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In French Guiana, severe cases of toxoplasmosis in immunocompetent patients are associated with
atypical strains of Toxoplasma gondii linked to a wild neotropical rainforest cycle and a higher genetic
diversity than usually observed for T. gondii isolates from anthropized environment. This raises the
question of the impact of anthropization of the natural environment, on genetic diversity and on the
population structure of T. gondii. However, few data are available on strains circulating in the
anthropized areas from French Guiana. Seropositive animals originating mainly from anthropized suburban areas and punctually from wild environment in French Guiana were analyzed for T. gondii isolation
and genotyping. Thirty-three strains were obtained by bioassay in mice and compared with 18
previously reported isolates chieﬂy originating from the Amazon rainforest. The genotyping analysis
performed with 15 microsatellite markers located on 12 different chromosomes revealed a lower genetic
diversity in the anthropized environment. Results were analyzed in terms of population structure by
clustering methods, Neighbor-joining trees reconstruction based on genetic distances, FST, Mantel’s tests
and linkage disequilibrium. They clearly showed a genetic differentiation between strains associated to
the anthropized environment and those associated to the wild, but with some inbreeding between them.
The majority of strains from the anthropized environment were clustered into additional lineages of T.
gondii that are common in the Caribbean. In conclusion the two environmental populations ‘‘wild’’ and
‘‘anthropized’’ were genetically well differentiated. The anthropization of the environment seems to be
accompanied with a decreased diversity of T. gondii associated with a greater structure of the
populations. We detected potential interpenetration and genetic exchanges between these two
environmental populations. As a higher pathogenicity in human of ‘‘wild’’ genotypes has been described,
the interpenetration of both environments leads to hybridization between strains that may be at risk for
human health.
ß 2011 Elsevier B.V. All rights reserved.
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1. Introduction
Toxoplasma gondii is a ubiquitous parasite considered as one of
the most common parasite worldwide, able to colonize a large
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number of host species on a wide range of habitats. One-third of
the global human population could be infected with toxoplasmosis
(Petersen and Dubey, 2001) with variations according to geographic location in relation with climatic, but also socio-cultural
factors. Theoretically, all warm-blooded animals, terrestrial
mammals or marine and birds, whatever the continent and
latitude, can harbor this parasite as intermediate hosts (Duszynski
et al., 2000; Lindsay and Dubey, 2007). T. gondii propagates by both
asexual replication which occurs in warm-blooded animals and
sexually with felines as deﬁnitive hosts. High prevalence had been
found in wild animals in different environmental conditions
(Dubey, 2010; Tenter et al., 2000) and several wild felids species
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were described as deﬁnitive hosts and contribute to propagation of
the parasite in wild environment (Aramini et al., 1998; Jewell et al.,
1972; Miller et al., 1972).
Despite the presence of a sexual cycle and a worldwide
distribution, the population structure of this parasite has been
described as highly clonal and exhibiting a low genetic diversity.
This was the conclusion of genetic studies on isolates from Europe
and USA which gathered these isolates into three major multilocus
genotypes: Types I, II and III, equivalent to clonal lineages, stable in
time and space (Ajzenberg et al., 2002; Howe and Sibley, 1995). A
greater genetic diversity has been described mainly in South
America, but also more recently in Central Africa (Lindström
Bontell et al., 2009; Mercier et al., 2010) or Asia (Dubey et al.,
2007b,c,f, 2008; Zhou et al., 2009). However, despite this greater
genetic diversity, most of the isolates originating from domestic
animals and humans can be grouped into haplogroups and some of
these haplogroups correspond to clonal lineages distributed over
large areas of these continents (Khan et al., 2007; Mercier et al.,
2010; Pena et al., 2008). With the analysis of strains from the wild
environment, some authors suggested that the genetic diversity
may be greater in the wild compared to the anthropized
environment (Boothroyd, 2009; Carme et al., 2009; Demar et al.,
2008; Dubey et al., 2007e, 2010). Despite the fact that the ecology
of this parasite in the wild environment has been poorly studied,
the different behavior of wild felids compared to that of domestic
cats and the number of possible intermediate hosts suggest a much
more complex ecology of this parasite in the wild environment
leading to a higher genetic diversity (Boothroyd, 2009).
This suggests that anthropization can depauperate genetic
diversity and act on population structure of T. gondii with potential
inﬂuence on its epidemiology. The current exponential growth in the
human population, and the consequent huge and increasing impact
that humans have on natural ecosystems, is one of the major
problems facing human society today. The anthropized environment is the consequence of human activities with modiﬁcations of
the natural biotopes, with domestication of animals and fragmentation of landscape that usually results in a loss of diversity (Chapin
et al., 2000; Ledig, 1992). Because their hosts are concerned by the
anthropization of the environment, the diversity of the parasites
may be also affected. The expansion 10.000 years ago of the three
main clonal lineages of T. gondii coincides closely to apparition of the
ﬁrst human settlements in the Ancient World with the dawn of
agriculture and domestication of cats (O’Brien et al., 2008) and
animals used for food (Sibley and Ajioka, 2008). The same time frame
also inﬂuenced population structure of several other pathogens,
such as Mycobacterium tuberculosis (Brosch et al., 2002) or
Plasmodium falciparum (Rich et al., 2009). For T. gondii, the clonal
population structure has been proposed as a result of the reduced
number of ecological niches and the selection of a few strains well
adapted to a small number of domestic species (Grigg et al., 2001; Su
et al., 2003). Furthermore, farming and, more speciﬁcally, cat
domestication were demonstrated to constitute reservoir of
infection irradiating in the surrounding environment a few
genotypes well adapted to these hosts (Lehmann et al., 2003).
To answer the question of inﬂuence of anthropization on
genetic diversity of T. Gondii, we sought to analyze diversity of
strains in French Guiana because this area represents a quasiexperimental situation for this purpose. This French overseas
department is a relatively small geographic area in South America
(83 846 km2) characterized by the juxtaposition of a highly
conserved wild environment, the Amazonian rainforest (89% of the
surface), and of a recent and expanding anthropized environment
comprised of a 20 km-wide coastal border and the banks of some
rivers. To the best of our knowledge, it is the ﬁrst time that
comparative genetic diversity of domestic and wild strains of T.
gondii is investigated in the same small scale area.
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The Amazonian rainforest is a hotspot of diversity, with at least
183 mammal species, including 8 of thirty seven known wild felid
species, and 718 bird species in French Guiana (B. de Thoisy
personal communication). The human population comprises a few
Amerindian groups in small villages scattered mainly in the forest,
but 80% of the inhabitants are clustered in coastal towns. The
anthropization of the environment of the Guianese regions began
in the 17th century with the ﬁrst European settlers and with about
400,000 slaves from Africa (Brucato et al., 2010). With the
development of human population, new areas of deforestation
and farming are expanding and contact with forest elements can be
frequent (Carme et al., 2009; Demar et al., 2008).
So far, the majority of T. gondii strains isolated in French Guiana
have been collected from severe human cases of toxoplasmosis in
otherwise healthy adults (reviewed in (Ajzenberg et al., 2004;
Carme et al., 2002b)) Patients presented with multivisceral, mainly
pulmonary, involvement, threatening the vital prognosis. These
symptoms appeared between six and 20 days after consuming
Amazonian undercooked game or drinking untreated river water.
These cases were due to strains circulating in the wild environment
(Ajzenberg et al., 2004; Bossi et al., 2002; Carme et al., 2002b, 2009;
Dardé et al., 1998; Demar et al., 2007, 2008) and presented atypical
genotypes. Nevertheless, little is known about the genotypes of
strains causing chronic and asymptomatic human toxoplasmosis
in the anthropized area mainly located on the thin coastal border
and along rivers, partly because it is difﬁcult to obtain these strains
which have a silent circulation in immunocompetent humans.
In this study, we focused our efforts on isolating strains from
domestic and punctually wild animals collected from the
anthropized environment. Using a genotyping analysis based on
15 microsatellite (MS) markers (Ajzenberg et al., 2010), they were
compared to other French Guiana strains previously published and
mainly acquired from the wild forest cycle. Several genetic
population tools were used to investigate the genetic diversity
and population structure of the two T. gondii environmental
populations: ‘‘anthropized’’ from the coastal border of French
Guiana with towns or disturbed forests near isolated farms and
roads and ‘‘wild’’ from the French Guiana rainforest. We also
investigated the interpenetration of strains between anthropized
and wild environments, as the hybridization of ‘‘anthropized’’
strains with strains from the T. gondii wild cycle may represent an
emerging risk to human health (Carme et al., 2009; Nunura et al.,
2010).
2. Methods
2.1. Animal samples and bioassay in mice
For increasing data set from anthropized environment, new T.
gondii strains were isolated from domestic and occasionally wild
animals (Appendix A) originating from different areas located 4–
110 km apart from each other in French Guiana (Fig. 1, Appendix A)
between February and July 2009. All procedures carried out on
animals were in agreement with ethical rules. Stray dogs and cats
were bled and euthanized in the Cayenne animal pounds. The
others were found freshly dead by the roadside. The heart and/or
the brain (and the tongue for cats) were collected and stored at
+4 8C. Serum was stored at +4 8C until use.
Eighty eight animals were screened for T. gondii antibodies
using a modiﬁed agglutination test (MAT) technique (Desmonts
and Remington, 1980). Forty-nine out of these 88 animals were
seropositive animals (MAT > 1/20).
The collected tissues of these 49 seropositive animals were
bioassayed in adult Swiss mice (Charles River, France). Mice were
individually housed in level two bio safety facilities at the Institut
Pasteur de la Guyane. All experimental procedures were performed
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acquired toxoplasmosis from eating wild game or drinking running
water) (Carme et al., 2009).
2.3. Genotyping of T. gondii isolates
Genotyping was applied to the composite dataset of these 51
isolates, 33 from the anthropized and 18 from the wild
environment. DNA from 200 ml of mouse ascitic ﬂuids or brain
tissue was extracted using the QIAamp1 DNA MiniKit (Qiagen,
Courtaboeuf, France). Several reference strains were studied in
parallel with the 51 isolates (Appendix B). Genotyping was
performed using the length polymorphism of 15 multilocus MS
markers located on 12 different chromosomes (Ajzenberg et al.,
2010). We also sequenced the W35, B17 and B18 marker regions as
described elsewhere (Ajzenberg et al., 2004). This was done
because their polymorphisms do not differ only by fragment
length, but also by the sequence of tandem repeats (Ajzenberg
et al., 2004). We choose MS markers, because of their high
mutation rate. MS markers are particularly adapted to study the
population genetic structure driven by phenomenon on relatively
short timescales such as could be the anthropization of the Guiana
environment since the 17–18th century.
2.4. Data analysis

Fig. 1. Map of French Guiana with locations of sampling. (33 new isolates obtained
in this study and the 18 previously published strains). Concerning strains from
anthropized environment, each point corresponds to the localization of one or
several isolates sharing the same geographic origin.

as already described by Mercier and colleagues (Mercier et al.,
2010) and conducted according to European guidelines for animal
care (‘‘Journal Ofﬁciel des Communautés Européennes’’, L358,
December 18, 1986). The isolation protocol was accepted by the
Ethics Committee Ile de France Sud (Registration number: 07-004)
and by the French Guiana Directorate Veterinary Services. These
bioassays resulted in isolation of 33 new T. gondii isolates
(Appendix A) which considerably enlarges the number of isolates
available for French Guiana. They were added to the 18 previously
published strains for genetic investigation of the population
structure.
2.2. Deﬁnition of environmental populations
For this study, all samplings, except a grey brocket deer
(Mazama gouazoubira, Cervidae) from the Régina area, were in
anthropized environments on the coastal border of a maximum
20 km-wide in towns, villages or disturbed forests near isolated
farms and roads. The 32 strains isolated from these samples
constitute the ‘‘anthropized’’ population. This ‘‘anthropized’’
population was completed by the only available strain (TgH
20001) from an asymptomatic case of congenital toxoplasmosis
acquired in Cayenne, which has therefore a putative origin from
the anthropized environment (Ajzenberg et al., 2004).
The ‘‘wild’’ population was built up with 1 strain isolated during
this study from the grey brocket deer sampled in the Régina area
and with 17 previously published isolates or DNA extracts from
French Guiana (Ajzenberg et al., 2004; Carme et al., 2002b, 2009;
Demar et al., 2007, 2008). Sixteen out of these 17 published strains
came from severe cases of acquired toxoplasmosis in immunocompetent adult patients and 1 from a free-living jaguar (Panthera
onca, Felidae). All these strains were selected for their putative
origin from the wild sylvatic cycle in French Guiana (the patients

2.4.1. Genetic and genotypic diversity within environmental
populations
Genetic polymorphism was measured by allelic richness (A) per
locus and sample and by Nei’s unbiased genetic diversity within
subsamples, Hs (Nei and Chesser, 1983). Allelic richness was
corrected for unequal sample size using the rarefaction method (El
and Petit, 1996) and we standardised the measure of allelic
richness to a common sample size of 18 strains, i.e. the smallest
sample size observed in our dataset. Genotypic diversity was
calculated from the number of multilocus genotypes on the total
number of strains. Genotypic diversity was estimated for the whole
population and within previously deﬁned environmental populations, i.e. the ‘‘anthropized’’ and ‘‘wild’’ populations. The A and Hs
values were calculated with the software FSTAT [version 2.9.4;
(Goudet, 2002)].
Linkage disequilibrium (LD) between pairs of loci was assessed
with a randomization test performed in FSTAT. The statistic used
was the log likelihood ratio G summed over all subpopulations.
Because this procedure was repeated on all pairs of loci, we applied
the sequential Bonferroni correction (Holm, 1979) to the p values
(p value times number of tests). LD was calculated for the whole
Guianese population and for the two environmental populations.
To test for genetic isolation by geographical distance (IBD) Mantel’s
tests (Mantel, 1967) (n = 9,999 permutations) were performed for
matrix correspondence to compare pairwise geographical (km)
and genetic distances [Cavalli-Sforza and Edwards chord distance
Dc (Cavalli-Sforza and Edwards, 1967)] among each T. gondii strains
using R 2.10.1 software (R Development Core Team, 2009). Dc was
computed using Populations 1.2.30 (1999, Olivier Langella,
CNRS UPR9034, http://bioinformatics.org/tryphon/populations/).
Only the 41 strains associated with a geographic coordinates were
used for this analyze (13 wild strains, 28 domestic strains,
Appendix A). IBD was calculated within the two environmental
populations.
2.4.2. Population genetic structure
To evaluate the possible impact of genetic exchanges on
environmental populations, F-statistics (FST) (Wright, 1951) were
estimated on samples from the two environmental populations. To
take into account the Allendorf–Phelps effect due to small sample
size, we corrected FST values by subtracting 1/(2S) from the FST
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values, S being the mean number of sampled individuals of each
pair of colonies (Waples, 1998). Data were analyzed with the
software FSTAT, which computes estimates, and tests their
signiﬁcance using randomization procedure (n = 10,000 randomizations was used).
2.4.3. Clustering analysis
Three different approaches were used to investigate more
precisely how the different strains cluster together. Once clusters
were deﬁned for the two last approaches, F-statistics were
calculated between clusters to assess the strength of the evidenced
genetic structure.
Firstly, to quantify the extent of genetic distance among
Guianese populations and evaluate their position towards the
reference strains, Neighbor-joining trees were reconstructed from
the genetic distances Dc among individual isolates. This analysis
was repeated for 1000 bootstrap replicates in which loci were
sampled with replacement. Unrooted trees were obtained with R
2.10.1 software (R Development Core Team, 2009) for individual
isolates and with MEGA version 4 (Tamura et al., 2007) for
genotypes. Secondly, the population structure was modeled using
a Bayesian clustering algorithm implemented in STRUCTURE 2.2
software (Pritchard et al., 2000) as described by Mercier et al.
(2010).
These two previous clustering methods were complemented
with the Discriminant Analysis of Principal Components (DAPC)
(Jombart et al., 2010), a new multivariate method free of
assumptions about Hardy–Weinberg equilibrium or linkage
equilibrium relies on data transformation using principal component analysis (PCA) as a prior step to discriminant analysis (DA),
which ensures that variables submitted to DA are perfectly
uncorrelated, and that their number is less than that of analyzed
genotypes. DA deﬁnes a model in which genetic variation is
partitioned into a between-group and a within-group component,
and yields synthetic variables which maximize the ﬁrst while
minimizing the second. The method therefore achieves the best
discrimination of genotypes into pre-deﬁned groups. When group
priors are lacking, DAPC uses ﬁrst sequential K-means (Legendre
and Legendre, 1998) and model selection to infer the optimal
number of genetic clusters. We run K-means clustering with
different numbers of clusters K = 1 through to K = 10 and we use
Bayesian Information Criterion (BIC) to assess the optimal number
of clusters. Once the number of clusters identiﬁed we run the DAPC
using the 15 ﬁrst principal components of the PCA performed only
on 47 T. gondii strains as 6 isolates corresponded to clones of 2
strains (see Section 3). Interestingly, this method also allows for a
probabilistic assignment of genotypes to each group using the
linear discriminant functions, as in Bayesian clustering methods.
DAPC was performed using the adegenet package (Jombart, 2008)
for the R 2.10.1 software (R Development Core Team, 2009).
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Table 1
Allelic richness (A) per locus and environmental sample standardized for difference
in sample size with the rarefaction method (n = 18 strains).
Marker

Allelic richness
Anthropized population

Wild population

TUB2
W35
TGMA
B18
B17
M33
MIV.1
MXI.1
M48
M102
N60
N82
AA
N61
N83

2.00
2.72
2.72
2.00
2.00
1.86
1.98
1.00
4.70
4.56
3.84
3.84
6.56
3.84
1.86

2.00
6.00
3.00
6.00
9.00
4.00
3.00
3.00
8.00
9.00
9.00
9.00
11.00
11.00
8.00

Mean

3.03

6.73

the two environmental populations. Four isolates from the same
chicken breeding and two isolates from kittens of the same litter
showed identical genotypes (#3 and #10, respectively) for each
provenance. They were considered as clones of two strains and
thus only one individual of these two genotypes has been
considered for the analysis of diversity and population structure.
Other genotypes from the ‘‘anthropized’’ population were shared
by two or more isolates, but without obvious epidemiological link.
For example, genotype #5 was found for one cat, two dogs,
one chicken, and for the human isolate from four different
geographic origins located eight to 51 km apart from each other
(Appendix A and B).
Finally, 47 strains were retained for analyzing the diversity and
the population structure: 29 associated to the anthropized
environment and 18 to the wild environment.
The mean genetic diversity (HS) was 0.52 for the whole
Guianese population, 0.28 for the ‘‘anthropized’’ population, and
0.72 for the ‘‘wild’’ population. The genotypic diversity was 0.72

3. Results
3.1. Allelic polymorphism and genetic diversity
Five MS markers showed low allelic polymorphism with two to
seven alleles. Higher allelic polymorphism was found for the 10
other MS markers (between nine and 14 alleles).
Allelic richness values per locus and sample were reported in
Table 1. Mean A was 3.03 [1–6.56] in the ‘‘anthropized’’ population
and 6.73 [2–11] in the ‘‘wild’’ population.
Overall, a total of 34 different genotypes based on 15 MS
markers were found in the population of 51 Guianese isolates. For
the ‘‘wild’’ population, all the isolates had unique genotypes
(n = 18). For the 33 isolates of ‘‘anthropized’’ population, 16
genotypes were found. There were no shared genotypes between

Fig. 2. Pairwise genetic distances (Dc of Cavalli-Sforza) as a function of pairwise
geographical distances (km) across the ‘‘anthropized’’ dataset (blue dashed line,
blue squares) and the ‘‘wild’’ dataset (green plain line, green circle). A signiﬁcant
positive correlation between these two distances was observed in the ‘‘wild’’
dataset (Mantel r = 0.23, p = 0.03) whereas no relationship occurred in the
‘‘anthropized’’ dataset (Mantel r = 0.02, p = 0.46).
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(34/47) for the whole population, 0.55 (16/29) and 1 (18/18) for the
‘‘anthropized’’ and ‘‘wild’’ population, respectively. The pairwise
FST value between the two populations (‘‘wild’’ vs. ‘‘anthropized’’)
equals 0.33 (p = 0.05).
Concerning the LD estimations, they were calculated for the two
environmental populations. For the wild population, none of the
105 pairs (0%, n = 15 polymorphic loci) were in signiﬁcant linkage
disequilibrium, after sequential Bonferroni. For the anthropized
population, after sequential Bonferroni correction, 13 out of 91
pairs (14.3%, n = 14 polymorphic loci) remained in a low but
signiﬁcant linkage disequilibrium, so that each of the 14 loci is
involved in at least one signiﬁcant linkage. This cannot be
attributed to close physical linkage between loci, since the 14
loci were distributed among 12 different chromosomes (Ajzenberg
et al., 2010).
Interestingly, isolation by distance (IBD) was signiﬁcant within
the ‘‘wild’’ population only (r = 0.23, p = 0.03, Fig. 2) whereas the
‘‘anthropized’’ population presented no obvious relationship
(r = 0.02, p = 0.46, Fig. 2). In addition, ‘‘wild’’ strains are
genetically more distant than ‘‘anthropized’’ ones for a given
pairwise geographical distance, at least for distance below 60 km
(Fig. 2). Such a result allows us to rule out the likely confounding
effect of different sampling spatial scales used for the two

environmental populations on the difference in genetic diversity
shown above. Nonetheless, a green spot at the bottom left of the
graphic (below y = 0.4) corresponding to the ‘‘wild’’ isolates pairwise GUY-MAZ-GOU-0001/GUY-2004-JAG1 demonstrates that
even in wild environments, two strains spatially closed can also
be moderately related.
3.2. Clustering analysis
3.2.1. Distance analysis
The distance trees (Figs. 3A and 4) identiﬁed two major clusters
corresponding to the environmental populations with the majority
of strains from the anthropized area on one side and from the wild
environment on the other. Remarkably, this last cluster included
also 1 strain from the anthropized environment (GUY-CAN-FAM0007).
Among these two major clusters, four main groups and two
single isolates were identiﬁed. A group designated as Amazonian
group included all the ‘‘wild’’ strains and GUY-CAN-FAM-0007. The
three other groups and the two single isolates corresponded to the
majority of ‘‘anthropized’’ strains: Type III and the single isolates
corresponding to genotypes #14 and #15, a group designated as
Caribbean 3 with two genotypes, and a last group with two

Fig. 3. Clustering analyses of the 47 T. gondii strains analyzed with 15 microsatellite markers. (A) Neighbor-joining trees inferred from Cavalli-Sforza distances. Midpoint
rooting was applied for the Neighbor-joining tree; no outgroup was used. Environmental origin (A: anthropized environment, W: wild environment) and genotype
membership (#genotype number) are reported for each strain. Colors correspond to colors of populations found with DAPC for K = 4 (green, red, blue and purple for
respectively Cluster C4.1, C4.2, C4.3 and C4.4). (B) Clusters as inferred by STRUCTURE (STR) and the DAPC.
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Fig. 4. Neighbor-joining tree of genotypes inferred from Cavalli-Sforza distances calculated for the data from 15 microsatellite markers on 47 Guianese strains and all the
reference strains. Midpoint rooting was applied for the Neighbor-joining tree; no outgroup was used. Colors correspond to colors of populations found with DAPC for K = 4
(green, red, blue, and purple for respectively Cluster C4.1, C4.2, C4.3 and C4.4 and black for reference strains).

subclusters, designated as Caribbean 1 and Caribbean 2. The
Amazonian group revealed three discrete subclusters (Figs. 2A and
4). All these clusters were not supported by signiﬁcant bootstrap
values (data not shown). The Amazonian, Caribbean 1, Caribbean 2,
Caribbean 3 and Type III groups included 18, 10, 12, 3, and four
strains respectively (Appendix B).
On the distance tree analysis which showed the 34 genotypes
and reference strains (Fig. 4), Type III and the two single isolate
genotypes #14 and #15 clustered with Type III reference strains.
Caribbean 1 strains clustered with the Caribbean 1 reference strains.
The Africa 1, 2 and 3, and Type I and II reference strains are not
related to any of these groups, even if 2 strains of the Amazonian
group were close to Type II reference strains. TgCkBr91 from Brazil
and TgCkGy22 from Guyana clustered with Caribbean 1 and
Caribbean 3 strains, respectively.
3.2.2. STRUCTURE analysis
The variation of the Ln P(D) values with the number of inferred
clusters K (Fig. 5A) indicated that K = 2 is the most likely number of
clusters in the STUCTURE analysis. This ﬁnding was also conﬁrmed
using the Evanno et al. (2005) (Fig. 5B) and Garnier et al. (2004)
(Fig. 5C) methods. From these two indexes, the solution K = 2 was
the most sustained followed by K = 4 with an anecdotal peak
corresponding to this solution (Fig. 5B and C).
The clustering solution K = 2 (Fig. 3B) corresponded to the two
major environmental populations already found by distance trees.
Thus, cluster C2.1 comprised all the isolates from the ‘‘wild’’
population. However three isolates collected in the anthropized
environment (GUY-CAN-FAM-0003, -0007, and GUY-GAL-VIT0001) were also included in this cluster, in contrast to distance
trees concerning GUY-CAN-FAM-0003 and GUY-GAL-VIT-0001

(Fig. 3). All the other isolates originating from the anthropized
environment belonged to cluster C2.2 or were admixed between
the two clusters (GUY-CAN-FAM-0008, -0019, and GUY-FEL-CAT
0009).
These two main clusters (K = 2) deﬁned by STRUCTURE were
also supported by F-statistics. The pairwise FST values equals 0.35
(p = 0.05) indicating strong genetic differentiation between these
clusters. This was not the case of clusters deﬁned in the solution
K = 4.
3.2.3. DAPC
Using model selection based on the BIC values, the optimal
number of clusters is K = 3 but clustering solutions for K = 2, 4 and 5
have nearly equivalent BIC (Fig. 5D). When K = 2 was used as prior
group in the DAPC, we found the opposition between wild (C2.1)
and anthropized (C2.2) environmental populations already described by distance analysis and STRUCTURE and as, in the
STRUCTURE analysis, the same ‘‘anthropized’’ strains clustered
with ‘‘wild’’ strains in the cluster C2.1. The three admixed strains
from STRUCTURE identiﬁed as Caribbean 3 on distance trees
belonged to C2.2 in the DAPC. With the solution K = 3, these three
last strains were included, together with two other ‘‘anthropized’’
strains previously mis-assigned in C2.1 (GUY-CAN-FAM-0003, and
GUY-GAL-VIT-0001), in an intermediate cluster C3.2 (Fig. 3B).
Clusters C3.1 and C3.3 were respectively identical to Amazonian
group and to a group including Type III, Caribbean 1 and Caribbean 2
from distance trees. The solution K = 4 as prior groups for the DAPC
showed that the previous ‘‘wild’’ cluster C3.1 corresponding to
Amazonian group was partitioned in two sub-clusters, C4.1 and
C4.2 already found by distance trees. Cluster C4.3 corresponded to
the association between Type III and Caribbean 3 groups. These sub-
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Table 2
Microsatellite-based FST values for pairwise comparisons among population
clusters produced by DAPC at K = 5.
Populations

C5.1

C5.2

C5.3

C5.4

C5.1
C5.2
C5.3
C5.4
C5.5

0.04
0.19
0.50
0.57

0.20
0.34
0.44

0.46
0.45

0.50

C5.5

All comparisons were signiﬁcant at p  0.005 generated from 10,000 random
permutations leading to a value larger than or equal to that observed. ‘‘AllendorfPhelps’’ effect has been taken into account for each FST value.

Fig. 5. Determination of the optimal value of K for STRUCTURE and the DAPC. A.
Mean (SD) of Ln P(D) over 10 STRUCTURE runs for successive K values ranging from 1
to 10. B. Variations of K as calculated by Evanno et al. (2005). (C) Variations of
L(K + 1) L(K) as calculated by Garnier et al. (2004) for successive K values. (D)
Bayesian information criterion (BIC) is provided for different numbers of clusters (from
1 to 10).

clusters were not identiﬁed in the low supported solution K = 4 in
the STRUCTURE analysis. Finally, the less supported solution K = 5
in the DAPC led to a partition of C4.4 into two sub-clusters: C5.4
(Caribbean 1) and C5.5 (Caribbean 2). Convergence of the clustering
made both by the DAPC (K = 5) and the distance tree is remarkable
and provide the most detailed description of the genetic structure
of the whole sample. DAPC identiﬁed clearly all the clusters
deﬁned by the distance analysis except the small groups Type III
and Caribbean 3, which it gathered.
All clusters deﬁned by the DAPC throughout the four clustering
solutions (K = 2 to K = 5) were also supported by signiﬁcant Fstatistics (pairwise FST [0.04; 0.57], all p  0.05) (Table 2).
4. Discussion
The development of MS markers in a multiplex PCR assay using
15 of these markers (Ajzenberg et al., 2010), that discriminate

within types, and investigation in a area with a juxtaposition of
wild and anthropized areas have enabled us to reliably address
important epidemiological issues for T. gondii such as (i) the
revelation of distinct environmental populations (‘‘anthropized’’/
’’wild’’) associated with different levels of genetic diversity (ii) the
interpenetration of them with emerging risks for human health
due to the possibility of hybridization of strains from anthropized
areas with strains from the T. gondii wild cycle. These ﬁndings are
in favor of the hypothesis of the impact of anthropization of the
environment on the population structure of T. gondii.
The Bayesian and the multivariate model for population
clustering, distance-based analysis methods, and traditional Fstatistics analysis resolved partitions among the total sample.
Collectively, all these approaches were concordant and clearly
demonstrated the existence of two environmental populations
genetically well-deﬁned, which correspond to the wild and
domestic cycles of T. gondii. These two populations were
characterized by differences in their population structure and in
circulation pathways of genotypes as suggested by both the IBD
and the LD analyses.
The ‘‘wild’’ strains from the Amazonian rainforest in the
Guianas exhibited a remarkably high diversity as already described
(Ajzenberg et al., 2004; Carme et al., 2009). In this paper, we
conﬁrmed this greater genetic diversity of T. gondii in the wild
environment which could be connected to the high level of
biodiversity in Amazonian rainforest. This part of the world may be
considered as one of the most important hotspot of diversity of T.
gondii. The numerous ecological niches might explain the need for
T. gondii to have a plurality of alleles for increase its colonization
potential (Carme et al., 2009). In addition to host diversity, the
larger home ranges of wild felids compared to domestic cats can
also strongly inﬂuence hybridization patterns and gene ﬂow of the
parasite and thus the genetic structure of pathogen populations. In
French Guiana, Carme et al. (2002a) and de Thoisy et al. (2003)
have shown a signiﬁcant circulation of T. gondii in mammalian
wildlife. The absence of linkage disequilibrium for the ‘‘wild’’
population in our study may support this hypothesis of an
important circulation inside the wild environment. We also
showed here that the ‘‘wild’’ population does not exhibit any
clear genetic clustering nor any linkage disequilibrium, despite a
scattered sampling but rather a continuous genetic differentiation
mainly driven by space as shown by the signiﬁcant IBD found for
this strain population. This could represent the state of ‘‘natural’’
conditions. The high prevalence in intermediate hosts, added to
wild felid ecology (diet and life area), could suggest that deﬁnitive
hosts are more frequently infected by multiple T. gondii genotypes,
as described for P. falciparum (Anderson et al., 2000), which then
cross and recombine before transmission to a new intermediate
host. It could explain that T. gondii populations maintain high
levels of genotypic diversity in this wild environment. But, it is not
clear if the level of diversity from this region is the result of
frequent genetic recombinations among a pool of alleles or from a
large number of lineages in the background (Dubey et al., 2007d).
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Further studies by multilocus DNA sequencing for nuclear and
organelle genomes will facilitate our understanding of T. gondii
population from this region.
By contrast, for the isolates from the anthropized environment,
the mean genetic and genotypic diversities were low, compared to
the ‘‘wild’’ population. They were similar to what has been found
for ‘‘anthropized’’ Gabonese strains (Mercier et al., 2010), studied
with equivalent MS characterization. We acknowledged that
samples from the anthropized environment were collected during
a shorter period of time (all simultaneously collected during the
year of 2009) relative to the samples from the sylvatic cycle [1991–
2009]. Lower genetic diversity in the anthropized environment
could be thus partly due to this shorter sampling period as clonal
lineages might disperse over a large area. However, it is unlikely
that such difference in sampling duration can explain all the
difference in genetic diversity between the two environments.
The subclustering of the ‘‘anthropized’’ population and its
signiﬁcant linkage disequilibrium may be opposed to the absence
of clear structure of the Amazonian population, and its absence of
linkage disequilibrium. In the same way, the opposition of the two
populations in the Mantel’s test, highlighted difference in
circulation pathways of T. gondii according to the environment
considered. In case of the ‘‘anthropized’’ population, the structure
was not in relation with the geographic space. These contrasted
genetic characteristics could be considered as the consequences of
the inﬂuence of human activities on population structure of T.
gondii. Human trade exchanges with transportation of animals
may disseminate identical genotypes over wider areas. Several
observations in this study sustained this hypothesis: (i) at the
small scale of French Guiana, the wide geographic distribution of
the genotype # 5 (four different geographic origins located eight to
51 km apart from each other) found in different host species (cat,
dog, chicken and human), (ii) at a regional scale, Caribbean 1 and 3
groups, which clustered a large part of strains from anthropized
environment were also found in Caribbean islands (Guadeloupe
and Martinique) or in Brazil (TgCkBr91) for Caribbean 1 and in
chickens originating from the Guyana (TgCkGy22) for Caribbean 3
(Dubey et al., 2007a). Despite the small number of strains in each
group, their widespread distribution seems to conﬁrm that these
groups correspond to common lineages from this part of the world
(Ajzenberg et al., 2009). Other samplings will be needed to
determine if Caribbean 2 isolates found in different locations
during this study is more widespread, (iii) and ﬁnally across
continents as shown in a recent publication about T. gondii
population in Gabon (Mercier et al., 2010) or earlier by Lehmann
et al. (2006). However, no common genotype was found between
French Guiana and the recent study conducted in Gabon using the
same markers (Mercier et al., 2010) despite evidence of human
exchanges between the history of these two regions (the Guianas
and a part of West and Central Africa) and particularly during the
slave trade between the 17th and 19th centuries (Brucato et al.,
2010) which was referred on numerous occasions to explain the
existence of common genotypes between South American and
African continents for T. gondii (Khan et al., 2007; Lehmann et al.,
2006; Mercier et al., 2010) but also for many other parasites
(Anderson et al., 2000; Hartl, 2004; Tanabe et al., 2010; Watts,
1997). This shows that exploration of the biodiversity of T. gondii
must be pursued in these two regions, as well as in anthropized
and wild environment.
Conversely the fragmentation of landscapes due to human
activities (deforestation, road construction, city development,
fences. . .) could generate barriers to the circulation of the T. gondii
hosts which may favor the development of a few but very frequent
genotypes at a local scale and ultimately result in a highly
structured population as it was observed in this study (Keyghobadi, 2007). This landscape fragmentation reinforces the
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impact of farming and cat domestication demonstrated to select
strains adapted to a few number of hosts and irradiating in the
nearby environment (Lehmann et al., 2003). Finally, these two
opposite phenomenon due to anthropization (fragmentation and
transport) seem to lead both to an impoverishment of biodiversity
of T. gondii and to a widespread distribution of a small number of
genotypes. The ﬁnding of Type III in our anthropized Guianese
isolates already known for its worldwide distribution (Ajzenberg
et al., 2009) may be an argument for this hypothesis.In French
Guiana, anthropization is an ongoing event and many anthropized
areas are in close contact with the Amazonian forest, so that one
can expect that population differentiation between ‘‘wild’’ and
‘‘anthropized’’ T. gondii strains might become less pronounced in
the future. Indeed, our study highlighted interpenetration cases
between ‘‘wild’’ and ‘‘anthropized’’ populations of T. gondii. The
GUY-CAN-FAM-0007 isolate originating from the town of Roura
(anthropized environment) has been genetically characterized as
belonging to the Amazonian group. This strain was isolated from a
stray dog that could have been in contact with the wild
environment that borders the city of Roura, through wild game,
soil or running water. Such domestic animals infected with strains
from the wild may introduce them in the human environment with
the subsequent risks for human health.
The case of the two strains with intermediate genotypes
(genotypes #14 and #15), placed by DAPC either among the ‘‘wild’’
population (K = 2) or the anthropized population (K  3) could also
be the witness of the interaction between both environments. One
of these strains was isolated from a wild animal (greater grison:
Galictis vittata, Mustelidae) close to an anthropized environment
(disturbed forest near the city of Cayenne) and the other one was
isolated from a dog in the town of Macouria. Their intermediate
position may reﬂect hybridization between a ‘‘wild’’ and an
‘‘anthropized’’ strain.
The interpenetration of different environments, and, hence, of
different hosts together with their parasites is an important
phenomenon for modiﬁcation of pathogen spectrum. For T. gondii,
this is especially true in Amazonia with continuing anthropization
of the tropical rainforest, increasing the risk of infection of
domestic fauna and humans by strains from the wild environment
or by strains from anthropized environment modiﬁed by integration of ‘‘wild’’ gene pool alleles. ‘‘Wild’’ strains are generally
responsible of severe clinical forms in humans, described not only
in French Guiana but also in Amazonian Peru (Nunura et al., 2010),
justifying the proposed designation of Amazonian toxoplasmosis
(Carme et al., 2009). The recent introduction of cats and other
domestic animals in Amerindian communities (Chacin-Bonilla
et al., 2001; Diaz-Suarez et al., 2003; Etheredge et al., 2004) or
small towns developed in deforested areas of the remote part of
French Guiana and the predatory activity of wild felines around
these houses (consumption of chickens, dogs, cats. . .) would
ensure gene ﬂow between the two populations of strains. The
integration of ‘‘wild’’ alleles in anthropized strains may represent a
potential risk for humans. These observations can be extended to
the entire Amazonian region presenting similar biotopes with the
coexistence of wild and anthropized environments.
In future, this kind of study in regions where a preserved wild
environment, such as the rainforest, cohabits with areas where
man was recently established with impacts on the environment
would enable to partly resolve the evolutionary history of T. gondii.
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of the French Guiana with Céline Dupuy, Mrs. and Mr. Deveaux
(kennel ‘‘de la Forêt d’Emeraude’’), Mr. Piou, Mr. Daudet, the
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