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Trypanosome infections identified by polymerase chain reaction on field-caught tsetse flies from various locations
were analyzed with respect to factors intrinsic and extrinsic to the trypanosome-tsetse association. These factors were then
simultaneously analyzed using artificial neural networks (ANNs) and the important factors were identified to predict and explain
the presence of trypanosomes in tsetse. Among 4 trypanosome subgroups (Tryparzosoma brucei s.l., T. congolerue of the ‘savannah’ and of the ‘riverine-forest’ types, and T. simiae), the presence of the 2 types of T. congolense was predictable in more
than 80% of cases, suggesting that the model incorporated some of the key variables. These 2 types of T. congolerise were
significantly associated in tsetse. Among all the examined factors, it was the presence of T. congolense savannah type that best
explained the presence of T. congolense riverine forest type. One possible biological mechanism would be ‘hitchhiking,’ as
previously suspected for other parasites. The model could be improved by adding other important variables to the trypanosome
tsetse associations.
ABSTRACT:

Trypanosomes are widespread in Africa, where they cause
diseases of medical and veterinary importance, e.g., human
‘sleeping sickness’ and ‘nagana.’ Although mechanical transmission b y biting flies may take place, these protozoan parasites
are mainly transmitted cyclically by tsetse flies (Glossina). In
epidemiological studies on trypanosomosis, it is important to
know the infection rates of tsetse flies and the kinds of trypanosomes they carry. These parameters are part of the vectorial capacity of tsetse, which is a main component of disease
transmission risk and which depends on several factors (Molyneux, 1980; Welbum and Maudlin, 1999). These factors can
b e grouped into intrinsic risk factors (restricted to trypanosome-Glossina interactions, so called vectorial competence)
and extrinsic risk factors (ecological, most of which remain to
b e identified) (Reisen, 1988; Reifenberg, Cuisance et al., 1997).
Routine identification of trypanosomes in tsetse has largely relied on dissection and microscopic examination of tsetse organs
(Lloyd and Johnson, 1924), but this method is only accurate to
subgenus. Moreover, mixed infections in a single fly (for example of Nuizizonzoizus Hoare, 1964, and Duttonella Chalmers,
1918) cannot be detected by this method; neither can immature
midgut infections b e distinguished; nor can infection with a few
parasites be detected by microscopy. Polymerase chain reaction
(PCR), using repetitive D N A sequences specific for each species or subgroup of trypanosome (Moser et al., 1989; Masiga
et al., 1992; Majiwa et al., 1994), overcomes problems of sensitivity and specificity associated with the traditional methods
of identification. PCR has been used extensively for accurate
identification of trypanosomes in naturally infected tsetse in
several African countries (McNamara et al., 1995; Solano et al.,
1995, 1996; Masiga et al., 1996; Woolhouse et al., 1996; Reifenberg, Solano et al., 1997; De La Rocque et al., 1998; Lefrançois et al., 1998, 1999; Morlais et al., 1998).
In the present study, the results of several studies were compiled in which trypanosomes were identified in the midgut of
wild tsetse using PCR. The objective was to determine the most
important factors explaining the occurrence of trypanosomes in
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tsetse flies, which may aid in predicting disease occurrence,

reemergence, or resurgence.
MATERIAL AND METHODS
Composition of data set

Our investigations focused on midgut infections only, because the
establishment of a trypanosome infection in tsetse and its maturation
may depend on distinct factors (e.g., Maudlin et al., 1991). Only the
presence of the trypanosomes was taken into account, not their absence
(since trypanosomes not recognized by the sets of primers used may
exist).
A total of 256 PCR-identified infections was analyzed. This data set
represents a total of 4,885 field-dissected flies (prevalence varied between O and 20%). The data were taken from 7 published sources that
report PCR identification of trypanosomes found in the midgut of 5
tsetse species or subspecies of major medical or veterinary importance
in West Africa (McNamara et al., 1995; Solano et al., 1995, 1996;
Masiga et al., 1996; Reifenberg, Solano et al., 1997; Lefrancois et al.,
1998, 1999). The 4 trypanosome taxonomic subgroups considered reflect the most widely used PCR primer sets in tsetse fly surveys and
were all used in the above-cited references. They are Trypanosoma
congoleme (Broden, 1904) savannah type, T. congolense riverine-forest
type, T. siiniae (Bruce, 1912), and T. brucei s.1. Dutton, 1902. Trypanosoma v i v a Zieman, 1905, could not be included because the development of this parasite is restricted to the mouthparts of the tsetse
fly. Other studies that used this methodology in other parts of Africa
could not be incorporated in this present investigation, owing to different sampling techniques which could have biased the analyses; for example, Woolhouse et al. (1996) did not look for T. brucei in the dissected flies and Morlais et al. (1998) did not look for T. congolense
savannah type.
Explanatory variables

Variables studied, both intrinsic and extrinsic to the vector parasite
association, are listed in Table I. As intrinsic variables, the tsetse taxa
included represent those of the palpalis and inorsitans groups that are
important vectors of both human and nonhuman trypanosomoses. For
phylogenetic position of tsetse, 3 categories were defined that represent
discrete levels of genetic distances between taxa. Category A separates
tsetse of Glossina Zumpt, 1935 (morsituns group, Gins and GI), from
those of Nernorlzina Robineau-Desvoidy, 1830 (palpalis group, Gpp,
Gpg, and Gt) (see Table I for abbreviations). Then, category B within
the palpalis group separates Gt from both Gpp and Gpg; category C,
at the within-species level, separates Gpp from Gpg. Because various
trypanosome taxa may occur together in a given tsetse midgut (e.g.,
Solano et al., 1995; Woolhouse et al., 1996), the presence of trypanosomes other than the one under analysis was entered as a variable.
As extrinsic variables, the tsetse habitat characteristics were those
reported in the literature (see, e.g., Buxton, 1955; Laveissière, 1986).
The tsetse distribution range was estimated as the number of countries
where a given tsetse taxon occurs (Brunhes et al., 1999). For bloodmeal
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TABLEI. Explanatory variables included in the study. A random variable was also included (see text).
Variable

Composition

Tsetse taxa

1

Glossina palpalis palpalis
(GPP)
G. palpalis gainbieizsis (Gpg)
G. tachinoides (Gt)
G. loizgipalpis (GI)
G. inorsitans subiitorsitans
(Gins)
Phylogenetic position of Categories A, B and C
tsetse taxa
Trypanosome taxa
The 3 other taxa than the one
under analysis
Tsetse habitat
Savannah, humid savannah, forest, forest gallery
Tsetse distribution range Number of countries where the
taxa is found
Geographic location of West African savannah, West
African forest
the survey
Bloodmeal preferences Bovidae and suidae, bovidae
mainly, human and other
available hosts
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TABLEII. Taxonomic composition of the different coinfections identified in the midgut of the tsetse. TCS,Trypanosoiiza congolense savannah
type; TcJ T. congoleiise forest type; Ts, T. siiniae; Tb, T. brucei.

Type”
Intrinsic

Intrinsic
Intrinsic

5 P e of
multiple infection

No. of occurrences
53 (65%)
12 (15%)
1(1%)
5 (6%)
3 (4%)
3 (4%)
4 (5%)

TcslTcf
TcslTcflTb
TcslTcflTs
TcslTb
TcslTs
TcflTs
TcflTb
Total

81

Extrinsic
Extrinsic
Extrinsic
Extrinsic

* Intrinsic or extrinsic to the trypanosometsetse association.
preferences, the taxa included in the present study represent 3 of the 5
distinct feeding groups of tsetse (Weib, 1963; Clausen et al., 1998).
A random number variable was inserted in the database to represent
a factor that had initially no influence upon the extent of trypanosome
occurrence. A low contribution of the random variable would indicate
little effect of chance on the infection, whereas a high value would
indicate a large effect of chance (Ball et al., 2000; de Garine-Wichatitsky et al., 1999).
Analyses

\
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Artificial neural networks (ANNs) were used to model both intrinsic
and extrinsic parameters of trypanosome occurrence in tsetse. These
models may combine a set of source variables (e.g., intrinsic and extrinsic) to predict an effect (Craig et al., 1999)-in this case, the likelihood of the presence of a given trypanosome occurring in tsetse midguts. In addition, ANN methods do not require a linear relationship
between variables and so may be better suited to model nonlinear phenomena. ANNs also differ from general linearized models, e.g., logistic
regression, in the way that the relationships between independent parameters and the predictor variables are estimated by an iterative trialand-error procedure (Lek and Guégan, 1999).
The back-propagation algorithm for training the database with a typical 3-layer feed-forward (11-3-4) network (Guégan et al., 2000) was
used; that is, n input neurons corresponding to the n independent parameters introduced into the model, 3 hidden neurons determined as the
optimal configuration to obtain a best compromise between bias and
variance, and 4 output neurons for the presence of each trypanosome
taxonomic group. To assess the performance of the model, the total data
set was partitioned into a first subset to train the model and a second
subset to test its predictive power. The test used was a ‘leave-one-out’
or jackknife procedure (Efron 1983). This procedure leaves out a test
set (1 tsetse fly X n inputs) from the training set (256-1 X n inputs),
and this is repeated for each infected tsetse. The model deduced from
the training set is then used to predict the presence or absence of a
given trypanosome category in the test set. This was repeated for a
maximum of 5,000 iterations for each tsetse fly.
First, the predictive value of each model was tested for assessing
simultaneously the presence of each trypanosome taxonomic group in
the midgut of the tsetse. The predictions obtained from the neural network model, e.g., predicted infected or predicted noninfected, were
compared to the observed outcomes (e.g., infected, which are the true

positives, and noninfected, which are the true negatives), and a percentage of ‘good classification’ was obtained. Second, and only when
the model was shown to be useful, the contribution of each variable to
the total variance of the trypanosome occurrence response was calculated by repeating 10 simulations of the same test. This test is based on
Goh’s (1995) algorithm, which allows discrimination of the effect of
each independent parameter on the presence or absence of an event.
This provides a way to obtain mean contribution values and confidence
values around the mean for each predictor entered in the model (Lek
and Guégan, 1999).
An association test using a correlation coefficient for binary data
(Janson and Vegelius, 1981) was calculated to see whether associations
between trypanosome groups were observed more frequently than by
chance. In this test, all cases where the 2 trypanosomes occurred together were taken into account. All statistical analyses were performed
with MatLab 5.0 for Macintosh software.

RESULTS
Identity of the trypanosomes found in the midgut of
tsetse
The most prevalent trypanosome subgroup detected by PCR
was T. congolense savannah type (148 occurrences), followed
by T. congolense riverine-forest type (1 16 occurrences), T.simiae (54 Occurrences), and T. brucei (32 occurrences). The total
number of identified trypanosome infections (350) was greater
than the number of infected tsetse (256) because of multiple
infections. Among the 256 infections, 175 were due to a single
trypanosome group, 68 to coinfections by 2 trypanosome
groups, and 13 to coinfections involving 3 trypanosome groups.
Among the mixed infections, the trypanosome associations
most frequently found together were savannah and riverine-forest types of T. congolense (65%), followed by a 3-way association involving these 2 groups with T. brucei (15%) (Table
II).
Association tests between trypanosome groups yielded significant positive results for the savannah and riverine-forest
types of T. congolense (Table IIIA; P < 0.05). None of the
other association tests was significant (see Table IIIB for example). Applying the same test, but taking into account all the
dissected tsetse (even the uninfected ones), the test became
highly significant ( P < 0.0001).

Prediction of presence of trypanosomes
Based on information entered into the model, the percentage
of good classification scores were as follows: 60 and 88% for
T. congoleme savannah and riverine-forest types, respectively,
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TABLE
III. Association tests (correlation coefficient and corresponding
chi-square statistics for binary data) illustrating the more represented
trypanosome pairwise associations in the data set.

IV. Percentage of good total classification scores for each tryTABLE
panosome taxonomic group, including positive (predicted infectedobserved infected) and negative (predicted uninfectedobserved uninfected) scores after 5,000 iterations.
f

A. Trypanosoinn congolense savannah type versus T. congolense riverine-forest type.

Good
c1assification
scores (%) % Positive % Negative

T. congolense savannah type

Present

T. congolense
riverine-forest type
Chi square

Present
Absent
Total
6.223

66
82
148
P < 0.05

Absent
50

58
108

Total
116
140
256

B. Trypanosonza congolense savannah versus T. brzicei.
T. congolense savannah type

Trypanosoma congolense
savannah type
T.conaolense
riverine-forest type
T. siiniae
T. briicei

-

60.7

95

13

88.7
78.9
87.5

87
O
O

90
1O0
100

I

~

T. brzicei

Chi square

Present
Absent
Total
1.505

Present

Absent

Total

17
131
148

15
93
108

32
226
256

P > 0.05

type was best explained by the variable Tcs (i.e., the presence
of T. congolense savannah type in the midguts of the tsetse),
although its role was not significantly different from other independent variables after 10 runs (Fig. 1).

DISCUSSION

87% for T. brucei, and 79% for T. simìae. However, negative
scores, e.g., predicted uninfectedlobserved uninfected, varied
greatly between 13 and 100% (Table IV). Positive scores (predicted infectedlobserved infected) also varied between O and

95%.
The best scores were obtained for the T. congolense riverineforest type, with good classification scores for positive (90%)
and true ( 8 7 8 ) cases. For T. congolense savannah type, the
classification was better able to detect its presence (95%) than
its absence (13%). This could indicate that there was a bias in
modeling capacity to detect the absence of T. congolense savannah type. Although good classification scares were obtained
for T. simiae and T. brucei, their presence could not be predicted at all because of the low number of tsetse infected by
these trypanosomes.

Contribution of explanatory variables to prediction
The contribution of each variable to the model for the 2
groups of T.congolense was calculated based on the best value
obtained to model their presence. It should be stated here that,
after a first look at the whole database, it appeared that some
variables showed complete collinearity. For example, G. p . palpalis was the only tsetse taxon in the forest habitat, so these 2
variables were merged. The same was done for G. morsitans
submorsitans and tsetse feeding on bovidae, as well as G. longìpnlpis and tsetse feeding on bovidae and suidae.
For savannah-type T. congolense, the aesults suggest that
rather than only 1 or 2 variables, it is the simultaneous confounding influence of several independent variables that accounted for the presence of this trypanosome in the midgut of
the tsetse analyzed. No variable contributed more than 7% to
the total classification score, and the “random” variable introduced as an independent variable explained the presence of the
savannah-type T. congolense as much as other independent parameters.
Alternatively, the presence of T. congolense riverine-forest

In the present study, the factors affecting the presence of
trypanosomes in the midgut of tsetse were analyzed simultaneously in order to find the most significant. This approach has
already been used in other host-parasite systems, e.g., to explain the prevalence of avian hemoparasites (Tella et al., 1999).
To our knowledge, this is the first time it has been used in
tsetse-trypanosome associations.
The analysis was made possible by using the PCR technique,
which allows accurate identification of trypanosome taxa at the
specific and intraspecific levels. PCR reactions were applied
only on infected midguts (diagnosed using microscopy). Subsequently, only PCR positive results on these infected midguts
were incorporated into the data set. Together with the assumption that DNA is rapidly degraded in the midgut (McNamara
et al., 1995), this allows us to hypothesize that the trypanosomes identified represented established infections.
As a first attempt to predict the occurrence of trypanosomes
in tsetse midguts, it was found more interesting to predict the
presence of the trypanosomes than their absence, because the
latter could be due to confounding factors (e.g., too few cases),
the presence of undetected trypanosomes, or the lack of adequate variables.
The fact that the presence of T. congolense savannah and
riverine-forest types could be predicted by the model suggests
that the model incorporated some of the important variables
influencing the establishment of a trypanosome infection in the
vector. The model could be improved by iocluding other factors
that have not yet been incorporated in field studies (e.g., precise
local climatic conditions, local habitat of the tsetse, availability
of hosts, and intrimsic factors such as the presence of endosymbionts). The model could also benefit from replacing the discrete categorical variables by continuoug ones, which would
allow more powerful analyses. For example, values of normalized difference vegetation indices (NDVIS) provided by meteorological satellites could be used as climatic factors because
they have been shown to be good predictors of the presence of
tsetse in West Africa (Rogers and Randolph, 1991; Rogers et
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FIGURE
1. Histogram illustrating the contribution of different explanatory variables for the presence of T?ypartosomacongolerise riverine-forest
type. Each bar gives the mean percentage of contribution for each explanatory variable with its corresponding 95% confidence interval after 10
runs. Legend: Gyp, Gpg, Gt, Gl, Gins are the 5 tsetse taxa investigated (see Table I); gal, forest gallery habitat; bov, tsetse preferentially feeding
on bovids; inan i-, tsetse feeding preferentially on human and other available hosts; no countries, distribution range of tsetse taxa; WAsav, survey
conducted in West African savannah zone; WAfor, survey conducted in West African forest zone; cut A, B, C, phylogenetic position of the tsetse
(see text Materials and Methods: Explanatory variables); rand, random variable; TCS,Tiypaiiosomu congoleme savannah type. Not all the initially
chosen variables are represented because some were removed to avoid multicolinearity (see Results).

al., 1996). It will be also of great interest to extend this analysis
to the trypanosomes found in the proboscis of the tsetse because
these will represent mature infections, whereas an infection in
the midgut will not necessarily lead to a mature infection
(Maudlin et al., 1991; Reifenberg, Cuisance et al., 1997; Welburn and Maudlin, 1999).
A significant association between the savannah and riverineforest taxonomic groups of T. coiagoleme was demonstrated.
Furthermore, the results suggested that the occurrence of T.
congolense savannah type ranked first among all the potential
influential factors when attempting to explain the presence of
T. congolense riverine-forest type, although the reverse did not
apply. These 2 taxonomic groups of T.congolense were defined
first by Young and Godfrey (1983) on the basis of genetic differences revealed by enzyme electrophoresis. Thus, the riverine-forest group constituted stocks originating from the humid
coastal zones of West Africa, whereas the savannah group contained stocks isolated from drier areas. Since then, the extensive
use of PCR and DNA probes on naturally infected tsetse has
shown that ‘savannah’ trypanosomes may be found in ‘forest’
tsetse (McNamara et al., 1995; Masiga et al., 1996; Morlais et
al., 1998), as well as the reverse, i.e., ‘forest’ trypanosomes in
‘savannah’ tsetse (Lefrançois et al., 1999). A hypothetical representation of the interactions between these tsetse and the 2
types of T.congolerise is presented in Figure 2. In several studies dealing with PCR identification of trypanosomes in tsetse,
the riverine-forest type was rarely found alone (Solano et al.,
1995). One exception was in Cameroon, in central humid Africa, where this group was the most prevalent in tsetse (Morlais
et al., 1998). However, in Zimbabwe in a sample of more than
3,000 G. pnllidipes, the riverine-forest type was never found
without the savannah type of T. congolerise in the same tsetse
(Woolhouse et al., 1996). This latter result strengthens the ob-

servation that the 2 types of T. congolense were significantly
associated in tsetse and that T. congolense savannah type appeared the most important variable accounting for the presence
of the riverine-forest type.
Within the species T. congolense, the savannah type is the
most prevalent in cattle in West Africa, whereas the riverineforest type is very rare in cattle but more often present in domestic suids and small ruminants (Reifenberg, Solano et al.,
1997; Lefrançois et al., 1998; Solano et al., 1999).
The riverine-forest type of T. congolense appears to originate
from a forest biotope, seems to be poorly transmitted by various
tsetse species (Reifenberg, Cuisance et al., 1997), and is rarely
found alone in tsetse outside of its principal habitat. One has
to reconcile these statements with the fact that it is frequently
found in various tsetse taxa in immature and mature infections,
together with its closely related savannah group of T. congolerise in various ecological conditions (McNamara et al., 1995;
Solano et al., 1995; Woolhouse et al., 1996).
A possible mechanism explaining its presence would be
‘hitchhiking,’ as proposed for other parasites (Thomas et al.,
1998), e.g., the riverine-forest type of T.congolense would have
a better chance to develop an infection and to be transmitted
by tsetse already infected with the savannah type. To verify this
hypothesis, further research must be conducted, focusing on
experimental infections on tsetse sequentially infected with
these 2 trypanosome types.
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studies. Adapted from Reifenberg et al. (1996).

Ii

SOLANO ET AL.-TSETSE

d

1063

flies in Sinfra, Côte d‘Ivoire, detected by DNA amplification. Parasitology 112: 75-80.
I., S. C. WELBURN,
AND l? J. M. MILLIGAN.
1991. Salivary
MAUDLIN
BALL,G. R., D. PALMER-BROWN,
AND G. E. MILLS.2000. A comparison
gland infection: A sex-linked recessive character in tsetse? Acta
of artificial neuronal network and conventional statistical techTropica 48: 9-15.
niques for analyzing environmental data. In Artificial neuronal netJ. J., C. LAVEISSJÈRE,
AND D. K. MASIGA.1995. Multiple
works. Application to ecology and evolution, S. Lek and J. E Gué- MCNAMARA,
trypanosome infections in wild tsetse in Côte d’Ivoire detected by
gan (eds.). Springer Verlag, Berlin, Germany, p. 165-183.
PCR analysis and DNA probes. Acta Tropica 59: 85-92.
BRUNHES,
J., B. GEOFFROY,
D. CUISANCE,
AND J. l? HERVY.
1999. Les
D. H. 1980. Host-trypanosome interactions in Glossina.
glossines ou mouches tsé-tsé. Logiciel d’identification et MOLYNEUX,
Insect Science and its Application 1: 39-46.
d’enseignement, ORSTOMKIRAD, CD-ROM, Paris, France.
J. M. BODO,S.DJOHA,G. CUNY,AND S.HERDI., l? GREBAUT,
BUXTON,
P. A. 1955. The natural history of tsetse flies. London School MORLAIS,
ER. 1998. Detection and amplification of trypanosomes by PCR in
of Hygiene and Tropical Medicine, Memoir 10, London, U.K.,
wild tsetse flies in Cameroon. Acta Tropica 70: 109-117.
816 p.
MOSER,D. R., G. A. COOK,D. E. OCHS,C. l? BAILEY,M. R. MCKANE,
CLAUSEN,
l? H., I. ADEYEMI,B. BAUER,M. BRELOEER,
E SALCHOW
AND
AND J. E. DONELSON.
1989. Detection of Trypanosoma congolense
C. STAAK.1998. Host preferences of tsetse based on bloodmeal
and T. brucei subspecies by DNA amplification using the polyidentifications. Medical and Veterinary Entomology 12: 169-180.
merase chain reaction. Parasitology 99: 57-66.
CRAIG,M. H., R. W. SNOW,AN,D D. LE SUEUR.1999. A climate-based
J. M. 1996. Etude des relations parasite-hôtes dans
distribution model of malaria transmission in sub-Saharan Africa. REIFENBERG,
l’épidémiologie moléculaire des trypanosomoses bovines au BurParasitology Today 15: 105-1 11.
kina Faso. Thèse Université Montpellier II, France, 151 pp.
DE GARINE-WICHATITSKY,
M., T DE MEEÜS,J. E GUÉGAN,AND E RE, D. CUISANCE,
J. L. F&ZIL, G. CUNY,AND G. DUVALLET.
1997.
NAUD. 1999. Spatial and temporal distributions of parasites: Can
Comparison of the susceptibility of different Glossina species to
wild and domestic ungulates avoid African tick larvae? Parasitolsimple and mixed infections with Tïypanosoma (Nannomonas)
ogy 19: 455-466.
congolense savannah and riverine-forest types. Medical and VetDE LA ROCQUE,S., T LEFRANÇOIS,
J. M. REIFENBERG,
l? SOLANO,
2.
erinary Entomology 11: 246-252.
BENGALY,
I. KABORE,
AND D. CUISANCE.
1998. PCR analysis and
, l? SOLANO, B. BAUER,I. KABORE, G. CUNY, G. DUVALLET,
AND
spatial repartition of trypanosomes infecting tsetse flies in SideraD. CUISANCE.
1997. Apport de la technique PCR pour une meilleure
dougou area (Burkina Faso). Annals of the New York Academy of
compréhension de l’épizootiologie des trypanosomoses bovines:
Sciences 849: 32-38.
exemple de la zone d’aménagement pastoral de Yale au Burkina
EFRON,
B. 1983. Estimating the error rate of a prediction rule: ImproveFaso. Revue d’Elevage et de Médecine Vétérinaire des pays Troment on cross-validation. Journal of American Statistics Associapicaux 50: 14-22.
tion 78: 316-330.
REISEN,
W. K. 1988. Estimation of vectorial capacity: Introduction. BulGOH,A. T. C. 1995. Back-propagation neural networks for modelling
letin of the Society for Vector Ecology 14: 39-40.
complex systems. Artificial Intelligence Engineering 9: 143-151.
ROGERS,
D. J., S. I. HAY,AND M. J. PACKER.1996. Predicting the disGUÉGAN,
J. E, E THOMAS, T. DE MEEÜS,s. LEK,AND E RENAUD. 2000.
tribution of tsetse flies in West Africa using temporal Fourier proThe macroepidemiology of parasitic and infectious diseases: A
cessed meteorological satellite data. Annals of Tropical Medicine
comparative study using artificial neuronal nets and logistic reand Parasitology 90: 225-241.
gressions. I n Application of artificial neuronal networks in ecology
, AND S. E. RANDOLPH.1991. Mortality rates and population
and evolution, S. Lek and J. E Guégan (eds.). Springer Verlag,
density of tsetse flies correlated with satellite imagery. Nature 351:
749-75 1.
Berlin, Germany, p. 203-224.
l?, L. ARGIRO,
J. M. REIFENBERG,
Y. YAO,AND G. DWALLET.
JANSON,
S., AND J. VEGELIUS.
1981. Measures of ecological association. SOLANO,
1995. Field application of the polymerase chain reaction (PCR) to
Oecologia 49: 371-376.
the detection and characterization of trypanosomes in Glossina lonLAVEISSIÈRE,
C. 1986. Epidémiologie et contrôle de la trypanosomiase
gipalpis in Côte d‘Ivoire. Molecular Ecology 4: 781-785.
humaine en Afrique de l’Ouest. Thèse université Paris-sud, Orsay,
-,
J. E MICHEL,T LEFRANÇOIS,
S. DE LA ROCQUE,
I. SIDE& A.
France, 185 p.
AND D. CUISANCE.1999. Polymerase chain reaction as
ZOUNGRANA,
LEFRANÇOIS,
T., l? SOLANO,
B. BAUER,
I. W o & , S.M. Tou&, G. CUNY,
a diagnosis tool for detecting trypanosomes in naturally infected
AND G. DWALLET.1999. PCR characterization of trypanosomes in
cattle in Burkina Faso. Veterinary Parasitology 86: 95-103.
Glossina inorsitans submorsitans and G. taclainoides collected in
-,
J. M. REIFENBERG,
S. AIVISLER-DELAFOSSE,
I. KABORE,D. CUISthe game ranch of Nazinga, Burkina Faso. Acta Tropica 72: 651996. Trypanosome characterization by
ANCE,AND G. DUVALLET.
77.
PCR in Glossina palpalis gambiensis and G. tachinoides from Bur, s. DE LA ROCQUE,
2. BENGALY,
J. M. REIFENBERG, I.
kina Faso. Medical and Veterinary Entomology 10: 354-358.
KABoRÉ,AND D. CUISANCE.
1998. New epidemiological features on
M. G. FORERO,A. GNON,J. A. DONAZAR,
AND
animal trypanosomosis by molecular analysis in the pastoral zone TELLA,J. L., G. BLANCO,
E HIRALDO.
1999. Habitat, world geographic range, and embryonic
of Sidéradougou, Burkina Faso. Molecular Ecology 7: 897-904.
development of hosts explain the prevalence of avian hematozoa
LEK,S., AND J. E GUÉGAN.1999. Artificial neuronal networks as a tool
at small spatial and phylogenetic scales. Proceedings of the Nain ecological modelling, an introduction. Ecological Modelling
tional Academy of Sciences of USA 96: 1785-1789.
120: 65-73.
THOMAS, E, E RENAUD, AND R. POULW.1998. Exploitation of manipuLLOYD,L., AND W. B. JOHNSON.
1924. The trypanosome infections of
lators: ‘Hitch-hiking’ as a parasite transmission strategy. Animal
tsetse flies in northern Nigeria and a new method of estimation.
Behaviour 56: 199-206.
Bulletin of Entomological Research 14: 265.
WEITZ,B. 1963. Feeding habits of tsetse flies. Bulletin of the World
l? A. O., R. THATIW,S. K. MOLOO,J. H. P. NYEKO,L. H.
MAJIWA,
Health Organisation 28: 71 1-729.
OTIENO,AND S.MALOO.1994. Detection of trypanosome infections WELBURN,
S. c., AND I. MAUDLIN. 1999. Tsetse-trypanosome interacin the saliva of tsetse flies and buffy-coat samples from antigenemic
tions: Rites of passage. Parasitology Today 15: 399-403.
but aparasitaemic cattle. Parasitology 108: 3 13-322.
WOOLHOUSE,
M. E. J., J. J. MCNAMARA,
J. W. HARGROVE,
AND K. A.
MASIGA,D. K., A. J. SMYTH,l? HAYES,T. J. BROMIDGE,
AND W. C .
BEALBY.1996. Distribution and abundance of trypanosome (subGIBSON.1992. Sensitive detection of trypanosomes in tsetse flies
genus Naianomonas) infections of the tsetse fly Glossina pallidipes
by DNA amplification. International Journal for Parasitology 22:
in southern Africa. Molecular Ecology 5: 11-18.
909-918.
1983. Enzyme polymorphism and
YOUNG,C. J., AND D. G. GODFREY.
, J. J. MCNAMARA,
c. LAVEISSJÈRE,
l? TRUC, AND w.c. GIBSON.
the distribution of T. congolense isolates. Annals of Tropical Medicine and Parasitology 77: 467-481.
1996. A high prevalence of mixed trypanosome infections in tsetse

LITERATURE CITED

D

TRYPANOSOME INTERACTIONS

-~

