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Résumé 

La Trypanosomose Humaine Africaine (THA) (ou maladie du 
sommeil) due à Trypanosoma brucei gambiense groupe 1) affecte 
l'Afrique de l'Ouest et du Centre. T. brucei s.l. a une grande faculté 
d'adaptation à différents hôtes et de nombreuses questions sont 
débattues quant à son régime principal de reproduction, ses 
capacités de dispersion et l’importance de sa population réelle. 
Nous avons analysé le polymorphisme de T. b. gambiense au 
niveau de huit loci microsatellites à partir de souches isolées de 
patients atteints de THA en Côte d’Ivoire et en Guinée en vue de 
découvrir comment l'information génétique est répartie au sein des 
isolats, entre isolats, entre foyers et entre échantillons espacés dans 
le temps.  
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Les analyses montrent (1) une absence d'échange à l'échelle de 
l'Afrique de l'Ouest et que même en Guinée, les deux foyers 
étudiés échangent peu de gènes; (2) que la taille réelle (génétique) 
des populations de trypanosomes en termes d’hôtes infectés 
dépasse probablement le nombre estimé à partir des surveillances 
épidémiologiques ; et (3) que T. b. gambiense groupe 1 se 
reproduit probablement exclusivement par voie asexuée. 
 
Summary  
 
Human African trypanosomiasis (HAT) (or sleeping sickness) due to 
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 eight microsatellite loci of T. b. gambiense strains 
isolated from HAT patients in Côte d’Ivoire and Guinea, with the aim of 
knowing how genetic information was partitioned within and between 
individuals, between foci and between temporally spaced samples. 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. 
 
Key words: Trypanosoma brucei gambiense; genetic diversity; clonality; 
Western Africa; microsatellite markers; genetic differentiation; effective 
population size 
 
Introduction 
 The causative agent of Human African trypanosomiasis (HAT) 
or sleeping sickness, Trypanosoma brucei is subdivided into three 
subspecies (Hoare, 1972): 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 developed for typing T. brucei s.l. stocks in order to 
study its population structure and taxonomy. Only one group could be 
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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 (Gibson, 1995; Gibson, 2007). 

Trypanosoma brucei s.l. displays a huge diversity of adaptations 
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 (Tibayrenc, 1995; Tibayrenc, 1998; Tibayrenc et al., 1990), 
although some authors have reported the occurrence of sexual 
reproduction (Tait, 1980; Jenni et al., 1986; Gibson, 1989; Gibson, 1995; 
MacLeod et al., 2005a; MacLeod et al., 2005b). 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 (population structure) may indicate how species track 
continuously varying environments and adapt to local conditions in the 
face of gene flow among diverse populations (Criscione et al., 2005). 
Thus, a better understanding of the reproductive system of such 
organisms might be crucial for optimizing field control strategies 
(Tibayrenc et al., 1991; Milgroom, 1996; Taylor et al., 1999; Tibayrenc, 
2005). 

Recently, microsatellite markers were shown to be polymorphic 
enough to highlight the existence of genetic diversity within T. b. 
gambiense group 1 (Koffi et al., 2007; Koffi et al., 2009). In the present 
paper, we revisit the results presented in (Koffi et al., 2009) with 
particular attention to reproductive modes of T. brucei gambiense 1 and 
other T. brucei species and on population size. We conclude on optimal 
sampling strategies that should further be undertaken to fully understand 
the population biology, hence epidemiology, of these important 
pathogens. 

 
Material and Methods 
Trypanosome isolates and genotying 

 Trypanosome isolates (one and more rarely two per patient) were 
taken from three geographical zones and four sampling dates: in Guinea, 
Boffa 2002, Dubreka 1998, and Dubreka 2002; in Côte d'Ivoire, Bonon 
2000, Bonon 2002, and Bonon 2004 (Koffi et al., 2009) (Figure 1). In 
Bonon the isolates were 17 in 2000, 14 in 2002 and 17 in 2004. In 
Guinea, the isolates were 15 in Dubreka 1998, seven 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 
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of 0.004 (Kaba et al., 2006), leading to an estimate of about 120 infected 
persons (Table 1). In Boffa and Dubreka, these values were extrapolated 
from medical survey results (Camara et al., 2005) taking into account 
evaluated population at risk (Table 1), and lead to estimates of 187 and 
295 infected persons, in Dubreka and Boffa respectively. 

We studied seven microsatellite loci: M6c8, Mt3033 (Biteau et 
al., 2000), Micbg1, Micbg5, Micbg6, Misatg4 and Misatg9 (Koffi et al., 
2007). Complete genotypes and multilocus genotypes (MLG) are given 
in (Koffi et al., 2009). Because Micbg6 did not vary across all samples 
(all individuals displayed the same genotype), this locus was removed 
from the data set in further analyses, except when specified.  
 
Data analysis  
 The most widely used parameters to infer population structure 
are the F-statistics (Wright, 1951); e.g., (Nagylaki, 1998)). Typically, 
these parameters are defined for three hierarchical levels. FIS measures 
the identity (or homozygosity) of alleles within individuals within sub-
populations relative to that measured between individuals; it is thus a 
measure of deviation from local panmixia (random union of gametes 
producing zygotes). It varies between -1 (single class of heterozygote) as 
expected in a very small and isolated clonal population (De Meeûs, 
Balloux, 2005) 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 sub-
populations, as compared to individuals from other sub-populations 
within the total population, or the total relative homozygosity due to the 
Wahlund effect (Wahlund, 1928). It is thus a convenient measure of 
differentiation between sub-populations that varies between 0 (no 
structure) and 1 (all populations fixed for one or other allele). These F-
statistics were estimated by Weir and Cockerham's unbiased estimators 
(Weir, Cockerham, 1984), with FSTAT version 2.9.3.2 ((Goudet, 2001), 
updated from (Goudet, 1995)), and their significant deviation from 0 was 
tested by randomizing alleles between individuals within subsamples and 
randomizing individuals among sub-samples. Randomizations were set 
to 10,000 and implemented by FSTAT 2.9.3.2. 
 To get an encompassing picture of genotypic distribution across 
space, time, and subspecies, a NJTREE was computed by the MEGA 3.1 
software (Kumar et al. 2005, updated from (Kumar et al., 2004)). As 
recommended (e.g., (Takezaki, Nei, 1996; De Meeûs et al., 2007)), the 
tree was built according to a Cavalli-Sforza and Edwards chord distance 
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matrix (Cavalli-Sforza, Edwards, 1967) computed with Genetix 4.05 
(Belkhir et al., 2004). 
 In purely clonal populations, a negative FIS, homogeneous across 
loci, is expected, while a substantial variance of FIS across loci can be the 
sign of rare sexual events (De Meeûs et al., 2006). Nevertheless, in 
clonal organisms FIS is also dependent on mutation rate (the higher 
mutation rate the higher FIS) (De Meeûs et al., 2006). Consequently, if 
mutation rate varies from one locus to the other, so will the FIS. Mutation 
rate of trypanosome microsatellites is unknown but a direct positive 
relationship is expected between mutation rate and genetic diversity, 
hence between FIS and, for instance, Nei's unbiased estimate of genetic 
diversity Hs (Nei, Chesser, 1983). We tested this with a linear regression 
under R software (R-Development-core-team, 2008). 
 
Inferring clonal sub-population size and migration rate 
 We used the model developed by Balloux et al. (Balloux et al., 
2003). Consider a subdivided monoecious population of diploid 
individuals, like T. brucei gambiense are (Koffi et al., 2009), with non-
overlapping generations. Individuals reproduce clonally with probability 
c and sexually with probability (1-c). Self-fertilization occurs at a rate s. 
There are n sub-populations, or demes, each composed of N individuals. 
Migration between the subpopulations follows an island model (Wright, 
1951), 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 γ=(1-u)². We further assume 
stable census sizes and no selection and a two-population framework, 
which we assume being the case in both Côte d'Ivoire and Guinea, with 
total clonality. 
 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 are: 
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and 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 (Wang, 1997). 
 Wright's F-statistics, can be defined following Cockerham 
(Cockerham, 1969; Cockerham, 1973) as: 
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 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, as is the case for Guinea (Dubreka 
and Boffa) (Koffi et al., 2009). 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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 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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 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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that can be finally combined with (8) to obtain: 
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Inferring clonal effective population size 

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 (Waples, 1989) and implemented in NeEstimator v 1.3 (Peel et 
al., 2004). For this purpose, we only used the multilocus genotypes data 
(MLG), which we rendered diploid by duplication of the allele of the 
single artificial locus obtained. MLG's were chosen because in clonal 
organisms all loci are linked and heterozygosity excess affects 
differentiation estimates (De Meeûs et al., 2006). In order to estimate the 
number of trypanosome generations passed within the time windows 
(two and four 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. 
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brucei cells divide every 5.7 hours (Salmon et al., 2005), which yields 
4.2 generations per day and thus 1537 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 (Gouteux, Artzrouni, 2000), while between 12 and 24 
days are required for a newly infected tsetse fly to become infectious for 
a vertebrate host (Dale et al., 1995; Van den Abbeele et al., 1999). This 
gives a generation time window of 37 to 49 days for trypanosomes, 
leading to 7-10 generations per year.  
 
Results 
Heterozygosity within sub-samples 
 Nearly all stocks were heterozygous at each microsatellite locus. 
Mean FIS=-0.62, the relative heterozygosity measured within 
subsamples, is strongly negative (strong heterozygote excess as 
compared to Hardy-Weinberg expectations) with small variance across 
loci that is almost entirely explained by the genetic diversity maintained 
at each locus and hence by mutation rates (Figure 2), meaning that 
individuals are extremely heterozygous at all loci (genome wide 
heterozygous state) and populations are totally clonal. 
 In Table 1 it can be seen that no positive relationship exists 
regarding the surface of the investigated geographical areas, prevalence 
of infection, or number of infected persons. Moreover, GPS data for 
Bonon 2000 and 2002 can be used to build groups of trypanosomes from 
infected patients from different sub-areas in each zone. The FIS computed 
for the six loci is extremely close (and indeed higher) to the one 
computed without GPS coordinates so that Wahlund effects can safely be 
disregarded (Koffi et al., 2009). 
 
Genetic differentiation 
 In Figure 3 it can be seen that trypanosome strains first 
differentiate between countries, then between sites (in Guinea), between 
temporal samples (apparently more pronounced in Dubreka, Guinea, than 
in Bonon, Côte d'Ivoire), and that the sampling method does not have 
any impact. 
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Population sizes.  
 From the FIS analysis, according to De Meeûs et al. criteria (De 
Meeûs et al., 2006), full clonality can be assumed for T. brucei 
gambiense group 1 for the studied populations. According to (Hellegren, 
2000), microsatellite mutation rates mostly range between 10-3 and 10-4. 
We use these two values for estimating clonal effective population sizes 
with equation (8) of Material and Methods. The results are presented in 
Figure 4.  
 If we assume that generation time corresponds to cell divisions, 
Waples moment-based method (Waples, 1989) gives huge estimates 
(Ne≈12,000-30,000 cells). During the surveys, it was observed that the 
expected number of trypanosome cells would approximately range from 
7,000,000 in Guinea to 400,000,000 in Bonon. With such values a glance 
at equation (7) leads to an expected FIS~0, which is far from being the 
case. Thus the cell is not the individual unit and the individual host does 
not correspond to a demographic unit (population) for trypanosomes. 
Figure 4 also presents the results obtained with the trypanosome life-
cycle-based method for generation time (37 to 49 days, see Material and 
Methods). 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% confidence intervals, so that the FIS-based 
method is probably more accurate, as suggested in general from 
theoretical analyses of fully clonal populations (De Meeûs, Balloux, 
2005).  
 From Figure 4, the estimated numbers of infected patients seem 
to almost perfectly match all Ne estimates. This is unexpected if infected 
patients are to reflect T. brucei gambiense group 1 census sizes, which 
should be at least slightly over Ne.  
 With u=10-4, FIS-based Ne reaches 297, 760 and 1479 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. 
 
Discussion 
 According to the De Meeûs et al. criterion (De Meeûs et al., 
2006), 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. Our results also indicate that within each 
country, T. b. gambiense group 1 populations are relatively small and do 
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not exchange many migrants. For instance, in Guinea, where two sites 
were sampled in 2002, with equations (8) and (12) from our model 
(Material 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=1479 and m=0.0008 in Dubreka. 
Obviously, migration is weak.  
 At the scale of West Africa (between Côte d'Ivoire 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 (no MLG in common). 
 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. This 
means that even if multiple infection of the same patient is not rare, at 
the scale of the focus, it has no demographic influence; probably because 
the vector will itself always harbors a single genotype (trypanosome 
individual). This is in line with the absence of recombination found in 
this study and suggests that tsetse flies represent the main regulatory 
factor of T. brucei gambiense 1. Interestingly enough, the effective 
population size and migration rate computed for Glossina palpalis 
gambiensis in Dubreka (Solano et al., 2009) was around Ne~1000 and 
m~0.005 (recomputed here) and are very close to what is found for the 
parasite assuming a mutation ate of 10-4. As discussed in (Koffi et al., 
2009), the clonal population sizes found here strongly support the 
existence of hidden hosts (animal reservoirs or asymptomatic infected 
humans) (Jamonneau et al., 2004). These hidden hosts may represent a 
potential parasite reservoir that could be responsible for the persistence 
of transmission and re-emergence of sleeping sickness. It would be of 
interest to sample both healthy humans and animals living next to the 
HAT cases and identify with microsatellite 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. 
 Finally, the strong heterogeneity found in other sub-species 
raises a doubt on the unity of each of these taxa. This is particularly 
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interesting for T. brucei brucei that is currently assumed to experience 
frequent recombination, hidden by an epidemic population structure 
(MacLeod et al., 2000). But mixing different taxa could also lead to 
much more confusion (Prugnolle, De Meeûs, 2009) so this issue will 
require further investigations like differentiation tests as a function of 
host species. 
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Table 1: Data from epidemiological surveys of the investigated 
areas and estimated FIS obtained with the six most reliable loci in 
the different T. brucei gambiense sub-samples. FIS is a 
standardized measure of heterozygosity deviation, expexted nul 
if reproduction is sexual and random, its value is influenced by 
reproductive mode and/or undetected subdivision within 
subsamples. Prevalence is the ratio between the number of 
infected persons (Infected) to the number of persons examined. 

Sub-sample 

Surface 
of study 
(in km2) 

Human 
population Prevalence Infected FIS 

Bonon 2000 400 30000 0.004 120 -0.671 

Bonon 2002 400 30000 0.004 120 -0.645 

Bonon 2004 400 30000 0.004 120 -0.555 

Dubreka 1998 1600 25000 0.0075 187 -0.440 

Dubreka 2002 1600 25000 0.0075 187 -0.505 

Boffa 2002 2400 25000 0.0118 295 -0.808 
 

Figure Legends 
 
Figure 1: Localization of sampling areas (stars). (Drawing by Fabrice 
Courtin) 
 
Figure 2: Regrassion of FIS per locus against their genetic diversity Hs. 

For this analysis only the values obtained for locus Micbg6 
(FIS=-1, Hs=0.5) were used. 

 
Figure 3: Rooted NJTREE of the different isolates combined with 

reference strains available from the Supplementary Table 2 of 
(Koffi et al., 2006a) article 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 eight loci described in Koffi et al ige. 
T. brucei gambiense 1 reference strains are in purple and all 
included in one cluster within the sub-tree comprising all strains 
studied in the present paper (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 sub-species or 
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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, J. Felsestein 2008) 

 
Figure 4: Effective population size (Ne) obtained with the FIS-based 

method (see Material and Methods Equation 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% confidence intervals (CI) 
(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 come from a 
chi-square distribution with a degrees of freedom (a is the 
number of alleles, here of different MLG's) (Waples, 1989). For 
the FIS-based method, confidence intervals correspond to those 
of FIS obtained by bootstrap over loci. 
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