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Human African trypanosomiasis, or sleeping sickness caused by
Trypanosoma brucei gambiense, occurs in Western and Central
Africa. T. brucei s.l. displays a huge diversity of adaptations and
host specificities, and questions about its reproductive mode,
dispersal abilities, and effective size remain under debate. We have
investigated genetic variation at 8 microsatellite loci of T. b.
gambiense strains isolated from human African trypanosomiasis
patients in the Ivory Coast and Guinea, with the aim of knowing
how genetic information was partitioned within and between
individuals in both temporal and spatial scales. The results indicate
that (i) migration of T. b. gambiense group 1 strains does not occur
at the scale of West Africa, and that even at a finer scale (e.g.,
within Guinea) migration is restricted; (ii) effective population sizes
of trypanosomes, as reflected by infected hosts, are probably
higher than what the epidemiological surveys suggest; and (iii) T. b.
gambiense group 1 is most likely a strictly clonally reproducing
organism.

clonality � effective population size � genetic differentiation �
genetic diversity � microsatellite markers

Human African trypanosomiasis (HAT) or sleeping sickness
is the third parasitic disease in subSaharan Africa regarding

disability adjusted life years lost (1). The causative agent
Trypanosoma brucei s.l., transmitted by Tsetse flies, is subdivided
into 3 subspecies (2) on the basis of extrinsic criteria (host,
clinical features, and geographical distribution), because these
trypanosomes are morphologically identical: T. brucei gambiense
(T. b. gambiense) is responsible for the chronic form of HAT in
Western and Central Africa, T. b. rhodesiense is the agent of the
acute form of HAT in East Africa, and T. b. brucei does not infect
humans but causes animal trypanosomiasis (nagana) in cattle.
During the last decades, molecular methods have been devel-
oped for typing T. brucei s.l. stocks to study its population
structure and taxonomy. Only one group could be clearly
identified as a distinct genetic entity: T. b. gambiense group 1,
which is considered to be the main causative agent of HAT in
Western and Central Africa (3, 4).

Trypanosoma brucei s.l. displays a huge diversity of adapta-
tions and host specificities and questions about its reproductive
mode, dispersal abilities, and effective population size remain
under debate. Like most protozoan parasites, T. brucei s.l. has
been assumed to be clonal (5–7), although some investigators
have reported the occurrence of sexual reproduction (3, 8–12).
The presence or absence of a sexual process will crucially
determine the genetics at both individual and population levels.
Estimates of how genetic diversity is portioned within individuals
(reproductive system) within and among subpopulations (pop-
ulation structure) may indicate how species track continuously

varying environments and adapt to local conditions in the face
of gene flow among diverse populations (13–14). Thus, a better
understanding of the reproductive system of such organisms
might be crucial for optimizing field-control strategies (15–18) in
a context of the HAT elimination process recently launched by
the World Health Organization (19, 20).

Recently, microsatellite markers were shown to be polymor-
phic enough to highlight the existence of genetic diversity within
the very homogeneous T. b. gambiense group 1 (21). In the
present study, we present a microsatellite-based investigation of
genetic polymorphism at different hierarchical levels: individual
trypanosomes, within subsamples (identified by each focus), and
between subsamples of T. b. gambiense group 1 in the Ivory Coast
and Guinea (Fig. 1) and between temporally spaced data. We
infer the extent of clonal reproduction and population subdivi-
sion that our analyses reveal, and discuss future directions of
research and sampling strategies that could enhance the under-
standing of the epidemiology of this disease.

Results
Linkage Disequilibrium Between Loci. Linkage disequilibrium be-
tween pairs of loci was tested for the 7 loci varying across
subsamples [Micbg6 excluded, see supporting information (SI)
Table S1] over all subsamples (Bonon, Boffa, and Dubreka of
different years). There is a global strong linkage disequilibrium
between loci as revealed by the impressive proportion of signif-
icant associations (18 out of 21) (Table S2), even with the highly
conservative sequential Bonferroni level (see Materials and
Methods) (12 significant tests). Each locus is involved in at least
one significant linkage.

Heterozygosity Within Subsamples. Nearly all stocks were heterozy-
gous at each microsatellite locus. One locus, Trbpa1/2, displayed
an odd behavior and was removed from further analyses (see
Materials and Methods). There is strong heterozygote excess as
compared to Hardy-Weinberg expectations, with small variance
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across loci, so mean FIS � �0.62 (Fig. 2). Individuals are
extremely heterozygous at all loci (genome-wide heterozygous
state).

In Table 1 it can be seen that no positive relationship exists
regarding the size of the investigated geographical areas, prev-
alence of infection, or number of infected persons. Moreover,
GPS data for Bonon 2000 and 2002 (Table S3) can be used to
build groups of trypanosomes from infected patients from

different subareas in each zone. The FIS computed for the 6 loci
is extremely close (and indeed higher) to the one computed
without GPS coordinates (see Fig. 2).

Genetic Differentiation. In 2002, differentiation between Bonon
(Ivory Coast) and the two Guinean sites was strong (FST �
0.2–0.3) and highly significant. It was also highly significant
between the two Guinean samples, although to a much lesser
extent (0.06, i.e., 3–5 times lower) (Table 2). Given the high
degree of polymorphism found in these subsamples (Hs � 0.62),
these levels of genetic differentiation are fairly high (the maxi-
mum possible fixation index is far below 1: FST max�0.4).
Because T. brucei gambiense group 1 is probably strongly clonal,
we also used multilocus genotypes (MLGs; treating them as
different alleles of a single locus, as defined in Table S1). MLGs
yield small values of FST between countries (� 0.09) (see Table
2). But the standardized version of FST for multiple alleles, FST�
(see Materials and Methods) indicates a maximum possible
differentiation between Guinea and the Ivory Coast (in fact,
there is not any MLG in common), and a fairly strong differ-
entiation between the two Guinean localities (see Table 2).

Fig. 1. Localization of sampling areas (stars). (Drawing by Fabrice Courtin,
Bobo-Dioulasso, Burkina Faso).

Fig. 2. FIS per locus and over all 7 polymorphic loci (All) (Micbg6 and Trbpa1/2 excluded), averaged over the 6 subsamples. The residual variation across the 6
remaining loci is mainly explained (91%) by the corresponding genetic diversity (in clonal populations a positive relationship is indeed expected, see ref. 22). For
each locus, 95% confidence intervals (CI) of the means are estimated with the jackknife method over the populations’ standard error. Over all loci, CI was obtained
by bootstrap over loci. Mean FIS and 95% bootstrap CI were also computed for Bonon 2000–2002 subsamples (Bonon) and compared to the FIS computed when
GPS coordinates of patients are taken into account (i.e., grouping the most proximate isolates into smaller subunits) (Bonon GPS).

Table 1. Data from epidemiological surveys of the investigated
areas and estimated FIS obtained with the 6 most reliable loci
in the different T. brucei gambiense subsamples

Subsample

Surface
of study
(in km2)

Human
population Prevalence Infected FIS

Bonon 2000 400 30,000 0.004 120 �0.671
Bonon 2002 400 30,000 0.004 120 �0.645
Bonon 2004 400 30,000 0.004 120 �0.555
Dubreka 1998 1,600 25,000 0.0075 187 �0.440
Dubreka 2002 1,600 25,000 0.0075 187 �0.505
Boffa 2002 2,400 25,000 0.0118 295 �0.808

FIS is a standardized measure of heterozygosity deviation, expected to be
null if reproduction is sexual and random; its value is influenced by reproduc-
tive mode or undetected subdivision within subsamples. Prevalence is the
ratio between the number of infected persons (Infected) and the number of
persons examined.
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Trypanosome stocks were collected in 2000, 2002, and 2004 in
Bonon and in 1998 and 2002 in Dubreka. Despite the 2- to 4-year
window between subsequent samplings, differentiation is not
spectacular within site (see Table 2). Except between 2002 and
2004 in Bonon, all subsamples are only slightly but significantly
differentiated. The mean is FST�0.004–0.01 for 2-year and
FST�0.02 to 0.04 for 4-year windows. The standardized FST are
not large, either (�0.01–0.03 or �0.05–0.12, respectively). This
suggests that genetic drift is slow and, thus, that the effective
population sizes are large. The FST based on MLGs seem to alter
this picture, because FST ranges from 0.02 to 0.11 and 0.10 to 0.11
for 2-year and 4-year spans, respectively, while FST� ranges from
0.82 to 0.88 and 1, for 2 and 4 years, respectively. The latter
observation implies that during a 4-year span, all MLGs are
replaced by others through drift, mutation/migration, and treat-
ment of patients.

Fig. 3 shows that trypanosome strains first differentiate be-

tween countries, then between sites (in Guinea), between tem-
poral samples (apparently more pronounced in Dubreka and
Guinea than in Bonon, Ivory Coast), and that the sampling
method does not have any impact.

Effective Clonal Population Size. If we assume that generation time
corresponds to cell divisions, Waples’ moment-based method
(25) gives huge estimates of effective population size
(Ne�12,000–30,000 cells). During the surveys, it was observed
that most patients from Bonon were positive with the miniature
anion-exchange/centrifugation technique (mAECT) (26), with a
mean of 10 to 20 trypanosomes per mAECT (sometimes more
than 100 trypanosomes per mAECT), corresponding approxi-
mately to 500 trypanosomes per ml (V.J., personal observation).
In Guinea, the mAECT technique is often negative (90%; V.J.,
personal observation) and patients are generally diagnosed by
lymph-node puncture (27). Given the detection threshold of
mAECT (28), we can assume a maximum parasitaemia of 10
trypanosomes per ml of blood for most of these patients.
Considering 4 liters of blood per patient, this amounts approx-
imately to 2 million and 40,000 trypanosomes per patient in
Bonon and Guinea, respectively. Combining these estimates with
those from Table 1 yields values very different from Ne estimates
(Table 3). With a difference around 10,000-fold in Bonon and
500-fold in Dubreka, values from Table 3 seem incompatible
with moment-based estimates. From the FIS analysis, according
to De Meeûs et al. criteria of constantly strongly negative FIS
across strongly linked loci (22), full clonality can be assumed for
T. brucei gambiense group 1 for the studied populations. Ac-
cording to Hellegren (29), microsatellite mutation rates mostly
range between 10�3 and 10�4. We use these two values for
estimating clonal effective population sizes with equation 1 of
Materials and Methods. The results are presented in Fig. 4 and fall
completely out of the range of values estimated with Waples’
method, described in Table 3 (maximum in Dubreka, with u �
10�4, Ne � 1,471) (see Fig. 4). Indeed, with such huge population
sizes, it is probable that a much greater diversity and a much
higher FIS would have been obtained. As can be seen from the
SI Appendix , with 10,000 individuals and u � 10�4, the expected
FIS� �0.11 and with n � 2 � 108, FIS� �6.10�6.

Fig. 4 shows the results obtained with the trypanosome life
cycle-based method for generation time (37 to 49 days, see
Materials and Methods). With u � 10�4, FIS-based Ne reaches 297,
760, and 1,479 for Boffa, Bonon, and Dubréka, respectively.
These values match well other estimates in Boffa, but clearly
surpass the observed number of infected patients in Bonon and
Dubreka, for which a reasonable match is reached with u � 10�3.
For temporal MLG-based estimates, the values obtained are
probably much smaller than the ‘‘real’’ Ne, as indicated by the
extremely high upper bounds of the 95% CIs, so that the
FIS-based method is probably more accurate, as suggested in

Table 2. Differentiation between T. brucei gambiense
sub-samples in space (2002) and in time (Bonon and Dubreka) as
given by FST (a standardized measure of differentiation) based
on the 6 microsatellite loci kept for the analysis and on the
single multilocus haploid genotypes, as defined in the text

FST P-value FST�

Spatial
Guinea/Ivory Coast 2002 Bonon Boffa 0.289 0.0001 0.673
(1,100 km) 0.090 0.0002 0.996

Bonon Dubreka 0.200 0.0001 0.512
0.018 0.1495 0.989

Guinea 2002 (100 km) Boffa Dubreka 0.059 0.0012 0.140
0.045 0.0213 0.565

Temporal
Dubreka 1998 2002 0.039 0.0327 0.119

0.101 0.0081 0.996
Bonon 2000 2002 0.011 0.0210 0.027

0.110 0.0015 0.881
2000 2004 0.018 0.0053 0.049

0.114 0.0004 1
2002 2004 0.004 0.1867 0.009

0.020 0.1018 0.817

Geographical distances between sites are given in parentheses. Meirmans’
(23) standardized version of FST, FST� is also given. Multilocus haploid geno-
types are in italics.

Fig. 3. Unrooted NJTREE representation of genetic distance between the
different subsamples of T. b. brucei in Guinea (Boffa and Dubreka) and in the
Ivory Coast (Bonon) in different years (1998, 2002, and 2004) and with differ-
ent sampling techniques (KIVI, RI, and BS) using Cavalli-Sforza and Edwards’
(24) chord-distance matrix.

Table 3. Trypanosome effective population sizes, estimated with
Waples’ moment-based method for temporally spaced data, and
95% CI when assuming that generation time corresponds to
trypanosome’s cell division

Ne CI Nc

Bonon 2000 2002 11,964 4,990–33,858 240,000,000
Bonon 2002 2004 16,924 6,494–51,330 240,000,000
Bonon 2000 2004 26,701 10,844–66,471 240,000,000
Dubreka 1998 2002 15,143 4,429–53,961 7,500,000

CI comes from a chi-square distribution with a degrees of freedom, where
a is the number of alleles, here of different MLG’s (25). Nc is the order of
magnitude of the number of trypanosome cells present in each focus, using
the number of cells per infected patient in the different zones; it is given for
comparison (see Table 1 and text for more details).
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general from theoretical analyses of fully clonal populations (30).
From Fig. 4, the estimated numbers of infected patients seem
almost perfectly to match all Ne estimates. This finding is
unexpected if infected patients are to reflect T. brucei gambiense
group 1 census sizes, which should be at least slightly over Ne.
Moreover, a mutation rate of u � 10�3–10�4 was used. Lower
mutation rates will inflate Ne to values much higher than the
census number of infected patients.

Discussion
According to the De Meeûs et al. (22), if some sex occurred, even
very rarely, a higher FIS with a much stronger variance of FIS
across loci would have been observed. We must conclude that the
populations studied never sexually recombined in a reasonable
length of time. The microsatellite loci used being located on
different chromosomes (21), there is a strong statistical linkage
disequilibrium between loci at a genome-wide scale in each
subsample, in agreement with a purely clonal reproductive
mode. More surprisingly, our results also indicate that within
each country, T. b. gambiense group 1 populations are small and
do not exchange many migrants. For example, in Guinea, where
2 sites were sampled in 2002, with equations 1 and 2 from our
model (Materials and Methods) and a reasonable mutation rate
of u � 10�4, the effective clonal population size and migration
rate respectively are Nec � 297 and m � 0.001 in Boffa and Nec �
1,479 and m � 0.0008 in Dubreka. Obviously, migration is weak.
It is possible, however, that the sampling did not target the exact
extent of actual T. b. gambiense group 1 subpopulations. In this
case, some Wahlund effect may have altered our observations.
In such a situation, our FIS would have been slightly over-
estimated, while the FST would have been slightly under-
estimated. Nevertheless, a positive correlation of FIS with the
surface area of the sampling, or with the number of infected
persons, was never observed; and the global positioning satellite
(GPS) data available in Bonon 2002 and 2004 did not lead to
lower estimates of FIS, as expected if some Wahlund effect had
affected our analyses (i.e., if each area was composed of several
differentiated units). Interestingly, our results seem to tightly
converge with those obtained for the closely related T. brucei

rhodesiense in Southeastern Africa, with 3 minisatellites (31) and
human samples from 3 countries (Kenya, Uganda, and Zambia),
for which a mean FIS � �0.50 and FST � 0.29 (across countries)
could be computed (reanalyzed in ref. 30). Unfortunately, this
data set did not allow for more local analyses that could be
compared to our Guinean samples.

At the scale of West Africa (between the Ivory Coast and
Guinea), our results show that any strain transfer between the
two countries is too rare to leave any signature in the investigated
microsatellite polymorphism. In these two regions, HAT is
transmitted by two fairly divergent Tsetse species (32). The
differentiation between the T. b. gambiense from the two coun-
tries is maximal. Interestingly, this differentiation is correlated
with different vector subspecies: Glossina palpalis gambiensis in
Guinea and G. palpalis palpalis in the Ivory Coast (32, 33). These
different pools of trypanosomes may be adapted to different
vectors.

The effective population size results support a complete
parasitic-cycle-based generation time and reject a cell-based
generation time. Population regulation thus occurs at the scale
of a focus. Effective clonal population sizes estimates are ex-
tremely consistent across methods that are based on completely
different assumptions and surprisingly fit epidemiological-
survey conclusions, at least when mutation rate is assumed u �
10�3. This latter point almost certainly represents a fortunate
coincidence, because the temporal-based method probably leads
to underestimated values. Indeed, the temporal-based method of
effective population size was designed for sexual panmictic
organisms with several independent loci, and MLG must be
fairly sensitive to selective events (that hitchhike all of the
genome in clonal organisms). Surprisingly, discrepancies ap-
peared to be less pronounced than could have been foreseen.
Consequently, and also because mutation rates may probably be
lower than 10�3, the observed local incidence of HAT appears
to be lower than the corresponding effective clonal population
size, probably because many hosts remain unnoticed (animal
reservoirs or asymptomatic infected humans, see ref. 34). Un-
derestimation of infection prevalence among exposed human
populations represents an interpretation that meets the well-

Fig. 4. Effective population size (Ne) obtained with the FIS-based method (see Materials and Methods Eq. 1) (‘‘model’’), with u � 10�3 and u � 10�4, and with
Waples’ method from temporally spaced samples (with MLG as a single locus), using trypanosome’s life cycle as the generation time with the shortest (sgt � 37
days) or largest (lgt � 49 days) generation times (see text). Black squares are the means with 95% CIs (small lines) (averaged over 2000–2002, 2000–2004, and
2002–2004 for Bonon). The dotted line corresponds to the estimated number of infected persons in the different areas according to epidemiological surveys.
For Waples’ method, CI comes from a �2 distribution with a degrees of freedom (a is the number of alleles, in this case of different MLG’s) (25). For the FIS-based
method, CIs correspond to those of FIS obtained by bootstrap over loci.
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known debate about aparasitemic seropositive subjects (35, 36).
This phenomenon may be the result of failed parasite detection
because of weak or fluctuating parasitaemia (37) or because of
a phenomenon of control of infection by means of an appropriate
immune system response (38). In these two latter cases, subjects
who remain untreated may represent a potential parasite reser-
voir that could be responsible for the persistence of transmission
and re-emergence of historical sleeping sickness foci. The data
obtained in this study once more suggest that such asymptomatic
infected humans may be of great epidemiological interest, unless
the role of animal reservoirs can be safely dismissed (34, 39, 40).
It would be of interest to sample both healthy humans and
animals living next to the HAT cases and identify with micro-
satellite loci the trypanosomes they may harbor.

Control of the disease at a country scale would probably be
efficient in the long term before new strains reinvade the area.
Nevertheless, our data also reveal a high degree of local genetic
polymorphism, either because of larger population sizes than
epidemiological surveys can account for or because of high
mutation rates, which suggests that T. b. gambiense may quickly
respond to new selective pressures, such as the one imposed by
chemical treatment with a new drug.

Materials and Methods
Trypanosome Isolates. Trypanosome isolates (one, and more rarely two per
patient) were taken from 3 geographical zones and 4 sampling dates: in
Guinea, Boffa 2002, Dubreka 1998, and Dubreka 2002; in the Ivory Coast,
Bonon 2000, Bonon 2002, and Bonon 2004 (see Table S1). In the Ivory Coast,
3 different methods were used to isolate trypanosomes from HAT patients: kit
for in vitro isolation of trypanosomes (KIVI), rodent inoculation (RI), and direct
blood samples (BS) (see details in ref. 41). A total absence of differentiation
between stocks isolated with different techniques (Table S4) leads to the
conclusion that, in our study, isolation techniques do not significantly affect
microsatellite genotypic frequencies. This factor was thus ignored in our
analyses. In Bonon, the isolates were 17 in 2000, 14 in 2002, and 17 in 2004. In
Guinea, the isolates were 15 in Dubreka 1998, 7 in Dubreka 2002, and 20 in
Boffa 2002. The study area in Bonon concerns 30,000 inhabitants distributed
in 400 km2, with an approximate mean prevalence of 0.004 (42), leading to an
estimate of about 120 infected persons (see Table 1). In Boffa and Dubreka,
these values were extrapolated from medical survey results (27) taking into
account evaluated population at risk (see Table 1), and lead to estimates of 187
and 295 infected persons in Dubreka and Boffa, respectively.

We studied 8 microsatellite loci: M6c8, Mt3033 (43), Trbpa1/2 (44), Micbg1,
Micbg5, Micbg6, Misatg4, and Misatg9 (21). Complete genotypes and MLG are
given in Table S1. Because Micbg6 did not vary across samples (all individuals
displayed the same genotype), this locus was removed from the data set in
further analyses. The strong variance in heterozygosity (as measured by FIS)
observed for Trbpa1/2 across subsamples (Fig. S1), is more likely because of null
alleles or selection than to rare events of sex (22, 45). Trbpa1/2 is the only locus
located in an expressed gene (46). It is thus better to remove this locus from
further analyses. The absence of individuals with 3 or 4 alleles at any of the 6
remaining loci, and the constant level of heterozygosity across loci and
samples, strongly support (if not prove) the diploid status of T. brucei gam-
biense, as already supported by genetic cross studies (47). The monophyly of
T. brucei gambiense group 1, in particular as compared to T. brucei gambiense
group 2, was already demonstrated (21). Combining our data with those from
ref. 21 confirmed this point (Fig. S2).

Data Analysis. The most widely used parameters to infer population structure
are the F-statistics (48; e.g., 49). Typically, these parameters are defined for 3
hierarchical levels. FIS measures the identity (or homozygosity) of alleles within
individuals within subpopulations relative to that measured between individ-
uals; it is thus a measure of deviation from local panmixia (random union of
gametes producing zygotes). It varies between �1 (single class of heterozy-
gote), as expected in a very small and isolated clonal population (30), and �1
(all individuals are homozygous for different alleles), as expected in fully
selfing species; and it equals 0 in panmictic populations. FST measures the
identity between individuals within subpopulations, as compared to individ-
uals from other subpopulations within the total population, or the total
relative homozygosity caused by the Wahlund effect (50). It is thus a measure
of differentiation between subpopulations that varies between 0 (no struc-
ture) and 1 (all populations fixed for one or other allele). These F-statistics

were estimated by Weir and Cockerham’s unbiased estimators (51), with
FSTAT version 2.9.3.2 (Goudet, 2002; updated from ref. 52), and their signif-
icant deviation from 0 was tested by randomizing alleles between individuals
within subsamples and randomizing individuals among subsamples. Random-
izations were set to 10,000 and implemented by FSTAT 2.9.3.2.

For testing linkage disequilibrium between pairs of loci, we used the
multisample G-based (maximum likelihood ratio) test performed in FSTAT.
This test considers each subsample as separated entities but combines the
different statistics obtained across them to obtain a single P-value. We ad-
justed the P-values with the sequential Bonferroni correction by multiplying
the smallest P-values by the number of remaining tests (see refs. 53–55).

In clonal diploids, genetic diversity can be very high (45), and this will tend
to provide low estimates of FST. To get a more objective estimate of differen-
tiation, we also computed the maximum possible value for the FST with
Meirmans’ method (23), where alleles are recoded so that no 2 subsamples
share any allele in common but keep the same genetic diversity. In our case,
where only paired FST were computed, this was made by increasing allele sizes
of the second sample by 100. This method provides an estimate of the
maximum possible value for FST, FST max, from which a standardized version of
FST, FST� � FST/FST max can be computed. Because correlation between loci
might bias population differentiation measures and testing, we repeated FST

analyses using the MLG of each individual as a unique haploid locus with as
many alleles as defined by the MLGs. To get an encompassing picture of
genotypic distribution across space, time, and sampling techniques, an NJTREE
was computed by the MEGA 3.1 software (Kumar et al. 2005, updated from
ref. 56). As recommended (e.g., 53, 57), the unrooted tree was built according
to a Cavalli-Sforza and Edwards chord-distance matrix (24) computed with
Genetix 4.05 (58).

Inferring Clonal Subpopulation Size. We used the model developed by Balloux
et al. (45). Consider a subdivided monoecious population of diploid individuals
with nonoverlapping generations. Individuals reproduce clonally with prob-
ability c and sexually with probability (1 � c). Self-fertilization occurs at a rate
s. There are n subpopulations, or demes, each composed of N individuals.
Migration between the subpopulations follows an island model (48), with a
migration rate m. The mutation rate is u for all alleles and therefore the
probability that two alleles, identical by descent before mutation, are still
identical after mutation is � � (1 � u)2. We further assume stable census sizes
and no selection. In Appendix 1, it can be seen that in a two-population
framework, which we assume being the case in both the Ivory Coast and
Guinea, with total clonality, estimates of clonal population size N, and migra-
tion rate between the 2 populations can be obtained as:

N � �
1 � FIS

8uFIS
[1]

and

m �
1
2 �1 � � FST

FST � 4uFIS
� [2]

Temporal samples offer the opportunity to estimate effective population sizes
(Ne, the size of panmictic adults required to drift at the same rate as the
observed population) with the method developed by Waples (25) and imple-
mented in NeEstimator v 1.3 (59). For this purpose, we only used the MLG data,
which we rendered diploid by duplication of the allele of the single artificial
locus obtained. MLGs were chosen because in clonal organisms all loci are
linked and heterozygosity excess affects differentiation estimates (22). To
estimate the number of trypanosome generations passed within the time
windows (2 and 4 years), we used two drastically different methods. The first
method assumes that populations are mainly defined as the infra-populations
of cells contained in each individual host. In that case, generation time must
be close to the time between two cell divisions. T. brucei cells divide every 5.7 h
(60), which yields 4.2 generations per day and thus 1,537 per year. The second
method assumes that each host is colonized by a limited number of strains (�1)
and that the generation time corresponds more to the time it takes for a
human individual newly infected by a trypanosome after a Tsetse bite to
become infectious for a new Tsetse, and for this second Tsetse to become
infectious to a human individual again. Incubation in human hosts lasts on
average 25 days (61), while between 12 and 24 days are required for a newly
infected Tsetse fly to become infectious for a vertebrate host (62, 63). This
gives a generation time window of 37 to 49 days for trypanosomes, leading to
7 to 10 generations per year.
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SI Appendix

In an island model with n sub-populations of N diploid individuals with c clonal rate, s

selfing rate, m migration rate, and non-overlapping generations, three probabilities of identity by

descent can be defined: Qi , the probability that two alleles drawn at random from a single

individual are identical by descent; Qs, the probability that two randomly sampled alleles from

two different individuals within a subpopulation are identical by descent; and QT, the probability

that two randomly sampled alleles from two individuals in different subpopulations are identical

by descent.

The recurrence equations between generations t and t+1 for the different identities by

descent among adults in a monoecious population with mixed clonal and sexual reproduction in

an island model are given in Balloux et al. (1) as:
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where qs is the probability that two individuals taken at random within the same sub-population

after migration were born in the same subpopulation and qd the probability that two individuals

sampled after migration in different sub-populations originated from the same subpopulation (2).



Wright's F-statistics (3), the parameters most widely used to describe population structure

(e.g., 4), can be defined following Cockerham (5, 6) as:
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Following Balloux et al. (Balloux et al., 2003) and assuming no selfing (i.e. s=1/N), the

systems of equations (1), (2) and (3) lead to:
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In Côte d'Ivoire there are two foci, an thus two putative subpopulations, Bonon and

Sinfra (7), as is the case for Guinea (Dubreka and Boffa) (Forecariah being more isolated from

the two others). In a two sub-populations framework with total clonality (n=2, c=1), as it is

probably the case in the two areas investigated in the present study, we get:
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and combining equations (4) and (5):
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After neglecting terms in u² and u (<<1 or qs) and simplifications, these equations can be

rearranged into:
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From equation (7) it is easy to see that when qs≠1 (i.e., m is in ]0,1[) FIS becomes

independent from migration and can provide an estimate for N in the simple form:
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If we combine (7) and (8) we can also obtain an estimate for qs:
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Because we are in a two populations case, the genetic effect of migration is symmetric

around 0.5 (m=0.49 is equivalent to m=0.51). We can thus focus on values below 0.5 for m.

From there it is easy to see from (5) that:
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and thus combining (9) and (10) gives us access to m as:
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that can be finally combined with (8) to obtain:
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Fig. S1. As in Fig. 2 of the article but with locus Trbpa1/2. Mean FIS is strongly negative; the standard error of Fis over the seven loci is small (0.068). Therefore,
the behavior of TRBPA 1/2, with a huge variance across subsamples, is more likely because of null alleles or selection than to rare events of sex (1, 10). This may
be because of the fact that Trbpa1/2 is the only locus located in an expressed gene (11). This locus was thus removed from the analyses.
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Fig. S2. Rooted NJTREE of the different MLGs combined with reference strains available from Table S2 of ref. 12, where the complete information and origins,
year, and publication references can be found in their Table 3. The tree is based on Cavali-Sforza and Edwards’ chord distances computed on the 8 loci. T. brucei
gambiense 1 reference strains are in purple and all included in one cluster within the subtree comprising all strains studied in the present article (in black). T.
brucei gambiense 2 reference strains are in red, T. brucei rhodesiense in blue, and T. brucei brucei in green. This particular tree was rooted with strain Feo of
T. brucei brucei, but any other strain of this subspecies or of T. brucei rhodesiense equally illustrates the monophyly of T. brucei gambiense 1 and polyphyly of
all other Trypanossoma brucei types. Bootstrap values of principal nodes (above 750 ‰) are given (obtained with Phylip 3.68, ref. 13). A maximum parsimony
tree gave similar results (available on request).
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Table S1. Stocks under study and microsatellite loci results. The number of alleles observed at each locus ranged from a minimum of
2 for Micbg6 to a maximum of 12 for Misatg9. A total of 55 MLG (multilocus genotypes) were identified, which confirms that
microsatellite loci are quite polymorphic in T. b. gambiense group 1.

Stocks Year Origin Micbg1 Micbg5 Micbg6 Misatg9 Misatg4 M6c8 Mt3033 Trbpa1/2 MLG

70/2 KIVI ms 1998 Dubreka 162194 170226 182266 128190 115149 085165 154190 149203 1
F4/1 KIVI ms 1998 Dubreka 164200 172226 182266 128184 121143 085175 158190 149149 2
F31/4 KIVI ms 1998 Dubreka 164200 172226 182266 128184 121143 085175 158190 149149 2
F10/5 KIVI ms 1998 Dubreka 162194 172226 182266 130190 115143 085165 154178 149203 3
F35/2 KIVI ms 1998 Dubreka 164200 172226 182266 128176 121143 085175 158190 149149 4
B5/2 KIVI ms 1998 Dubreka 162194 172226 182266 130190 115143 085165 154178 149203 3
F34/1 KIVI ms 1998 Dubreka 162194 172226 182266 130190 115143 085165 154178 149203 3
B18/9 KIVI ms 1998 Dubreka 164200 172226 182266 128176 121143 085175 158190 149149 4
F2/2 KIVI ms 1998 Dubreka 162194 172226 182266 130190 115143 085165 154178 149203 3
F7/6 KIVI ms 1998 Dubreka 162194 172226 182266 130190 115143 085165 154178 149203 3
F55/3 KIVI ms 1998 Dubreka 164200 172266 182266 128176 121143 085175 158190 149149 47
B15/7 KIVI ms 1998 Dubreka 162194 172226 182266 130190 115143 085175 154178 149203 5
B34/2 KIVI ms 1998 Dubreka 162194 172226 182266 130190 115143 085165 154178 149203 3
F12/20 KIVI ms 1998 Dubreka 164200 172226 182266 128176 121143 085175 158190 149149 4
GCN1 KIVI ms 1998 Dubreka 162194 172226 182266 130190 121143 085165 154178 149203 6
Number of alleles 1998 Dubreka 4 4 2 5 4 3 4 2
402/1 KIVI ms 2000 Bonon 162194 170226 182266 128184 115145 085165 154190 149203 7
B12/2/8 KIVI ms 2000 Bonon 162194 170226 182266 128184 115145 085165 154190 149203 7
B3/1/3 KIVI ms 2000 Bonon 162192 170226 182266 128184 115145 085157 154170 149203 8
DF1/4 KIVI ms 2000 Bonon 162194 170226 182266 128184 115145 085165 154190 149203 7
F41/7/2 KIVI ms 2000 Bonon 162194 170226 182266 128184 115145 085165 154190 149203 7
F5/1OM KIVI ms 2000 Bonon 162194 170226 182266 128184 115145 085165 154190 149203 7
F7/1/2 KIVI ms 2000 Bonon 162194 170226 182266 128190 117149 085157 154190 149185 9
G10/6/2 KIVI ms 2000 Bonon 162194 170226 182266 128184 115145 085165 154178 149203 10
G11/6/4 KIVI ms 2000 Bonon 162194 170226 182266 130190 117149 085157 154178 149185 11
G11/8/2 KIVI ms 2000 Bonon 162194 170226 182266 128184 115145 085165 154190 149203 7
G17/6/1 KIVI ms 2000 Bonon 162194 170226 182266 128184 115145 085165 154190 149203 7
G3/10/25 KIVI ms 2000 Bonon 162194 170226 182266 128186 115145 085165 154190 149203 12
S24/7/9 KIVI ms 2000 Bonon 162194 170226 182266 128184 115145 085165 154190 149203 7
S27/16/13 KIVI ms 2000 Bonon 162194 170226 182266 128186 121145 085149 154190 149185 13
S27/2/6 KIVI ms 2000 Bonon 162194 170226 182266 130184 121145 085125 154190 149185 14
S3/4/1 KIVI ms 2000 Bonon 162194 170226 182266 128176 115145 085165 154190 149203 15
T66/4/2 KIVI ms 2000 Bonon 162194 170226 182266 128176 115145 085165 154190 149203 15
Number of alleles 2000 Bonon 3 2 2 6 5 5 4 3
S12/9/5 KIVI ms 2002 Bonon 162194 170226 182266 128184 115143 085165 154178 149203 16
S14/5/1 KIVI ms 2002 Bonon 162194 170226 182266 128184 115145 085175 154190 149203 17
S1/1/6 KIVI ms 2002 Bonon 162194 170226 182266 128184 115145 085169 154178 149185 18
S7/2/2 KIVI ms 2002 Bonon 162194 170226 182266 128184 115145 085165 154178 149185 19
T41/4/14 KIVI ms 2002 Bonon 162194 170226 182266 128176 115145 085165 154190 149203 15
TT2/4 KIVI ms 2002 Bonon 162194 170226 182266 128184 115145 085157 154170 149185 20
TT22/1 KIVI ms 2002 Bonon 162194 170226 182266 128176 115145 085165 154190 141203 21
S12/9/5 RI ms 2002 Bonon 162194 170226 182266 128184 115143 085175 154178 149203 22
S14/5/1 RI ms 2002 Bonon 162194 170226 182266 128184 115145 085175 154190 149203 17
S1/1/6 RI ms 2002 Bonon 162194 170226 182266 128184 115145 085085 154178 149185 23
S7/2/2 RI ms 2002 Bonon 162194 170226 182266 128184 115145 085085 154178 149185 24
T41/4/14 RI ms 2002 Bonon 162194 170226 182266 128176 115145 085165 154190 149203 15
TT2/4 RI ms 2002 Bonon 162194 174226 182266 128176 121143 085165 154170 149203 25
TT22/1 RI ms 2002 Bonon 162194 170226 182266 128176 115145 085165 154190 141203 21
Number of alleles 2002 Bonon 2 3 2 3 4 5 4 4
Yenb 11/2 KIVI ms 2002 Boffa 164200 172226 182266 128176 121143 085175 158178 149149 26
Lac 22/10 KIVI ms 2002 Boffa 164200 172226 182266 128176 121143 085175 158178 175175 27
Guen 4/1 KIVI ms 2002 Boffa 162194 172226 182266 128176 121143 085165 158178 149185 28
Dob1/2 KIVI ms 2002 Boffa 162194 172226 182266 128170 121143 085175 158178 149185 29
Wab 6/2 KIVI ms 2002 Boffa 162194 172226 182266 128176 121139 085175 158178 175175 30
Dob 7/11 KIVI ms 2002 Boffa 164200 172226 182266 128176 121143 085175 158178 149149 26
Lab 13/5 KIVI ms 2002 Boffa 164200 172226 182266 128176 121143 085175 158178 175175 27
Lab 15/2 KIVI ms 2002 Boffa 164200 172226 182266 128176 121145 085175 158178 149149 53
Lab 27/4 KIVI ms 2002 Boffa 164200 172226 182266 128176 121143 085175 158178 175175 27
Lac 22/11 KIVI ms 2002 Boffa 164200 172226 182266 128176 121143 085175 158178 149149 26
Lac 11/1 KIVI ms 2002 Boffa 164200 172226 182266 128176 121143 085175 158178 175175 27
Lac14/3 KIVI ms 2002 Boffa 164200 172226 182266 128176 121143 085175 158178 149185 31
Sac 23/3 KIVI ms 2002 Boffa 164200 172226 182266 128176 121143 085157 158178 175175 32

Koffi et al. www.pnas.org/cgi/content/short/0811080106 3 of 7

http://www.pnas.org/cgi/content/short/0811080106


Stocks Year Origin Micbg1 Micbg5 Micbg6 Misatg9 Misatg4 M6c8 Mt3033 Trbpa1/2 MLG

Souc 1/2 KIVI ms 2002 Boffa 164200 172226 182266 128176 121143 085175 158178 175175 27
Thic 29/7 KIVI ms 2002 Boffa 164200 172226 182266 128176 121143 085157 158178 175175 32
Wab 18/23 KIVI ms 2002 Boffa 164200 172226 182266 128176 121143 085175 158178 149185 31
Wab 22/6 KIVI ms 2002 Boffa 164200 172226 182266 128176 121143 085175 158178 149149 26
Wab 6/1 KIVI ms 2002 Boffa 164200 172226 182266 128176 121143 085175 158178 175175 27
Yenb3/17 KIVI ms 2002 Boffa 164200 172226 182266 128176 121143 085175 158178 149149 26
3 Année/2 KIVI ms 2002 Boffa 164200 172226 182266 128170 121143 085157 158178 175175 33
Number of alleles 2002 Boffa 4 2 2 3 4 4 2 3
Kanb16/16 KIVI ms 2002 Dubreka 162194 172226 182266 126176 121143 085175 158178 149149 34
Kanb 28/2 KIVI ms 2002 Dubreka 162194 172226 182266 128176 121143 085085 158178 149185 35
4 Année/3 KIVI ms 2002 Dubreka 162194 172226 182266 128192 121143 085175 158178 149203 36
Bob7/1 KIVI ms 2002 Dubreka 162194 172226 182266 130192 121143 085175 158178 149203 37
Kac 4/10 KIVI ms 2002 Dubreka 164200 172226 182266 128176 121143 085175 158178 149149 26
Kanb 9/5 KIVI ms 2002 Dubreka 164200 172226 182266 128176 121143 085165 158178 149149 38
Khob 34/1 KIVI ms 2002 Dubreka 162194 172226 182266 130130 115145 085165 158178 149149 39
Number of alleles 2002 Dubreka 4 2 2 5 4 3 2 3
B4/F303 KIVI ms 2004 Bonon 162194 170226 182266 130184 121143 085157 154178 149185 40
B4/G27 KIVI ms 2004 Bonon 162194 170226 182266 128184 115143 085165 154190 149203 41
B4/I314 KIVI ms 2004 Bonon 162194 170226 182266 128194 115145 085165 154178 149185 42
B4/U163 KIVI ms 2004 Bonon 162194 170226 182266 128184 121145 085157 154178 149185 43
B4/F303 RI ms 2004 Bonon 162194 170226 182266 130184 115145 085165 154178 149185 44
B4/G27 RI ms 2004 Bonon 162194 170226 182266 128184 115145 085175 154178 149203 45
B4/I315 RI ms 2004 Bonon 162194 170226 182266 128184 115145 085157 154178 149185 46
B4/F303 BS ms 2004 Bonon 162194 170226 182266 130184 115145 085165 154178 149185 44
B4/G27 BS ms 2004 Bonon 162194 170226 182266 128184 115143 085165 154190 149203 41
B4/I314 BS ms 2004 Bonon 162194 170226 182266 128184 115145 085165 154178 149185 19
B4/I315 BS ms 2004 Bonon 164200 170226 182266 128184 115145 085165 154190 149185 48
B4/U163 BS ms 2004 Bonon 162194 170226 182266 128184 115145 0000 154190 149185 49
B4/E120 BS ms 2004 Bonon 162194 170226 0000 0000 115145 085085 154178 149203 50
B4/E427 BS ms 2004 Bonon 162194 176210 182266 122256 115145 097195 126170 185215 51
B4/G13 BS ms 2004 Bonon 162194 170226 182266 128184 101143 085175 154190 149185 52
B4/I36 BS ms 2004 Bonon 162194 170226 182266 0000 115145 085165 154178 149185 54
B4/I245 BS ms 2004 Bonon 162194 170226 182266 0000 0000 085165 154178 149185 55
Number of alleles 2004 Bonon 4 4 2 6 5 6 5 4
Number of alleles All All 5 7 2 12 8 9 6 6

The number of alleles observed at each locus ranged from a minimum of 2 for Micbg6 to a maximum of 12 for Misatg9. A total of 55 MLG (multilocus genotypes)
were identified, which confirms that microsatellite loci are quite polymorphic in T. b. gambiense group 1.
Results are given as followed: XXXYYY where XXX is the size (band pair) of the smallest allele and YYY is the size of the biggest one. For example, 402/1 KIVI
ms (Bonon 2000) gave two alleles for locus Micbg1: 162 and 194 � 162194.
BS ms, blood sample taken during medical survey; KIVI ms, � KIVI performed; RI ms, rodent inoculation performed during medical survey during medical survey;
0000 � absence of band.
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Table S2. Linkage disequilibrium tests between loci pairs

Locus 1 Locus 2 P-value Bonferroni

Micbg1 Mt3033 0.0001 0.0021
Misatg9 Mt3033 0.0001 0.002
Misatg9 Trbpa1/2 0.0001 0.0019
Misatg4 Trbpa1/2 0.0001 0.0018
M6c8 Trbpa1/2 0.0001 0.0017
Mt3033 Trbpa1/2 0.0001 0.0016
Micbg1 Trbpa1/2 0.0003 0.0045
Micbg5 Mt3033 0.0005 0.007
Misatg4 Mt3033 0.0007 0.0091
Misatg9 Misatg4 0.0015 0.018
M6c8 Mt3033 0.0016 0.0176
Misatg9 M6c8 0.0033 0.033
Micbg1 M6c8 0.0056 0.0504
Micbg1 Misatg9 0.0112 0.0896
Micbg1 Misatg4 0.0118 0.0826
Micbg5 Misatg9 0.012 0.072
Misatg4 M6c8 0.0208 0.104
Micbg5 Trbpa1/2 0.0435 0.174
Micbg5 Misatg4 0.0522 0.1566
Micbg5 M6c8 0.2463 0.4926
Micbg1 Micbg5 0.6775 0.6775

Significant values are in bold. P-values after the sequential Bonferroni
correction are also shown.
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Table S3. GPS coordinates of patients with T. brucei gambiense
from Bonon 2000 and 2002

Stocks Year Longitude Latitude

S24/7/9 KIVI ms 2000 �6.089 6.900
B12/2/8 KIVI ms 2000 �6.056 6.925
F7/1/2 KIVI ms 2000 �6.055 6.919
S3/4/1 KIVI ms 2000 �6.050 6.921
F5/1OM KIVI ms 2000 �6.050 6.921
G17/6/1 KIVI ms 2000 �6.050 6.928
DF1/4 KIVI ms 2000 �6.047 6.917
G11/6/4 KIVI ms 2000 �6.045 6.914
G11/8/2 KIVI ms 2000 �6.044 6.914
G3/10/25 KIVI ms 2000 �6.044 6.915
S27/2/6 KIVI ms 2000 �6.045 6.918
S27/16/13 KIVI ms 2000 �6.045 6.917
G10/6/2 KIVI ms 2000 �6.045 6.916
F41/7/2 KIVI ms 2000 �6.044 6.921
B3/1/3 KIVI ms 2000 �6.044 6.920
T66/4/2 KIVI ms 2000 �6.042 6.929
402/1 KIVI ms 2000 �6.034 6.890
TT2/4 KIVI ms 2002 �6.090 6.900
TT2/4 RI ms 2002 �6.090 6.900
TT22/1 KIVI ms 2002 �6.090 6.900
TT22/1 RI ms 2002 �6.090 6.900
S7/2/2 KIVI ms 2002 �6.055 6.920
S7/2/2 RI ms 2002 �6.055 6.920
S14/5/1 KIVI ms 2002 �6.054 6.922
S14/5/1 RI ms 2002 �6.054 6.922
S12/9/5 KIVI ms 2002 �6.053 6.922
S12/9/5 RI ms 2002 �6.053 6.922
S1/1/6 KIVI ms 2002 �6.049 6.921
S1/1/6 RI ms 2002 �6.049 6.921
T41/4/14 KIVI ms 2002 �6.042 6.919
T41/4/14 RI ms 2002 �6.042 6.919
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Other Supporting Information Files

SI Appendix

Table S4. Genetic differentiation between T. brucei brucei stocks isolated with different
techniques as measured with Wright’s FST and tested with randomization (P-value).

Sub-sample pairs

Seven 7 loci MLG

FST P-value FST P-value

Bonon 2002 KIVI Bonon2002 RI �0.018 0.9532 �0.065 1
Bonon 2004 KIVI Bonon2004 RI �0.015 0.7241 0.000 1
Bonon 2004 KIVI Bonon2004BS �0.010 0.6712 �0.026 1
Bonon 2004 RI Bonon2004BS �0.020 0.8306 �0.035 1

In the Ivory Coast, 3 different methods were used to isolate trypanosomes from HAT patients: KIVI, RI, BS (see
details in ref. 41). In Bonon 2002, 7 stocks isolated by KIVI and RI (14 isolates). In 2002, two stocks were isolated
by KIVI, RI, and BS (6 isolates), 2 stocks by KIVI and BS (4 isolates), and 1 stock by RI and BS (2 isolates) labeled as
in Koffi et al. (21) (see Table S4 for details). Table values are given for the 7 microsatellite loci (Micbg6 excluded)
and for MLG.
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