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Abstract

The majority of Toxoplasma gondii strains from a variety of human and animal sources have been grouped into three highly clonal but
closely related lineages. The low occurrence of nucleotide differences among the three predominant lineages and their unusual dimorphic
allelic composition suggest that they have arisen from a recent common ancestry. Less than 1% of the previously studied strains contain
unique genotypes and high divergence of DNA sequence, and therefore are considered ‘exotic’ or ‘atypical’ strains. The seemingly low
genetic diversity in 7. gondii may have been underestimated because most parasite strains in previous studies were collected from human
patients and domestic animals in North America and Europe. To investigate the genetic diversity of T. gondii, we analysed parasite strains
isolated from remote geographical regions by multilocus microsatellite sequencing and phylogenetic analysis. The genetic diversity indices,
the molecular analysis of microsatellite genotypes and the constructed phylogram considered together suggest that the global 7. gondii
population is highly diversified and not characteristic of a clonal organism. The most parsimonious hypothesis is that 7. gondii presents a
complex population structure with a mix of clonal and sexual propagation as a function of the environmental conditions. The comparison
between domestic strains data on one hand and wild strains data on the other hand is in favour of more frequent sexual recombinations in wild

environment even though Toxoplasma subpopulation in human and domestic animals is largely clonal.
© 2004 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Toxoplasma gondii is a protozoan parasite that infects
virtually all warm-blooded animal species worldwide. It has
a two-host life cycle with felids as definitive hosts in which
the sexual replication of the parasite occurs, while mammals
and birds are intermediate hosts in which the asexual
replication occurs. Even though there is no geographic
boundary and host specificity, molecular genotyping studies

* Nucleotide sequences reported in this paper are available in the
GenBank™, EMBL and DDBJ databases under the accession numbers
AY572648, AY572692, AY572736, AY572780, AY572562-AY 572604,
AYS572605-AY572647, AYS572649-AY572691, AYS572693-AY572735,
AYS572737-AYS572779.

* Corresponding author. Tel.: +33-5-55-05-6160; fax: +33-5-55-05-
6177.

E-mail address: darde @unilim.fr (M.L. Dardg).

have showed a fundamental clonal population structure with
three clonal lineages, namely types I, II and III (Tibayrenc
etal., 1991; Dardé et al., 1992; Sibley and Boothroyd, 1992;
Howe and Sibley, 1995; Dardé, 1996; Ajzenberg et al.,
2002a). Difference at DNA sequence level among the
predominant clonal lineages is less than 2% (Grigg et al.,
2001a). There are several explanations for the existence of
clonal population structure in 7. gondii. First, this parasite is
able to transmit among intermediate hosts through carnivor-
ism and scavenging, bypassing sexual recombination events
in definitive host cats (Howe and Sibley, 1995; Su et al.,
2003). Second, many macrogametes of the parasite remain
unfertilised but are capable of forming oocysts in the small
intestine of cats by parthenogenesis (Ferguson, 2002).
Third, cats simultaneously infected with different strains
of T. gondii are likely to be very rare events in nature,
therefore there is a temporal barrier for recombination to
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occur. Though a largely clonal population structure
predominates, genetic diversity does exist in 7. gondii
(Howe and Sibley, 1995; Dardé, 1996; Bossi et al., 1998;
Dardé€ et al., 1998; Cole et al., 2000; Lehmann et al., 2000;
Grigg et al.,, 2001b; Carme et al., 2002b; Ghosn et al.,
2003; Miller et al., 2004). Moreover, recombination
phenomena have been described as occasional events
(Howe and Sibley, 1995). To better estimate the genetic
diversity and sexual recombination of 7. gondii, we
analysed a substantial set of strains of wild and/or tropical
origin, mainly from French Guiana, by multilocus micro-
satellite sequencing and phylogenetic analysis.

2. Materials and methods
2.1. Toxoplasma and Hammondia strains

A total of 43 T. gondii strains were selected for this study
(Table 1). Most strains were selected from a pool of 245
strains mainly collected by the BRC ToxoBS group and
categorised based on length polymorphism of five micro-
satellite (MS) markers. Eighty-eight percent (216/245) of
these strains belong to the three classical type I, II and III
lineages, with a clear predominance of type II strains (188/
245, 77%). For sequence analysis, 14 strains were arbitrarily
selected to represent the three major lineages, whereas the
other 29 strains were selected based on their unique MS
profiles. Of these 43 strains, 28 were previously typed by the
classical isoenzymatic or PCR-RFLP analysis, and the
remaining 15 are new strains (see Table 1).

The 14 strains representing the major lineages are
three type I strains (BK, ATIH and PIL), four type II
strains (Me49, BEV, DEG and REN-2002-VAL) and
seven type III strains (NED, CEP, LGE97-3, M7741,
OPA, LEG-NJA and LPN-2002-SEE). Among the 29
strains with unique profiles, six strains (GPHT, RMS-
2001-MAU, IPP-2002-URB, TONT, BOU and MAS)
originated from France, seven strains (ARI, B41, B73,
P80, SOU, T61 and WTD-1) from USA, nine strains
(RUB, VAND, GUY-2001-DOS, GUY-2002-KOE, GUY-
2002-MAT, IPP-2002-BAT, GUY-2003-BAS, GUY-
2003-MEL and GUY-2003-ADA) from French Guiana,
one strain (ENVL-2002-MAC) from Barbados, one strain
(CASTELLS) from Uruguay, five strains most likely
from tropical areas although isolated in France (PSP-
2003-ERO from Guadeloupe island, TOU-2002-ALI from
Reunion island, PSP2003-KOM from Cameroon, WIK
and GANGI from Africa). Among the seven strains from
USA, one was isolated from a pig (P80) whereas the six
other strains, provided by L.D. Sibley as a DNA sample,
were selected from the paper of Howe and Sibley (1995)
because they exhibited a recombinant or non-classical
PCR-RFLP pattern (SOU and ARI) and/or an unusual
host origin (bears for B41 and B73, turkey for T61 and
deer for WTD1).

One Hammondia hammondi strain (Kansas H-H 34) was
kindly gifted to our laboratory by Dr J.K. Frenkel in 1989. It
was used as outgroup for phylogenetic analysis.

2.2. Genetic markers

Five MS loci were chosen for sequencing (Table 2).
TUB2, TgM-A and W35 were previously used for strain
typing by Ajzenberg et al. (2002a). Two new microsatellite
markers (B/7 and BI8) were developed by the method
described previously (Ajzenberg et al., 2002a). Marker
TUB2 was mapped to chromosome IX (Sibley and Boot-
hroyd, 1992). Markers B17, BI18, TgM-A and W35 were
mapped to T. gondii chromosomes XII, VII, X and II,
respectively, by genetic mapping and linkage analysis
(Chunlei Su and David Sibley, personal communication).

2.3. DNA extraction and sequencing

Toxoplasma gondii DNA was extracted from haploid
stages (tachyzoites or bradyzoites) present in brains or
ascitic fluids of infected mice using the QIAamp® DNA
MiniKit (Qiagen, Courtaboeuf, France). Hammondia ham-
mondi DNA was extracted from sporulated oocysts (con-
taining haploid sporozoites) using a method previously
described for Eimeria species (Zhao et al., 2001). Primers
(Table 2) were designed for each marker on the basis of the
published sequence in GenBank using primer 3 software
(http://www.broad.mit.edu/cgi-bin/primer/primer3_www.
cgi) to amplify short sequences (between 113 and 259 bp)
comprising the microsatellite and its flanking regions.

The amplification reaction mixture consisted of 10 mM
Tris—HCI (pH 8.3), 50 mM KCl, 1.5 mM MgCl,, 0.2 mM of
dATP, dCTP and dGTP (Roche diagnostics, Meylan,
France), 0.4 mM of dUTP (Roche diagnostics, Meylan,
France), 15 pmol of each primer, 5% (vol/vol) dimethyl
sulfoxyde (except for BI7 and TgM-A: 6%), 1.5 U of Taq
DNA polymerase (Amersham Biosciences, Orsay, France),
and 6 ul of DNA in a 50 ul reaction volume. PCR
conditions, carried out in a GeneAmp® PCRSystem 2700
thermalcycler (Applied Biosystems, Courtaboeuf, France),
were denaturation at 94 °C for 5 min, followed by 35 cycles
consisting of 94 °C for 30 s, 54 °C for 30 s, and 72 °C for
30 s. The last extension step was at 72 °C for 10 min.
Confirmation of DNA amplification was done on a 2%
agarose gel stained with ethidium bromide. PCR products
were purified using the CONCERT™ Rapid PCR Purifi-
cation System (GibcoBRL, Life technologies, Cergy-
Pontoise, France) and then directly sequenced (i.e. without
cloning) using the BigDye® Terminator v1.1 Cycle
Sequencing Kit (Applied Biosystems, Courtaboeuf, France)
in a GeneAmp® PCRSystem 2700 thermalcycler (Applied
Biosystems, Courtaboeuf, France). Sequencing was done in
both directions when there was a problem of interpretation
in one direction. The fragments were purified by isopropa-
nol precipitation. The sequencing gel was run on the ABI
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Table 1
Description of the 43 Toxoplasma gondii strains with geographical and host origin, classical typing by PCR-RFLP or isoenzyme analysis, SNP and microsatellite (MS) types obtained by combination of SNP and
MS alleles, respectively. SNP and MS alleles were defined in Fig. 1

Strain Host Geographical Classical Reference Alleles by SNP analysis Alleles by MS analysis
origin typing®
Type® TUB2 W35  TgM-A BIS BI7 Type® TUB2 W35 TgM-A  BIS BI7
BK Human Netherlands 1(Z1) Dardé (1996) 1 1.2.3 1 1.2 123 1 I 1 1 1 1.3 1
ATIH Human Uruguay 1(21) Ajzenberg I 123 1 1.2 123 1 I 1 1 1 1.3 1
et al. (2002a)
PIL Human France (Paris) 1 (Z1) Dardé (1996) 1 1.2.3 1 1.2 1.2.3 1 1 1 1 1 1.3 1
GPHT Human France (Paris) 1 (Z1) Dardé (1996)  I/III 123 1 3 123 1 Jriiie 1 1 3 1.3 1
WIK Human Africa 1(21) Ajzenberg jriii 123 1 3 123 1 riiie 1 1 3 1.3 1
et al. (2002a)
PSP-2003- Human Cameroon ND ittt 1.2.3 1 3 1.2.3 1 I/11* 1 6 3 1.3 1
KOM
PSP-2003- Human Guadeloupe ND /I 123 3 3 123 1 /10 1 3 3 4 1
ERO island
ME49 Sheep USA 11 (Z2) Dardé et al. 11 123 2 1.2 123 2.3 1T 2.3 2 2 2 2.3
(1992)
BEV Rabbit England 11 (Z2) Dardé et al. 1T 123 2 1.2 123 2.3 1T 2.3 2 2 2 2.3
(1992)
REN-2002- Human France ND 1T 123 2 1.2 123 2.3 1T 2.3 2 2 2 2.3
VAL (Rennes)
DEG Human France 11 (Z4) Dardé et al. 11+ 1.2.3 2 1.2 4 2.3 11 2.3 2 2 2 2.3
(Limoges) (1992)
BOU Human France 11 (Z2) Dardé et al. 11 1.2.3 2 1.2 1.2.3 2.3 1I* 2.3 5 2 2 2.3
(Limoges) (1992)
GANGI Human Africa 11 (22) Ajzenberg I 123 2 1.2 123 2.3 11 2.3 2 1 2 2.3
et al. (2002a)
B73 Bear USA T/ Howe and 1T 1.2.3 2 1.2 1.2.3 2.3 ITorll/ 23 2 2 1.3 2.3
Sibley (1995) 11
ARI Human USA 1T Howe and 1T 123 2 1.2 123 4 11 2.3 2 1 2 2.3
Sibley (1995)
WTD-1 Deer USA I Howe and /1 123 2 1.2 123 1/2.3 1 2.3 2 1 1.3 2.3
Sibley (1995)
B41 Bear USA 1T Howe and /1 123 2 1.2 123 1/2.3 1 2.3 2 2 4 2.3
Sibley (1995)
RMS-2001- Human France ND 11 1.2.3 2 1.2 1.2.3 12.3 TI/T* or 2.3 2 5 1.3 2.3
MAU (Reims) TI/111*
SOuU Human USA T/ Howe and /1 1.2.3 2 3 1.2.3 2.3 TI/11 2.3 2 3 2 2.3
Sibley (1995)
T61 Turkey USA I Howe and r* 123 2 8 123 1/2.3 I/T* or 2.3 2 5 1.3 2.3
Sibley (1995) TI/111*
NED Human France 111 (Z3) Dardé et al. I 123 3 3 123 2.3 1 2.3 3 3 1.3 2.3
(Limoges) (1992)
CEP Cat USA 111 (Z3) Dardé et al. I 123 3 3 123 2.3 1 2.3 3 3 1.3 2.3
(1992)
LGE97-3 Human France III (Z3) Ajzenberg I 123 3 3 123 23 1T 23 3 3 1.3 23
(Limoges) et al. (2002a)

(continued on next page)
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Table 1 (continued)

Strain Host Geographical ~ Classical Reference Alleles by SNP analysis Alleles by MS analysis
origin typing®
Type® TUB2 W35  TgM-A BIS BI7 Type® TUB2 W35 TgM-A  BIS BI7
M7741 Sheep USA III (Z3) Dardé (1996) I 1.2.3 3 3 123 2.3 I 2.3 3 3 13 2.3
OPA Pig Uruguay III (Z3) Dardé (1996) I 123 3 3 123 23 111 23 3 3 1.3 23
LEG-NJA Human France I (Z3) Rabaud et al. 1T 1.2.3 3 3 1.2.3 2.3 1T 2.3 3 3 1.3 2.3
(Nancy) (1999)
LPN-2002- Human France (Nice) ND III 1.2.3 3 3 1.2.3 2.3 1T 2.3 3 3 1.3 2.3
SEE
TONT Human France (Lyon)  Atypical Dardé (1996)  1II 123 3 3 123 2.3 1= 2.3 3 3 4 2.3
(Z3)
IPP-2002- Human French Gui- ND 111 1.2.3 3 3 1.2.3 2.3 1/1* 1 3 3 4 2.3
BAT ana
ENVL-2002-  Monkey Barbados ND 111 123 3 3 123 2.3 1 1 3 3 1.3 2.3
MAC
P8O Pig USA Atypical Dardé (1996)  III* 1.2.3 3 3 1.2.3 10 TI/1/11* 1 3 3 2 6
(Z11)
TOU-2002- Human Reunion ND Atypical 1.2.3 5 1.2 1.2.3 5 11/ 2.3 2 3 1.3 4
ALIL island
RUB Human French Gui- Atypical Dardé et al. Atypical 1.2.3 7 5 1.2.3 12 Atypical 2.3 3 3 7 9
ana (Z6) (1998)
GUY-2003- Human French Gui- ND Atypical 1.2.3 6 6 1.2.3 9 Atypical 2.3 2 4 5 5
BAS ana
GUY-2002- Human French Gui- ND Atypical 1.2.3 9 6 1.2.3 6 Atypical 2.3 4 4 5 4
KOE ana
GUY-2003- Human French Gui- ND Atypical 1.2.3 7 6 123 7 Atypical 2.3 2 4 2 5
MEL ana
GUY-2001- Human French Gui- ND Atypical 1.2.3 10 6 123 7 Atypical 2.3 4 4 1.3 5
DOS ana
GUY-2002- Human French Gui- ND Atypical 1.2.3 6 6 123 13 Atypical 1 7 4 1.3 11
MAT ana
VAND Human French Gui- Atypical Bossi et al. Atypical 1.2.3 8 7 123 8 Atypical 1 2 4 4 5
ana (Z12) (1998)
GUY-2003- Human French Gui- ND Atypical 4 11 1.2 123 172.3 Atypical 1 4 3 6 4
ADA ana
MAS Human France (Nice)  Atypical Dardé et al. Atypical 1.2.3 5 1.2 123 11 Atypical 1 2 3 4 10
(25) (1992)
IPP-2002- Human France (Paris) ND Atypical 1.2.3 4 4 123 11 Atypical 4 2 2 1.3 7
URB
CASTELLS Sheep Uruguay Atypical Dardé, 1996 Atypical 1.2.3 4 4 123 11 Atypical 4 2 2 2 8
7

Alleles 1, 2, 3 are reserved for clonal lineages I, I and I1I. Allele 1.2 means that types I and II share the allele; allele 2.3 means that types II and I1I share the allele; allele 1.2.3 means that types I, IT and III share the
allele. Allele 1/2.3 means a combination of clonal type I with type II or III allele. ‘Allele 4’ and above are used for atypical alleles (in bold).

* Z, zymodeme; ND, not done.

® (*) indicates an atypical allele in the MS or SNP type.
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Table 2

Genetic markers

GenBank
accession
numbers

No. SNP

No. MS

Total no.
alleles

alleles

Size range

(bp)

Primer sequences®

Coding

Chromosome

Marker and accession

number®

alleles (flank-
ing regions)

function®

AYS572562—
AY572604

(F) 5 GTCCGGGTGTTCCTACAAAA 3/ 255-259

Beta-tubulin gene

IX

TUB2 (M20025)

(R) 5 TTGGCCAAAGACGAAGTTGT 3/
(F) 5 GGTTCACTGGATCTTCTCCAA 3’
(R) 5" AATGAACGTCGCTTGTTTCC 3’
(F) 5 GGCGTCGACATGAGTTTCTC 3’

AYS572605-

11

15

210-216

Unknown (EST)

I

W35 (W35487)

D. Ajzenberg et al. / International Journal for Parasitology 34 (2004) 1185-1196 1189

AY572647

AY572649-
AY572691

10

152-160

Myosin A gene

X

TeM-A (Y17507)

(R) 5 TGGGCATGTAAATGTAGAGATG 3’
(F) 5 TGGTCTTCACCCTTTCATCC 3’

AY572693—
AY572735

113-128

Unknown (EST)

VII

B18 (BM189462)

(R) 5 AGGGATAAGTTTCTTCACAACGA 3’

(F) 5 CGACAAGTCCATGCGAACTA 3’
(R) 5 GGCAACAGGAGGTAGAGGAG 3/

AY572737-
AYS572779

13

10

16

163-189

Unknown (EST)

XII

B17 (BM175053)

% GenBank accession number of RH original sequence.

> EST, expressed sequence tags.

¢ F, forward primer; R, reverse primer.

Prism® 3100 Genetic Analyzer (Applied Biosystems,
Courtaboeuf, France) and sequences were evaluated using
Sequencing Analysis 3.7 software.

2.4. Phylogenetic and genetic diversity analyses

The nucleotide sequences of the five MS loci, comprising
the microsatellite regions and its flanking regions, were
aligned using Multiple Sequence Alignment Program,
ClustalX (version 1.81, June 2000) (Thompson et al.,
1997). Two phylogenetic methodologies were used: dis-
tance and parsimony methodologies. First, for the distance
analysis, in order to consider the indel characters (insertion/
deletion mutations), we have used the GapCoder program
(Young and Healy, 2003). The output of this last program is
a Nexus format file compatible with PAUP package. The
distance calculations and tree building by the Neighbour
process (Saitou and Nei, 1987) were performed by the
PAUP package for windows (Swofford, D.L., 2001. PAUP:
phylogenetic analysis using parsimony (and other methods),
vers. 4.0b10. Sinauer Associates, Sunderland MA). The P
(uncorrected distance often referred as p-distances or
dissimilarity (D) distance) and Jukes—Cantor (Jukes and
Cantor, 1969) distances were used to construct a neighbour-
joining tree. Second, phylogenetic analysis was performed
using the PHYLIP package (Felsenstein, 1989). We applied
parsimony method with bootstrapping (100 replicates)
with SEQBOOT, DNAPARS, and CONSENSE programs.
Hammondia hammondi was used as outgroup. The con-
struction of trees was performed by Treedyn software
(Chevenet, 2000, http://viradium.mpl.ird.fr/treedyn). This
kind of analysis must be performed without the repeated
genotypes in order to study the real phylogenetic relation-
ships and to avoid the bias produced by a high number of
identical genotypes. The sequences of each locus were
studied individually on one hand and grouped on the other
hand.

In order to get the distribution of genetic variability in the
sample, two diversity indices comprising genotypic diver-
sity (number of different genotypes on the total number of
genotypes), and mean genetic distances based on P
distances were evaluated. The indices were calculated
within the whole sample, within the French sample and the
French Guiana one (see Table 3).

Table 3
Values of genetic diversity indices in the whole sample and two subgroups

Number of Genotypic Mean P distance
strains diversity (standard deviation)
Whole sample 43 0.74 0.016 (0.007)
French Guiana 9 1 0.021 (0.007)
sample
France sample 13 0.69 0.013 (0.007)
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3. Results
3.1. Molecular analysis

All 43 T. gondii strains were successfully sequenced at
the five MS loci and the sequences were submitted to
GenBank (see Table 2 for accession numbers). Based on
the polymorphisms of dinucleotide repeats in microsatel-
lite regions and the single nucleotide polymorphisms
(SNPs) in flanking regions, a number of total alleles were
identified for each marker including four alleles at TUB2,
15 at W35, 10 at TgM-A, seven at BI8 and 16 at BI7
(Fig. 1 and Table 2).

The number of SNP alleles varies depending on the
markers. There are 2, 11, 7, 2 and 13 different SNP alleles in
TUB2, W35, TgM-A, BI18 and B17, respectively (Fig. 1 and
Table 2). Atypical SNPs that are not in the three clonal
lineages are mainly observed in French Guiana strains at
markers W35, TgM-A and BI7 (Fig. 1 and Table 1). In
comparison to type II reference strain ME49, the most
polymorphic strains were all originated from French
Guiana. RUB and GUY-2003-MEL are the most poly-
morphic strains at W35 locus (2.6% polymorphism), VAND
at TgM-A (2.14% polymorphism) and GUY-2002-MAT at
B17 (3.9% polymorphism due not only to SNPs but also to
insertion of three nucleotides). Both TUB2 and BI8 are less
polymorphic, with only one SNP in flanking regions of
TUB2 in a French Guiana strain GUY-2003-ADA, and one
SNP associated with a deletion of three nucleotides in
flanking regions of B8 for a type II strain DEG.

A number of MS alleles also are identified for each
marker. There are 3, 7, 5, 6 and 10 different alleles in
TUB2, W35, TgM-A, BI8 and BI17, respectively (Fig. 1
and Table 2). For marker B18, there are four atypical MS
alleles even though no SNPs were found in their flanking
regions. The MS polymorphism consists in size variation
of dinucleotide tandem repeats but also in rare mutations
(only for French Guiana strains and located at W35, BIS,
and BI7) (Fig. 1). As in SNP alleles, the majority of
atypical MS alleles are found in French Guiana strains
and some MS alleles are encountered only in French

Guiana strains such as alleles 4 at TgM-A and W35 or
alleles 5 at BI8 and BI7 (Table 1).

Combination of the five MS or SNP markers allows
classifying the majority of strains in the three classical types
although some type I or II strains as determined by classical
typing exhibited a mixed MS or SNP type, and/or, in some
cases, one atypical allele (Table 1). These latter strains and
also undetermined ones can be related to one of the main
types when SNP alleles and/or the majority of their MS
alleles were characteristic of this type. For instance, in
Table 1, from BK to PSP-2003-KOM, some classical type I
or previously undetermined genotypes that exhibit one type
IIT MS allele (TgM-A) and sometimes an atypical allele
(W35 for PSP-2003-KOM) can be considered as type I
related strains with mixed MS and SNP type I/IIl. Mixed
types, with or without atypical alleles, can also be described
for strains related to types II and III.

Three strains (PSP-2003-ERO, T61, and P80) are
difficult to relate to one of the main types by molecular
analysis because they exhibit a clearly mixed genotype with
type L, II, and III alleles associated to one atypical MS or
SNP allele.

From TOU-2002-ALI to CASTELLS (Table 1), the
strains can be considered as atypical, not related to one of
the main types because they presented more than two
atypical MS and/or SNP alleles in their genotype.

Primers used for 7. gondii allowed the amplification of
only four sequences in H. hammondi genome (TUB2 was
not amplified). A microsatellite sequence similar to
Toxoplasma was detected only for W35 and BI8 sequences.
The corresponding sequences were submitted to GenBank
(accession nos. AY572648, AY572692, AY572736 and
AYS572780).

3.2. Genetic diversity analysis

In order to better understand the distribution of the
diversity in the sample, the following subgroups were
studied (Table 3): (i) the whole sample; (ii) strains from
French Guiana; and (iii) strains from France. The two
genetic indices, genotypic diversity and mean genetic

>

Fig. 1. SNP and MS alleles defined by polymorphic sites in flanking region and microsatellite sequences, respectively. In each marker, sites demarcated by an
asterisk (*) indicate deletion sites in comparison with the longest microsatellite sequence. Among 14 strains arbitrarily selected to represent the three major
lineages, BK, Me49 and CEP are reference type I, II and III strains, respectively. Alleles 1, 2, 3 are reserved for clonal lineages I, IT and III. Allele 1.2 means
that types I and II share the allele; allele 2.3 means that types II and III share the allele; allele 1.2.3 means that types I, IT and III share the allele. Allele 1/2.3
means a combination of clonal type I with type II or III allele. Allele 4 and above are used for atypical alleles. These data were used to generate data for Table 1.
*ATIH, PIL, GPHT, WIK, PSP-2003-KOM, PSP-2003-ERO,IPP-2002-BAT, ENVL-2002-MAC, P80, GUY-2002-MAT, VAND, MAS. "BEV, DEG,
REN-2002-VAL, B41, BOU, GANGI, ARI, WTD-1, T61, RMS-2001-MAU, B73, SOU, TOU-2002-ALI, NED, LGE97-3, M7741, OPA, LEG-NJA,
LPN-2002-SEE, TONT, RUB, GUY-2003-BAS, GUY-2002-KOE, GUY-2003-MEL, GUY-2001-DOS. °ATIH, PIL, GPHT, WIK. “BEV, DEG, REN-2002-
VAL, B41, GANGI, ARI, WTD-1, T61, RMS-2001-MAU, B73, SOU. °NED, LGE97-3, M7741, OPA, LEG-NJA, LPN-2002-SEE, PSP-2003-ERO, TONT,
IPP-2002-BAT, ENVL-2002-MAC, P80. "ATIH, PIL, GANGI, ARI, WTD-1. *BEV, DEG, REN-2002-VAL, B41, BOU, B73. "NED, LGE97-3, M7741, OPA,
LEG-NJA, LPN-2002-SEE, GPHT, WIK, PSP-2003-KOM, PSP-2003-ERO, SOU, TONT, IPP-2002-BAT, ENVL-2002-MAC, P80. 'GUY-2003-BAS, GUY-
2002-KOE, GUY-2003-MEL, GUY-2002-MAT. JATIH, PIL, GPHT, WIK, PSP-2003-KOM, WTD-1, T61, RMS-2001-MAU, B73, TOU-2002-ALI, NED,
LGE97-3, M7741, OPA, LEG-NJA, LPN-2002-SEE, ENVL-2002-MAC, GUY-2001-DOS, GUY-2002-MAT, IPP-2002-URB. "BEV, REN-2002-VAL, BOU,
GANGI, ARI, SOU, P80, GUY-2003-MEL, CASTELLS. 'PSP-2003-ERO, TONT, IPP-2002-BAT, VAND, MAS. ™ATIH, PIL, GPHT, WIK, PSP-2003-
KOM, PSP-2003-ERO. "BEV, DEG, REN-2002-VAL, BOU, GANGI, B73, SOU, NED, LGE97-3, M7741, OPA, LEG-NJA, LPN-2002-SEE, TONT,
IPP-2002-BAT, ENVL-2002-MAC.
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Alleles
TUBZ (255-259 bp): 4 alleles SNP MS ¢BRENRIRR
BK and 12 identical® 123 1 cie
ME49, CEP and 25 identical® 123 23 ce
CASTELLS, IPP-2002-URB 123 4 c
GUY-2003-ADA 4 1 T
W35 (210-216 bp): 15 alleles
BK (1) and 4 identical® 1 1
ME48 (1) and 11 identical’ 2 2
CEP (Ill) and 11 identical’ 3 3
CASTELLS, IPP-2002-URB 4 2
MAS, TOU-2002-ALI 5 2
GUY-2003-BAS 8 2
GUY-2003-MEL 72
VAND 8 2
RUB 73
GUY-2002-KOE 9 4
GUY-2001-DOS 10 4
GUY-2003-ADA 14
BOU 2 5
PSP-2003-KOM 108
GUY-2002-MAT 6 7
TgM-A {152-160 pb): 10 alleles
"BK (1) and 5 identical 121
ME49 (Il) and 6 identical® 12 2
CEP (/il) and 15 identical” 3 3
CASTELLS, IPP-2002-URB 4 2
MAS, TOU-2002-ALI, GUY-2003-ADA 1.2 3
RUB 5 3
GUY-2001-DOS and 4 identical 6 4
VAND 7 a4
RMS-2001-MAU 12 5
T61 8 5
B18 (113128 bp): 7 alleles
'BK, CEP and 20 identical’ 123 13
MEA4S9 (11) and 9 identical* 123 2
B41 and 5 identical 123 4
GUY-2003-BAS, GUY-2003-KOE 123 5
GUY-2003-ADA 123 6
RUB 123 7
DEG 4 2
B17 (163-189 bp): 16 alleles LRBIIIITER
"BK (1) and 6 identical” T TChgGcTcc - -
ME4g, CEP and 16 identical’ 23 23 TCGAGTCGC " *
B41, T61, WTD1 and RMS-2001-MAU  1/2.3 2.3 T & GAGTEE
ARI 4 23 TCGAGTCC* *
TOU-2002-ALI 5 4 HccacTgc " *
GUY-2002-KOE 6 4 TCGAGTCH" *
GUY-2003-ADA 123 4 TCGEAGTEC™*
GUY-2003-MEL GUY-2001-DOS 7 5 TCEAGTCEC ™"
VAND 8 5 TceAaGTgc * *
GUY-2003-BAS s 5 TCGAG e
P80 10 6 TceaA@TCC* *
IPP-2002-URB "7 TcaAaGTfgc *
CASTELLS 118 TceAaGTlIC * *
MAS 1110 TceacTdc *
RUB 2 9 THGAGTCC * *
GUY-2002-MAT 130N TceAacTCCEE
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distances were calculated in each group (Table 3). The H.
hammondi strain was not included in the calculations.

We could observe that even if the genotypic diversity is
high in some subgroups, the mean P genetic distance
remains low (Table 3). These results showed the higher
diversity in the French Guiana sample compared to the
France subgroup.

3.3. Phylogenetic analysis

As the results of parsimony and distance analyses are
similar, here we report the result of Wagner analysis due to
its ease of visual presentation. Fig. 2 shows the result based
on the sequence data of all 43 T. gondii strains. The three
clonal lineages (the column ‘classical typing’ in Fig 2) were
individualised on the phylogram.
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All the strains belonging to type I were clustered together
with a bootstrap value equal to 63.4. PSP-2003-KOM and
PSP-2003-ERO strains, which were not identified before,
clustered more closely with type I than the other strains. As
the strains pertaining to the classical type III revealed only
one genotype, one branch represented this lineage in the
tree. Four strains were phylogenetically linked or similar to
type III: IPP-2002-BAT, ENVL-2002-MAC and LPN-
2002-SEE which were also non-characterised and TONT
previously identified as an atypical strain. All the strains
pertaining to type II were clustered in a node sustained by a
weak bootstrap value of 47.8. Four strains were phylogen-
etically included in the type II cluster: RMS-2001-MAU
and REN-2002-VAL which were uncharacterised strains
and the two recombinant strains (SOU and B73) previously
identified by Howe and Sibley (1995).

Classical typing  MS type
HAMMONDIA
CASTELLS Atypical Atypical
W': IPP-2002-URB ND Atypical
RUB FG Atypical Atypical
69.6 MAS Atypical Atypical
———— P80 Atypical m/1/1#
PSP-2003-ERO ND 1/100*
mEi PSP-2003-KOM ND 1/100*
389 ATIH, PIL, BK I 1
78.4 m: WIK, GPHT 1 1/111
VAND FG Atypical Atypical
| GUY-2003-BAS FG ND Atypical
502 [63.7 GUY-2003-MEL FG ND Atypical
GUY-2001-DOS FG ND Atypical
TOU-2002-ALI ND 11/ T0T*
GUY-2002-KOE FG ND Atypical
1|39 GUY-2003-ADA  FG ND Atypical
SOU 11/111 11/ 111
BEV. ME49, REN-2002-VAL II, ND 11
DEG 1T I1
] BOU 11 1T*
572 GANGI 1 /1
ARI 11 11/1
WTD-1 II /1
m RMS-2001-MAU ND IT/ T*or IT/ TIT*
N T61 11 11/ T*or 11/ IIT*
B41 11 11*
_|: B73 11/ 111 I/ or 11 /1
GUY-2002-MAT FG ND Atypical
ENVL-2002-MAC ND /1
IPP-2002-BAT FG ND I/ 1*
30.1 TONT Atypical 1+

LEG-NJA, NED, CEP, M7741,
LGE97-3, LPN-2002-SEE, OPA

50. 100

m m

Fig. 2. Phylogram of 43 Toxoplasma gondii strains as determined by analysis of the entire sequences of the five markers. Hammondia hammondi was used as
the outgroup. The tree was built by Wagner analysis after bootstrapping with 100 repetitions. (FG) indicates a French Guiana strain. The classical typing and
MS genotype are detailed for each strain. Asterisk indicates an atypical allele in the MS genotype (see Table 1).
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When we considered the different type lineages with the
related strains, we still observed a phylogenetic individua-
lisation, but with changes in the branch robustness. Indeed
the type I and related strains group was supported
by a bootstrap value of 51.4, type II and related strains by
a bootstrap value of 57.2, and type III and related strains by
a bootstrap value of 30.1.

The strains originating from French Guiana, France and
USA were distributed along the phylogram without
geographical structuration. Moreover, the atypical strains
did not represent a phylogenetically individualised group, as
they were also distributed all over the tree (Fig. 2).

4. Discussion

The clonal theory of 7. gondii population structure, with
three predominant lineages, is based on 7. gondii samples
collected mainly from the European or the North American
domestic cycle either from clinical cases of human
toxoplasmosis or from meat producing animals such as
pigs, sheep and chicken (Dardé et al., 1992; Howe and
Sibley, 1995; Ajzenberg et al., 2002a,b). This collection
may not reflect the true status of 7. gondii in remote
geographical areas or in tropical regions where the
ecological system is very different from that of the civilised
world. Several studies have examined the distribution of
genotypes in chickens from other countries such as Egypt,
Argentina, India and Brazil (Dubey et al., 2002, 2003a—d;
Sreekumar et al., 2003; Lehmann et al., 2004), but the
genetic studies were limited by the use of only one marker
(SAG2) (except Sreekumar et al., 2003; Lehmann et al.,
2004), and because chickens in farms are indicators of strain
prevalence in a domestic or peridomestic environment. The
rare atypical strains were sampled mainly in tropical regions
such as French Guiana (Bossi et al., 1998; Dardé et al.,
1998; Carme et al., 2002b), but also in France (Dardé,
1996), or in unusual host species such as deer, bear, cougar
or sea otter (Howe and Sibley, 1995; Cole et al., 2000;
Lehmann et al., 2000; Miller et al., 2004).

In this study, we performed multi-locus sequencing of
five microsatellite markers for 43 7. gondii strains from
different geographical and host origins to reconsider the
population structure and develop a more realistic picture of
diversity between Toxoplasma strains by phylogenetic and
molecular analysis.

The use of microsatellite markers for such a study was
justified by their high discriminatory power and their
usefulness to assess population genetic structure and
molecular epidemiology (Goldstein and Schlétterer, 1999)
and to infer phylogenetic relationships at intraspecific level
or for recently diverged species (Goldstein et al., 1995;
Paetkau et al., 1997; Harr et al., 1998; Fisher et al.,
2000; Metzgar et al., 2001; Richard and Thorpe, 2001;
Bulle et al., 2002). Streelman et al. (1998) showed that
sequences flanking a microsatellite were also very

informative for inferring phylogeny. Concerning 7. gondii,
MS length polymorphisms have shown their usefulness for
detecting the genetic polymorphism (Ajzenberg et al.,
2002a; Blackston et al., 2001; Lehmann et al., 2004). The
most polymorphic of these loci revealed substantial within-
lineage variation usually explained by rapid accumulation
of mutations by genetic drift. However, some of them have
been demonstrated to be stable enough to type 7. gondii and
to detect recombination events (Ajzenberg et al., 2002a).
The sequencing of the microsatellite region presented in this
study allowed a better allelic definition than GeneScan
analysis of length polymorphism, and had a higher
discriminative power than classical typing by isoenzymatic
and PCR-RFLP analysis which defined the types I, I and III
and atypical. Alleles were defined by SNP and MS data, but
MS alleles were more helpful in detecting recombination
events (Table 1).

This study showed that, while the majority of isolates fall
into the three clonal lineages as expected, the nine strains
from French Guiana were clearly atypical, very different
from the three major lineages, but also from atypical
strains from France and Uruguay. Each French Guiana strain
has a unique multi-locus genotype, and some of its alleles are
not observed in strains from other areas. They concentrate
the majority of gene pool of this study. This situation is
markedly contrasted with our domestic sample from France
where 95% of strains belonged to the three main types, and
where 88% of strains had the same MS genotype II (BRC
ToxoBS group, personal data). This is confirmed by the
highest values of genetic diversity indices obtained in the
French Guiana sample compared with the France subgroup.
However, the global observation of the genetic diversity
indices shows that even if we obtained a high allelic
diversity, the real genetic polymorphism of sequences is very
low which is in agreement with all the genetic data
previously published (Grigg et al., 2001a; Su et al., 2003)..

The existence of sexual recombination in 7. gondii is
thought to occur as occasional events in a largely clonal
population structure (Sibley and Howe, 1996; Lehmann et
al., 2000, 2004; Grigg et al., 2001a; Grigg and Suzuki,
2003). Considered together for the data in this study, the
phylogram hierarchy and the sequencing data are not in
agreement with a strictly clonal model. On the one hand, the
detailed analysis of MS genotypes shows different allele
associations, not only in the atypical strains from French
Guiana but also in the atypical strains of other countries, and
in the three type lineages and their related strains. This is not
in agreement with a theoretical clonal structure character-
ised by a global association between alleles due to linkage
disequilibrium (Tibayrenc et al., 1990). On the other hand,
from a phylogenetic point of view, the constructed
phylogram does not present a structure typical of a clonal
organism as occurs for Trypanosoma cruzi, Entamoeba
histolytica or Leishmania (Tibayrenc et al., 1990; Bafuls
et al., 1999). These last microorganisms are subdivided
into discrete phylogenetic lineages supported by strong
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bootstrap values. In T. gondii, the phylogenetic clusters are
not supported by strong bootstrap values if we consider the
three types with their related strains (see Fig. 2). This
suggests that phylogenetic divergence of T. gondii is
clouded by recombination. From these genetic and phylo-
genetic analyses, the most parsimonious hypothesis is that
T. gondii presents a complex population structure with a mix
of clonal and sexual propagation.

The proportion of typical strains compared to the strains
with recombined genotypes in the different regions suggests
that the highest proportion of genetic exchanges would
occur in the wild cycle in countries where domestic
breeding has a brief history. Thus, the under-representation
of the wild cycle strains might explain the predominance of
typical strains and the description of a global clonal
structure in the previous studies. More frequent sexual
recombination in 7. gondii was found in tropical areas, not
only in the wild life cycle in French Guiana, but also in areas
where breeding is not intensive (e.g. Africa, Reunion Island
or Caribbean Islands, although our sample from these
countries is not representative). Interestingly, five out of six
strains from African countries (including three strains not
submitted to sequencing in this study), showed the same
mixed MS genotype I/IIl by microsatellite length poly-
morphism suggesting that an emerging genotype may be
present in this continent. In non-tropical areas, analysis of
genotypes in a few wild animals in North America (WTDI,
B41 and B73) showed genotypes with different combi-
nations of types I, II, III, and atypical alleles, in agreement
with previous typing of these strains (Howe and Sibley,
1995). Other papers also described atypical genotypes
among wild animals such as cougar (Lehmann et al., 2000),
and sea otters (Lehmann et al., 2000; Miller et al., 2004). So,
this work suggests that a variable population structure exists
in a range from clonal to sexual propagation and that
T. gondii uses different strategies for transmission and
survival in different hosts as a function of the environmental
conditions. As recently proposed by Lehmann et al. (2004),
after comparing microsatellite analysis of 7. gondii from
Brazil and America, T. gondii has evolved in order to
optimise its transmission in its specific environment.

In the domestic environment, Toxoplasma seropreva-
lence in cats is high (Gauss et al., 2003), suggesting
possible ingestion of preys containing more than one
strain. This explains the persistence of a few recombined
MS genotypes in the domestic cycle. However, in Europe
or North America, intensive raising of a narrow range of
domestic meat producing animals such as pigs, sheep or
chickens offers a major niche to Toxoplasma. Among
many genotypes, the three clonal lineages seem to be the
most successfully adapted to these domestic hosts
(Lehmann et al., 2003). High levels of transmission
have been demonstrated in a pig farm (Lehmann et al.,
2003) associated with an increase of prevalence in the
surrounding wild environment with proximity to the pig
sties. The authors defined the pig farm as a reservoir,

explaining the preponderance of T. gondii clonal propa-
gation in this area. To support this, in a recent paper
(Su et al., 2003) the authors estimated that the three major
lineages would have diverged about 10,000 years ago
which coincides with the domestication of companion and
agricultural animals.

In a wild environment such as French Guiana, there is
also a high seroprevalence in animals, ranging between 42
and 62% for non-carnivorous mammals like paca, arma-
dillo, collared peccary, anteater or tapir (Carme et al.,
2002a). Prevalence of the few wild felids tested soon after
their capture in Amazonia suggests high levels of trans-
mission for wild definitive hosts in the Amazonian
rainforest: for felids in French Guiana three out of three
were positive (Carme et al., 2002a) and in Brazilian
Amazonia five out of eight (Ferraroni and Marzochi,
1980). The greater genetic diversity of Toxoplasma in a
wild and tropical environment in comparison to the
domestic one is likely to be due not only to more frequent
genetic exchanges, but also to the presence of SNP
polymorphisms and rare alleles. This greater Toxoplasma
diversity is probably the result of the host diversity which is
considerably higher in the wild host populations. Thus, in
French Guiana, where the fauna, like the flora, is abundant
and highly diverse with 179 mammalian wild species
identified in 1998 (Carme et al., 2002a), a plurality of alleles
is needed for Toxoplasma to colonise the available
ecological niches in such a diverse environment.

The French Guiana strains were isolated from human
patients with severe disseminated toxoplasmosis, except
one strain IPP-2002-BAT that was isolated from a case of
asymptomatic congenital toxoplasmosis. Since the human
infections occurred in the rainforest by eating undercooked
game or drinking untreated river water (Carme et al., 2002b;
and unpublished data), these strains can probably be
considered as an indirect sampling of the wild cycle of
T. gondii in the Amazonian rainforest. Though this sample
could not represent all the strains circulating in this wild
ecosystem, it did allow us to compare the genetic data of
strains obtained in a relatively restrictive wild environment
with data of strains obtained in an allopatric domestic
environment. One must keep in mind that 7. gondii strains
from ecosystems such as remote tropical regions still are
largely underrepresented. To better understand the popu-
lation structure in 7. gondii, more strains need to be
sampled, on one hand directly from wild animals in
Amazonian rain forest to avoid the human disease sampling
bias, and on the other hand, from an area in which wild and
domestic cycles are sympatric.
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