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1. Introduction
Trypanosomiasis is a disease caused by hemoparasites of the Genus
Trypanosoma. In livestock, Trypanosoma congolense is considered as the most
pathogenic species. In sub-Saharan Africa, these parasites are mainly transmitted by
vectors called tsetse flies. About 37 African countries within the tsetse belt are affected by
the disease. Heavily infected areas are devoid of cattle and other domestic livestock. Of
the estimated 165 million cattle found in Africa, only about 50 million are kept in the
infested areas and they are mostly of low producing breeds. Not controlled, the disease
can induce important losses in livestock production. Furthermore, the disease causes
important economic losses by limiting crop production due to less efficient nutrient
cycling, reduced access to animal traction, lower income from milk and meat sales and
reduced access to liquid capital (Swallow, 2000). The total loss due to this disease is
estimated at about 4.75$ billion every year (DFID, 2001).
2. The parasite
In Africa, pathogenic trypanosomes (Genus Trypanosoma) infecting livestock
belong to the section of the Salivaria. Within this section, parasites are classified into four
distinct subgenera and furthermore into different species (Figure 1). This classification is
based on several criteria such as the parasite’s shape, its development in the vector, its
host-range and clinical disease in hosts, and genetic markers. On the other hand, parasites
belonging to the section of the Stercoraria (e.g. T. theileri) are not pathogenic to livestock.
Trypanosomes are unicellular parasites. Livestock pathogenic trypanosome
species vary considerably in their size (from 15-50µm). Within the host, trypanosomes are
extracellular and are mostly found in the blood circulation. However, tissue localization
has also been observed in some species like T. brucei s.l., T. vivax or T. equiperdum
(Stephen, 1986). Although trypanosomes reproduce by binary division, genetic exchange
was also reported to occur during the trypanosome’s development in the tsetse fly.
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Figure 1. Classification of trypanosomes of livestock in sub-Saharan Africa

Genus

Trypanosoma

Section

Stercoraria
(spp : T. theileri)

Subgenus

Dutonella

Species

T. vivax

Salivaria

Nannomonas

Trypanozoon

Subspecies/Subgroups

T. congolense
T. simiae

T. brucei
T. evansi
T. equiperdum

T. congolense Savannah
T. congolense WARF
T. congolense Kilifi
T. congolense Tsavo

T. b. brucei
T. b. gambiense
T. b. rhodesiense

Pycnomonas

T. suis

3. Life cycle
Trypanosomes are compulsory parasitic. In sub-Saharan Africa, livestock
trypanosomes are transmitted by vectors among which tsetse flies play the most important
role. However, some trypanosome species mainly T. evansi or T. vivax can also be
transmitted mechanically by Tabanids, Stomoxys spp or other biting flies (Hoare, 1972).
Only T. equiperdum is transmitted sexually. Except for this latter species, trypanosomes
are digenetic. Their cyclical development involves a vertebrate and invertebrate cycle
(Figure 2). During this process, trypanosomes undergo morphological and physiological
transformations. In the vertebrate host, trypanosomes change constantly their surface
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antigenic coat, the variable surface glycoprotein (VSG), to escape the immune system.
The development in the fly differs between trypanosome species. Trypanosoma vivax is
restricted to the mouthparts and has a short life cycle in the fly compared to T. congolense
and T. brucei that develop in the midgut and mature either in the mouthparts or in the
salivary glands, respectively. Flies are infected by biting an infected host and once
infected they transmit trypanosomes all their life.

Figure 2. Life cycle of Trypanosoma brucei (source: http://www.who.int/tdr/diseases/
tryp/lifecycle/htm).

4. Distribution of the vector
Tsetse flies (genus Glossina) are classified in three groups or subgenera, namely
the fusca group (subgenus Austenina), the morsitans group (subgenus Glossina) and the
palpalis group (subgenus Nemorhina) (Buxton, 1955). Each group of flies is subdivided
into species and subspecies. In total 31 species and subspecies are found to transmit
trypanosomes within the tsetse belt. The total surface infested by tsetse flies throughout
Africa is estimated at about 11 million square kilometers. This area ranges between 14°N
and 29°S. The distribution of different groups of flies is related to their habitat
preferences. Flies belonging to the fusca group are mostly found in forest or dense
riparian forest while those of the morsitans group are restricted mainly to Savannah
woodlands. Tsetse flies belonging to the palpalis group, on the other hand, also inhabit
the rain forest, but are found mostly in the riverine vegetation (Leak, 1999). The
distribution of each of those groups is shown in Figure 3. This map indicates that different
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fly groups and species are unevenly distributed throughout the infested areas. In general,
the fusca and palpalis groups are mainly found in West and Central Africa while the
morsitans groups are widely distributed throughout the drier zones of West and East
Africa. In the infested areas tsetse flies are not uniformly distributed but they are found in
suitable habitats.

Figure 3. Distribution and number of tsetse fly species belonging to the fusca,
morsitans and palpalis groups in Africa (In dark grey is showed areas
cleared from tsetse flies) (http://ergodd.zoo.ox.ac.uk/livatl2/tsetse.htm)

5. Susceptibility of livestock to trypanosomes
In trypanosomiasis areas various animal species are found to be infected by
various trypanosome species. The susceptibility of different species of livestock to a
trypanosome infection varies depending on the trypanosome species with some livestock
species being more susceptible to one or more trypanosome species than others. On the
other hand, some livestock species are found to be completely refractory to some of the
trypanosome species (Table 1).
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Table 1. Susceptibility of livestock species to the pathogenic trypanosome species
(Adapted from Soltys, 1963)
Livestock

Trypanosome

species

species
T. congolense

T. simiae

T. vivax

T. brucei

T. evansi

T. equiperdum

Cattle

+++

±

++

+

+

Q

Sheep

++

+

++

+++

++

Q

Goat

++

+

++

+++

++

Q

Pig

+

+++

Q

+

Q

Q

Horse

++

Q

++

+++

++

+

Camel

++

Q

Q

++

++

Q

+++: very susceptible, ++: susceptible, +: less susceptible, Q: no infection (refractory)
6. Effect of trypanosomiasis on animal health and production
The effect of a trypanosome infection on animal health depends largely on the
condition of the host and the trypanosome species involved. In susceptible animals, the
disease can be devastating. Although there are no pathognomonic signs, the infection is
mostly characterized by the destruction of red blood cells, and emaciation, especially
during the chronic phase. During the course of the infection, infected animals present
some disturbance in their immunological response and are more susceptible to other
diseases. Moreover, they may respond poorly to vaccination. The disease can cause high
mortality, important reduction in milk and meat production, delay in sexual maturity,
abortion, low calving rates and loss of draught power (Shaw, 2003; Swallow, 2000).
7. Control of trypanosomiasis
In tsetse-infested areas, livestock trypanosomiasis can be controlled using a
variety of control strategies (Cuisance et al., 1994). These are mainly orientated towards
the elimination of the parasites from the blood or the prevention of infection by the bites
of infected flies. The use of animal breeds that are naturally tolerant to the disease (e.g.
trypanotolerant breeds) is another alternative.
Trypanocidal drugs are used to control the parasites. Depending on the control
strategy, drugs are administrated for curative or preventive purposes. A total of five
compounds have been used in the past namely, homidium chloride/bromide, diminazene
aceturate, isometamidium chloride, pyrithidium bromide and quinapyramine sulphate/
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chloride. However, because of the frequent use and/or misuse of these drugs, resistance
against those compounds has developed and is spreading quickly. Currently, only three
compounds (i.e. homidium, isometamidium and diminazene) are used to control the
disease in cattle. Isometamidium chloride is used mainly for prophylactic purposes. In the
case of drug resistance, the use of the sanative pair (e.g. diminazene x isometamidium or
homidium) is recommended, as cross-resistance is still low (Geerts and Holmes, 1998).
When the level of resistance is high or the wild reservoir of the parasite is wide,
trypanosomiasis can not be controlled by trypanocides alone and the control of tsetse flies
is required. Due to constraints related to “large-scale” tsetse control, “localized” control of
the vector is often preferred. This is frequently achieved using odour-baited insecticideimpregnated targets and/or traps. In some specific cases, insecticide-treated cattle, ground
or aerial spraying, or sterile insect techniques can be used.
Despite the arsenal of control tools, the choice of method(s) in the context of
integrated control strategy should be based on the understanding of the local
epidemiology and the impact of the disease on livestock production (Snow and Rawlings,
1999) (Table 2).

Table 2. Suggested control strategies depending on the ranking intensity of African
animal trypanosomiasis (AAT) (adapted from Snow and Rawlings, 1999)

AAT problem

Chemotherapy

Chemoprophylaxis

ranking

Tsetse
control

Livestock
breeds

Zero

Do nothing

Not applied

Not applied

Any breed

Low

Treat as and when

Not applied

Not effective

Any breed

Not applied

Not effective

Trypanotolerant

required
Medium

Treat as and when
required

High

Very severe

breeds

Treat as and when

Oxen, horses and

required

donkeys

Treatment on

All animals

demand may be
insufficient

Use pour-on

Trypanotolerant
breeds

Effective

Trypanotolerant
breeds
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CHAPTER 1

The importance of trypanosome strain variability in
the epidemiology of bovine trypanosomiasis:
A review
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It should be emphasized that it is the interaction of a wide range of environmental factors and
features of the vector and host which determines patterns of trypanosomiasis. Only by
examining each factor and feature for its relative importance can we begin to
understand why trypanosomiasis varies so widely in significance
from one set of circumstances to another.
(Putt S.N.H. & coll.)
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1.1. Introduction
As a large set of tsetse and trypanosomiasis control tools is available, good
understanding of the epidemiology of bovine trypanosomiasis remains a pre-requisite for
the development of any appropriate control strategy. This is particularly true in the
context of integrated control where specific strategies need to be adopted depending on
the epidemiological situation of the disease in any particular area (Hendrickx et al., 2004).
Unfortunately, the epidemiology of bovine trypanosomiasis is very complex and
contrasted, even at the local scale (de La Rocque et al., 2001; Van den Bossche and Vale,
2000; Wacher et al., 1994). Despite the large amount of epidemiological studies, many
questions remain to be answered. Of particular importance are those questions related to
the factors determining the distribution of the disease and its impact on livestock
production.
Indeed, bovine trypanosomiasis is distributed unevenly throughout the tsetseinfested area of sub-Saharan Africa (Jordan, 1986). Moreover the impact of the disease on
livestock production varies substantially throughout the infested area (Hendrickx et al.,
1999; Van den Bossche and Vale, 2000). Depending on the epidemiological situation, the
disease can occur in an endemic form where mild infections are observed in livestock.
Under such circumstances, livestock seems to withstand the infection with low or
moderate losses in production. In such endemic areas, irregular drug treatment suffices to
control the disease in livestock and the disease rarely provokes animal death (Van den
Bossche et al., 2000). For example, on the plateau of Eastern Zambia where tsetse
challenge is high the infection has little impact on livestock production (Doran, 2000).
In other epidemiological circumstances, however, the disease is present in an
epidemic form with high impact on livestock production and high mortality rates. In
southern Africa, such a situation is present in cattle kept adjacent to tsetse-infested game
reserves (Van den Bossche and Vale, 2000). Similar epidemic forms of trypanosomiasis
have also been reported in West Africa (Bourn et al., 2001).
Historical data have shown that the epidemiological situation and, hence, the
impact of bovine trypanosomiasis in a particular area is not static but is subject to change
over time. As a result, the disease can shift from an epidemic form (with high impact) to
an endemic form (with low impact) and vice versa (Bourn et al., 2001; Van den Bossche
and Vale, 2000). Such substantial changes in impact have also been observed in Human
Sleeping Sickness (HSS) (Hide et al., 1998). From a trypanosomiasis control point of
view it is thus important to maintain a trypanosomiasis endemic situation or to change an
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epidemic situation into an endemic situation. This requires a thorough understanding of
the epidemiological factors determining the dynamic of the disease. Some of these
important factors are related to the characteristics of the trypanosomes infecting livestock.
The objective of the present review was to summarize current knowledge and
understanding of the implication of trypanosome strain diversity as a factor influencing
the epidemiological situation of bovine trypanosomiasis and thus the impact of the disease
on livestock production. Hereby, special attention was paid to the genetic diversity of the
trypanosome population, the methods to determine this diversity and the phenotypic
characteristics linked to genetic diversity that may affect the epidemiology of the disease
in livestock. Finally, this summary aims at identifying gaps in our knowledge that require
further research.
1.2. Variability of the factors influencing the epidemiology of bovine trypanosomiasis
The epidemiology of a disease can be defined as “the analysis of factors affecting
the general prevalence of infection, the incidence of new infections, the degree of severity
of clinical manifestations, and the frequency of occurrence of various causative
organisms” (McLennan, 1974). Many factors have been shown to play an important role
in the epidemiology of bovine trypanosomiasis. Generally speaking, the manifestation of
the disease in different areas remains the result of the three main epidemiological
components i.e. the vector, the animal host (including breeding practices) and the parasite
(de La Rocque et al., 2001). Various studies have been conducted to elucidate the
complex and varying role of each of these factors.
Although high tsetse density is usually correlated with a high incidence of
trypanosomiasis (Claxton et al., 1992; Osaer et al., 1999), some fly species are
epidemiologically more important than others. Tsetse fly species belonging to the
Morsitans group are found to be more effective in the transmission of the parasite or have
a higher vector competence compared to species of the Palpalis or Fusca group. Similar
variations in the vector competence are found within a fly group, between different fly
species or subspecies and even between colonies of the same species (Kazadi et al., 1999;
Moloo, 1993; Moloo et al., 1988, 1995; Reifenberg, 1996 ; Roberts and Gray, 1972). It
thus appears that the epidemiological importance of the vector goes beyond the species or
subspecies level (Welburn and Maudlin, 1999). Such variations are likely to influence the
epidemiological situation of trypanosomiasis in restricted areas by affecting its
distribution and incidence.
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The host can also play an important role in the epidemiology of trypanosomiasis.
Exotic livestock breeds reared in tsetse-infested areas usually suffer more from the disease
than local breeds. The so-called native taurine breeds are usually more trypanotolerant
compared to the Zebu cattle breeds (Paling et al., 1991). Moreover, within the Zebu
breeds some are more susceptible to infection compared to others (Mwangi et al., 1998).
It is well-known that the epidemiology of bovine trypanosomiasis varies
substantially depending on the trypanosome species involved. However, even between
areas where one trypanosome species dominates, the impact of the disease can vary
substantially. In T. congolense, this has been related to parasite strains belonging to the
Savannah, WARF or Kilifi subgroup (Bengaly et al., 2002a,b ). However, little is known
on how variability between strains belonging to one subgroup may affect the
epidemiology and impact of the disease in livestock in a particular area. It has been
suggested previously that differences in impact may be related to the number of
trypanosome strains circulating in livestock as well as respective biological characters
such as their virulence profile and their transmissibility, and the interaction between
different strains (Bourn et al., 2001; Tait, 1989; Van den Bossche and Vale, 2000).
Nevertheless, more research is required to determine the role of each of those
characteristics.
1.3. Genetic variability of trypanosome strains
Determining trypanosome strain diversity requires the availability of appropriate
tools that can characterize trypanosomes at the isolate level. A large number of techniques
have been used in the past. They include the isoenzyme technique, the Restriction
Fragment Length Polymorphism (RFLP) technique or karyotype analysis (Gibson and
Borst, 1986; Gibson et al., 1985; Truc et al., 1997). However, these techniques are
complex, time consuming and require a considerable amount of parasite material (Tilley
et al., 2003).
To overcome these difficulties, a number of PCR-based techniques such as
minisatellite markers, the Randomly Amplified Polymorphism DNA (RAPD), the
Amplified Fragment Length Polymorphism (AFLP) and the Mobile Genetic Elements
(MGE-PCR) were developed and used mainly in T. brucei isolate characterization (Agbo
et al., 2002, 2003; Li et al., 2005; Lun et al., 2004; Herder et al., 1998; MacLeod et al.,
2000, 2001; Tilley et al., 2003). In animal trypanosomiasis on the other hand, traditional
AFLP (Agbo et al., 2002) or RAPD (Majiwa et al., 1993) have also been used for strain
genotyping. Unfortunately, traditional AFLP is technically demanding and RAPD has low
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reproducibility. Hence, there is a need for cheaper, more sensitive and reproducible tools
to conduct thorough genetic analyses of the T. congolense population infecting livestock.
The use of PCR techniques has yielded useful information regarding the
distribution of trypanosome strains in different areas. Indeed, the comparison of
trypanosome isolates circulating in T. brucei rhodesiense or T. b. gambiense foci revealed
that each focus has its own infective strains circulating in humans (Gibson, 2001;
MacLeod et al., 2001; Truc et al., 2002). On the other hand, neighbouring populations of
T. brucei were shown to be composed of a different range of zymodemes (Cibulskis,
1982). These findings suggest that, at least in human trypanosomiasis, the epidemiological
situation found in each area is associated with the trypanosome strains circulating locally.
Unfortunately, such studies have not yet been conducted in livestock trypanosomiasis.
On the other hand, the observed changes from a trypanosomiasis epidemic
situation into an endemic situation and vice versa were suggested to be related to the
dynamics of those trypanosome strains circulating in each area. Indeed, it has been
hypothesised that in bovine trypanosomiasis the elimination of trypanosome strains
causing severe infections in an epidemic area could transform the epidemiological
situation to an endemic one (Van den Bossche and Vale, 2000). On the other hand, the
appearance of new strains (Gibson and Gashumba, 1983) or major changes in the genetic
composition of trypanosome population (Cibulskis, 1992) was suspected to be responsible
of outbreaks in HSS. These hypotheses require further studies.
The number of trypanosome strains circulating in different trypanosomiasis foci
can

also influence the epidemiology of bovine trypanosomiasis.

In

animal

trypanosomiasis, previous studies revealed that the trypanosome population circulating in
livestock is composed of various genotypes (Kihurani et al., 2000; Masake et al., 1988;
Mulugeta et al., 1997). The low impact of trypanosome infections in endemic areas has
been attributed to a low number of circulating trypanosome genotypes and the
concomitant development of an immunity that protects against homologous challenge. On
the other hand, large number of trypanosome strains and thus heterologous challenge
could explain epidemic situations (Bourn et al., 2001; Van den Bossche and Vale, 2000).
Although this hypothesis could not be applied in human trypanosomiasis (Agbo et al.,
2003; Hide et al., 1994), further studies are required to determine the role of genetic
variability of T. congolense on the impact of bovine trypanosomiasis.
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1.4. Virulence profiles of trypanosome strains
As mentioned before, the importance of trypanosome strains diversity in the
epidemiology of bovine trypanosomiasis can also be linked to differences in the virulence
profiles of genetically different trypanosome strains. Hereby, the virulence being defined
as the degree of pathogenicity of a microorganism as indicated by the severity of the
disease produced and its ability to invade the tissues of a host (Anonymous, 2003).
Indeed differences in virulence are well-known in HSS where trypanosome strains
belonging to the T. b. rhodesiense subspecies induce more acute disease compared to T. b.
gambiense (Godfrey and Kilgour, 1976). Besides, different levels of virulence have been
observed among the strains belonging to the same subgroup. In T. b. rhodesiense for
example, strains present in the northern part of its distribution (e.g. Uganda) cause a more
acute infection compared to those found in the southern part of its distribution (e.g.
Malawi) (MacLean et al., 2004). Within the same country also the disease caused by
either T. b. rhodesiense (Enyaru et al., 1993; Smith and Bailey, 1997) or T. b. gambiense
(Jamonneau et al., 2000) may vary substantially with, in some areas, strains inducing
asymptomatic infections with self-cure while in other areas circulating strains cause an
acute disease with neurological disorders. Such variability in the virulence profile of
different strains has also been reported in T. cruzi (Laurent et al., 1997; Toledo et al.,
2002).
Among the trypanosomes infecting cattle in Africa T. congolense, and in some
instances T. vivax, have been shown to be very pathogenic. It has been suggested that in T.
congolense and T. vivax, the virulence profiles are subject to substantial variation. For
example T. vivax strains originating from West Africa are considered as more virulent in
cattle compared to those from East Africa. The same observation was reported in T.
congolense with the East African stocks being more virulent compared to the West
African ones (Stephen, 1986).
On the other hand, there is also evidence of variability in the virulence profiles of
trypanosome strains originating from the same geographical area. For example, some East
African T. vivax strains induce severe infections similar to the ones usually observed in
West Africa (De Gee et al., 1982; Dirie et al., 1993; Vos et al., 1988). Similar variability
in the virulence profiles between T. vivax strains has also been reported in South America
where some stocks induce severe infections and others don’t (Davila et al., 2003; Otte et
al., 1994; Silva et al., 1999; Ventura et al., 2001). Despite all these observations, studies
determining the extent and consequences of this variability are lacking.
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Comparing the virulence of trypanosome isolates is based mainly on determining
differences in the development of the anemia, the parasitaemia, the duration of the
prepatent period and the survival time of infected animals. Laboratory mice are most used
for this purpose. Experimental infections have been conducted less frequently in livestock
(e.g. cattle, sheep, goat, pig) (Audu et al., 1999; Bengaly et al., 2002a,b; Joshua, 1990;
Moloo et al., 1992). However, previous studies in this field have suggested that the results
of experiments comparing the virulence of T. congolense isolates in mice and cattle or
goat showed a high degree of similarity (Bengaly et al., 2002a,b; Joshua, 1990). These
findings suggest that, to a certain extent, virulence tests in mice can be extrapolated to
livestock.
Some studies were conducted to evaluate the variability of virulence profiles of T.
congolense isolates using the mouse or cattle models. One study compared differences in
the virulence of different forms of T. congolense isolates in mice with the long forms
being more virulent than the intermediate or the short form (Godfrey, 1961). In another
study, attempts to characterize the virulence profiles of three of T. congolense subgroups
showed that, both in mice and cattle, the Savannah subgroup was far more virulent
compared to strains belonging to the WARF or the Kilifi subgroup (Bengaly et al.,
2002a,b). However, the intra-subgroup virulence variability in this species and how this
variability can affect the epidemiological situation of bovine trypanosomiasis in different
areas remains undetermined.
1.5. Transmissibility of trypanosome strains
The epidemiological importance of trypanosome strains will depend not only on
their virulence profile but also on their respective ability to infect tsetse flies and be
transmitted from tsetse flies to livestock. Indeed the transmissibility of trypanosomes is
determined by their ability to establish and mature in the tsetse fly. Previous studies
showed that the distribution of livestock trypanosomiasis is intimately related to the
distribution and infection of tsetse flies. However, even though the vectorial capacity is
generally related to the fly genome, infection prevalence in the flies were found to be also
related to the infecting trypanosomes as in HSS (Gibson, 2001; Lefrançois et al., 1998,
1999; McNamara and Snow, 1990).
In previous field and experimental studies, a higher transmissibility was generally
observed in T. vivax compared to T. congolense or T. brucei (Mohamed-Ahmed et al.,
1989; Moloo et al., 1999; Woolhouse et al., 1994) even though, in some epidemiological
circumstances, T. vivax infections are less prevalent in tsetse flies compared to T.
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congolense (Msangi et al., 1998). In all cases, tsetse flies were shown to be less infected
by T. brucei infections. However, significant differences in the transmissibility have also
been observed within a trypanosome species. For example T. b. brucei was shown to
produce high prevalence of infections in tsetse flies compared to T. b. rhodesiense
(Welburn et al., 1995) while a low transmissibility was reported in T. b. gambiense
(Dukes et al., 1989). Furthermore, T. congolense belonging to the Savannah subgroup was
shown to be more easily transmitted by different tsetse fly species compared to the WARF
subgroup (Reifenberg et al., 1997).
Unlike in HSS (Welburn et al., 1995), the comparison of T. congolense strains
belonging to the same subgroup yielded conflicting results with no difference in their
transmissibility being obtained in some experiments (Maudlin et al., 1986; Moloo and
Kutuza, 1988) while substantial differences were observed in other studies (Dale et al.,
1995). These findings suggest that although there seems to be evidence of clear
differences in transmissibility between trypanosome strains of the same species, the
subgroup variability and the epidemiological consequences of these differences in the
transmissibility of T. congolense strains belonging to the same population require further
investigation.
1.6. Interaction between trypanosome strains
Cattle infected with trypanosomes tend to limit the infection through humoral and
cellular defense mechanisms. The humoral immunity operates through the production of
antibodies (Anti-VSG antibodies) directed against the specific variants of trypanosome
present in the blood. However, immunity is not only determined by antibodies (Mitchell
and Pearson, 1986; Olubayo et al., 1991). The activation of cell-mediated immunity, the
production of cytokines by activated macrophages (De Baetselier et al., 2001; Murray et
al., 1974a,b ; Taylor and Authié, 2004) and the development of local skin reaction (Akol
and Murray, 1985; Luckins et al., 1983; Taiwo et al., 1990) have also been shown to play
an important role in the development of immunity to trypanosomes. Furthermore, the
immune response varies with the duration of the infection with weak or no protection
being associated with infections of short duration ( Vos and Gardinier, 1990; Vos et al.,
1988). On the other hand, strong protection is observed in chronic infections (Nantulya et
al., 1986).
The development of immunity in trypanosomes was also shown to vary between
homologous or heterologous challenge (Akol and Murray, 1983; Morrison et al., 1982;
Paling et al., 1991). In most cases, sterile immunity is observed with homologous
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challenge. On the other hand, animals that are challenged with a different trypanosome
strain do not develop a sterile immunity. Indeed the immunity developed after primoinfection usually does not prevent the establishment of a heterologous trypanosome strain
(Akol and Murray, 1983; Otesile and Tabel, 1987; Wellde et al., 1981) with animals being
completely susceptible and developing a high parasitemia and steep drop in the PCV
(Nantulya et al., 1984, 1986; Wellde et al., 1981) or with the development of typical local
skin reactions (Akol and Murray, 1983; Luckins et al., 1983).
In some cases, however, the establishment of an infection after heterologous
challenge results in changes in the character of the infection suggesting interference
between trypanosome strains. Such interference was shown to result in a delay in or
absence of antibody production, a reduction or absence of local skin reactions or no
appreciable increase in parasitemia (Dwinger et al., 1987; Luckins and Gray, 1983;
Luckins et al., 1983; Morrison et al., 1982). Since antibody production was not found to
be implicated, this interference phenomenon was reported to require the presence of an
active infection (Dwinger et al., 1987; Luckins et al., 1983; Morrison et al., 1982; Uche
and Jones, 1994).
Since various trypanosome strains are found to circulate in livestock, the
occurrence of this interference in different trypanosomiasis areas is likely to influence the
epidemiological situation of the disease. Although field evidence on the occurrence of
such interactions between different trypanosome strains is not available in human or in
animal trypanosomiasis, there is evidence of cross-reaction occurring among different T.
vivax strains (Barry and Gathuo, 1984; Murray and Clarkson, 1982; Vos and Gardinier,
1990). Furthermore, this cross-reaction was shown to differ in intensity depending on the
combination of strains with some strains showing a stronger cross-reaction than others
(Dar et al., 1973; Murray and Clarkson, 1982; Vos and Gardinier, 1990).
Even though cross-reactions were only observed in T. vivax, they are likely to
occur also in T. congolense and may contribute to the impact of the disease in cattle.
However, to elucidate the role of such cross-reaction further studies are required.
1.7. Conclusion
The epidemiology of bovine trypanosomiasis caused by T. congolense has been
studied extensively. Nevertheless, some mainly parasite-related epidemiological factors
that may play a role in the distribution and impact of the disease have to be determined. In
this respect, the composition of the parasite population in a particular area and the
repercussions of the genetic diversity on virulence, transmissibility and interaction
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between genotypes are not well understood. It is expected that through a better
understanding of all the parameters, factors contributing to the endemic or epidemic
nature of the disease can be determined. A better understanding of these factors may
contribute to the identification of priority areas for trypanosomiasis control and the
development of appropriate control strategies.
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…Any discovery, even if it is only partial, leads not only to a better understanding of this
complex group (parasite-vector-host and their multiple interactions)
but also to a better control of the disease.
(Clair M.)
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The studies presented in this thesis are guided by the hypothesis that the
differences in the expression and impact of bovine trypanosomiasis in different areas are
influenced by the various genotypes and corresponding biological characters of the
Trypanosoma congolense strains circulating in those areas.

The overall objective of this study was to contribute to the understanding of the
epidemiology of bovine trypanosomiasis by quantifying genotypic diversity in a field
population of T. congolense collected from an endemic area and determining related
biological parameters such as virulence, transmissibility and interactions between
different trypanosome strains.
The specific objectives were:


To develop a sensitive and easier DNA-fingerprinting technique for the
characterisation of T. congolense isolates.



To determine the genetic diversity in T. congolense populations isolated from cattle in
an endemic area.



To assess the virulence profiles of those genetically different isolates in mice.



To evaluate the transmissibility of those genetically different isolates.



To determine the existence of possible interactions between genetically different
isolates, especially those displaying different virulence profiles.
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CHAPTER 2

A modified AFLP for Trypanosoma congolense isolate
characterisation

Adapted from Masumu J., Geysen D., Vansnick E., Geerts S. and Van den Bossche P.
(2006). A modified AFLP for Trypanosoma congolense isolate characterisation. Journal
of Biotechnology 125, 22-26.
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Many teams rely on an empirical approach to type strains of pathogens. They analyse visually
the profiles generated by the molecular tools they use, and consider that the stocks
that appear identical pertain to the same "strain "…
This approach can be misleading.
(Tibayrenc M.)
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2.1. Introduction
The amplified fragment length polymorphism (AFLP) technique is a DNA
fingerprint method with a high reproducibility and covering a great number of genome
loci in one analysis (Vos et al., 1995). Due to its reproducibility and its powerfulness, this
tool has been widely used for the characterisation and genetic analysis of many microorganisms and plants (Agbo et al., 2002, 2003; Grech et al., 2002; Janssen et al., 1996;
Rubio et al., 2001; Vos et al., 1995).
The traditional AFLP uses two restriction enzymes and the large number of bands
making up the profiles requires the use of a sequencer and Genescan software (Agbo et
al., 2002, 2003) or polyacrylamide gel (Delespaux et al., 2005) for analysis. These
conditions restrict its use to few laboratories. For this reason, modifications have been
made to the AFLP technique using one restriction enzyme instead of two. This singleenzyme amplified fragment length polymorphism (SE-AFLP) has the advantage of easier
analysis on agarose or Elchrom gel. Using these gels, the AFLP tool becomes cheaper and
easy to use. Notwithstanding the reduced number of bands, the modified AFLP has been
used successfully for the characterisation of isolates of different organisms such as
Mycobacterium kansasii (Gaafar et al., 2003), Mycobacterium avium subspecies
paratuberculosis (Vansnick, 2004), Pasteurella multocida (Moreno et al., 2003), plants
(Ranamukhaarachchi et al., 2000) and honey bees (Suazo and Hall, 1999). In this paper,
we describe a modified AFLP that was developed for Trypanosoma congolense isolate
characterisation using only one enzyme and agarose or Elchrom gels.
2.2. Materials and methods
2.2.1. The principle of AFLP
The AFLP is a fingerprint technique based on the amplification of selective
restriction fragments from genomic DNA (Vos et al., 1995). The technique involves
different steps. First, the double stranded template DNA is digested using generally two
restriction enzymes in traditional AFLP and one in the modified AFLP. These enzymes
cut the DNA at recognition sites specific to each enzyme. Then the generated fragments of
DNA are ligated with specific oligonucleotides adapters that are complementary to the
restriction sites. These adapters bind at the end of each fragment and serve as binding sites
to which complementary primers anneal during the amplification process. To reduce the
amount of fragments after digestion, a subset of restriction fragments can be selected by
extending selective nucleotides (one or more) at the 3’ end of each primer. Selected
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amplified fragments can finally be analyzed by denaturing polyacrylamide gel
electrophoresis generating fingerprint like profiles. Now an Agarose or Elchrom gel based
system can be used in modified AFLP given the low number of restriction fragments
generated.
2.2.2. DNA preparation
Stabilates derived from two clones of T. congolense Savannah isolated from
Tanzania (IL 1180) and Zambia (TRT 17) were used to develop the tool. Trypanosomes
were multiplied by inoculating a volume of 0.2 ml of stabilate in OF1 mice (Iffa Credo,
France). When the parasitemia reached at least 108.1 trypanosomes/ml according to
Herbert and Lumsden (1976), blood was collected by heart puncture and pellets were
prepared using the mini anion exchange column technique (Lanham and Godfrey, 1970).
The DNA extraction of these pellets was carried out using the phenol-chloroform method.
After extraction, DNA concentrations were measured by spectrophotometer (Genesys®,
Spectronic Unicam, USA).
2.2.3. Restriction endonuclease digestion and ligation
Two enzymes, Eco RI or Bgl II were used to prepare template DNA by single or
double enzyme digestion. An amount of 500 ng of DNA was used in 16 µl of volume for
single enzyme digestion (Eco RI or Bgl II) or in 14 µl for double enzyme digestion (Eco
RI and Bgl II). This volume of DNA template was digested using 20U of each enzyme
and 10x-reaction buffer. The ligation was made by adding 2U of T4 DNA-ligase, 10 pmol
of respective adapters and 5x ligation buffer to the digested DNA. Different digestion and
ligation protocols were tested. In a first experiment, digestion and ligation was carried out
simultaneously for 3 hours at 37°C. In a second experiment, the template was digested for
3 hours at 37°C followed by the ligation for 3 hours at 37°C. In a third experiment, the
digestion was carried out for 3 hours at 37°C and the ligation was conducted overnight at
room temperature. The excess of adapters was removed by ethanol precipitation and the
template was diluted in 20 µl of sterile water and stored at –20°C until use. Finally, a
dilution serie of DNA template ranging from 10-500 ng in a total volume of 16 µl was
digested in order to evaluate the appropriate DNA concentration required for this AFLP
technique.

Chapter 2

41

2.2.4. Amplification reactions
The DNA amplification reactions were the same whether one or both enzymes
were used. One µl of digested template was mixed with 100 mM KCl, 20 mM Tris-HCl
(pH 8.6), 3.3 mM MgCl2, 0.2% Triton X-100, 200 µM of each dNTP, 25 pmol of primer
and 0.5 U Taq polymerase enzyme (Eurogentec, Belgium) in a total of 25 µl. For the
PCR, cycling conditions were 4 min at 92°C, followed by 40 cycles of 92°C for 45 s,
56°C for 45s, 72°C for 1 min and a final extension of 72°C for 8 min. Primers were used
as described by Agbo et al. (2002) (5’-GAG TAC ACT GTC GAT CT-3’ for BglII and
5’-GAC TGC GTA CCA ATT C-3’ for EcoRI).
2.2.5. Gel electrophoresis
A volume of 5 µl of the amplified product was loaded on 2% agarose gel. The
electrophoresis was carried out at 100 volts for 30 minutes. The gel was stained in 4%
ethidium bromide for 20 minutes. When Elchrom gels were used, 5µl of the amplified
product were loaded into a 6% Poly(NAT)® Elchrom gel (Elchrom Scientific,
Switzerland). The electrophoresis was carried out at 80 volt for 150 minutes. The gel was
stained for 30 minutes in 0.01% SYBER Green I® (Cambrex Bio Science Rockland,
USA) and washed in sterile water for 30 minutes. In both cases, gels were photographed
using an ultra violet illumination at 254nm.
2.2.6. Discriminatory power of the tool and Analysis of AFLP patterns
Eleven allopatric isolates originated from different countries (Burkina Faso,
Congo democratic, Uganda, Ethiopia, Mali and Tanzania) and fourteen isolates collected
from a sympatric area in Zambia were used to assess the discriminatory power of the new
technique. All those isolates belonged to T. congolense Savannah subgroup as confirmed
by PCR-RFLP using the protocol described by Geysen et al. (2003). The characterisation
of different isolates was done by comparing different bands generated using visual
analysis or a Bionumerics software (Applied Maths, Kortrijk, Belgium).
2.3. Results and Discussion
A standard AFLP tool, using Bgl II and Eco RI enzymes and different
combinations of primers, was developed by Agbo et al. (2002) for the characterisation of
the trypanosome isolates of the Trypanozoon subgenus. In our study, we first tested sets of
selective primers that were not used by Agbo et al. (2002), but the profiles on agarose or
Elchrom gel were unscorable or faint. Most of them produced a smear due to a large
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number of bands. To reduce the number of bands, a single-enzyme AFLP approach was
adopted using Eco RI or Bgl II. The non-selective primers (Eco RI+0 or Bgl II+0) did not
produce scorable profiles. Single-enzyme AFLP using Eco RI produced scorable but less
polymorphic bands with the selective primers A, C or G whereas selective primer T
produced weak and non-scorable bands. The best result was obtained with the Bgl II
restriction enzyme. Selective primer A produced fewer bands in comparison to C, G or T
selective primers (profiles generated by selective primer A are shown in Figures 2.1 and
2.2). The average number of bands ranged from 7-20 depending on the selective primer
used. Different selective primers produced different profiles for each isolate. The size of
the bands ranged from a minimum of 100bp to 3000bp.
Different protocols were compared for the digestion and ligation procedures.
Previous studies using AFLP technique demonstrated that the digestion and ligation can
be performed in one (Valsangiacomo et al., 1995; van der Wurff et al., 2000) or two
(Agbo et al., 2002; Ranamukhaarachchi et al., 2000; Vos et al., 1995) steps. The two step
operation is preferred particularly for organisms with a high sugar content giving poor
DNA digestion (Agbo et al., 2002). In this study, there was no difference whether the
digestion and ligation was performed in one or two steps (data not shown). For the rest of
our study, we adopted the one step operation.
Different concentrations of DNA template ranging from 10-500ng in a total
volume of 16µl were digested in order to determine the appropriate concentration of DNA
for this technique. The results (data not shown) showed that a concentration of 40 ng of
DNA template in 16 µl was sufficient for a good result. Higher DNA concentrations
didn’t improve the profile generated whereas lower DNA concentrations gave rise to
some weak or missing bands although the profiles remained scorable.
This study showed that the profiles generated using this modified AFLP can be
easily characterised on agarose (Figure 2.1) or Elchrom (Figure 2.2) gels. In case of
Elchrom gels the profiles become more detailed and reading is improved. Similar profiles
using agarose became obviously different when Elchrom gel was used (i.e. profiles 3 and
5 or 10 and 12). This is due to a higher resolution and a better separation of bands for
Elchrom compared to agarose gels.
The resolution of this method was assessed for its ability to characterise T.
congolense at isolate level using twenty-five randomly selected isolates collected from
allopatric and sympatric areas. The results showed that each of the selective primers (A,
C, G or T) was able to characterise successfully all those isolates since no identical
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profiles were obtained (ten of the twenty-five isolates are shown in Figures 2.1 and 2.2
using A-primer on agarose and Elchrom gels, respectively).

Figure 2.1. DNA fingerprinting generated by selective primer Bgl II+A using T.
congolense isolates on 2% agarose gel: lanes 2-6: allopatric isolates
originated from Burkina Faso, Dem. Rep. Congo, Uganda or Tanzania;
lines 8-12: sympatric isolates originated from Zambia; lines 1, 7 and 13:
Markers 100bp plus.
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Figure 2.2. DNA fingerprinting generated by selective primer Bgl II+A using T.
congolense isolates on 6% Elchrom gel (legend see Figure 2.1).
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In previous studies on T. congolense, such a high resolution was obtained for
allopatric and sympatric isolates using isoenzyme technique (Gashumba et al., 1988;
Young and Godfrey, 1983). In those studies, however, a set of isoenzyme was needed to
characterise successfully different isolates. Using this modified AFLP and thanks to the
higher polymorphic loci randomly selected according to the restriction sites of the enzyme
used, a single selective primer could discriminate successfully different isolates.
The results of this study showed also that this modified AFLP makes the
characterisation of T. congolense isolates easier compared to traditional AFLP. Indeed,
even though software analysis can be useful when a great number of isolates needs to be
compared, no fluo-detection apparatus is required and the fact that only one enzyme and a
single primer can successfully characterise T. congolense isolates makes this modified
AFLP cheaper and more practical in most of the laboratories.
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This latter result is a particularly surprising finding, in that the diversity of genotypes
observed between different animal is high (Hide G.)… Perhaps the simplest conclusion is that
the observed variation is due to mutation alone.
(Gibson W.C. & Wellde B.T.).
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3.1. Introduction
The Trypanosoma congolense species has been shown to be composed of
subspecies differing at the genetic (Gashumba et al., 1988; Knowles et al., 1988; Young
and Godfrey, 1983) and biological (Bengaly et al., 2002; Reifenberg et al., 1997) levels.
Furthermore, trypanosome isolates belonging to the same subspecies and circulating in a
restricted area have been found to differ in their virulence (Masumu et al., 2006a),
transmissibility (Masumu et al., 2006b) and immunological character (Frame et al., 1990;
Masake et al., 1987). Such differences were thought to influence the outcome of the
disease in different areas. As a consequence, different forms of the disease are observed in
bovine trypanosomiasis with a more acute evolution of the disease in its epidemic form
and a milder course in its endemic form. It was hypothesized that the differences in the
expression of the disease are influenced by the number of strains in the trypanosome
population with, in endemic areas, few strains resulting in a more homologous challenge
compared to a more heterologous challenge in epidemic areas (Van den Bossche, 2001).
In eastern Zambia, T. congolense has been found to be the most prevalent
trypanosome species infecting cattle (Machila et al., 2001; Sinyangwe et al., 2004; Van
den Bossche and Rowlands, 2001). Two different states of the disease are found in that
area. An endemic form of the disease is present on the plateau while a more epidemic
form is found in the vicinity of the game park. Despite the presence of a susceptible cattle
breed (e.g. Angoni), the impact of the disease on livestock production in the endemic
areas was shown to be low (Doran, 2000). To verify whether this low impact is related to
a low number of trypanosome strains circulating in livestock, T. congolense isolates were
collected from cattle and analysed to determine their genetic diversity.
3.2. Materials and Methods
3.2.1. Study area and isolation of trypanosomes
Trypanosoma congolense isolates were obtained from communal cattle kept in a
trypanosomiasis endemic focus in eastern Zambia. This area is exempted of large wild
animals and cattle constitute the main reservoir of trypanosomes. Glossina morsitans
morsitans is the only tsetse species present and takes the majority (75%) of its blood
meals from cattle (Van den Bossche and Staak, 1997). A total of 37 isolates were
collected from cattle sampled at 11 sites in Katete and Mambwe districts through mouse
inoculation of infected blood. All isolates were identified as T. congolense Savannah
using the PCR-RFLP technique described by Geysen et al. (2003).
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3.2.2. Cloning procedure
Trypanosomes of each isolate were multiplied in OF1 mice. When the
parasitaemia reached 107.8-108.1 trypanosomes/ml (Herbert and Lumsden, 1976), a drop of
blood collected from the tail was diluted in Phosphate buffer Saline Glucose (PSG). The
concentration of the diluted blood was adjusted, using PSG, to reach a concentration of
one trypanosome/drop of approximately 5µl. Individual drops of this solution were
examined using a microscope (400x) to ensure that only one trypanosome was present per
drop. Drops that contained more than one trypanosome and those that did not contain a
trypanosome were discarded. Each drop that contained only one trypanosome was
injected

intra-peritoneally into

a

mouse

previously immuno-suppressed

using

cyclophosphamide (200mg/kg). An average of 10 mice was used for each isolate.
3.2.3. Purification of trypanosomes, DNA extraction and PCR amplifications
To prepare a trypanosome pellet, trypanosomes were multiplied in mice and at the
first peak of parasitemia, infected blood was collected by heart puncture. Trypanosomes
were purified using the mini anion exchange column technique (Lanham and Godfrey,
1970). DNA extraction of these pellets was carried out using the phenol-chloroform
method. After extraction, DNA concentration was measured by spectrophotometer
(Genesys®, Spectronic Unicam, USA). PCR amplifications were performed using the
modified amplified fragment length polymorphism (AFLP) described by Masumu et al.
(2006c). Briefly, 100 ng of DNA template were digested using Bgl II enzyme. The
digestion and ligation steps were conducted simultaneously for 3h at 37°C. PCR
amplifications were done using the selective primer A. Gel electrophoresis was carried out
on 6% Elchrom gel (polyNAT) and stained using 0.01% SYBR Green I® (Cambrex Bio
Science Rockland, USA).
3.2.4. Genetic analysis
Banding patterns of profiles obtained for each of the isolates were compared.
Isolates that presented an identical profile were considered as belonging to the same
genotype. Clones derived from each of the isolates were compared among themselves as
well as with the respective parent isolates. The genetic variability was calculated as the
percentage of different profiles found among the isolates. To ensure the stability of
profiles generated, 10 clones randomly selected were expanded in mice and their genetic
profiles were compared at different peaks of parasitemia.
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3.3. Results
Thirty-five different genotypes were obtained from the 37 isolates collected,
giving 94.6 % of genetic variability. Apart from one site where three cattle were infected
with the same genotype, all the isolates collected from cattle in the different sites
belonged to different genotypes. A total of 83 clones were obtained from the 37 isolates
collected. Genetic profiles of these clones had identical banding patterns for 34 isolates.
On the other hand, mixed infections were observed in three isolates giving a prevalence of
8.1%. All results are shown in Table 3.1. Genetic analysis of clones expanded into
different mice at different peaks of parasitemia gave identical profiles (data not shown).

Table 3.1. Number of genotypes, clones and mixed infections of Trypanosoma
congolense isolates collected from an endemic trypanosomiasis area of
Eastern Zambia

Site number

Number of

Number of

Number of

Number of isolates with

isolates

genotypes

clones

mixed infections

1

8

6

21

1

2

5

5

12

-

3

5

5

9

1

4

3

3

7

-

5

3

3

7

-

6

1

1

2

-

7

1

1

2

-

8

2

2

4

-

9

2

2

4

-

10

4

4

8

-

11

3

3

7

1

Total

37

35

83

3

3.4. Discussion
The genetic diversity in the population of pathogenic trypanosomes infecting
livestock (e.g. T. congolense) in different trypanosomiasis foci is poorly understood. This
was mainly due to the lack of a sensitive tool to determine such diversity using small
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quantities of parasite material. In human African and American trypanosomiasis, on the
other hand, studies to determine genetic diversity of trypanosome isolates in different
areas have been conducted successfully (e.g. Gibson, 2001; Lewicka et al., 1995;
Matthieu-Daudé and Tibayrenc, 1994). These studies revealed that genetic diversity
differs according to the epidemiological situation of the disease with a large number of
trypanosome strains circulating in sylvatic transmission cycles compared to domestic
ones. However, the genetic diversity of T. brucei rhodesiense strains circulating in
humans was low compared to the diversity of the strains present in the cattle reservoir
(Hide et al., 1994).
In livestock trypanosomiasis also, high genetic diversity has been reported in T.
vivax (Dirie et al., 1993; Fasogbon et al., 1990) and in T. congolense (Gashumba et al.,
1988; Young and Godfrey, 1983). In these studies, isolates originated from various host
species and were collected in different countries. In our study, however, trypanosome
isolates were collected from a restricted trypanosomiasis area and from a single host
species. Nevertheless, our results revealed a high level of genetic diversity of
trypanosomes in a susceptible host species (i.e. cattle).
The lower genetic diversity in the T. b. rhodesiense population in humans was
attributed to the elimination of virulent parasites (Hide et al., 1994). This hypothesis is
supported by the fact that virulent strains would necessitate frequent treatment or induce
higher mortality in humans and thus reduce their overall presence. Notwithstanding the
fact that in eastern Zambia a susceptible host (cattle) constitutes the reservoir of T.
congolense, the genetic diversity in the T. congolense population was surprisingly high.
This is probably the result of the high proportion of genetically different low virulent
strains. Indeed, about 80 % of the isolates collected in Zambia showed a moderate or low
virulence profile (See Chapter 4). Moreover, experimental infections revealed that primoinfections with low virulent strains induce protection for the adverse effect of challenge
and infection with virulent ones (Chapter 6). Under these circumstances, infected animals
will rarely develop a severe disease that requires treatment. This is confirmed by the low
trypanocidal drug use frequency in the area (Van den Bossche et al., 2000). Consequently,
the proportion of strains that are eliminated as a result of treatment or death of the infected
animals and, hence reducing genetic diversity is low. This may explain the maintenance
of the observed high level of genetic diversity in the study area.
Mixed trypanosome infections in livestock are common (MacLeod et al., 2000)
and have also been observed in tsetse flies (MacLeod et al., 1999).

Under the

epidemiological circumstances prevailing in the study area, the proportion of cattle
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infected with multiple trypanosome strains is expected to be high. Nevertheless, only 8%
of the isolates were mixed infections. It is, however, assumed that the observed low
proportion of mixed infections is an underestimate. This is attributed to the well-known
selection of strains as a result of serial passages in mice before cloning and the cloning of
the parasites during the peak of the parasitemia known to consist of one predominant
strain. It is very likely that serial cloning during different peaks of parasitemia or
exhaustive cloning could reveal a larger proportion of mixed infections as previously
shown in infections with malaria parasites (Thaithong et al., 1984). However, cloning at
different peaks of parasitaemia or exhaustive cloning are laborious procedures when large
numbers of isolates need to be examined. Despite the inconvenience related to the cloning
procedure, the presence of mixed infections in the study area is a reflection of the genetic
variability of the trypanosome population and the absence of sterile immunity following
heterologous challenge (Nantulya et al., 1984, 1986; Wellde et al., 1981).
It was previously suggested that the low impact of bovine trypanosomiasis in
endemic areas was due to the circulation of a low number of trypanosome strains.
Subsequently it has been suggested that a local vaccine using a cocktail of the small
number of trypanosome strains circulating in the endemic area could be produced and
used as a possible strategy for local trypanosomiasis control (Masake et al., 1987). Our
observations clearly show that endemicity of trypanosomiasis does not necessarily imply
the presence of a low number of genotypes and a predominantly homologous challenge.
Consequently, even in endemic areas use of a local vaccine consisting of a cocktail of a
few T. congolense strains does not appear to be a practical option for the trypanosomiasis
control as was previously reported by Frame et al. (1990).
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CHAPTER 4

Comparison of the virulence of Trypanosoma
congolense strains isolated from cattle in a
trypanosomiasis endemic area of eastern Zambia

Adapted from J. Masumu, T. Marcotty, D. Geysen, S. Geerts, J. Vercruysse, P. Dorny and
P. Van den Bossche (2006). Comparison of the virulence of Trypanosoma congolense
strains isolated from cattle in a trypanosomiasis endemic area of eastern Zambia.
International Journal for Parasitology 36, 497-501.
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Variation in parasite virulence is not an indicator for the evolution of benevolence.
(Elbert D.)
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4.1. Introduction
In livestock, Trypanosoma congolense, Trypanosoma vivax and, to a lesser extent,
Trypanosoma brucei brucei are the causal agents of trypanosomiasis occurring in subSaharan Africa. An infection with one of those trypanosome species may result in a
chronic, debilitating, emaciating and often fatal disease but the outcome of the infection
differs substantially between trypanosome, between livestock species and within a
livestock species among breeds (Connor and Van den Bossche, 2004). In cattle, T.
congolense (subgenus Nannomonas) is considered the most pathogenic trypanosome
species. Based on molecular markers T. congolense has been divided into four subgroups
i.e. Savannah, WARF, Kilifi and Tsavo (Hide and Tait, 2004). Limited experiments
comparing the virulence of one strain of each subgroup in mice and cattle have shown
differences between the subgroups with the T. congolense strain of the Savannah
subgroup being the most virulent (Bengaly et al., 2002a,b).
Differences in the expression of the disease have been found in different T.
congolense Savannah foci with the disease having little impact in some areas compared to
other areas (Van den Bossche, 2001). There is a suggestion that even within a subgroup,
virulence may differ between strains. To confirm this, the virulence of several genetically
different T. congolense strains isolated from cattle reared in a trypanosomiasis endemic
area of eastern Zambia was compared in mice.
4.2. Materials and methods
4.2.1. Study area and isolation of trypanosomes
Trypanosoma congolense was isolated from communal cattle reared in a
trypanosomiasis endemic area and sampled at 11 sampling sites (Figure 4.1) located in the
Katete and Mambwe Districts of eastern Zambia (Machila et al., 2001). The area is highly
cultivated with a cattle population of approximately 8-10 animals/km2 (based on an aerial
survey conducted in August 1997). Large game animals are absent. Glossina morsitans
morsitans, which takes the majority (75%) of its bloodmeals on cattle (Van den Bossche
and Staak, 1997), is the only tsetse species present and cattle constitute the main reservoir
of trypanosomes. Trypanosomes were isolated in mice. Briefly, for each infected bovine,
a volume of 0.5 ml was injected i.p. into two OF1 mice. The parasitaemia of the injected
mice was checked three times a week by direct examination of tail blood. Parasitaemic
mice were euthanized and the blood collected was used for stabilate preparation. A total
of 31 genetically different strains of T. congolense, characterised using a modified
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Amplified Fragment Length Polymorphism (AFLP) technique (Masumu et al., 2006),
were used in this study (profiles not shown). They all belonged to the Savannah subgroup
(Geysen et al., 2003).

Figure 4.1. Location of sampling sites in the Katete and Mambwe Districts of eastern
Zambia

4.2.2. Virulence testing
The virulence of the 31 strains was compared in OF1 mice. All strains were at
their fifth or sixth passages in mice. Before infection, each of the strains was expanded
into two OF1 mice. Wet tail-blood films of the infected mice were examined
microscopically at two 2-day intervals to estimate the parasitaemia (Herbert and
Lumsden, 1976). When the parasitaemia reached 107.8 trypanosomes/ml, tail-blood was
extracted and diluted into Phosphate buffer Saline Glucose (PSG) to achieve a
concentration of 105 parasites in a total volume of 0.2ml. This volume was injected i.p. in
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six OF1 mice for each strain. A group of six mice, injected i.p. with 0.2ml of PSG was
used as control.
For each strain, the prepatent period (day of the first appearance of parasites in the
blood), the level of parasitaemia, the survival rate and the development of anaemia were
recorded. Mortality in infected and control mice was recorded daily. The parasitaemia was
estimated, daily during the first 2 weeks and thereafter every 2 days, using the wet tailblood film method described by Herbert and Lumsden (1976). An animal was considered
parasitologically negative when no trypanosomes were detected in at least 50 microscopic
fields. The PCV of tail-blood was measured using the micro-centrifugation method. It was
measured before infection, every 2 days for the first 2 weeks p.i., and once a week for the
remainder of the experiment (up to 90 days p.i.). Animal ethics approval for the
experiment infections was obtained from the Ethics Committee of the Institute of Tropical
Medicine, Antwerp, Belgium (Ref DG001-PD-M-TT).
Trypanosome strains were divided in different virulence categories depending on
the median survival time of infected mice. Strains were considered extremely virulent
when the median survival time was short and ranged between 0 and 9 days. The
moderately virulent strains had a median survival time between 10 and 30 days and strains
with low virulence had a median survival time of more than 30 days.
4.2.3. Statistical analysis
The statistical analyses were carried out using Stata 8.0 software (StataCorp,
2003). A linear regression was used to analyse prepatent periods in function of the
virulence categories. The PCV values measured on surviving mice on days 0 and 7 were
analysed in a cross-sectional linear regression model. To ensure normality of the response
variable, the square root of the PCV values were arcsin transformed (Osborne, 2002). The
virulence category, the day p.i. and the interaction between them were used as categorical
explanatory variables whereas the effect of strain was taken as a random effect. The nonlinear combination of estimators function (Oehlert, 1992) was used to calculate the
statistics related to the decline in PCV.
4.3. Results
Based on the median survival time, six strains (19.4%) were classified as
extremely virulent, 13 strains (41.9%) were considered moderately virulent and the
remainder 12 strains (38.7%) had low virulence in mice. The Kaplan-Meier survival
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curves for each virulence category are presented in Figure 4.2. Throughout the 90 days
observation period no mortality was recorded in the control group.

Figure 4.2. Kaplan-Meier survival curves of Trypanosoma congolense strains
belonging to the extreme, moderate and low virulence category

All infected mice developed parasitaemia. Independently of the virulence category,
infection resulted in a steep increase in the parasitaemia. In the mice infected with T.
congolense strains belonging to the low or moderate virulence categories the average
parasitaemia stabilised at a level varying around 107.5and 108.1 parasites/ml blood from
day 8 p.i. onwards. In mice infected with extremely virulent strains, on the other hand,
the parasitaemia continued to increase until death (Figure 4.3).
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Figure 4.3. Average parasitaemia of Trypanosoma congolense strains belonging to
the extreme, moderate and low virulence categories on different days
p.i. The prepatent period was significantly shorter in extremely
virulent strains compared with strains of the moderate or low
virulence category (p=0.015 and <0.001, respectively)

The prepatent period was significantly shorter in T. congolense strains belonging
to the extremely virulent category compared to strains of the moderately virulent category
and those belonging to low virulence category (P=0.015 and <0.001, respectively) (Table
4.1). All infected mice developed anaemia soon after the onset of the parasitaemia (Table
4.1).
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Table 4.1. Median survival time, average prepatent period and average decline in
PCV on day 7 of Trypanosoma congolense strains belonging to the
extreme, moderate or low virulence category (Averages are reported with
standard deviations).

Virulence category
Parameters

Extreme

Moderate

Low

6

13

60

Average prepatent period (in days)

2.3 ± 0.3

3.2 ± 1.6

3.5 ± 1.6

Average decline in PCV on day 7 (in absolute values)

15.6 ± 1.1

14.2 ± 0.6

9.7 ± 0.6

Median survival time (in days)

During the first 7 days post infection, the average PCV in individual mice
decreased with 19 to 33 % depending on the virulence category of the T. congolense
strain. The decline was steepest in mice infected with the extremely virulent strains
followed by mice infected with strains of the moderate and low virulence categories
(Figure 4.4). Statistical analysis showed a significant difference in the PCV on day 7 p.i.
between T. congolense strains belonging to the extreme and moderate virulence categories
compared to strains with low virulence (P<0.001). In mice infected with moderately
virulent or strains with low virulence, the average PCV stabilised but remained low from
day 10 p.i. onwards. However, in mice infected with extremely virulent strains, the PCV
continued to decline until death.
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Figure 4.4. Average packed cell volume of Trypanosoma congolense strains belonging
to the extreme, moderate and low virulence category on different days
p.i. The difference in PCV between extremely virulent or moderately
virulent strains and strains with low virulence, on day 7 p.i., was
statistically significant (p<0.001)

Extremely virulent strains were isolated from cattle at four of the 11 sampling
sites. With the exception of strains from Alicki or Katepela, the majority of isolates from
cattle at the other sampling sites belonged to the moderate or low virulence categories
(Table 4.2). Only one strain was isolated at Katepela. In Alicki, on the other hand,
extremely virulent strains constituted 60% of the isolates. This suggests an uneven
distribution of virulent T. congolense strains.
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Table 4.2. Number of Trypanosoma congolense strains, isolated at one of the 11
sampling sites, belonging to each of the three virulence categories

Sampling site

Number of

Number of strains in each virulence category

strains

Extreme

Moderate

Low

Alicki

5

3

1

1

Chitawe

5

0

4

1

Chipopela

4

0

2

2

Kasamanda

3

1

1

1

Seya

3

0

0

3

Yobo

3

1

1

1

Kapeya

2

0

2

0

Mphita

2

0

1

1

Msoro

2

0

1

1

Jombo

1

0

0

1

Katepela

1

1

0

0

4.4. Discussion
Results of the virulence testing in mice showed unequivocally that genetically
different T. congolense strains belonging to the same subgroup and isolated in one
geographic area from one host species may differ substantially in their virulence. Since
the growth rate of such cloned trypanosome strains is a relatively stable trait (Diffley et
al., 1987; Postan et al., 1986) the observed differences in virulence could not be attributed
to the serial passages of the strains in mice.
Field isolation through inoculation in mice may result in partial selection of strains
that are well adapted to development in rodents. Hence, the range of strains and their
distribution in the three virulence categories may not be a true reflection of the field
population. Unfortunately, less biased techniques for isolating trypanosomes in sufficient
numbers are not yet available.
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Notwithstanding the shortcomings inherent to the methodology, results from the
infections clearly show that the virulence of T. congolense strains of the Savannah
subgroup may differ as much as the virulence between strains of the Savannah and Kilifi
or WARF subgroup (Bengaly et al., 2002 a,b). Indeed, 12 out of the 31 strains that were
compared showed a particularly long survival time in mice similar to the clones belonging
to the Kilifi and WARF subgroup (Bengaly et al., 2002a). In addition, the observed
differences in the development of the parasitaemia and the anemia of strains of the
Savannah subgroup but belonging to the different virulence categories resemble those
observed by Bengaly et al., (2002a) between strains belonging to the different subgroups.
Since the findings of Bengaly et al., (2002a,b) were based on observations made on one
single clone of the Kilifi and the WARF subgroups it is likely that as considerable
variation in virulence exists between clones of each of those subgroups as among clones
of the Savannah subgroup. Hence, before drawing firm conclusions on differences in
virulence between subgroups, further investigations comparing more clones of the Kilifi
and WARF subgroups are required.
Extrapolating the results obtained in mice to cattle requires caution. However,
experiments conducted by Bengaly et al., (2002a,b) have shown good concordance
between results of virulence tests in mice and tests of the same trypanosome strains in
cattle. On the assumption that the results obtained in mice do represent the strain’s
characteristics in cattle, the question remains which factors contribute to the relative
prevalence of virulent and less virulent strains in the cattle population of a particular area.
As with clones of Trypanosoma cruzi (Tibayrenc et al., 1986), it can be hypothesized that
the heterogeneity in the characteristics reflects adaptation to different transmission cycles.
This hypothesis is supported by the observation that in trypanosomiasis endemic
areas where susceptible cattle breeds constitute the main host of tsetse and are the
reservoir of trypanosomes (domestic transmission cycle), the impact of the infection on
production is generally low (Van den Bossche, 2001). This was attributed to the fact that
strains most likely to survive in a susceptible host population should have low virulence
resulting in a mild disease. In the study area from which the 31 strains were obtained,
cattle constitute the main host of tsetse and constitute the main reservoir of trypanosomes.
Such a situation may favour the persistence of trypanosome strains that cause such mild
infections. This seems to be the case in the study area where only 19.4% of all strains
were extremely virulent. Furthermore, extremely virulent strains were isolated from cattle
from four of the 11 sampling sites and 50% of extremely virulent strains were isolated
from cattle at one sampling site (Alicki) suggesting an uneven spatial distribution of such
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virulent T. congolense strains and possibly also an uneven spatial distribution of disease
impacts. Despite the presence of extremely virulent strains in the trypanosome population,
the impact of the disease on cattle production in the study area is generally low (Doran,
2000). This is in accordance with the observed high proportion of strains with low or
moderate virulence. However, further research is required to characterize possible focal
differences in disease impact (i.e. at Alicki) or in mechanisms that may reduce the impact
of infections with extremely virulent strains in cattle.
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CHAPTER 5

Comparison of the transmissibility of Trypanosoma
congolense strains, isolated in a trypanosomiasis
endemic area of eastern Zambia, by Glossina
morsitans morsitans

Adapted from J. Masumu, T. Marcotty, N. Ndeledje, C. Kubi, S. Geerts, J. Vercruysse, P.
Dorny and P. Van den Bossche (2006). Comparison of the transmissibility of
Trypanosoma congolense strains, isolated in a trypanosomiasis endemic area of eastern
Zambia, by Glossina morsitans morsitans. Parasitology 133, 331-334.
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Parasites face a trade-off between damaging their hosts (virulence), which destroys their
food supply, and the benefits of rapid growth and transmission.
(Frank S.A.)
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5.1. Introduction
Understanding the interactions between the parasite and the vector is essential to
develop effective control strategies to reduce disease transmission. Various endogenous
and exogenous factors that affect the proportion of trypanosome-infected tsetse flies have
been identified (reviewed by Leak, 1998). Studies attempting to shed some light on the
endogenous mechanisms involved, showed that a range of biochemical and
immunological processes play a crucial role in the establishment and maturation of the
parasite in the tsetse fly (reviewed by Aksoy et al., 2003). Furthermore, it has been
suggested that the development of trypanosome infections in tsetse depends as much upon
the genome of the tsetse as upon the trypanosome’s genome (Maudlin et al., 1986).
Limited studies have been conducted to assess the role of the parasite in the
establishment of an infection in the vector (e.g. Dale et al., 1995; Maudlin et al., 1986;
Reifenberg et al., 1997). However, none of those studies have focused on differences in
transmissibility between strains belonging to the same trypanosome population present in
a confined geographical area and isolated from one host species. Nevertheless,
characteristics such as transmissibility of strains belonging to the same population may
explain the relative abundance of certain strains in the trypanosome population. Especially
the abundance and maintenance of strains with high levels of virulence is of particular
epidemiological importance (Masumu et al., 2006a). According to the theory for the
maintenance of parasite virulence (Anderson and May, 1982), parasite virulence is often
one of those parasite-related factors that may be genetically correlated with fitness
characteristics such as transmissibility.
This study was conducted to determine the transmissibility of T. congolense
strains circulating in a cattle population kept in a confined geographical area. To assess
the effect of virulence of a particular T. congolense strain on its transmissibility use was
made of strains with different levels of virulence.
5.2. Materials and Methods
5.2.1. Trypanosomes
A total of 17 cloned strains of T. congolense (Savannah subgroup) transmitted by
Glossina morsitans morsitans and isolated from cattle kept in a trypanosomiasis endemic
area in eastern Zambia were used in the experiment. In the area, cattle constitute the main
host of tsetse and are the main reservoir of trypanosomes (Van den Bossche and Staak,
1997). All the strains used were genetically different as confirmed using a modified
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Amplified Fragment Length Polymorphism (AFLP) technique (Masumu et al., 2006b).
Three trypanosome strains belonged to the extremely virulent category with a short
prepatent period, a high parasitaemia, and a short median survival time (between 5 and 9
days) in mice. The remainder of the strains belonged to the moderate (6 strains) or low (8
strains) virulence categories with median survival times between 10 and 30 days and >30
days, respectively (Masumu et al., 2006a).
5.2.2. Tsetse flies
A total of 2960 teneral males G. m. morsitans (less than 32h old) originating from
the colony maintained at the Institute of Tropical Medicine were used in the experiment.
The origin of the tsetse flies used and rearing conditions were described by Elsen et al.,
(1993).
5.2.3. Experimental design
Trypanosomes of each T. congolense strain were multiplied in OF1 mice. Three
times per week, tail blood of the infected mice was examined until the blood became
parasitaemic. Drops of fresh parasitized tail blood, collected in Phosphate Buffered Saline
Glucose (0.2 ml/mouse), were injected into 6 uninfected OF1 mice. When, the
parasitaemia reached the level of 108.1trypanosomes/ml blood (Herbert and Lumsden,
1976), mice were anaesthetized by intraperitoneal injection of 60µl of a mixture of
ketamine (Anesketin®, Eurovet) (8 parts) and xylazine (Rompun®, Bayer) (3 parts). One
batch of 40 flies was offered a single meal on 1 of the mice. A total of 3 to 5 batches of
flies were infected with each of the T. congolense strains, batches being considered as a
replicate for a particular strain. After being given the opportunity to feed, unfed flies were
discarded from the experiment. The remaining flies were maintained on rabbits. To avoid
reinfection of flies, rabbits were replaced weekly. Twenty one days after the infected
meal, flies were dissected according to the method described by Lloyd and Johnson
(1924). The transmissibility of a strain was defined as the proportion of flies that had
taken an infected blood meal and that developed a metacyclic infection in the mouthparts.
The maturation of each of the strains was calculated as the proportion of flies infected in
the midgut (procyclic infection) that developed a metacyclic infection in the mouthparts.
Animal ethics approval for the experiment infections was obtained from the Ethics
Committee of the Institute of Tropical Medicine, Antwerp, Belgium (Ref DG001-PD-MTT).
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5.2.4. Statistical analysis
The binary results were summarized by means of proportion, and analyzed by
logistic regression using Generalized Linear Latent and Mixed Models (GLLAMMs) in
Stata8/SE (Stata Corp, 2003). Virulence was used as categorical explanatory variable
while strain, fly batch (or replicate) and residual error were entered as random effects in
that order. Averages are reported with standard deviation.
5.3. Results
A total of 1796 flies were dissected. Upon dissection, 795 flies were found to be
infected in the midgut (procyclic infection) and 707 in the midgut and the mouthparts
(metacyclic infection). For each of the 17 strains, the number and proportion of flies with
a procyclic and metacyclic infection are summarized in Table 5.1.
The average proportion of flies with a metacyclic infection was 38.6 ± 11.7%. The
average proportion of flies with a metacyclic infection with T. congolense strains of low
or moderate virulence was 36.8 ± 8.3% and 33.9 ± 13.1%, respectively. The average
proportion of flies with a metacyclic infection with extremely virulent strains was 52.5 ±
8.0%. The differences in the proportion of flies with procyclic infections between batches
infected with an extremely virulent T. congolense strain and those infected with a strain of
low or moderate virulence were statistically significant (P=0.033 and P=0.016 for the
differences between strains with moderate or low virulence, respectively). The differences
in the proportion of metacyclic infections between batches infected with an extremely
virulent T. congolense strain and those infected with a strain of low or moderate virulence
were also statistically significant (P=0.005 and P=0.019 for the differences between
strains with moderate or low virulence, respectively). On the other hand, differences
between the proportion of flies with procyclic or metacyclic infections and infected with
strains belonging to the low and moderate virulence categories were statistically not
significant (P>0.05).
With the exception of one trypanosome strain (strain 13 in Table 5.1) with a
maturation of 30%, the proportion of procyclic infections that matured was high and
varied between 83 and 100%. Maturation did not differ significantly between strains
belonging to the different virulence categories (P>0.05).
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Table 5.1. Number and proportion of Glossina morsitans morsitans with a procyclic
or metacyclic infection with one of the 17 Trypanosoma congolense strains
belonging to one of three virulence categories
T. congolense

Virulence

Number of flies

strain

category

dissected

No. (%) of infected flies

Procyclic

Metacyclic

86

28 (32.6)

28 (32.6)

2

109

23 (21.1)

22 (20.2)

3

119

54 (45.4)

54 (45.4)

81

28 (34.6)

28 (34.6)

97

37 (38.1)

34 (35.1)

100

47 (47.0)

40 (40.0)

7

136

64 (47.1)

55 (40.4)

8

113

63 (55.8)

52 (46.0)

9

116

66 (56.9)

57 (49.1)

10

110

28 (25.5)

28 (25.5)

89

33 (37.1)

30 (33.7)

89

41 (46.1)

38 (42.7)

94

40 (42.6)

12 (12.8)

14

108

46 (42.6)

43 (39.8)

15

112

56 (50.0)

53 (47.3)

128

83 (64.8)

79 (61.7)

111

58 (52.3)

54 (48.6)

11
12
13

16
17

virulent

6

Moderately virulent

5

Extremely

4

Low virulence

1
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5.4. Discussion
Over the years, various factors that affect the establishment and subsequent
maturation of a trypanosome infection in tsetse flies have been identified (reviewed by
Aksoy et al., 2003). The biological mechanism of each of those barriers to infection is not
fully understood. However, ongoing research in the innate immune responses of tsetse
flies is shedding some light on the molecular basis of refractoriness or susceptibility to
infection. Although much of the research focused on the fly-related factors, there is clear
evidence that the trypanosomes themselves also affect the infection rate. It is, for
example, well-known that between trypanosome species differences in the complexity of
the life cycle have repercussions for their transmissibility (Leak, 1998). Moreover, in
polymorph trypanosome species such as T. brucei s.l. the developmental stage of the
trypanosome significantly affects its transmissibility (Wijers and Willet, 1960). Within a
trypanosome species the role of strains in transmission has also been demonstrated.
Hence, some fly-trypanosome strain combinations produce higher infection rates than
others. In T. congolense, differences in transmissibility between strains of the Savannah
and WARF subgroups have been reported (Reifenberg et al., 1997). Comparisons of the
transmissibility or proportion of flies with a metacyclic infection of T. congolense strains
belonging to the Savannah subgroup strains yielded varying results. In some experiments
differences in transmissibility could not be observed (Maudlin et al., 1986; Moloo and
Kutuza, 1988) whereas in other experiments the transmission rate differed substantially
(Dale et al., 1995). However, in all cases those comparisons were based on trypanosome
strains originating from geographically distinct areas and often isolated from different
host species.
The results of this study show the large variation in transmissibility of T.
congolense strains belonging to the trypanosome population infecting cattle in a confined
geographical area. Considering the uniformity of the maturation, differences in
transmissibility are attributed to differences in the establishment of the infection in the
tsetse’s midgut. Reasons for those differences in the establishment rate are not clear. It
could be hypothesized that since all flies received an infective blood meal with a
comparable parasitaemia some trypanosome strains may be less susceptible to the
elimination process in the tsetse’s midgut immediately after the blood meal has been
ingested (Van Den Abbeele et al., 1999).
According to our results, increased transmissibility is associated with virulence.
This may not be surprising since the adaptive trade-off theory for the evolution and
maintenance of parasite virulence requires that virulence is genetically correlated with
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other fitness characteristics of the parasite such as transmissibility (Anderson and May,
1982). The high parasitaemia associated with the development of virulent T. congolense
strains in susceptible hosts and the subsequent high levels of host damage require higher
transmission rates and thus increased parasite fitness for the virulent strains to survive. In
a previous study, extremely virulent strains of T. congolense were found to be present in
cattle in this endemic area (Masumu et al., 2006a). In the assumption that those results
obtained in mice could be extrapolated in cattle as reported elsewhere (Bengaly et al.,
2002 a,b), this observed higher transmissibility of virulent trypanosome strains may
explain why, even in an area where susceptible cattle are the main reservoir of
trypanosomes, virulent strains persist.
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Cross-protection between low and high virulent
strains of Trypanosoma congolense
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I am sure that all of us with clinical experience in this disease (trypanosomiasis) are totally
convinced that partial immunity does exist and that it does completely protect many people
living in an endemic area, and partially protect others, giving the sub-acute case which is so
accurately described by the authors.
It is a pity that this still awaits laboratory confirmation.
(Foulkes J. R.)
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6.1. Introduction
Trypanosoma congolense is considered as an important pathogenic trypanosome
species affecting livestock but its effect on the health of susceptible livestock varies
substantially between strains (Masumu et al., 2006a). Some strains, the highly virulent
ones, cause an acute disease with high mortality whereas other strains (with low
virulence) result in a chronic mild infection. Since susceptible livestock in a tsetseinfested area are challenged continuously, it thus seems that strain composition of the T.
congolense population will determine the impact of the disease in a particular area.
A study conducted in a bovine trypanosomiasis endemic area of eastern Zambia
showed that almost 20% of the T. congolense strains circulating in the cattle population
were highly pathogenic (Masumu et al., 2006a). Notwithstanding this proportion of
extremely virulent stains and the low trypanocidal drug treatment frequency (Van den
Bossche et al., 2000), the impact of the disease on livestock production is surprisingly low
(Doran, 2000) suggesting possible interaction between circulating strains.
It is well known that humoral immunity can develop as a result of homologous
trypanosome challenge (Akol and Muray, 1983; Nantulya et al., 1984; Wellde et al.,
1981). Such immunity is based on the production of specific neutralizing antibodies by
the host that reacts with homologous but not heterologous trypanosome strains. The
degree of protection is related to the length of infection with greater protection being
observed after chronic infections sometimes resulting in self-cure (Nantulya et al., 1984;
Wellde et al., 1981). Interference in the development of a mixed infection after challenge
with a heterologous trypanosome strain has also been described. Here protection requires
the presence of an active infection and antibodies were not shown to be implicated in the
process (Dwinger et al., 1987; Luckins and Gray, 1983; Luckins et al., 1983; Morrison et
al., 1982; Uche and Jones, 1994).
To determine in how far interference between low and highly virulent
trypanosome strains is responsible for the observed low impact of bovine trypanosomiasis
in the endemic area of eastern Zambia, experimental infections with trypanosome strains
isolated from cattle were conducted in mice.
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6.2. Materials and Methods
6.2.1. Trypanosome strains
Six genetically different T. congolense (Savannah subgroup) strains belonging to
the resident trypanosome population of the area and isolated from cattle in Katete District
of eastern Zambia were used in the experiments (Masumu et al., 2006a). The area where
the strains were isolated is highly cultivated with a cattle population of approximately 810 animals/km2 (based on an aerial survey conducted in August 1997). Large game
animals are absent. Glossina morsitans morsitans, which takes the majority (75%) of its
blood meals from cattle (Van den Bossche and Staak, 1997), is the only tsetse species
present and cattle constitute the main reservoir of trypanosomes. Three strains (A, B and
C), belonging to the low virulence category (LVS) with median survival times of >30
days in mice, were selected randomly from a total of 12 strains. The three other strains (D,
E and F) were extremely virulent (EVS) with a short prepatent period, a high
parasitaemia, and a short median survival time (between 5 and 9 days) in mice. They were
selected randomly from a total of six strains.
6.2.2. Experimental design
Three groups of four batches of six OF1 mice each were infected intraperitoneally
with approximately105 trypanosomes of one of the three LVS (strains A, B or C)
contained in 0.2ml of Phosphate buffered Saline Glucose (PSG). To ensure that the
infection had established, the parasitaemia of injected mice was checked three times a
week by direct examination of tail blood. Twenty days after the injection of the LVS,
three batches of mice of each of the groups were challenged with one of the EVS (strains
D, E or F). The challenge was conducted as described above. The fourth batch served as
control of the LVS. Finally, three batches of six mice each were injected with one of the
EVS and served as control of each of the EVS. For all mice, the level of parasitaemia, the
mortality and the development of anaemia were recorded. The parasitaemia was estimated
daily during the first two weeks and thereafter every two days using wet tail-blood film
method described by Herbert and Lumsden (1976). A mouse was considered
parasitologically negative when no trypanosomes were detected in at least 50 microscopic
fields. Mortality was recorded daily. The Packed Cell Volume (PCV) of tail-blood was
measured using the micro-centrifugation method. It was measured before infection, every
two days during the first two weeks after infection, and once a week for the remainder of
the experiment (up to 90 days post-infection). Animal ethics approval for the
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experimental infections was obtained from the Ethics Committee of the Institute of
Tropical Medicine, Antwerp, Belgium (Ref DG001-PD- M-TTT).
6.2.3. Genetic analysis
To determine whether the EVS developed in mice infected with a LVS, the
genetic profiles of the DNA of trypanosome isolated from the blood before and after
challenge were compared with the profiles of the EVS and the LVS. For this purpose,
blood was collected from the infected mice and trypanosome pellets were produced using
the mini column technique (Lanham and Godfrey, 1970). After extraction of the DNA, the
genetic analysis was performed using a modified amplified fragment length
polymorphism and the profiles were compared (Masumu et al., 2006b).
6.2.4. Statistical analysis
The statistical analyses were carried out using Stata 9.0 software (StataCorp,
2003). The PCV values measured on surviving mice on days 0 and 7 were analysed in a
cross-sectional linear regression model. To ensure normality of the response variable, the
square root of the PCV values were arcsin transformed (Osborne, 2002). The virulence
category, the day post infection and the interaction between them were used as categorical
explanatory variables. Subgroups resulting from the combination of the strains used for
primo-infection and for challenge were considered as clusters. Individual mice were
considered as a second cluster level. Therefore, a three-level adaptive generalized linear
latent and mixed model (GLLAMM) was applied on the PCV data using individual mice
nested in subgroups as random effects. In a second GLAMM, the survival time of mice
from the three different groups (primo infection with or without challenge and challenge
without primo infection) was used as response variable. Whether the mice were
immunized or not and challenged or not was taken as explanatory variable. Random
effects were the combinations of strains as described above. The dataset was transformed
to apply a Poisson regression as an approximation of a Cox proportional hazard ratio
(http://www.bepress.com/ucbbiostat/ paper160).
6.3. Results
All the mice that were inoculated with one of the three LVS developed a
parasitaemia. Genetic analysis of trypanosomes collected seven days after challenge with
one of the EVS revealed the presence of mixed (LVS and EVS) infections (data not
shown). At the moment of challenge with one of the EVS (20 days post-infection with the
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LVS), the parasitaemia ranged between 107.2 and 108.1 trypanosomes/ml of blood.
Challenge with an EVS and the subsequent mixed infection did not result in a substantial
rise in parasitaemia (Figure 6.1). The parasitaemia of the control mice infected with one
of the EVS showed a steep increase and continued to increase well-above the average
parasitaemia of mice with mixed infections (Figure 6.1).
During the first 7 days post-challenge, the decline in the average PCV of mice
infected with one of the EVS (on average 16.8 %, from 47.8 to 31.0) was significantly
higher (p<0.001) compared to the decline in the PCV of mice infected with a LVS and
challenged with one of the EVS (on average 2.4%, from 38.5 to 36.1) (Figure 6.2).
Moreover, the PCV of control mice infected with one of the LVS did not differ
significantly (p=0.10) from that of mice infected with a LVS and challenged with one of
the EVS.
Mice infected with one of the EVS had a significantly lower median survival time
compared to those infected with a LVS (relative risk of dying was 333; p<0.001, Figure
6.3) or infected with a LVS and subsequently challenged with an EVS (relative risk of
dying was 89; p<0.001, Figure 6.3). The batches of mice challenged with one of the EVS
(strain F) showed shorter median survival times (on average 17 days) compared to the
survival time after primo-infection with a LVS (on average 42 days).
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Figure 6.1. Evolution of the average (± SD) parasitaemia in mice infected with LVS
(strains A, B or C) and challenged with an EVS (strains D, E or F)
during the first two weeks of infection or challenge and evolution of the
average (± SD) parasitaemia of the control groups.
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Figure 6.2. Evolution of the average (± SD) packed cell volume in mice infected with
LVS (strains A, B or C) and challenged with an EVS (strains D, E or F)
during the first two weeks of infection or challenge and evolution of the
average (± SD) packed cell volume of the control groups.
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Figure 6.3. Median survival time of batches of OF1 mice infected with Trypanosoma
congolense strains with low virulence (A, B or C) and challenged with one
of three extremely virulent T. congolense strains (D, E or F) and median
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Legend to Figure 6.3. The median survival time is expressed as ‘Days after challenge’ for
mice infected with a low virulent strain and challenged 20 days after with an extremely
virulent strain, as ‘Days after infection’ for mice infected with an extremely virulent strain
only and ‘Days following 20 days post-infection’ for mice infected with a low virulent
strain only.
6.4. Discussion
Interference in the establishment of superinfections with trypanosomes has been
the subject of many studies and is a well-known phenomenon. It is generally accepted that
an infection with one trypanosome strain inhibits the development of a homologous strain
(Akol and Murray, 1983; Nantulya et al., 1984). Challenge with a heterologous
trypanosome strain, on the other hand, usually does not prevent the establishment of the
secondary infection. Although, in some combinations protection was observed after
heterologous challenge (Dwinger et al., 1987; Luckins and Gray, 1983; Luckins et al.,
1983; Morrison et al., 1982;), animals are normally fully susceptible to challenge with
heterologous trypanosome strains (Akol and Muray, 1983; Luckins et al., 1983; Nantulya
et al., 1984; Wellde et al., 1981).
Results from the studies presented here are in line with the latter observation.
Indeed, challenge of animals infected with a LVS with an extremely virulent heterologous
strain, did not prevent the establishment of this strain and its development as a mixed T.
congolense infection. However, whereas previously protection was assessed at the level of
the trypanosome’s development, our results suggest that protection may result in a
reduced pathogenicity of the parasite. Indeed, despite the establishment of a secondary
infection with an EVS, the virulent strain’s parasitaemia, its effect on the PCV and the
mortality rate of infected animals were significantly reduced in the experimental animals
infected with a LVS. This was certainly so for challenge with two of the EVS (strains D
and E) and to a lesser extent after challenge with strain F.
Although the results from these experiments can not be generalized, they show
that under the circumstances prevailing in eastern Zambia and between the trypanosome
strains randomly selected for the experiments, an infection with a T. congolense strain
with low virulence confers protection against the adverse effects of a secondary infection
with an extremely virulent T. congolense strain. In the assumption that the results
obtained in mice can be extrapolated to cattle this cross-protection may explain the low
impact of trypanosomiasis on cattle production on the plateau of eastern Zambia despite
considerable levels of challenge. It is hypothesized that the observed protection is a result
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of the specific circumstances prevailing on the eastern plateau where cattle are the main
host of tsetse and the principal trypanosome reservoir in the area (Van den Bossche and
Staak, 1997) and where trypanocidal drugs are used infrequently and only in cases where
infected animals are very sick or infected with highly pathogenic trypanosome strains
(Van den Bossche et al., 2000). Such circumstances are likely to favour the persistence of
mild trypanosome strains in the cattle population. The EVS will only survive in the
susceptible host population when the majority of the hosts are protected against the
adverse effects of an infection with such strains. This can be the result of, for example,
protection after a primo-infection with a LVS. Similar beneficial effect of coexistence of
parasites has been described in malaria where an infection with Plasmodium vivax
attenuates the negative effect of an infection with P. falciparum (Luxemburger et al.,
1997). Moreover, a chronic P. falciparum infection appears to offer cross-protection
against heterologous challenge with the same parasite species (Smith et al., 1999).
Although this level of cross-protection has only been demonstrated on the plateau
of eastern Zambia it is likely that such an epidemiological situation exists or will develop
elsewhere. It is assumed to be a consequence of the domestication of the trypanosomiasis
transmission cycle, a high level of challenge and the trypanosomiasis management
practices where treatments are almost restricted to animals suffering from a severe
infection and animals suffering from a mild infection remain untreated. Since this
epidemiological situation has developed gradually, any interference with the composition
of the present trypanosome population may have substantial consequences. As for malaria
(Boëte and Paul, 2006), it can be assumed that control strategies that disproportionally
affect the LVS may destroy the existing balance and result in an increasing disease impact
as a consequence of loss of protection against extremely virulent trypanosome strains.

Chapter 6

92

References
Akol, G.W. and Murray, M. (1983). Trypanosoma congolense: susceptibility of cattle to
cyclical challenge. Experimental Parasitology 55, 386-393.
Böete, C. and Paul, R.E.L. (2006). Can mosquitoes help to unravel the community
structure of Plasmodium species? Trends in Parasitology 22, 21-25.
Doran, M. (2000). Socio-economics of trypanosomosis. RTTCP. Bovine Trypanosomosis
in Southern Africa. Volume 3. Harare, 156 pp.
Dwinger, R.H., Murray, M. and Moloo, S.K. (1987). Potential value of localized skin
reactions (chancres) induced by Trypanosoma congolense transmitted by Glossina
morsitans centralis for the analysis of metacyclic trypanosome populations.
Parasite Immunology 9, 353-362.
Herbert, W.J. and Lumsden, W.H.R. (1976). Trypanosoma brucei. A rapid "matching"
method for estimating the host's parasitaemia. Experimental Parasitology 40, 427431.
Lanham, S.M. and Godfrey, D.G. (1970). Isolation of salivarian trypanosomes from man
and other mammals using DEAE-cellulose. Experimental Parasitology 28, 521534.
Luckins, A.G. and Gray, A.R. (1983). Interference with anti-trypanosome immune
responses in rabbits infected with cyclically-transmitted Trypanosoma congolense.
Parasite Immunology 5, 547-556.
Luckins, A.G., Rae, P.F. and Gray, A.R. (1983). Infection, immunity and the development
of local skin reactions in rabbits infected with cyclically-transmitted stocks of
Trypanosoma congolense. Annals of Tropical Medicine and Parasitology 77, 569582.
Luxemburger, C., Ricci, F., Nosten, F., Raimond, D., Bathet, S. and White, N.J. (1997).
The epidemiology of severe malaria in an area of low transmission in Thailand.
Transactions of the Royal Society of Tropical Medicine and Hygiene 91, 256-262.
Masumu, J., Marcotty, T., Geysen, D., Geerts, S., Vercruysse, J., Dorny, P. and Van den
Bossche, P. (2006a). Comparison of the virulence of Trypanosoma congolense
strains isolated from cattle in a trypanosomiasis endemic area of eastern Zambia.
International Journal for Parasitology 36, 497-501.
Masumu, J., Geysen, D., Vansnick, E., Geerts, S. and Van den Bossche, P. (2006b). A
modified AFLP for Trypanosoma congolense isolate characterization. Journal of
Biotechnology 125, 22-26.

Chapter 6

93

Morrison, W.I., Wells, P.W., Moloo, S.K., Paris, J. and Murray, M. (1982). Interference in
the establishment of superinfections with Trypanosoma congolense in cattle.
Journal of Parasitology 68, 755-764.
Nantulya, V.M., Musoke, A.J., Rurangirwa, F.R. and Moloo, S.K. (1984). Resistance of
cattle to tsetse-transmitted challenge with Trypanosoma brucei or Trypanosoma
congolense after spontaneous recovery from syringe-passaged infections. Infection
and Immunity 43, 735-738.
Osborne, W. J. (2002). Notes on the use of data transformations. Practical Assessment
Research and Evaluation 8, 6.
Smith, T., Felger, I., Beck, H.P. and Tanner, M. (1999). Consequences of multiple
infections with Plasmodium falciparum in an area of high endemicity.
Parassitologia 41, 247-250.
StataCorp (2003). Stata Statistical Software: Release 8.0. Stata Corporation, Texas.
Uche, U.E. and Jones, T.W. (1994). Protection conferred by Trypanosoma evansi
infection against homologous and heterologous trypanosome challenge in rabbits.
Veterinary Parasitology 52, 21-35.
Van den Bossche, P. and Staak, C. (1997). The importance of cattle as a food source for
Glossina morsitans morsitans Westwood (Diptera: Glossinidae) in Katete District,
Eastern Province, Zambia. Acta Tropica 65, 105-109.
Van den Bossche, P., Doran, M. and Connor, R.J. (2000). An analysis of trypanocidal
drug use in the Eastern Province of Zambia. Acta Tropica 75, 247-258.
Wellde, B.T., Hockmeyer, W.T., Kovatch, R.M., Bhogal, M.S. and Diggs, C.L. (1981).
Trypanosoma congolense: natural and acquired resistance in the bovine.
Experimental Parasitology 52, 219-232.

CHAPTER 7

General discussion

Chapter 7

96

The question of whether strain variation is epidemiologically relevant remains unanswered;
variation certainly occurs but the existing studies are not able to answer this question.
(Tait A.)
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7.1. Introduction
A sound understanding of the epidemiology of bovine trypanosomiasis is essential
to improve its control strategies. While, in the past, research has focused mainly on the
role of the vector and the host in the epidemiology and control of the disease little
attention was paid to the potential role to be played by the parasite. Although important
epidemiological differences exist between trypanosome species or subspecies, it is not
well known to what extent trypanosome strains circulating in livestock may affect the
epidemiology of the disease.
Indeed, the implication(s) of trypanosome strain diversity for the epidemiology of
bovine trypanosomiasis can only be appreciated fully if different trypanosome genotypes
can be identified and when those genetic differences are associated with important
phenotypic characteristics that have epidemiological repercussions such as virulence,
transmissibility and/or interference between genotypes (Bourn et al., 2001; Tait, 1989;
Van den Bossche and Vale, 2000). Unfortunately, few such studies have been conducted
in the field of animal trypanosomiasis.
The studies reported in this thesis aimed to characterize the genetic diversity of
Trypanosoma congolense isolates belonging to the same population and collected from
cattle in a trypanosomiasis endemic area of eastern Zambia. Furthermore, the studies
aimed to relate the observed diversity to phenotypic characteristics that may contribute to
the epidemiological situations observed in bovine trypanosomiasis in general, and in the
study area in particular (Van den Bossche and Vale, 2000). In the following sections, the
outcome of our studies will first be discussed in view of the current knowledge of genetic
and phenotypic diversity in T. congolense (section 7.2.). In the section 7.3., each
trypanosome strain-related parameter will be analyzed for its possible implication on the
epidemiology of the disease, with focus on the specific epidemiological situation found in
the study area. Section 7.4. will discuss the possible applications of these findings in the
identification of priority areas for trypanosomiasis control. The repercussions of the
findings for integrated trypanosomiasis control strategies in the study area are discussed
(section 7.5.). Finally, the last section (section 7.6.) elaborates on the factors contributing
to the development of the observed trypanosomiasis endemic situation in eastern Zambia
and discusses the repercussions for the control of livestock trypanosomiasis in eastern
Zambia and elsewhere in the tsetse-infested zone of sub-Saharan Africa.
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7.2. Genetic and phenotypic characteristics of Trypanosoma congolense
7.2.1. Development of the tool
Studies on genetic and phenotypic diversity of trypanosomes infecting livestock
have been hampered by the lack of a sensitive and simple tool to distinguish genetically
different isolates. Therefore, trypanosomes of unknown genetic backgrounds but isolated
from trypanosomiasis allopatric areas have been used in studies of phenotypic properties
(Bengaly et al., 2002a,b; Reifenberg et al., 1997). Sympatric studies need the
development of an appropriate sensitive and simple tool that could characterise
trypanosome at the level of the isolate.
In this study, a single enzyme AFLP was developed for use in T. congolense.
Using this technique, profiles could be visualised on agarose or Elchrom gel. Compared to
the traditional AFLP, no sequencer was required, which made this modified AFLP easier
to use. Despite the reduced number of bands, this modified AFLP had a high resolution
for T. congolense isolates. Such a high resolution of a modified AFLP was previously
reported in other micro-organisms (Gafaar et al., 2003; Moreno et al., 2003).
7.2.2. The genetic diversity of T. congolense strains
Although studies on genetic diversity between T. congolense isolates are very
limited, there is evidence of various genotypes circulating in trypanosomiasis areas
(Gashumba et al., 1988; Masake et al., 1988; Mulugeta et al., 1997; Young and Godfrey
1983). However, the degree of diversity in trypanosomiasis endemic or epidemic areas as
well as the distribution of different trypanosome strains within and between foci remains
undetermined. To address this issue, isolates were collected from different sites in a
trypanosomiasis endemic area and characterised using the modified AFLP technique
described in Chapter 2 (see paragraph 7.2.1.).
The results obtained from this study revealed that genetically different
trypanosome isolates circulate in cattle sampled at different sampling sites (Chapter 3). In
this study, no identical genotypes were found in cattle from two different herds despite the
fact that the herds were kept close to each other (Figure 4.1, Chapter 4). Even though this
study was conducted in the same focus, the high variability among isolates suggests that
in bovine trypanosomiasis each focus will therefore have a different genetic composition
of its isolates. Further studies are needed to confirm these findings.
This observed variability is in agreement with other T. congolense studies using
isoenzyme (Knowles et al., 1988) or karyotype (Masake et al., 1988) techniques.
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However, in these studies identical profiles were also reported in some of the genotypes.
Whether the high variability found in our study is related to high sensitivity of the tool
used or the cross-sectional survey or again the reduced number of isolates collected form
each site needs further clarification. Nevertheless the high variability found in this study
suggests that, even in a trypanosomiasis endemic area, livestock are subjected to
heterologous rather than homologous challenge as previously suggested elsewhere (Bourn
et al., 2001; Van den Bossche and Vale, 2000).
7.2.3. The virulence profiles of T. congolense strains
Studies conducted by Bengaly et al. (2002a,b) have shown that three of the T.
congolense subgroups have different virulence profiles with T. congolense of the
Savannah subgroup being more virulent in mice or in cattle. Trypanosome strain
belonging to the WARF or Kilifi subgroups, on the other hand, exhibited low or
negligible virulence profiles. Unfortunately the variability in virulence within each of
these T. congolense subgroups could not be identified because of the low number of
trypanosome strains used in these studies.
In our study, a large number of T. congolense strains belonging to the Savannah
subgroup were compared. The outcome of the study revealed that, contrarily to what was
previously observed, T. congolense strains belonging to the same subgroup do not exhibit
the same virulence profile. A range of virulence profiles was observed among the strains
belonging to the Savannah subgroup (Chapter 4). Moreover, the minority of the strains
that were tested had an extremely virulent profile. Whether such variability in the
virulence profiles is also present in T. congolense belonging to the WARF or Kilifi
subgroup remains to be determined.
Notwithstanding the small number of trypanosome strains tested, the overall
picture suggested an uneven geographical distribution of virulent strains in the study area
(Table 4.1, Chapter 4) with extremely virulent strains present in herds sampled at
relatively few sampling sites.
7.2.4. The transmissibility of T. congolense strains
As was the case for virulence, the transmissibility of T. congolense has been
compared between strains belonging to the different subgroups (Reifenberg et al., 1997)
with higher transmissibility being associated with strains belonging to the Savannah
subgroup. Using a large number of strains of the Savannah subgroup, the results of our
study revealed large variability in the transmissibility between strains of this subgroup as
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previously reported in T. brucei (Welburn et al., 1995). Moreover, significant differences
in transmissibility were found to be related to the virulence profiles of trypanosome
strains used with the transmissibility of virulent strains being significantly higher (Table
5.1, Chapter 5). These observations were in accordance with previous findings in humaninfective trypanosomes where higher transmissibility was associated with the more
virulent T. b. rhodesiense (Welburn et al., 1995) compared to the low virulent T. b.
gambiense (Dukes et al., 1989).
7.2.5. The interaction between T. congolense strains
Immunological studies have revealed that even though sterile immunity can only
be achieved with strains belonging to the same serodeme (Akol and Muray, 1983;
Nantulya et al., 1984), interference in trypanosomes occurs in some combinations of
heterologous strains (Luckins and Gray, 1983; Morrison et al., 1982). The importance of
interference in a trypanosome population in an endemic area and between strains
expressing different virulence profiles remains to be determined.
The results of our study revealed interference between genetically different strains
but also between strains with different virulence. The outcome of experimental infections
showed that a primo-infection with a low virulent strain protected the infected animal
against the adverse effects of challenge with extremely virulent strains (Chapter 6). This
finding suggests that apart from sterile immunity that provides protection against
homologous challenge, a disease induced-immunity can also be observed when animals
receive heterologous challenge. However, the level of interference observed varied
depending on the combination of trypanosome strains used. Nevertheless, our findings
suggest that different levels of interference can be observed in the field confirming
previous serological observations on cross-reaction in T. vivax (Barry and Gathuo, 1984;
Vos and Gardinier, 1990).
7.3. The implications of trypanosome strain-related parameters on the epidemiology
and impact of bovine trypanosomiasis
Results of the different studies clearly show the important role the composition of
the trypanosome population can play in livestock trypanosomiasis. Indeed, the occurrence
of different trypanosome strains expressing different phenotypes suggests that the disease
encountered in a particular area is likely to be related to the nature of strains circulating in
livestock. This observation confirms previous hypotheses on the possible implication of
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trypanosome strain variability on the epidemiology of bovine trypanosomiasis (Bourn et
al., 2001; Tait, 1989; Van den Bossche and Vale, 2000).
However, the high level of genetic diversity observed in our study area (Chapter
3) is not in accordance with the hypothesis of the presence of a low number of genotypes
resulting in homologous challenge and, hence, lower disease impact in endemic areas
(Van den Bossche and Vale, 2000). Indeed the observed diversity in trypanosome strains
suggests that animals are subjected to heterologous challenge. Although information on T.
congolense strain diversity in epidemic areas is not available it can be assumed that the
number of trypanosome strains circulating in livestock is not an important factor for the
generation of endemicity or epidemicity in animal trypanosomiasis.
According to the results of our studies, the epidemiology of bovine
trypanosomiasis seems to be related more to the phenotypic characteristics of the
trypanosome strains circulating in each area. Based on these findings, it can be assumed
that severe infections in livestock during epidemics are most likely the consequence of a
high proportion of virulent strains that are more easily transmitted. On the other hand,
mild infections observed in endemic situations will likely be the consequence of a high
proportion of low virulent strains (Bourn et al., 2001; Van den Bossche and Vale, 2000)
that also offer protection against challenge with highly virulent strains (Chapter 6).
In our study area, the proportion of trypanosome strains exhibiting a high
virulence profile was shown to be low (20%) (Chapter 4). It is important to note that the
overall virulence profile observed in this study does not necessarily reflect the virulence
profile of the entire T. congolense population in the study area. Indeed, about half of the
isolates collected in the study area did not develop in mice. Many of them presented a
transient parasitaemia followed by a rapid remission (data not shown). This suggests the
presence of strains with an extremely low virulence profile in mice. Taking this into
account, the majority of strains in this endemic area will probably be of low virulence
explaining, to a large extent, the observed low impact of the disease on cattle production
(Doran, 2000).
Furthermore, interference between heterologous trypanosome strains expressing
different virulence profiles can be an important phenomenon significantly affecting the
impact of the disease in livestock. The observed interference between trypanosome strains
isolated in the study area (Chapter 6) can also explain the persistence of virulent strains in
an area where a susceptible host (e.g. cattle) is the principal reservoir of trypanosomes
(Van den Bossche & Staak, 1997). Indeed, it is well known that wild animals are resistant
to trypanosomiasis and can withstand an infection even with virulent trypanosome strains.
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Consequently, in areas close to game parks, the presence of virulent strains in livestock
can be explained by frequent transfer of such trypanosome strains from wild animals to
livestock. However, in our study area, large wild animals are absent. Hence the
persistence of virulent T. congolense strains in the cattle population can only be explained
by cross-protection of an infection with the more prevalent strains with low virulence.
Furthermore, the persistence of those virulent strains may also be related to their high
transmissibility (Chapter 5) and the tsetse’s susceptibility to mixed trypanosome
infections.
7.4. Use of these findings in the context of risk assessment and the identification of
priority areas for the control of bovine trypanosomiasis
The widespread distribution of livestock trypanosomiasis and the limited
resources available for its control have led to the need to identify priority areas for
control. Various methods have been developed and used for the determination of
trypanosomiasis risk and, hence the identification of such priority areas (reviewed by de la
Rocque et al., 2001). However most of the methods are based on the assessment of the
vector-related risk (tsetse abundance, tsetse challenge and feeding pattern) even though
some host-related factors (cattle density or prevalence of infection in cattle) have also
been taken into account (Snow and Tarimo, 1983; Rawling et al., 1991).
Unfortunately, these trypanosomiasis risk assessments do not consider the
observed variability in the epidemiological situations that occur (even in a very restricted
area) and the subsequent implications for the impact of the disease on livestock
production (de la Rocque et al., 2001; Van den Bossche and Vale, 2000). In the context of
developing integrated control strategies with emphasis on those areas where the disease
has a high impact on livestock production, a “production-based strategy” seems more
appropriate for the identification of priority areas. In line with this approach, the
assessment of trypanosomiasis risk goes beyond determining the prevalence or incidence
of the disease in livestock but refers rather to its effect on animal health and production.
In this respect, different parameters representing the impact of the disease on
livestock production have been incorporated in the risk assessment. They include the
development of anaemia (Mahama et al., 2004) or the perception of the impact of the
disease by farmers (Snow and Rawlings, 1999). This production-based approach showed
that a correlation could not always be found between the tsetse challenge and the
prevalence of infection in livestock on one hand, and the impact of the disease on animal
health on the other hand (Mahama et al., 2004; Snow and Rawlings, 1999). These
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discrepancies were attributed to local and seasonal factors and additional information was
required to “make a sound assessment of the intensity of AAT challenge” (Snow and
Rawlings, 1999).
Indeed, many constraints to risk assessment and disease impact evaluation are
known to impede the elaboration of appropriate trypanosomiasis control strategies
(Anonymous, 1999). In the light of the findings of our studies, it appears that the
virulence profiles of trypanosome strains circulating in livestock and the level of
interference between different strains in the area can influence the outcome of the disease
irrespective of the level of challenge or the disease prevalence. In this context the
characterisation of the virulence and immunological profiles of trypanosome strains
circulating in livestock appear of additional importance for an accurate assessment of
trypanosomiasis risk and thus can be used as additional criteria for the identification of
priority areas in bovine trypanosomiasis. This requires the development of adequate tools
for the determination of the virulence profiles e.g. molecular markers or use of
morphological character (see Godfrey, 1961).
7.5. Practical repercussions of our findings for integrated trypanosomiasis control in
the study area
The epidemiological circumstances in the study area that lead to a low impact of
trypanosomiasis on animal health and production (Doran, 2000) suggest the existence of a
kind of equilibrium between the vector, the host and the parasite. This is especially so
considering the minimal use of trypanocidal drugs by the livestock owners (Van den
Bossche et al., 2000) even in the absence of vector control. In the absence of tsetse
eradication strategies, it thus seems that maintaining this equilibrium may be the most
appropriate control strategy. In this respect, some suggestions can be made with regard to
parasite and/or vector control.
7.5.1. Parasite control
Studies on trypanocidal drug use in the area have shown that farmers use a
production-oriented strategy to control the parasite (Van den Bossche et al., 2000). Using
this strategy, animals are treated only when they are in poor health. Consequently, not all
animals harbouring trypanosomes are treated but only those suffering from severe
infections. In the light of our findings, it can be assumed that such animals are likely
primo-infected with virulent strains or a combination of a low virulent and high virulent
strain that offers little interference. On the other hand, animals harbouring low virulent
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strains are usually left untreated, resulting in the establishment of the premunition state in
livestock. Under these conditions, any change in the drug use strategy (e.g. treatment of
any positive case of trypanosomiasis or large-scale trypanocidal drug campaigns) may
affect the premunition state, will make animals more susceptible to challenge with
virulent strains and will increase the impact of the disease on production. Hence, the
production-oriented treatment strategy appears to be the most appropriate parasite control
strategy in the study area.
7.5.2. Vector control
It is well known that localised tsetse control, if not sustained, will result in the
reinvasion of flies from neighbouring infested areas. Since the genetic diversity of the
trypanosome population is high (Chapter 3), it can be assumed that such reinvasion of
tsetse flies will result in the introduction of new strains including virulent ones. In the case
of our study area (i.e. the plateau area of the Eastern Province of Zambia), reinvasion may
occur from the adjacent Luangwa Valley where game animals are abundant. Invasion of
tsetse flies infected with highly virulent strains is thus very likely to occur resulting in a
significant impact on livestock production. Hence, unless tsetse can be eradicated in the
study area and areas adjacent to the study area, local control of tsetse in this area seems to
be inappropriate.
7.6. Conclusions and further prospects
The findings of this study stress the importance of understanding the
particularities of the relationship between the host, the vector and the parasite in tsetsetransmitted trypanosomiasis but most likely also in other vector-borne diseases. More
specifically, the outcome of the studies presented in this thesis show how the impact of
the disease can change substantially as a result of changes in the interactions between the
host, the vector and the parasite and how under particular conditions the disease can
acquire an endemic nature with little impact on production despite high morbidity.
Moreover, the outcome of the studies also suggest that disease impact is not a static
feature but can change over time as a result of changes in the environment that directly or
indirectly affect the interactions between host, vector and parasite. In the context of
disease control or disease management it is thus important to recognise those drivers of
change and at the same time appreciate the possible impact of those changes on disease
impact and its control.
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The major drivers of change contributing to the development of an endemic
livestock trypanosomiasis situation, as observed on the plateau of eastern Zambia, are
associated with the encroachment of people and their livestock into inhabited areas and
the subsequent alteration of the environment mainly because of human settlement and
cultivation. Such interferences have direct repercussions for the distribution and density of
the vector but will also gradually affect the proportion of wild and domestic hosts. Indeed,
much of the decline in the density of large game animals in much of sub-Saharan Africa
can be attributed to human interference. Large populations of wildlife are currently
confined to protected areas such as game reserves and national parks. This situation is
unlikely to improve since livestock will continue to play an important role in the
livelihoods of about 70% of the world’s poor. Hence, it is likely that in the foreseeable
future the importance of livestock will increase even more. The repercussions of those
findings for the epidemiology of tsetse-transmitted trypanosomiasis in particular and
perhaps for vector-borne diseases in general is that livestock will become increasingly
important for the survival of the vector (serving as host) and for the survival of the
parasite (serving as reservoir). Parasite transmission is thus gradually changing from a
dominant “sylvatic” to a dominant “domestic” cycle.
Although the repercussions of the domestication on the transmission cycle are not
fully understood, the findings presented in this thesis already draw the attention to some
important effects on the parasite population and its phenotypic expression. Indeed, the
change from a trypanotolerant reservoir to a trypanosusceptible reservoir implies that
highly virulent trypanosome strains are difficult to sustain. Currently it is not known what
part of the trypanosome population circulating in trypanotolerant game animals is highly
pathogenic. However, the high transmissibility of the more virulent strains puts them
certainly in an advantage over low virulent ones. It is thus likely that a substantial
proportion of trypanosome strains transmitted in the sylvatic transmission cycle constitute
a severe threat to livestock. The effects on livestock of an exposure to those “sylvatic
strains” can, for example, be observed at the edge of tsetse-infested game reserves where
the impact of trypanosomiasis on livestock productivity is usually high. Hence, the
gradual transition from a sylvatic to a domestic transmission cycle must have resulted in a
high mortality in livestock as a result of infections with highly virulent strains from the
declining game population and at the same time a reduction in the number of highly
virulent strains as a result of this mortality or treatment of severe trypanosomiasis cases. It
is difficult to estimate the time it takes before a highly epidemic situations changes into an
endemic situation where low virulent strains prevail with lower impact on production. The
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creation of such a situation could perhaps be encouraged by reducing the interaction
between livestock and game animals in tsetse-infested areas. In this respect, the creation
of private game reserves in large parts of southern Africa may ultimately constitute a
threat for livestock since those game animals can become reservoir of trypanosome strains
that cause severe disease in livestock.
The findings presented in this thesis describe the factors contributing to the
trypanosomiasis endemic situation on the eastern plateau in Zambia. Although similar
situation are likely to be present in other parts of tsetse-infested Africa more research is
required to confirm this assumption. If, however, this proves to be the case the
maintenance and creation of trypanosomiasis endemic situations may constitute an
additional tool contributing to sustainable trypanosomiasis management by establishing
an environment in which livestock owners can “live with the disease”.
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SUMMARY
Previous studies on bovine trypanosomosis conducted throughout the tsetseinfested areas of Africa have shown that the disease can present itself in various
epidemiological situations with differing impact on livestock production. The
development of appropriate integrated control strategies requires a good understanding of
the factors contributing to those epidemiological situations. Up to now, most
epidemiological studies have concentrated on the role played by the vector, the host as
well as the parasite in the epidemiology of livestock trypanosomiasis sensu lato but have
paid little attention to how interactions between host, parasite and vector may change with
changing epidemiological circumstances.
More specifically, little attention has been paid to the potential role played by
trypanosome diversity and the factors that may contribute to this diversity. The objective
of this thesis was to study genetic diversity of trypanosome strains isolated from cattle
from a trypanosomiasis endemic area of eastern Zambia and study the phenotypic
characteristics that are important in disease epidemiology and disease impact i.e. strain
virulence, transmissibility and cross-protection.
In the first chapter of this thesis, current knowledge and understanding of the
implication of trypanosome strain diversity as a factor influencing the epidemiology of
bovine trypanosomosis and thus its impact on livestock production are summarized.
Special attention is paid to current knowledge of the genetic diversity of the trypanosome
population, the methods to determine this diversity and the phenotypic characteristics
associated to this diversity that may affect the epidemiology of the disease in livestock.
Through this detailed literature study gaps in the knowledge that require further
investigation were identified.
In the second chapter, the development of a new technique for the characterization
of Trypanosoma congolense isolates is described. This molecular tool is a modified
amplified fragment length polymorphism (AFLP) technique using one enzyme (Bgl II)
and a single selective primer. This tool has a high resolution for T. congolense isolates
belonging to the Savannah subgroup. The reduced number of bands generated allows the
use of agarose or Elchrom gel for electrophoresis and no fluorochrome detection is
required compared to the traditional AFLP, which makes the test easier to use.
In the third chapter, the genetic diversity of T. congolense isolates collected from
cattle in a trypanosomosis endemic area is determined using this tool. In total, 37 isolates
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were collected from cattle sampled at 11 sampling sites situated on the plateau of eastern
Zambia. The results of this study reveal a high genetic diversity in the isolates. With the
exception of the isolates collected at one sampling site, all the isolates produced different
genetic profile. Contrarily to what was previously suggested, this high genetic diversity of
trypanosome isolates circulating in livestock suggests a high degree of heterologous rather
than homologous challenge in this trypanosomiasis endemic area.
In the fourth chapter, the virulence of isolates expressing different genetic profiles
was characterised in mice. The results from this study revealed substantial differences in
the virulence of T. congolense strains belonging to the same subgroup (i.e. Savannah) and
circulating in a single host species (cattle) grazed in one geographic area. About 20% of
the strains exhibited an extremely virulent profile while the remaining had a moderate or
low virulence profile explaining the low impact of the disease on livestock production in
the study area. Furthermore an uneven distribution of virulent strains was observed in this
area confirming the hypothesis that the impact of the disease in different trypanosomiasis
areas is likely related to the virulence profiles of strains circulating in livestock.
In the fifth chapter, trypanosome strains expressing different level of virulence
were assessed for their transmissibility by the tsetse fly, Glossina morsitans morsitans. A
total of 17 strains were compared with three strains showing an extreme virulence while
the remaining belonged to the moderate (6 strains) or low (8 strains) virulence categories.
The results of this study reveal substantial differences in the transmissibility of T.
congolense strains belonging to the same subgroup and collected from the same
geographical location. Highly virulent strains are much easier transmitted by tsetse flies
compared to strains that have low virulence.
In the sixth chapter, possible cross-reactions between trypanosome strains
expressing different virulence profiles were analyzed in mice. The results of this study
show that batches of mice previously infected with a low virulent strain and challenged
with a virulent one developed an infection that was comparable to batches only infected
with a strain with low virulence. Since the highly virulent strain did develop in the mice
infected with the low virulent strain, the results suggest interference between strains of
low and high virulence. The presence of this interference may be an additional factor
explaining the low impact of the disease on livestock production in this trypanosomosis
endemic area.
In the last chapter, our findings are discussed first with regard to the current
knowledge related to genetic and phenotypic variability in T. congolense. Then each
trypanosome strain-related parameter is analyzed for its possible implication on the
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epidemiology of bovine trypanosomiasis, with focus on the specific epidemiological
situation found in the study area. The possible implications of the findings presented in
the thesis for the identification of priority areas for trypanosomiasis control are discussed.
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SAMENVATTING
Studies naar het belang van rundertrypanosomiasis in zuidelijk Afrika toonden
duidelijke geografische verschillen aan in de impact van de ziekte op de productiviteit van
runderen. Deze verschillen zijn moeilijk te verklaren en zeker niet door lokale
omstandigheden zoals de prevalentie van de infectie, de controle van de ziekte of het
rundderras. Een mogelijke verklaring is dat verschillen in de samenstelling van de
trypanosoompopulatie verantwoordelijk zijn voor de verschillen in de expressie van de ziekte
in runderen. Tot heden is er weinig onderzoek uitgevoerd naar de samenstelling van
trypanosoompopulaties. Epidemiologische studies concentreerden zich vooral op de interactie
tussen de gastheer, de vector en de parasiet waarbij het mogelijke belang van verschillen in
het genotype van trypanosomen werd veronachtzaamd. Daarom zijn de objectieven van het
onderzoek beschreven in dit werk de bepaling van de genetische diversiteit van de
trypanosoompopulatie in runderen in een endemisch gebied in oostelijk Zambia en de studie
van de variaties qua virulentie en overdraagbaarheid door tseetsee vliegen in verschillende
genotypes.

In het eerste hoofdstuk wordt een algemene beschrijving gegeven van de
epidemiologie van trypanosomiases door tseetsee vliegen overgedragen en wordt de
beschikbare literatuur aangaande genetische diversiteit in trypanosomen en de methoden tot
de bepaling van die diversiteit samengevat . Blijkbaar zijn er zeer weinig literatuurgegevens
aangaande de genetische diversiteit in Trypanosoma congolense. Bovendien blijkt dat de
beschikbare methoden voor het bepalen van die genetische diversiteit ontoereikend zijn.

Het tweede hoofdstuk beschrijft de ontwikkeling van een gewijzigde AFLP
(Amplified Fragment Length Polymorphism) techniek voor het genotyperen van T.
congolense isolaten. Hierbij werd gebruik gemaakt van 14 sympatrische en 6 allopatrische T.
congolense (Savanne subgroep) veldisolaten, respectievelijk geïsoleerd uit runderen van een
endemisch gebied in oostelijk Zambia (Katete en Petauke Districten) en isolaten van de
cryobank van het Instituut voor Tropische Geneeskunde. Alle stammen werden gekloneerd in
OF1 muizen. Twee restrictieenzymen, Eco RI en/of Bgl II, werden gebruikt, die elk
afzonderlijk een profiel met een sterk verminderd aantal banden gaven in vergelijking met de
klassieke AFLP. De beste resultaten werden bekomen met het restrictieenzyme Bgl II. In
vergelijking met

C, G of T-selectieve primers resulteerde het gebruik van A-selectieve
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primers in minder banden op agarose gel. De gewijzigde AFLP liet een duidelijk onderscheid
toe tussen de trypanosomen soorten en tussen de 20 veldisolaten.
Het derde hoofdstuk beschrijft het gebruik van de gewijzigde AFLP voor de bepaling
van de genetische diversiteit tussen T. congolense isolaten afkomstig van een runderpopulatie
in oostelijk Zambia. De gewijzigde AFLP techniek werd gebruikt om 37 gekloneerde T.
congolense stammen, geïsoleerd uit runderen van 11 kuddes in het studiegebied in oostelijk
Zambia, te karakteriseren. In totaal werden 35 genotypes geïdentificeerd. Alle isolaten
toonden verschillende genotypes met uitzondering van de isolaten van één kudde waar
eenzelfde genotype werd geïsoleerd uit drie runderen. Deze resultaten wijzen op een ver
doorgedreven diversiteit in de T. congolense populatie niettegenstaande dat de parasieten
geïsoleerd werden van dezelfde gastheer in een geografisch geïsoleerd gebied.

In hoofdstuk vier wordt nagegaan in hoeverre verschillende genotypes ook een
verschillende virulentie kunnen vertonen. Hiervoor werd de virulentie in OF1 muizen van 31
genetisch verschillende T. congolense stammen (gedifferentieerd door middel van de
gewijzigde AFLP), geïsoleerd uit runderen van 11 verschillende kuddes afkomstig uit
oostelijk Zambia, vergeleken. Op basis van de overlevingsduur van geïnfecteerde muizen
werden drie virulentiecategorieën onderscheiden: (i) muizen geïnfecteerd met stammen met
hoge virulentie hadden een overlevingsduur van 0 tot 9 dagen, (ii) deze geïnfecteerd met
stammen met gemiddelde virulentie overleefden 10 en 30 dagen en (iii) muizen geïnfecteerd
met stammen met lage virulentie leefden langer dan 30 dagen. Bovendien werd van elke
geïnfecteerde muis en de controles regelmatig de hematocriet en de parasitemie bepaald. De
meerderheid van de geïsoleerde T. congolense stammen (25/32 of 80.6%) toonden een lage
of gemiddelde virulentie en slechts zes stammen waren hoog virulent, waarvan de helft
geïsoleerd uit runderen afkomstig van eenzelfde kudde. Er waren significante verschillen in
de ontwikkeling van de parasitemie en de anemie tussen de drie groepen. De stammen met
hoge virulentie hadden een prepatente periode van 2.3±0.3 dagen, ontwikkelden een
toenemende parasitemie en een progressieve anemie leidend tot de dood. Daartegenover,
bedroeg de prepatente periode van de stammen met lage en gemiddelde virulentie
respectievelijk 3.5±1.6 dagen en 3.2±1.6 dagen. In beide groepen stabiliseerden zich de
parasitemie en hematocriet. De resultaten van de experimenten duiden dus op substantiële
verschillen in de virulentie van T. congolense stammen met een hoge proportie van stammen
met lage tot gemiddelde virulentie in het trypanosomiasis endemisch studiegebied.
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In de experimenten beschreven in hoofdstuk vijf wordt de overdraagbaarheid door
Glossina morsitans morsitans van 18 genetisch verschillende T. congolense-stammen,
geïsoleerd uit runderen in het studiegebied in oostelijk Zambia, onderzocht in laboomstandigheden. Per stam werden vijf OF1 muizen geïnfecteerd. Tenerale vliegen, in totaal
3600, werden éénmalig gevoed op de geïnfecteerde muizen met een parasitemie van
tenminste 108.4 trypanosomen/ml bloed. Dertig dagen na de infectie werden de infectiegraden
van de tseetsee’s bepaald door dissecties, dit gebeurde op een totaal van 1796 vliegen. De
gemiddelde infectiegraad was 39%, de infectiegraden varieerden echter significant (van 13%
tot 62%) tussen T. congolense genotypes. Het percentage tseetsees met een procyclische en
metacyclische infectie was significant hoger bij vliegen geïnfecteerd met zeer virulente
stammen. De resultaten van deze infectieproeven duiden dus op een associatie tussen
overdraagbaarheid van een T. congolense stam en de virulentie van die stam. Deze resultaten
zijn in overeenstemming met de gangbare theorie die de persistentie van virulentie in een
parasiet populatie verklaart.

In het zesde hoofdstuk worden kruisreacties beschreven tussen trypanosoomstammen
met een verschillend virulentieprofiel. Hiervoor werden groepen van 6 OF1 muizen eerst
geïnfecteerd met een T. congolense stam met lage virulentie en vervolgens, nadat de primoinfectie evolueerde tot een chronische infectie, opnieuw besmet met een stam met hoge
virulentie. Muizen, enkel geïnfecteerd met laag virulente of hoog virulente stammen dienden
als controle. In totaal werden drie laag virulente en drie hoog virulente stammen gebruikt.
Volgens de resultaten van de infectieproeven biedt de aanwezigheid van een infectie met een
laag virulente stam bescherming tegen de nefaste effecten van een daaropvolgende infectie
met een zeer virulente stam. Zowel de overlevingsduur als de anemie van muizen geïnfecteerd
met een laag virulente T. congolense stam en vervolgens geïnfecteerd met een zeer virulente
stam verschilden doorgaans nauwelijks van deze van controle muizen enkel geïnfecteerd met
een laag virulente T. congolense stam. Daartegenover was het sterfte risico 89 maal hoger in
controle muizen, enkel geïnfecteerd met de zeer virulente stam.

De algemene discussie tracht de experimentele resultaten te plaatsen in een wijdere
epidemiologische context. De wijziging van cycli in wilde dieren naar transmissies in vee
wordt beschouwd als de belangrijkste factor die bijdraagt tot de geobserveerde genetische
diversiteit en fenotypische eigenschappen van de trypanosomen geïsoleerd in het
studiegebied. Als een gevolg van deze gewijzigde cyclus in runderen, gevoelig voor infecties
met trypanosomen, gaat vee in toenemende mate de rol van trypanosoom reservoir overnemen
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van trypanotolerante wilde dieren. Een logisch gevolg van dit nieuwe reservoir is het
geleidelijk verdwijnen van zeer virulente trypanosoom stammen, omdat de gastheer het niet
overleeft of behandeld wordt met trypanociden. Hierdoor gaat de proportie trypanosoom
stammen met lagere virulentie toenemen en de impact van de infectie op de productie van vee
verminderen. Virulente stammen verdwijnen echter niet volledig maar blijven circuleren als
een gevolg van de bescherming geboden door gemengde infecties met minder virulente
stammen en de hogere overdraagbaarheid door tseetsee vliegen. De resultaten beschreven in
dit werk hebben betrekking op een specifiek gebied in oostelijk Zambia. Men mag aannemen
dat ook in andere tseetsee gebieden, waar mensen en hun vee aanwezig zijn en waar door
menselijk toedoen de wilde gastheren verdwenen zijn, dergelijke endemische situaties bestaan
of zich geleidelijk zullen ontwikkelen. Daar een toestand van endemische stabiliteit minimale
impact heeft op productie is het van belang deze epidemiologische situatie te bewaren door de
factoren die bijdragen tot de balans tussen gastheer, trypanosoom en tseetsee in stand te
houden.

