as clade F (Fig. 2 A and
B). Notably, PCA analysis revealed similar relationships for these
respective groups (Fig. 2C), reinforcing the assignment of speciﬁc haplogroups into clades. Overall, the grouping of genotypes
by network analysis and STRUCTURE agreed for all but 10 of
138 strains; these exceptions were strains with highly atypical
genotypes (indicated in black lettering in Fig. 2A and with an
asterisk in Fig. 2B and Fig. S3). Although these six clades can
largely deﬁne the major relationships among haplogroups, there
is also evidence for shared ancestry between members of clades
A and F (Fig. 2).

Fig. 4. Graphic representation of population relationships as described by
average number of pairwise differences (π) and a matrix of pairwise FST
values. (A) Orange-red on diagonal corresponds to pairwise differences (π)
within populations, green Above diagonal corresponds to between population (x and y axes), blue Below diagonal corresponds to genetic distance
(d) between populations. (B) Population relatedness was determined by FST
between pairs of haplogroups. Pairwise FST values between haplogroups are
depicted. *, moderate value of FST (i.e., >0.1–0.2), supporting moderate
genetic separation; −, FST value below 0.1, supporting minimal genetic differentiation; HG, haplogroup. (C) Table of pairwise FST values shown in color
scheme in B. Analyses include polymorphisms deﬁned by microsatellite,
RFLP, and intron sequence data.

Ours is a unique study in using all three principal genotyping
methods to describe and compare population diversity and
structure and represents the broadest population sampling effort
to date. Although the identiﬁed patterns are likely to change with
additional sampling, we anticipate that the current analysis will
stand as a useful framework for future studies.
Notably, the genetic diversity of T. gondii can be explained
as having resulted from admixture among a small number of
founders. Previous studies have suggested four to six founding
lineages (6, 9, 10); the present work suggests that as many as eight
may have contributed. Regardless of the exact number, it is noteworthy that under a range of assumptions, only ﬁve major ancestral
types, each represented as color pattern in STRUCTURE, explain
the vast majority of extant variation. These dominant ancestral
types in STRUCTURE parallel the grouping via network analysis, corresponding to ﬁve of the major clades (A–E), whereas
the sixth (F) is a mixture of other types. Among the six clades,
several were shown to comprise single haplotypes such as 3
(clade C) and 9 (clade E), both previously reported to be clonal
(9); although here these groups also clearly contain some related
yet divergent genotypes that likely reﬂect recombination and/or
mutational drift. Clade D, which contains two related clonal
haplogroups, 2 and 12 (6), shows the highest level of divergence
from other groups; it is also highly cohesive in STRUCTURE
and shows a long-branch proﬁle in network analysis. Clades A, B,
and F also show considerable substructure being composed of
distinct haplogroups. Clade A represents the group with the
widest distribution, being previously described in Africa (haplogroups 6 and 14) (10, 31), South America (haplogroup 6) (9),
and North America (haplogroup 1) (32). Shared ancestry is apparent between these haplogroups at all K values in STRUCTURE (Fig. S2). This pattern is consistent with the recent
suggestion that a type 6 strain may have contributed to the recent
origin of the type I lineage in North America (10). Clade B,
composed of haplogroups 4 and 8, is almost exclusively conﬁned
5848 | www.pnas.org/cgi/doi/10.1073/pnas.1203190109

to South America, where it has previously been associated with
ocular disease (33). Finally, clade F is the most diverse genetically, being composed of strains previously isolated from the
Amazonian part of French Guiana (haplogroups 5 and 10) (34)
along with a unique group of strains (haplogroup 15) primarily
originating from domestic animals in Brazil. This group includes
chicken isolates from the states of Bahia and Ceara in the east,
and cat isolates from Rio de Janeiro and Sao Paulo in the
southeast of Brazil, indicating it is widespread.
Marked phenotypic variation occurs among isolates of T.
gondii in traits governing transmission, virulence, and antigenicity, and such attributes may be shared among members of
clonal groups (5). Progress in understanding the mechanistic
basis for heritable variation in traits relevant to transmission and
pathogenesis requires a robust evolutionary framework for
classifying isolates. For example, the acute virulence of haplogroup 1 has been linked to two polymorphic rhoptry kinases
(35, 36), and collectively these genes likely explain the majority
of this trait for all of the clonal type I strains. Additionally, one of
these genes, ROP18, also likely contributes to virulence in strains
from haplogroups 4, 5, and 10 (20). However, biological phenotypes such as acute virulence in laboratory mice, efﬁciency of
chronic infection, and transmission potential have not been fully
evaluated for most of the haplotypes, nor have forward genetic
studies been conducted to assess the genetic basis of such traits.
One of the advantages of the combined analyses provided here is
that it allows for deﬁnition of reference strains that represent
either diverse genetic groups or highly abundant genotypes. To
facilitate future studies on the biology of T. gondii, we have
designated reference strains for each haplogroup (boxed in Figs.
2A and 3 and Fig. S4). These reference strains are currently part
of whole genome sequencing effort on the basis of NextGen sequencing and assembly of independent genomes (http://gsc.jcvi.
org/projects/gsc/t_gondii/). The genome assemblies and annotations will be deposited in ToxoDB (http://toxodb.org/toxo/) and
the strains made available through BEI resources (http://www.
beiresources.org/) and at Biological Resource Center Toxoplasma (www.toxocrb.com). Collectively, the results provided
here will provide a reference for future comparative genetic
analysis of T. gondii and for expanding biological and genetic
studies on the basis of representative isolates of major lineages.
Methods
Culture of T. gondii Strains. T. gondii strains were grown in monolayers of
human foreskin ﬁbroblast cells and harvested as described previously (9). To
prepare templates for PCR, parasites were lysed with 10 μg/mL proteinase K
(Sigma) at 55 °C for 2 h and heat inactivated at 95 °C for 15 min (37).
Analysis of DNA Polymorphisms. RFLP markers. All 956 strains were typed using
11 previously described RFLP markers distributed across 8 of 14 chromosomes
plus 1 marker for the apicoplast (25, 38). Strains analyzed here were named
using a convention of Tg (for T. gondii) followed by a two-letter code for
host and a two-letter code for country, followed by an isolate number, or on
the basis of previous studies (Dataset S2). DNA sequences were ﬁrst ampliﬁed
by multiplex PCR using external primers for all markers followed by nested
PCR for each marker separately and analyzed as described previously (25).
Microsatellite markers. Select strains representing the 138 unique genotypes
were also typed using 15 microsatellite markers distributed on 10 of 14
chromosomes (Dataset S1), as described previously (26). Samples were analyzed using an automatic sequencer (ABI PRISM 3130xl; Applied Biosystems)
and the sizes of the alleles in base pairs estimated using GeneMapper
analysis software (version 4.0; Applied Biosystems).
Intron markers. Select strains representing 138 unique genotypes were also
typed by sequencing four introns from three different genes (i.e., UPRT, EF,
and HP) comprising 1775 bp, by modiﬁcation of a previously reported
method (9) (Dataset S1). PCR-ampliﬁed regions were sequenced using BigDye (Applied Biosystems) conducted by Genewiz. Sequences were aligned
using Clustal W/X (39) with default settings. Aligned sequences were directly
incorporated into molecular evolutionary genetic analysis (MEGA) version
3.1 (40) for identiﬁcation of single nucleotide polymorphisms (SNPs). Intron
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Network Analysis. Allelic data from multilocus analysis of PCR-RFLP markers
were used to generate a network of T. gondii strain polymorphisms from 956
samples using the median-joining algorithm (41) (with ε = 0) as implemented
in NETWORK 4.1. Multilocus PCR-RFLP typing data were coded for all genetic
loci. For a given locus, presence or absence of DNA restriction fragments was
coded as either 1 or 0, respectively. SNPs deﬁned by differences in the intron
sequences were coded as 1 vs. 0 for all strains. Combined data from PCR-RFLP
and intron SNPs were analyzed using SplitsTree v4.4 to compute an unrooted network using the neighbor-net method with 1,000 bootstrap replicates
(42). For some networks, microsatellite genotypes were coded as strings of
0 vs. 1 to represent different alleles and added to the analysis of RFLP and
intron poylmorphisms.
STRUCTURE Analysis. Polymorphisms from RFLP markers and intron sequence
data were concatenated to form a data ﬁle. Clustering analysis was carried
out using a Bayesian statistical approach implemented in STRUCTURE v2.3.3
(29). Twenty simulation runs were conducted for each of K = 1 to K = 10
using a length of burn-in of 104 and 104 replicates of Markov chain Monte
Carlo simulation. The simulation was conducted using the linkage model
with independent allele frequency for estimating the ancestral populations.
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