
Infection, Genetics and Evolution 10 (2010) 115–121
Tripartite interactions between tsetse flies, Sodalis glossinidius and
trypanosomes—An epidemiological approach in two historical
human African trypanosomiasis foci in Cameroon

Oumarou Farikou a,b, Flobert Njiokou a, Jean A. Mbida Mbida a, Guy R. Njitchouang a,
Hugues Nana Djeunga a, Tazoacha Asonganyi c, Pere P. Simarro d, Gérard Cuny b, Anne Geiger b,*
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A B S T R A C T

Epidemiological surveys were conducted in two historical human African trypanosomiasis foci in South

Cameroon, Bipindi and Campo. In each focus, three sampling areas were defined. In Bipindi, only Glossina

palpalis was identified, whereas four species were identified in Campo, G. palpalis being highly

predominant (93%). For further analyses, 75 flies were randomly chosen among the flies trapped in each

of the six villages. Large and statistically significant differences were recorded between both (1) the

prevalence of Sodalis glossinidius (tsetse symbiont) and the prevalence of trypanosome infection of the

major fly species G. p. palpalis and (2) the respective prevalence of symbiont and infection between the

two foci. Despite these differences, the rate of infected flies harbouring the symbiont was very similar

(75%) in both foci, suggesting that symbionts favour fly infection by trypanosomes. This hypothesis was

statistically tested and assessed, showing that S. glossinidius is potentially an efficient target for

controlling tsetse fly vectorial competence and consequently sleeping sickness.

� 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Tsetse flies are medically and agriculturally important vectors
that transmit African trypanosomes, the causative agents of
sleeping sickness in humans, and nagana in animals. Sleeping
sickness, fatal if untreated, still affects a wide range of people in
sub-Saharan Africa (World Health Organization, 2006), where
more than 60 million people are at risk. Nagana is estimated to cost
African agriculture US$ 4.5 billion per year (Reinhardt, 2002).

The drugs currently used are not satisfactory: some are toxic
and all are difficult to administer (Barrett, 2006). Furthermore,
drug resistance is increasing (Matovu et al., 2001). Therefore, the
investigation of novel drugs and/or novel disease control strategies
must be pursued.

The causative agent of the human African trypanosomiasis
(HAT) is a trypanosome belonging to the Trypanosoma brucei

species complex, classically subdivided into three subspecies: T.
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brucei gambiense, responsible for the chronic form of the disease in
West and Central Africa, T. brucei rhodesiense, responsible for the
acute form in East Africa, and T. brucei brucei, pathogenic for
animals only. The endemic characteristics of the HAT foci in West
and Central Africa differ greatly from each other; some remain
active for years at a low endemic level while others show periodic
epidemic outbreaks (Penchenier et al., 1999). The Bipindi and
Campo foci (southern Cameroon), where our study was conducted,
are weakly endemic. Nevertheless, several new cases of HAT are
detected in the two foci every year (V. Ebo’o Eyenga, pers. comm.).
In addition, T. brucei gambiense has been detected in animals
(Njiokou et al., 2006) living in the Bipindi and Campo areas,
suggesting their potential role as a reservoir of parasites favouring
their maintenance and their circulation at a low level. This could
explain the periodic outbreaks of sleeping sickness in these foci
(Njiokou et al., 2006). Besides, trypanosomes belonging to the
subgenera Duttonella, Nannomonas and Trypanozoon have also
been detected in wild animals in south Cameroon (Njiokou et al.,
2004).

The biological process leading to transmission of the trypano-
somes from one mammalian host to another is complex. Prior to
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being transmitted, the parasite must first establish in the tsetse
fly midgut following an infective blood meal and then mature
either in the salivary glands or in the mouthparts, depending on
the trypanosome species (Vickerman et al., 1988; Van Den
Abbeele et al., 1999). The factors involved in the establishment
are still largely unknown, and only a small proportion of flies
develop mature infection and transmit the parasite (Maudlin and
Welburn, 1994). Many factors, including midgut lectins and the
insect immune system, have been suggested to affect the success
or failure of the parasite’s development (Hao et al., 2001).
Besides the parasite, tsetse flies may harbour three different
symbiotic micro-organisms (Aksoy, 2000). Among them, Sodalis

glossinidius (Cheng and Aksoy, 1999; Dale and Maudlin, 1999) is
suspected of favouring the establishment of the parasite in the
insect midgut through a complex biochemical mechanism
(Maudlin and Ellis, 1985; Welburn and Maudlin, 1999; Dale
and Welburn, 2001).

In previous studies, no exclusive relationship was found
between the presence of S. glossinidius and the ability of the fly
to acquire Trypanosoma congolense (Geiger et al., 2005a). We have
also shown that Glossina palpalis gambiensis (palpalis group) and
Glossina morsitans morsitans (morsitans group) harbour genetically
distinct populations of S. glossinidius (Geiger et al., 2005b),
suggesting that fly vector competence might be linked to given
genotypes of S. glossinidius rather than to a mere presence/absence
of the symbiont. We also demonstrated that the ability of T. brucei

gambiense and T. brucei brucei to establish in the G. palpalis

gambiensis insect midgut is statistically linked to the presence of S.

glossinidius-specific genotypes (Geiger et al., 2007).
Because of these puzzling results and to gain clearer insight into

the mechanisms involved, including the possibility that S.

glossinidius controls the transmission of the parasites under
natural field conditions, a large tsetse fly sampling campaign
was conducted in two historical sleeping sickness foci, Bipindi and
Campo in the south of Cameroon. For each fly, we have determined
the species, the presence/absence of S. glossinidius, and have
identified the trypanosome species and subspecies. The prevalence
of each of them was calculated for the population of flies.
Prevalence was also calculated separately within each sampling
area (six villages). Finally, all the data were statistically analysed in
order to identify possible relationships between them. The results
of this study are presented herein.

2. Materials and methods

2.1. Sampling area

This study was conducted in 2007 and 2008 in two HAT foci
(Bipindi and Campo) situated in the Ocean Division of the South
Province of Cameroon. The Campo focus (28200N, 98520E) presents
several biotopes (farmland, marshes, swampy areas, and equator-
ial forest), while Bipindi (3820N, 108220E) has a typical forest bio-
ecological environment including equatorial forest and farmland
along the roads and around the villages. Both foci contain highly
diversified wild fauna (Njiokou et al., 2004, 2006).

The Bipindi focus has been known since 1920 (Grebaut et al.,
2001). Sleeping sickness is still present, since 60 new patients were
detected between 1998 and 2002, and two in 2006–2007 (V. Ebo’o
Eyenga, pers. comm.). Bipindi covers several villages, mainly
located along the roads. It is surrounded by hills and has a dense
network of rivers crossing cocoa farms, offering suitable habitats
for tsetse flies.

Campo is located on the Atlantic coast and extends along the
Ntem River; it is characterised by an equatorial rain forest zone
with a network of several rivers, swampy areas and marshes.
During the epidemiological survey conducted in 2006–2007,
ten cases of sleeping sickness were detected (V. Ebo’o Eyenga,
pers. comm.).

2.2. Sampling and dissection

Five entomological surveys were conducted in July 2007 and
February 2008 in Bipindi (in the Memel, Ebiminbang and Lambi/
Bidjouka villages) and in November 2007, March 2008 and October
2008 in Campo (in the Mabiogo, Akak and Campo Beach/Ipono
villages). The geographical position of the sampling sites was
determined using the global positioning system (GPS). Tsetse flies
were captured using pyramidal traps (Lancien, 1981) planted in
suitable tsetse fly biotopes. Each trap remained for 4 consecutive
days and flies were harvested twice a day.

The different Glossina species were first identified and then
sorted into teneral (young flies that had never taken a blood meal)
and nonteneral flies, according to morphological criteria (Grebaut
et al., 2004). The nonteneral flies were dissected in a drop of sterile
0.9% saline solution, and their midgut was examined under the
light microscope (magnification �100) for the presence of
trypanosomes. Trypanosome-infected and -noninfected organs
were then separately transferred into microfuge tubes containing
ethanol (958) for further symbiont and trypanosome PCR
identification. The instruments used were carefully cleaned after
the dissection of each fly to prevent contamination. During field
manipulations, the microfuge tubes were maintained at room
temperature; thereafter, in the laboratory, they were stored at
�20 8C until use.

2.3. DNA extraction and PCR amplification

Frozen samples were thawed and air-dried. DNA was extracted
from organs using the classical protocol (Maniatis et al., 1982).
Tissues were homogenised with a pestle in a cethyl trimethyl
ammonium bromide (CTAB) buffer (CTAB 2%; 0.1 M Tris, pH 8;
0.02 M EDTA pH 8; 1.4 M NaCl) and incubated at 60 8C for 30 min.
The DNA was extracted from the lysis mixture with chloroform/
isoamylic alcohol (24/1; V/V) and precipitated by adding
isopropanol (V/V). After centrifugation (10,000 � g, 15 min), the
pellet was rinsed with 70% ethanol, air-dried, and re-suspended in
distilled sterile water. The DNA samples were stored at �20 8C
until PCR amplification.

The primers used to amplify DNA are presented in Table 1.
Specific trypanosome primers (Moser et al., 1989; Masiga et al.,
1992; Majiwa et al., 1994; Herder et al., 2002) were tested on fly
organs. To detect possible dissection and/or extraction contam-
ination, controls were done both on noninfected midguts and on
the salivary glands of flies showing T. congolense midgut infection.
S. glossinidius primers (Darby et al., 2005) were tested on the
midgut. Finally, specific primers amplifying mitochondrial DNA of
tsetse flies were used to control the quality of the extracted DNA, as
previously described (Cheng and Aksoy, 1999).

PCR amplification of parasites was performed as described by
Herder et al. (2002). A denaturing step at 94 8C for 5 min was
followed by 40 amplification cycles. Each cycle included a
denaturing step at 94 8C for 30 s, annealing at 55 8C (T. brucei sensu

lato) or at 60 8C (T. congolense ‘‘forest’’ and ‘‘savannah’’ types,
Trypanosoma simiae) or at 62 8C (T. brucei gambiense) for 30 s and an
extension step at 72 8C for 1 min. A final extension was performed at
72 8C for 10 min. PCR amplification of S. glossinidius was similar,
except for the annealing temperature (50 8C). PCR amplification of
tsetse fly mitochondrial DNA was performed as described by Cheng
and Aksoy (1999). Detection and identification of trypanosome
species were confirmed using an alternative PCR method based on
internal transcribed spacer 1 of rDNA as previously described
(Desquesnes et al., 2001). The amplified products were separated on



Table 1
Primers used for PCR amplification of trypanosome and bacteria DNA.

Specificity Primer sequence Amplified product (bp) References

S. glossinidius 50-TGAAGTTGGGAATGTCG-30 120 Darby et al. (2005)

50-AGTTGTAGCACAGCGTGTA-30

T. congolense (forest type) 50-GGACACGCCAGAAGGTACTT-30 350 Masiga et al. (1992)

50-GTTCTCGCACCAAATCCAAC-30

T. congolense (savannah type) 50-TCGAGCGAGAACGGGCACTTTGCGA-30 341 Moser et al. (1989)

50-ATTAGGGACAAACAAATCCCGCACA-30

T. brucei s.l. 50-CGAATGAATATTAAACAATGCGCAG-30 164 Masiga et al. (1992)

50-AGAACCATTTATTAGCTTTGTTGC-30

T. simiae 50-CGACTCCGGGCGACCGT-30 600 Majiwa et al. (1994)

50-CATGCGGCGGACCGTGG-30

T. brucei gambiense group1 50-GCGCCGACGATACCAATGC-30 239 Herder et al. (2002)

50-AACGGATTTCAGCGTTGCAG-30
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2% agarose gel containing ethidium bromide and visualised under
UV illumination.

For each extraction series, a negative control consisting in the
analysis of salivary glands of flies showing T. congolense midgut
infection was included and processed last. This control sample
was further used as negative control in addition to the classical
PCR control (distilled water). Positive (2.5 ng of reference DNA)
and negative controls were included in each set of PCR
amplification experiments. PCR amplification giving a positive
result was repeated to assess the result; we also verified randomly
selected samples when the PCR amplification was negative. In
addition, midguts were also tested for the presence of Trypano-

soma vivax (Masiga et al., 1992) although the species cycle is
usually confined to the proboscis of the vector. T. vivax could not
be detected by PCR in the tsetse midgut even in flies showing
proboscis T. vivax infection. This confirmed that trypanosomes
detected by PCR in midgut were real infections. Finally, in order to
assess whether the PCR product actually corresponded to S.

glossinidius, it was cloned into PGEM-T Easy (Promega, Charbon-
nières, France), as previously described (Geiger et al., 2005b), and
several recombinant plasmids were sequenced and compared
with the reference sequence of S. glossinidius isolated from G.

palpalis palpalis (Darby et al., 2005) (GenBank accession number
AJ868435).

2.4. Statistical analysis

The aim of the analysis was to assess whether or not the
presence of S. glossinidius favoured fly infection by different
trypanosome species. The chi-square test was used to compare
trypanosome and symbiont prevalence. A logistic regression model
(Bouyer et al., 1993) was used to analyse the association between
Table 2
Field data for the prospected areas in the two foci (Bipindi and Campo) in Cameroon.

Focus Survey villages No. traps No. captured flies AD

Bipindi Memel 78 196 0.6

Ebiminbang 78 581 1.8

Lambi/Bidjouka 78 399 1.2

Total Bipindi 234 1176 1.2

Campo Mabiogo 98 814 2.0

Akak 98 1820 4.6

Campo Beach/Ipono 98 907 2.3

Total Campo 294 3541 3.0

Total Bipindi + Campo 528 4717 2.2

No., number of; *ADT, apparent density per trap per day.
the symbiont (S. glossinidius) and the different trypanosome
species infecting tsetse flies.

3. Results

3.1. Entomological data in the two foci and infection rates

A total of 4717 flies were caught in the two foci during the five
surveys. All the flies collected in Bipindi belonged to the Glossina

palpalis palpalis subspecies, whereas in Campo, four species were
identified: G. p. palpalis (93.6%), G. pallicera (4.3%), G. caliginea (1.6%)
and G. nigrofusca (0.4%). The rate of teneral flies was 7.3% in Bipindi,
13% in Campo and 11.6% when the two foci were combined.

Table 2 shows the gross field data classified by village and
highlights the differences between the six sampling areas. The
mean apparent fly density per trap per day (ADT) was 2.23 and
varied from 0.63 to 4.64; the highest ADT was recorded in Akak
belonging to the Campo focus that showed a mean ADT more than
2.4-fold higher than in Bipindi. Finally, among a total of 3273
nonteneral flies examined (microscopic observation), 1.6% were
found to be infected by trypanosomes (1.4% in Bipindi and 1.6% in
Campo). Further investigations were conducted on the G. p. palpalis

flies only.

3.2. PCR identification of parasite species and symbiont in tsetse

organ samples

Parasite detection by microscopy is not specific and sensitive.
Therefore, trypanosomes (and the symbiont, S. glossinidius) were
detected on 450 randomly selected flies (75 per village) using
specific molecular approaches that distinguished the different
Trypanosoma species [T. brucei s.l. (Tbsl), T. brucei gambiense (Tbg),
T* No. teneral flies (%) No. dissected flies No. infected flies (%)

3 19 (9.69) 121 2 (1.65)

6 51 (8.78) 475 9 (1.89)

8 16 (4.01) 350 2 (0.57)

6 86 (7.31) 946 13 (1.37)

8 82 (10.07) 587 14 (2.38)

4 200 (10.99) 1152 19 (1.65)

1 179 (19.73) 588 5 (0.85)

1 461 (13.02) 2327 38 (1.63)

3 547 (11.60) 3273 51 (1.56)



Table 3
Number and prevalence of the different infection types occurring among the flies sampled in the Bipindi and Campo foci.

Foci No. tested flies S+ S+I� S�I� I+ S+I+ S�I+

Bipindi 225 145 (64.4) 53 (23.6) 52 (23.1) 120 (53.3) 92 (40.9) [76.7] 28 (12.4) [23.3]

Campo 225 102 (45.3) 49 (21.8) 103 (45.8) 73 (32.4) 53 (23.6) [72.6] 20 (8.9) [27.4]

Total 450 247 (54.9) 102 (22.7) 155 (34.4) 193 (42.9) 145 (32.2) [75.1] 48 (10.7) [24.9]

No., number of; S+, total number of flies harbouring symbiont [(S+) = (S+I+) + (S+I�)]; I+, total number of infected flies (whatever the infecting trypanosome species

[(I+) = (S+I+) + (S�I+)]; S+I+, infected flies harbouring the symbiont; S+I�, noninfected flies harbouring the symbiont; S�I+, infected flies without symbiont; S�I�, flies without

symbiont and without parasite; number in brackets: prevalence calculated with reference to the corresponding number of sampled flies (225 or 450); number between

square brackets: prevalence calculated with reference to the corresponding number of infected I+ flies (120, 73 or 193).

Table 4
Trypanosome infection of the 48 flies devoid of Sodalis glossinidius: characterisation

of the infecting trypanosome species and number of respective infection types.

Focus Tbb TcF TcS Ts Tbb/TcS Ts/TcF TOTAL

Total Bipindi 6 10 8 2 1 1 28

Total Campo 0 13 7 0 0 0 20

Total 6 23 15 2 1 1 48

Tbb, T. brucei brucei; TcF, T. congolense forest type; TcS, T. congolense savannah type;

Ts, T. simiae.
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T. congolense forest (TcF) and savannah (TcS) types and T. simiae

(Ts)].
Table 3 summarises the results: out of the 450 flies analysed,

247 (54.9%) harboured the symbiont, whereas 193 (42.9%)
Table 5
Prevalence of Sodalis glossinidius and trypanosome infections in flies sampled in the tw

Villages No.

samples

Sodalis

glossinidius

no. (%)

Tbsl

no.

(%)

TcF

no.

(%)

TcS

no.

(%)

Ts

no.

(%)

Memel 75 51 (68.0) 9 (12) 12 (16) 11 (14.7) 4 (5.3)

Ebiminbang 75 48 (64) 15 (20) 8 (10.7) 3 (4) 0 (0)

Lambi/Bidj.* 75 46 (61.3) 4 (5.3) 25 (33.3) 5 (6.7) 0 (0)

Total Bipindi 225 145 (64.4) 28 (12.4) 45 (20) 19 (8.4) 4 (1.8)

Mabiogo 75 35 (46.7) 5 (6.7) 5 (6.7) 11 (14.7) 0 (0)

Akak 75 39 (52) 5 (6.7) 16 (21.3) 5 (6.7) 0 (0)

Campo B.** 75 28 (37.3) 4 (5.3) 4 (5.3) 6 (8) 1 (1.3)

Total Campo 225 102 (45.3) 14 (6.2) 25 (11.1) 22 (9.8) 1 (0.4)

Total 450 247 (54.9) 42 (9.3) 70 (15.6) 41 (9.1) 5 (1.1)

No., number of; *Lambi/Bidj., Lambi/Bidjouka; **Campo B., Campo Beach/Ipono; Tbsl, T. b

forest type; TcS, T. congolense savannah type; Ts, T. simiae.

Table 6
Number of Trypanosoma brucei s.l. simple and mixed infections: balance between T. br

Villages Number of samples Tbsl Tbsl/TcF

Tbb Tbg Tbb/TcF

Memel 75 5 4 1

Ebiminbang 75 11 4 2

Lambi/Bidjouka 75 4 0 1

Total Bipindi 225 20 8 4

Mabiogo 75 5 0 1

Akak 75 5 0 1

Campo Beach/Ipono 75 4 0 0

Total Campo 225 14 0 2

Total 450 34 8 6

Tbsl, T. brucei sensus lato including T. brucei brucei and T. brucei gambiense; Tbb, T. bruc

savannah type.
harboured trypanosome species. Interestingly, of the 193 infected
flies, 145 (a total of 75.1%, with 76.7% and 72.6% for Bipindi and
Campo, respectively) also harboured the symbiont (S+I+), while 48
(24.9%) were devoid of symbiont (S�I+). Table 4 shows the
different trypanosome species detected in these 48 flies, the
number and the respective infection types. Interestingly, in those
flies devoid of symbiont, infections by T. brucei s.l. were only
caused by the subspecies T. b. brucei.

Tables 5 and 6 detail the different Trypanosoma species and
subspecies that were identified and their geographical distribution
(foci/villages) as well as the prevalence of S. glossinidius.

Both simple and mixed (two or three different Trypanosoma

species) infections were recorded. Simple infections were pre-
dominant: 158 (81.9%) out of the 193 infected flies, most of them
due to Nannomonas (116/158 infections), with a majority (70/116)
o foci.

Tbsl/TcF

no. (%)

Tbsl/TcS

no. (%)

TcF/TcS

no. (%)

Ts/TcF

no. (%)

Ts/TcS

no. (%)

Tbsl/TcF/TcS

no. (%)

TcF/TcS/Ts

no. (%)

2 (2.7) 4 (5.3) 2 (2.7) 1 (1.3) 3 (4) 2 (2.7) 1(1.3)

2 (2.7) 0 (0) 0 (0) 0 (0) 0 (0) 1 (1.3) 0 (0)

2 (2.7) 2 (2.7) 0 (0) 0 (0) 0 (0) 2 (2.7) 0 (0)

6 (2.7) 6 (2.7) 2 (0.9) 1 (0.4) 3 (1.3) 5 (2.2) 1 (0.4)

1 (1.3) 0 (0) 1 (1.3) 0 (0) 0 (0) 0 (0) 0 (0)

2 (2.7) 1 (1.3) 4 (5.3) 0 (0) 0 (0) 0 (0) 0 (0)

1 (1.3) 1 (1.3) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

4 (1.8) 2 (0.9) 5 (2.2) 0 (0) 0 (0) 0 (0) 0 (0)

10 (2.2) 8 (1.8) 7 (1.6) 1 (0.2) 3 (0.7) 5 (1.1) 1 (0.2)

rucei sensus lato including T. brucei brucei and T. brucei gambiense; TcF, T. congolense

ucei brucei and T. brucei gambiense.

Tbsl/TcS Tbsl/TcF/TcS

Tbg/TcF Tbb/TcS Tbg/TcS Tbb/TcF/TcS Tbg/TcF/TcS

1 4 0 1 1

0 0 0 1 0

1 2 0 0 2

2 6 0 2 3

0 0 0 0 0

1 1 0 0 0

1 1 0 0 0

2 2 0 0 0

4 8 0 2 3

ei brucei; Tbg, T. brucei gambiense; TcF, T. congolense forest type; TcS, T. congolense



Table 7
Analysis of the relationship between the presence of the symbiont and the flies’ infection by trypanosomes.

Bipindi + Campo Bipindi Campo

p Odds ratio 95% CI p Odds ratio 95% CI p Odds ratio 95% CI

S. vs Tbs1 <0.0001 8.59 3.82–19.30 <0.001 3.70 1.57–8.75 <0.0001 61.37 3.62–1040.79

S. vs Tbg <0.0001 27.13 1.60–459.48 0.055 16.40 0.94–284.60 0.056 6.14 0.29–131.11

S. vs TcF <0.0001 2.95 1.78–4.90 <0.001 3.20 1.55–6.60 0.037 2.19 1.04–4.64

S. vs TcS <0.0001 2.89 1.59–5.26 0.140 1.80 0.80–4.06 <0.0001 4.56 1.86–11.17

S. vs Ts 0.323 1.94 0.49–7.62 0.886 1.11 0.27–4.55 0.223 3.65 0.145–91.82

S. vs mixed infections* <0.0001 27.93 3.77–206.67 <0.001 11.91 1.56–90.75 <0.0001 31.04 1.79–539.88

S. vs simple infection** <0.0001 2.96 1.95–4.48 0.009 2.11 1.18–3.75 <0.0001 3.58 1.92–6.67

S. vs Nannomonas*** <0.0001 3.03 1.99–4.62 0.002 2.46 1.36–4.43 <0.0001 3.19 1.71–5.95

S. vs, symbiont versus; Tbsl, T. brucei s.l.; Tbg, T. brucei gambiense; TcF, T. congolense forest type; TcS, T. congolense savannah type; Ts, T. simiae; *Double + triple

(Tbs1 + TcF + TcS); **Tbs1 or TcF or TcS; ***(T. congolense + Ts); CI, confidence interval.
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of T. congolense forest type. T. brucei s.l. simple infection prevalence
was 9.3% (42/450). Twenty-nine flies were mixed-infected with
two Trypanosoma species (including 18 T. brucei s.l. infections), and
six with three species (including five T. brucei s.l. infections).
Among T. brucei s.l. simple or mixed infections, 15 were due to T.

brucei gambiense (8/42 simple infections, 4/10 Tbsl/TcF infections
and 3/5 Tbsl/TcF/TcS infections).

3.3. Distribution of Trypanosoma species and symbionts between and

within the two foci

In Bipindi, 53.3% of the flies were infected with at least one
trypanosome species, compared to only 32.4% in Campo (Table 5);
this difference was statistically significant (x2 = 20.04, p < 0.0001).
The rate of single infections in Bipindi (42.7%) and Campo (27.6%)
were also statistically significantly different (x2 = 11.28,
p < 0.001). Finally, there were twice as many T. brucei s.l. (Tbsl)
infections in Bipindi (28) as in Campo (14), and 1.8-fold more T.

congolense forest type (TcF) infections in Bipindi (45) than in
Campo (25). The mixed infection rates (Table 5) were relatively
low (8% in Bipindi and 4.9% in Campo); therefore, the difference
between the two foci was not statistically significant (x2 = 1.81,
p < 0.18). However, it can be noted that in Campo, no mixed
infections including T. simiae or three trypanosome species were
detected and that in Bipindi most of the mixed infections occurred
in a single village (Memel).

The prevalence of different types of infection among the villages
in each focus was further compared. In Campo, Tbsl simple
infections were similar for all villages, while the TcF infection rate
in Akak was four- to fivefold higher than in Mabiogo and in Campo
Beach/Ipono; in this focus, the TcS infection rate was nearly twice
as high in Mabiogo as in Akak and in Campo Beach/Ipono. Similarly,
in Bipindi, the prevalence of Tbsl simple infection was much higher
in Ebiminbang than in the two other villages (Memel and Lambi/
Bidjouka), whereas TcF and TcS infection rates were the highest in
Lambi/Bidjouka and Memel, respectively.

As for the symbiont, its prevalence differed significantly
(x2 = 16.59, p < 0.0001) between flies harvested in Bipindi
(64.4%) and those harvested in Campo (45.3%). Prevalence in the
villages of Bipindi and Campo foci was highly similar (Table 5).

3.4. Relationship between symbiont presence and parasite infection

The possibility of an association between symbiont presence
and tsetse fly trypanosome infection was investigated statistically.
Table 7 shows the results of both the analysis of the data collected
from the overall 450 flies (columns: ‘‘Bipindi + Campo’’), and
separate analyses of data from Bipindi and Campo (225 flies,
respectively). The analysis carried out on the overall data shows a
significant association between the presence of the symbiont and
the tsetse fly infection whatever the trypanosome species, except
T. simiae (that caused a very low number of infections), and
whatever the nature of infections, single or mixed. In particular,
TcF, Tbs1 and Tbg (the causative agent of sleeping sickness)
infections were significantly related to the presence of the
symbiont. Separate analysis of the Bipindi and Campo data
provided comparable results; one may however notice that, owing
the very low Tbg infections, the association between the symbiont
and the Tbg infection was no more statistically significant despite
all the Tbg infected flies being symbiont positive.

4. Discussion

Tsetse flies reproduce by adenotropic viviparity and S.

glossinidius is vertically transmitted to the intra-uterine developing
larva (Cheng and Aksoy, 1999). S. glossinidius is suspected to be
involved in the vector competence of Glossina by favouring parasite
installation in the insect midgut through a complex biochemical
mechanism involving the production of N-acetyl glucosamine
(Maudlin and Ellis, 1985; Welburn and Maudlin, 1999). This sugar,
resulting from hydrolysis of pupae chitin by a S. glossinidius-
produced endochitinase, was reported to inhibit a tsetse-midgut
lectin lethal for the procyclic forms of the trypanosome (Welburn
and Maudlin, 1999; Dale and Welburn, 2001). The presence of S.

glossinidius would thus allow the trypanosome to establish in the
midgut (Welburn et al., 1993; Welburn and Maudlin, 1999; Dale
and Maudlin, 1999). The results of experiments on insectary flies
supported the idea that its presence favoured fly infection, but was
not an absolute condition (Geiger et al., 2005a). Given that flies
multiplying in the insectary may undergo specific selection
pressure, the possibility that field environmental conditions of
HAT foci may lead to alternative results could not be excluded.
Consequently, an epidemiological investigation was conducted in
two HAT foci in the south of Cameroon, taking into account a large
panel of criteria allowing the testing of the existence of
interactions between the three ‘‘partners’’ (Glossina–trypano-
some-symbiont) in disease transmission.

The results of fly trapping, the prevalence of S. glossinidius and
trypanosomes, and the different symbiont/parasite associations
(whether or not the infected flies harboured the symbiont) showed
large differences between the fly populations in the two foci: (i) a
much higher density of flies in Campo than in Bipindi (ADT = 3.01
versus 1.26) and a higher diversity of fly species, four in Campo and
only one in Bipindi; (ii) conversely, a significantly (p < 0.0001)
higher prevalence of S. glossinidius in Bipindi (64.4%) than in Campo
(45.3%); and (iii) a significantly (p < 0.0001) higher prevalence of
trypanosome infection in Bipindi (53.3%) than in Campo (32.4%).
This means that populations of flies could show specific
characteristics in each focus, i.e. geographical isolation of the
populations (Bipindi is approximately 150 km from Campo) and/or
differences in ecological/environmental conditions. Comparison
with data from Liberia (Maudlin et al., 1990) where S. glossinidius
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prevalence in natural populations of G. palpalis palpalis was only
9.3% also supports this idea of a high heterogeneity among fly
populations.

Surprisingly, despite these differences in symbiont and
trypanosome infection prevalence between the two foci, the rates
of infected flies carrying the symbiont were very similar: in
Bipindi, 76.7% trypanosome-infected (I+) flies harboured the
symbiont versus 72.6% in Campo. Finally, among the overall
trypanosome-infected flies from Bipindi and Campo, 75.1%
harboured the symbiont (S+I+), while 24.9% (48 flies) were devoid
of symbiont (S�I+). This means that the presence of the symbiont
should not be absolutely necessary for fly infection but would
greatly favour it; this hypothesis fits with our previous results
(Geiger et al., 2005a). In this respect, both in Bipindi and Campo,
flies harbouring symbionts (S+) may have a threefold higher
probability of being infected by trypanosomes than flies devoid of
symbionts (S�).

Because the purpose of our investigation was investigating the
possible relationship between the presence of S. glossinidius and fly
infection by trypanosomes, the trypanosome species were
identified in all infected tsetse flies. Four species of trypanosome,
T. brucei s.l. [including both T. b. brucei (Tbb) and T. b. gambiense

(Tbg)], T. congolense forest type (TcF), T. congolense savannah type
(TcS) and T. simiae (Ts), were detected. Among the 48 (S�I+) flies,
only seven (14.6%) were infected by T. brucei s.l., and interestingly,
only by T. b. brucei. Among the 247 flies harbouring symbiont, 58
(23.5%) were infected by T. brucei s.l., among which 43 (74.1%) by T.

b. brucei.
These results together provide findings of major importance:

first, all flies (15) infected by T. b. gambiense were symbiont
positive (S+); secondly, 89.2% of tsetse flies infected by T. brucei s.l.
were symbiont-positive. This suggests that S. glossinidius strongly
favours the establishment of T. brucei infections in G. palpalis.

Differences in prevalence were also found among the trypano-
some species, between the two foci and even among villages
belonging to the same focus. The global Tbsl infection was made up
of Tbb and Tbg and large differences were found between the two
foci concerning infections with Tbg.

There are probably several reasons for such differences. For
example, an analysis of G. p. palpalis bloodmeals shows that in
Campo focus, 61.4% were from humans and 6.8% from pigs,
whereas in Bipindi only 38.8% were from humans while 44.8% of
bloodmeals were taken on pigs (Simo et al., 2008). It is possible
that this contributes to the higher HAT prevalence (shown over the
recent years) in Campo than in Bipindi. It was also shown that
various domestic and wild animals harbour several species of
trypanosomes (T. congolense, T. brucei s.l. and T. brucei gambiense

group 1) (Njiokou et al., 2004, 2006; Simo et al., 2006). In Bipindi
and Campo, the prevalence of T. brucei s.l. in animals was 10.4% and
3.2%, respectively, the prevalence of T. congolense forest type was
2% and 2.6%, respectively (Njiokou et al., 2004), and finally the
prevalence of T. b. gambiense group 1 was 3% and 0.6%, respectively
(Njiokou et al., 2006).

Owing the apparent non-random distribution of the trypano-
some infection between, respectively, the S. glossinidius positive and
negative sub-populations of flies, the existence of an association
between the presence of the symbiont and trypanosome infection
was hypothesized. The hypothesis was statistically tested on
different couples including, each, the symbiont and a given
trypanosome species (in order to detect possible differences).

The results of the statistical analysis of the data from the overall
450 flies (Bipindi + Campo) (the most accurate sampling for
statistical analysis) showed a clear association between the
presence of S. glossinidius and the infection by the different
trypanosome species, except for T. simiae (probably due to the low
number T. simiae infections—9 out of 450 flies). Finally, owing: (i)
that there exist a statistical highly significant association between
the presence of S. glossinidius and trypanosome infection, (ii) that S.

glossinidius establishes first in the fly’s gut (it is vertically
transmitted by the female fly to the intra-uterine developing
larva), and thus that the symbiont is the only one, among the two
organisms, that has the possibility to ‘‘influence’’ the subsequent
installation of its statistically associated partner; (iii) that,
furthermore, the symbiont, by means of a complex biochemical
mechanism, is able to suppress or at least to reduce the natural
tsetse refractoriness towards trypanosome infections, all these
results indicate that, although it is not an obligatory condition for
the fly to get infected, the presence of S. glossinidius in the fly’s gut
actually favours the infection by diverse trypanosome species in
field populations of tsetse flies.

Recently, it was shown that Wigglesworthia glossinidia and host
immunity would also influence the ability of insectary flies to
transmit trypanosomes (Wang et al., 2009) suggesting that more
complex mechanisms might be involved in fly’s vector compe-
tence. W. glossinidia being, in contrast to S. glossinidius, an
obligatory symbiont, its elimination from the fly may have a
dramatic effect even on the survival of the fly itself. Thus, in
practice, one could expect that a potential disease control based on
the use of S. glossinidius engineered strains would be easier to carry
out than comparable W. glossinidia strains.

In conclusion, the five surveys conducted in two HAT foci in
Cameroon provided data on the prevalence of S. glossinidius,
trypanosome infections, and the different trypanosome species
implicated.

The statistically significant differences recorded are possibly
the result of differences in environmental conditions. Geographical
isolation may induce independent evolution of fly and symbiont
populations, leading to diverse genotypes. Such genotype diversity
in S. glossinidius populations has been previously reported (Geiger
et al., 2005b, 2007); they may interact differently with Glossina

species and may favour fly infection by given trypanosome species
differently.

Another major result was the evidence that the presence of S.

glossinidius favours the infection of the tsetse fly by different
trypanosome species, especially T. brucei s.l. This result is a field
validation of suggested interactions between Glossina sp., S.

glossinidius and Trypanosoma sp. Such studies on tripartite
interactions should be pursued and developed with the objective
of controlling fly vectorial competence and possibly sleeping
sickness.
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glossines en République Populaire du Congo. Cah. ORSTOM. sér. Ent. méd.
Parasitol. 19, 235–238.

Majiwa, P.A.O., Thatthi, R., Moloo, S.K., Nyeko, J.H.P., Otieno, L.H., Maloo, S., 1994.
Detection of trypanosome infections in the saliva of tsetse flies and buffy-coat
samples from antigenaemic but aparasitaemic cattle. Parasitology 108, 313–322.

Maniatis, T., Fritsch, E.F., Sambrook, J., 1982. Molecular Cloning: A Laboratory
Manual. Cold Spring Harbor Publications, New York.

Masiga, D.K., Smyth, A.J., Ayes, P., Bromidge, T.J., Gibson, W.C., 1992. Sensitive
detection of trypanosomes in tsetse flies by DNA amplification. Int. J. Parasitol.
22, 909–918.

Matovu, E., Seebeck, T., Enyaru, J.C.K., Kaminsky, R., 2001. Drug resistance in
Trypanosoma brucei spp., the causative agents of sleeping sickness in man
and nagana in cattle. Microb. Infect. 3, 763–770.
Maudlin, I., Ellis, D.S., 1985. Association between intracellular Rickettsia-like infec-
tions of midgut cells and susceptibility to trypanosome infection in Glossina spp.
Z. Parasitenkd. 71, 683–687.

Maudlin, I., Welburn, S.C., Mehlitz, D., 1990. The relationship between rickettsia-
like-organisms and trypanosome infections in natural populations of tsetse in
Liberia. Trop. Med. Parasitol. 41, 265–267.

Maudlin, I., Welburn, S.C., 1994. Maturation of trypanosome infections in tsetse.
Exp. Parasitol. 79, 202–205.

Moser, D.R., Cook, G.A., Ochs, D.E., Bailey, C.P., McKane, M.R., Donelson, J.E., 1989.
Detection of Trypanosoma congolense and Trypanosoma brucei subspecies by
DNA amplification using the polymerase chain reaction. Parasitology 99, 57–66.

Njiokou, F., Simo, G., Nkinin, S.W., Laveissière, C., Herder, S., 2004. Infection rate of
Trypanosoma brucei s.l., T. vivax, T. congolense ‘‘forest type’’, and T. simiae in small
wild vertebrates in south Cameroon. Acta Trop. 92, 139–146.

Njiokou, F., Laveissière, C., Simo, G., Nkinin, S., Grébaut, P., Cuny, G., Herder, S., 2006.
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