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SUMMARY

The Index of Association (IA) has been proposed by Maynard Smith et al. (1993) as a general method for characterizing
the population structures of microorganisms as either: clonal, epidemic, cryptic species or panmictic. With reference to
the current debate surrounding the mode of reproduction in parasitic protozoa, this study explores (i) the suitability and
limitations of the IA for characterizing populations of Trypanosoma brucei s.l., and (ii) the idea that the significance of
genetic differences between populations may be better understood if the evolution, spread and temporal stability of certain
parasite genotypes are also considered. Four populations of T. brucei from Cote d'lvoire, Uganda and Zambia are analysed
using the IA and a complementary test for linkage disequilibrium, test/of Tibayrenc, Kjellberg & Ayala (1990). The two
populations from Uganda are characterized as epidemic, while the others appear more or less clonal; the merits of the two
methods are compared. The implications of the various population classifications are discussed with reference to genotype
longevity in each region; the evolutionary and biomedical consequences of the genetic non-homogeneity of T. brucei are
reviewed.
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INTRODUCTION

Since the publication of the clonal theory by
Tibayrenc, Kjellberg & Ayala in 1990 debate
surrounding the mode of reproduction in natural
populations of parasitic protozoa has intensified.
Within the framework of this theory, discussion of
the reproductive process of Trypanosoma brucei s.l.,
the agent of African sleeping sickness, which a
number of studies (Tait, 1990; Tibayrenc et al.
1990, 1991; Maynard Smith et al. 1993) indicate to
be intermediary on a scale of sexuality/clonality
(Tibayrenc, 1995), has been especially intense. Until
recently, methods available for broad-scale com-
parisons of levels of recombination were limited;
however, methods developed by Tibayrenc et al.
(1990) and more recently by Maynard Smith et al.
(1993) provide indices suitable for comparing popu-
lations using data from biochemical characterization
studies. This paper explores the idea that the
significance of genetic differences observed between
populations of T. brucei may be better understood if
the evolution and recent historical spread of the
parasite are also considered. Evolutionary studies to
date appear to fall into either of two categories: early,
largely descriptive works (e.g. Ormerod, 1961) and,
more recently, numerical/phylogenetic studies (e.g.
Godfrey et al. 1990). It is the advent of such
numerical approaches which has enabled more
rigorous, quantitative studies, less prone to observer
bias.

In this study the index of association (IA) of
Maynard Smith et al. (1993) and a test of linkage
disequilibrium (test / ; Tibayrenc et al. 1990) are
used to compare levels of recombination (defined by
the degree of linkage detected with each statistical
method) and to investigate the population structure
of 4 populations of T. brucei from across Africa. Data
sets were selected to include only samples originat-
ing from a single area and a discrete time period;
data from Cote d'lvoire were further subdivided
as there is considerable evidence to suggest
that T. b. gambiense is a genetically discrete entity
(reviewed by Gibson, 1986). Such criteria were vital
to ensure that isolates came from a population which
all other things being equal could have been truly
panmictic (Tibayrenc & Ayala, 1991).

MATERIALS AND METHODS

Origins of data

Bouafle, Cote d'lvoire. Data are taken from Mehlitz
et al. (1982). The 73 trypanosome isolates were
collected from various hosts (humans, pigs, cattle,
antelopes) from villages and towns in central Cote
d'lvoire, an area bounded by the towns of Bouafle,
Daloa and Vavoua; collections were made at sites
within a 60 km radius during September and
November 1978. Sleeping sickness is endemic to the
region, primarily in rural areas (Mehlitz, Brinkmann
& Haller, 1981). Isoenzyme characterization was
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performed with 7 enzyme systems. Stocks possessing
ALAT pattern 1 were classified as T. b. gambiense
(10 %); all these stocks, from humans and a pig, were
highly resistant to human serum. All other stocks
had ALAT pattern 2 and were classified as human
infective non-gambiense (11 %) or, if animal derived,
T.b.brucei (79%) (Gibson, Marshall & Godfrey,
1980); human serum resistance test results for these
stocks were highly variable (Mehlitz et al. 1982).
Isolates collected by Mehlitz et al. (1982) from
Upper Volta (now Burkina Faso) were not included
in the analysis due to their spatial separation from
the Ivoirian isolates.

Luangwa Valley, Zambia. Data are taken from
Godfrey et al. (1990), with additional isoenzyme
characterization by Stevens et al. (1992). The 67
isolates were collected from the Luangwa Valley in
eastern Zambia over a 5-year period from 1980 to
1984; 72% of stocks were from humans, with a
further 7% being isolated from animals and 21 %
from tsetse. The valley is approximately 400 km long
and includes several wildlife reserves. Sleeping
sickness is endemic to the area and the somewhat
chronic nature of the disease is well documented
(Buyst, 1974; Godfrey et al. 1990).

Characterization was performed with 9 enzyme
systems interpreted as 10 putative loci (Stevens et al.
1992); all except 5 stocks were characterized as
T. b. rhodesiense (Stevens & podfrey, 1992), with the
majority (75 %) being classified as strain group
Zambezi (Gibson et al. 1980). The 5 unclassified
stocks included 3 isolates from humans and were, by
numerical analysis, close to T. b. rhodesiense of one
form or another (Stevens & Godfrey, 1992).

Busoga Region {including Tororo District), Uganda.
Data are taken from Enyaru et al. (1993). The 142
isolates analysed in this study were collected from
humans, domestic animals and tsetse in the districts
of Busoga and Tororo in southeast Uganda over a 4-
year period from 1988 to 1991; the area borders Lake
Victoria and is approximately 110 km in diameter.
Sleeping sickness is endemic to the area, although
the disease is characterized by epidemic outbreaks,
the most recent of which began in 1976 (Abaru,
1985; Mbulamberi, 1989). Isoenzyme charac-
terization was performed with 8 enzyme systems;
97 % of stocks were classified as T. b. rhodesiense
(strain group busoga 51%, Zambezi 42%, kiboko
3-5 %), 3 % of stocks were classified as intermediate
between T. b. rhodesiense and T. b. brucei.

Tororo District, Uganda. Data are taken from
Maudlin et al. (1990). The 44 isolates from Tororo
District were from humans and domestic animals;
they are independent of those included in the Busoga
analysis, but approximate to a more localized subset
for comparative purposes. All samples were collected

in November 1988, from villages within a 25 km
radius and from patients attending the nearby
sleeping sickness hospital in Tororo town. The
epidemiological and historical characteristics of the
area are as described above (Busoga Region). Iso-
enzyme characterization was performed with 9
enzyme systems interpreted as 10 putative loci
(Stevens & Welburn, 1993); all stocks were classified
as T. b. rhodesiense, strain groups busoga (84%) or
Zambezi (16%) (Stevens et al. 1992).

Isoenzymes

Isoenzyme characterization for the data sets included
in this study was undertaken by, or in cooperation
with, the MRC Trypanosomiasis Group at the
Tsetse Research Laboratory, Bristol. This ensured
that the techniques used and the levels of variation
identified are comparable between studies.

Linkage disequilibrium statistics

The index of association (IA) employed is that
presented by Maynard Smith et al. (1993) and as
discussed by those authors, primarily due to the
difficulty of applying an accurate allelic interpret-
ation to many of the published isoenzyme patterns
included, each diploid genotype at a locus was
treated as an 'allele' in the current study. The
standard error of IA is calculated for the null
hypothesis (J. Maynard Smith, personal communi-
cation), i.e. assuming no barriers to panmixia. Any
departure (values of IA > 0) thus represents the
departure due to linkage disequilibrium (LD). The
benefits of the IA value derive primarily from the
simple, but statistically measurable, definition of the
existence, or otherwise, of LD within a given data
set. Beyond this, it is the use of parallel analyses, i.e.
the degree of LD detected when calculating IA for all
individuals compared to the value for IA obtained
when analysing only the electrophoretic types (ETs;
in this case zymodemes) after removing the over-
represented clones, which allows the underlying
population structure to be defined. According to
Maynard Smith et al. (1993) 4 possible types of
population structure can be considered, (i) 'True'
clonality: organisms undergo clonal evolution, with
the clones being stable in space and time, even on an
evolutionary scale. Examples given by Maynard
Smith et al. (1993): bacteria - Salmonella sp.; para-
sitic protozoa - T. cruzi. (ii) Epidemic clonality:
organisms undergo occasional bouts of clonal propa-
gation, while the species is basically sexual. Based
largely on empirical observations on the life-time of
Neisseria meningitidis ETs, Maynard Smith (personal
communication) suggested that the clones generated
in this way are ephemeral and their life-time is at
best a few years. Examples given by Maynard Smith
et al. (1993): bacteria — N. meningitidis; parasitic
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Table 1. Index of Association test for linkage
disequilibrium (Maynard Smith et al. 1993)

Bouafle, Cote d'lvoire: 73 isolates, 32 zymodemes, 7 loci
All isolates: IA = 0-53±00029
ETs: IA = 014±00060

Luangwa Valley, Zambia: 67 isolates, 39 zymodemes, 10
loci

All isolates: IA = 114±00022
ETs: IA = 0-75 ±00028

Tororo District, Uganda: 44 isolates, 12 zymodemes, 10
loci

All isolates: IA = 080±00087
ETs: IA = 001 ±00206

Busoga Region (including Tororo District), Uganda:
142 isolates, 50 zymodemes, 8 loci

All isolates: IA = 0-30±0-0028
ETs: I, = - 0 0 6 + 00079

protozoa - T. brucei. (iii) Cryptic speciation: the
species is actually subdivided into 2 or more discrete
phylogenetic lineages, each one being panmictic.
Example given by Maynard Smith et al. (1993):
bacteria - Rhizobium meliloti; no example given for
parasitic protozoa, (iv) Panmixia: genetic exchange
is frequent enough to prevent the propagation of
any discrete genetic lineage and no detectable
departures from random mating are observed.
Example given by Maynard Smith et al. (1993):
bacteria - Neisseria gonorrhoeae; parasitic protozoa -
Plasmodium falciparum.

To distinguish 'true' clonality from epidemic
clonality Maynard Smith et al. (1993) proposed
linkage disequilibrium analyses of the genotypes
(ETs) rather than the individuals (stocks). If the LD
disappears, it is taken that the population is epidemic
rather than clonal. Such an approach relies on the
supposition that identical genotypes are the result of
recent clonal propagation.

Tes t / of Tibayrenc et al. (1990), as for the IA,
provides a measure of linkage disequilibrium and
can be used to analyse either all isolates or ETs
only. The test (see Tibayrenc et al. (1990) for full
details) is a Monte-Carlo based method, in which a
probability value is assigned to the observed level of
LD on the basis of the level of LD in random
reassortments of the observed genotypes, sufficient
random reassortments being performed (e.g. 10000)
to allow construction of a frequency distribution
with which to compare the observed LD. In this
study test / was used to provide an alternative but
complementary analysis of the 4 data sets, providing
additional support for results obtained with both
tests.

RESULTS

Values for IA and associated standard errors are
presented in Table 1. Data from Cote d'lvoire and
Zambia gave IA values significantly different from

zero for the analyses of all isolates and the ETs only,
indicating significant association within the data and
suggesting a potentially cloaal population structure
for these trypanosomes. Subdivision of the Cote
d'lvoire data set provided further evidence of the
clonal nature of T.b. gambiense, with all 7
T. b. gambiense isolates being classified in 2 zymo-
demes; IA analysis was not performed due to the
small sample size. The non-gambiense Cote d'lvoire
stocks, both human and animal derived, were
characterized as having an epidemic population
structure. (All 66 isolates, IA = 016±007; 30 ETs
only, IA =-004±0-08). The 2 Ugandan data sets
gave IA values significantly different from zero for
the analyses of all isolates, while analysis of ETs only
did not evidence significant association. According
to the proposals of Maynard Smith et al. (1993), this
suggests a basically sexual population structure
which is prone to significant epidemic bursts of
clonal reproduction leading to temporary dis-
equilibrium.

Comparative /-test statistics are presented in
Table 2. Overall, the pattern of results and the levels
of LD obtained with test j are in good agreement
with those obtained using the IA. The Zambian data
set showed significant linkage disequilibrium at the
0-0001 level for the analyses of both all isolates and
ETs only, suggesting significant departures from
panmixia in this population of T. brucei. For the
Cote d'lvoire population as a whole, significant LD
was detected in the analysis of all isolates, but not in
the analysis of ETs only (P = 0-1555) indicating an
epidemic population structure; this non-significant
result with test / did not accord with that of the IA

analysis, the only comparison of linkage in this study
not to do so. The Ugandan populations exhibited
significant LD in the analyses of all isolates, but not
in the analyses of ETs only, once again suggesting an
epidemic population structure for these trypano-
somes.

Summary statistics on the duration of genotypes
in the regions from which the sample data sets derive
are presented in Table 3. Zymodeme duration data
are taken from Stevens (1991) based on the
zymodeme definitions of Gibson et al. (1980) and
Godfrey et al. (1990). The data set includes isolates
of T. brucei s.l. collected and characterized by the
MRC Trypanosomiasis Research Group and
associates over a 31-year period from 1959 to 1989.

DISCUSSION

Results from both analyses show that the population
structure varies between populations of trypano-
somes across the continent, such that it appears
impossible to generalize results from single popu-
lations to T. brucei as a whole. Moreover, it appears
possible that such differences may be connected with
the evolution of African trypanosomes with respect
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Table 2. Test for linkage disequilibrium (Test-/, Tibayrenc et al. 1990)

(All tests were performed at the 001 significance level, with 10000 random reassortments.)

Bouafle, Cote d'lvoire
ETs only: 32 genotypes, 7 loci
All isolates: 73 isolates (32 genotypes), 7 loci

Luangwa Valley, Zambia
ETs only: 39 genotypes, 10 loci
All isolates: 67 isolates (39 genotypes), 10 loci

Tororo District, Uganda
ETs only: 12 genotypes, 10 loci
All isolates: 44 isolates (12 genotypes), 10 loci

Busoga Region (including Tororo District), Uganda
ETs only: 50 genotypes, 8 loci
All isolates: 142 isolates (50 genotypes), 8 loci

P = 01555, i.e. non-significant
P< 00001, i.e. significant

P< 00001, i.e. significant
P< 00001, i.e. significant

P = 0-5204, i.e. non-significant
P < 00001, i.e. significant

P = 0-2377, i.e. non-significant
P < 00001, i.e. significant

Table 3. Zymodeme duration

(Data are from Stevens (1991), sub-specific groupings are
defined primarily on the basis of zymodeme; see Godfrey
et al. (1990) and Stevens & Godfrey (1992) for full
discussion of definitions.)

T. b. gambiense: 6 zymodemes, 38 stocks
Mean zymodeme duration: 83 years
Standard error: 3-1 years
Maximum duration: 20 years

T. brucei s.l., strain group Zambezi: 31 zymodemes, 73
stocks

Mean zymodeme duration: 4-1 years
Standard error: 1-4 years
Maximum duration: 29 years

T. brucei s.l., strain group busoga: 20 zymodemes, 56
stocks

Mean zymodeme duration: 2-4 years
Standard error: 1-5 years
Maximum duration: 23 years

to (a) recent historically documented movements of
trypanosomiasis, and (b) the long-term evolution of
Trypanozoon.

A lack of markers suitable for parasite charac-
terization and population studies meant that research
into evolutionary aspects of African trypanosomiasis
was practically impossible (Godfrey, 1984) until the
early 1980s. However, due to the range of charac-
terization studies now completed (e.g. Gibson et al.
1980; Tait, 1980; Tait, Babiker & Le Ray, 1984;
Gibson & Wellde, 1985; Tait et al. 1985;
Paindavoine et al. 1986; Godfrey et al. 1987, 1990;
Hide et al. 1990, 1991, 1994; Stevens & Godfrey,
1992; Enyaru et al. 1993; True & Tibayrenc, 1993;
Mathieu-Daude et al. 1995) sufficient data are
available to begin to explore both the patterns of
movement and the evolution of T. brucei s.l.

Early studies (e.g. Mackichan, 1944; Ormerod,
1961) document the spread of T. b. rhodesiense from
the Zambezi basin (Zambia and Zimbabwe) around
1908, northwards through modern-day Malawi and
Tanzania, to Kenya and Uganda by 1942 (reviewed
by Koerner, de Raadt & Maudlin, 1995).

Interestingly, during this time the course of the
disease supposedly also changed from being sporadic
and chronic, as it usually occurred in the Zambezi
basin, to being epidemic and acute in Kenya and
Uganda. This theory, however, is based largely on
the reports of early colonial medical staff and in the
light of more recent biochemical studies, it seems
probable that the apparent movement of the disease
may have been due more to the movements of the
early observers than to the trypanosomes or their
vectors.

Notably, a study by Godfrey et al. (1990) which
presented the first major cladistic analysis (Distance
Wagner Method, Farris (1972); R. D. Baker, per-
sonal communication) of T. brucei trypanosomes
reached a different conclusion from the early
researchers, namely that the strain groups and
subspecies of Trypanozoon observed today (Gibson
et al. 1980; Tait et al. 1984, 1985; Godfrey et al.
1990) are the product of a radiative movement from
an ancestral group - busoga - which is now, for the
most part, confined to central East Africa. For
Zambezi strain group and T. b. gambiense stocks it is
possible, therefore, that such predominantly man-
infective parasites evolved from a type, such as
busoga, which was (and still is) closely associated
with an animal reservoir (Godfrey et al. 1990; Hide
et al. 1994); the ancestral type may have originated
around Lake Victoria, and then spread and adapted.
Thus, it appears that the scenario described by
Godfrey et al. (1990) provides the most parsi-
monious explanation of the distribution of T. brucei
groupings seen today, and while the resolution of
such a problem is not an absolute requirement of a
taxonomic or epidemiological study, the conse-
quences of one or other theory being correct will
have profound implications for phylogenetic relation-
ships between strain groups, particularly those
described for East African Trypanozoon.

Methods of detecting linkage disequilibrium pro-
vide an extension to phylogenetic methods of
studying evolution. In particular, the index of
association (Maynard Smith et al. 1993) allows the
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structure of parasite populations to be defined, in
turn permitting comparison with information on
their evolutionary position, and a number of such
studies have now been completed. An analysis by
Maynard Smith et al. (1993) of T. brucei from the
Lambwe Valley, Kenya (Gibson & Wellde, 1985;
Mihok, Otieno & Darji, 1990) indicated an epidemic
population structure which, together with the 2
Ugandan data sets presented in the current paper,
would confirm the epidemic status of the T. brucei
trypanosomes from this central region of its range.
More recently, a major study by Hide et al. (1994)
also used the index of association to demonstrate an
epidemic population structure for a group (defined
by RFLPs) of man-infective trypanosomes isolated
from southeast Uganda.

The epidemic structures defined for populations
from Uganda and Kenya thus provide an indication
of the underlying degree of genetic exchange oc-
curring in the geographical centre of the range of T.
brucei (Gibson, 1990, 1995). In contrast, the clonal
population structures evidenced for populations
originating away from this central region (i.e. from
Cote d'lvoire and Zambia) indicate a lack of, or
significant barriers to, recombination in these areas.
Again, the phylogenetic analysis of Godfrey et al.
(1990) indicates that such populations, from the
extreme geographic ends of the range of T. brucei,
also correspond to evolutionary end-points.

Furthermore, despite there being no direct links
between them, the populations classified in the
current study as clonal (i.e. T. b. gambiense from
Cote d'lvoire and the population from Zambia)
share several major characteristics: the chronic
nature of the disease in the regions where these
strains were isolated (Buyst, 1974; Godfrey et al.
1987), the extent of their geographical removal from
the possible ancestral point in central East Africa,
and their relatively large phylogenetic separation
from the hypothetical ancestral type (Godfrey et al.
1990). Unfortunately, to date, and certainly for the
parasites included in the data sets used in this study,
no well-documented information relating the clinical
nature of the disease caused by a particular isolate to
its strain type is available. However, a range of
circumstantial evidence indicates that trypanosomes
from strain groups which, in this study have been
shown to exhibit clonal population structures, appear
to be associated with regions where more chronic
and sometimes asymptomatic forms of sleeping
sickness are reported e.g. Zambia, Ghana, Togo
(reviewed by Godfrey et al. 1990).

In the current study 2 populations are classified by
IA analysis as clonal,* while 2 appear to be epidemic.
A similar pattern of results is also obtained with test
/ (Table 2) with one exception, the analysis of ETs

* See discussion regarding the subdivision of the Bouafle
data into T. b. gambiense and non-gambiense.

only from Bouafle, Cote d'lvoire, which did not
show significant LD. Interpreted directly, such a
result indicates the Bouafle population to be epi-
demic rather than clonal; however, while this may be
the case, a number of factors remain to be considered
for this data set. First, the inability of isoenzymes to
detect fine levels of genetic variability (Stevens &
Tibayrenc, 1995) may be important - 5 of the 12
enzymes used by Mehlitz et al. (1982) were com-
pletely invariant. The difficulties in evidencing
linkage in such situations are well known (Tibayrenc,
1993) and have been described for a number of other
parasitic protozoa (e.g. Giardia sp., Andrews et al.
1989; Leishmania sp., Guerrini, 1993). Secondly,
after subdivision of the Bouafle data into
T. b. gambiense and non-gambiense (both human and
animal derived), IA analysis indicates that while
T. b. gambiense is probably clonal, non-gambiense T.
brucei have an epidemic population structure. Thus,
an important part of the linkage disequilibrium
evidenced in the analysis of the undivided Bouafle
data set appears to have been due to the sub-
structuring present in the combined data. Such a
result illustrates the danger of inadvertently com-
bining inappropriate data. It should also be noted
that of the 3 populations which did not show
significant LD with test / , the Bouafle population
was the nearest to being significant (P = 0-1555),
again emphasizing the importance of considering
such results as part of a scale of linkage rather than
as an absolute categorization of a given population.
Such findings highlight further the differences in
sensitivity between the IA and / tests used in this
work and, more generally, the importance of the
choice of method in any study of this type. In
particular, the IA, which in its basic form treats all
genotypes as equally different, irrespective of the
similarities between particular genotypes, appears
less suitable to detect subtle differences in levels of
relatedness between genotypes. Of course, in studies
where it is possible to reliably interpret genotypes in
terms of individual alleles an improved level of
definition is to be expected (G. Hide, personal
communication). Nonetheless, we propose that test/
is somewhat less coarse as all the information within
each genotype is considered in its calculation, free
from assumptions connected with allelic interpret-
ation; thus, we suggest, it is more able to take
account of the richness of the data.

The Ugandan data sets analysed in this study were
not subdivided, as isoenzyme characterization indi-
cated them to be 100% T. b. rhodesiense (Tororo
District) or more than 97 % T. b. rhodesiense (Busoga
Region). However, as the study by Hide et al. (1994)
shows, distinct genetic subdivisions within T. brucei
from this area can be evidenced using additional
markers (e.g. RFLP, human serum resistance tests).
While such additional characterization is not poss-
ible when re-analysing published data, subsequent
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analyses should consider the significance of such
subdivisions in trypanosome populations from this
area of East Africa.

Having defined a population structure for a given
data set, what are the merits of such a system of
classification and to what do such definitions,
particularly the term 'epidemic', relate? An epi-
demic population can be defined (Maynard Smith et
al. 1993; Tibayrenc, 1995) as a population which
exhibits explosive clonal bursts from an underlying
sexual base, such bursts leading to temporary
disequilibrium which nevertheless endure long
enough to be of considerable biomedical interest.
Furthermore, in addition to their immediate capacity
to cause a disease epidemic, such populations, by
virtue of their underlying sexual base, may harbour
an immense reservoir of genetic diversity capable of
throwing up a range of genotypes, the consequences
of which, for example in terms of drug resistance,
may be important.

The time-scale over which epidemics occur also
has important implications for the parasite popu-
lation genetics and the manner in which definitions
are applied. From long-term data (summarized by
Stevens, 1991) collected in the same regions as the
data sets analysed using the LD measures it can be
seen that there is considerable variation in the
duration of zymodemes (genotypes) isolated from
each of the regions; such information can provide a
valuable insight into the long-term stability of
genotypes in nature. In Zambia and Cote d'lvoire
the longest enduring zymodemes lasted 20 and 29
years, while the average duration of genotypes was 4
and 8 years, respectively. However, in the central
region of Africa, while the longest surviving
zymodeme was sampled over 23 years, the average
duration was less than 2-5 years; thus, on average,
genotypes in 'clonal' populations exist apparently
unrecombined for at least twice as long as genotypes
in 'epidemic' populations. The exceptions to this
seen in Uganda (where 1 zymodeme was sampled
over a period of 23 years) may highlight the existence
of some genetically isolated clonal lineages even
within a predominantly sexual population. Such
genotypes may be able to endure due to the range of
host cycles/niches available in a given habitat. For
example, Hide et al. (1994) isolated a genetically
distinct group of man-infective genotypes from the
Tororo area of Uganda which appeared to have
existed in East Africa unaltered for over 30 years.
Additionally, the effect of sample size should also be
considered. The busoga data set comprised of 56
stocks, while the T. b. gambiense sample included
only 38 stocks. Primarily, however, smaller sample
size would be expected to affect the detection of the
more rare short-term genotypes rather than the more
stable longer-term zymodemes (Cibulskis, 1992).

From a biomedical viewpoint, the consequences of
the long-term stability of certain zymodemes and, in

particular, the continued existence of certain geno-
types associated with epidemic outbreaks of sleeping
sickness remain unknown. Until such time as a
population can be unequivocally defined as either
clonal, sexual or otherwise, then the value of
identifying genotypes (and zymodemes) remains
considerable for its potential to aid medical, epi-
demiological and phylogenetic studies. Alterna-
tively, populations conforming strictly to one or
other definition may not exist in nature, instead the
variation observed may best be viewed as part of a
continuum of clonality/sexuality (Tibayrenc, 1995);
in this case, population definitions should be
regarded only as convenient working headings and,
for example, even epidemic populations could vary
between being more, or less, clonal/sexual. The
importance of recognizing such a fact will depend on
the objectives of individual studies.

This paper has attempted to provide an answer to
the long-running debate as to whether the population
structure of the species T. brucei is clonal or sexual.
Obviously, the inflexibility of using existing data sets
has numerous drawbacks; however, by taking a
'snapshot' of a number of populations it has been
possible to demonstrate that for T. brucei both states
can exist, perhaps even sympatrically. Such a
conclusion, corroborated by the results from 2
independent numerical methods, highlights the fact
that T. brucei populations are no longer freely
mixing, but are subdivided across their range.
Furthermore, it appears that the type of population
structure observed may be associated with host and
the biomedical properties of the population under
study.

Thus, much of the past debate concerning the
population structure of T. brucei may in part have
been due to attempts to generalize conclusions for T.
brucei as a whole using information gained from
diverse individual population examples. However, as
many characterization studies have now shown T.
brucei is not a genetically homogeneous species
(e.g. T. b. gambiense — Paindavoine et al. 1989;
T.b. rhodesiense — Gibson et al. 1980; Hide et al.
1991) and the many varied populations and sub-
species of T. brucei cannot be treated simply as
one panmictic group. Indeed, several recent studies
(Hide et al. 1994; Stevens et al. 1994) indicate that
the underlying level of genetic variation in T. brucei
may be considerably greater than previously
recognized. Thus, while the change in LD observed
between the two approaches to calculating linkage
{all isolates and ETs only) with the IA and /-test
statistics provides a measure of the evenness
of spread of isolates within ETs, and therefore
an indication of the importance of the over-
representation of particular epidemic zymodemes
which do not appear to be undergoing recombination,
additional characterization of such zymodemes (e.g.
using RAPDs) appears likely to reveal further genetic
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variation. For example, in a recent study by these
authors (Stevens & Tibayrenc, 1995) 15 stocks of
T. b. gambiense were classified into 8 zymodemes
using 17 loci; however, by RAPD analysis 13 RAPD
ETs were identified in the same stocks using only 8
random primers. Moreover, while the limited genetic
diversity identified by isoenzymes significantly re-
duced the power of LD analyses, the increased varia-
tion detected by RAPD analysis allowed LD tests to
be adequately performed and significant linkage to be
demonstrated. The importance of such a result on
the findings of the current study is unknown, but it
seems probable that a considerable amount of genetic
diversity has remained undetected, corresponding to
a reduced capability to detect linkage. Perhaps not
surprisingly then, given the different ecological
conditions (particularly fly species and number, and
thus opportunities for transmission and recombin-
ation) in the regions from where they were isolated,
differences between populations exist. In turn,
such differences have allowed differential parasite
evolution over time and, consequently, generali-
zations about the species become useless and may in
fact become misleading as this study, one of the first
to consider discrete data sets from a range of different
sources, demonstrates.
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