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PREFACE

This volume starts with a paper by David Godfrey and his colleagues on a
topic that they have made very much their own—the study of isoenzymic
variants within the rather enigmatic subgenus Trypanozoon of the genus
Trypanosoma. As a result of an immense amount of work over several years,
they have analysed (with the aid of a computer) the electrophoretic profiles
of 11 enzymes from (literally) hundreds of populations of trypanosomes.
The results of this monumental task, a summing up of years of work, very
probably provide a definite answer to the question, debated ever since the
original descriptions of the species at the turn of the century, of the
relationship between the members of the so-called T. brucei group.

David Kemp, Alan Cowman and David Walliker take us into the
molecular minefield of a topic that they, too, have lately made very much
their own—the genetics of the genus Plasmodium. They discuss antigenic
diversity and its significance in the topical field of vaccine production,
chromosome size polymorphisms, meiosis and genetic recombination, and—
another topical and important aspect—drug resistance.

Masamichi Aikawa and Carter Atkinson review a fairly recently devel-
oped technique, immunoelectron microscopy, and its applications within the
discipline of parasitology. After a full technical, explanatory introduction,
they discuss applications of the process to parasites both protistan (Plasmo-
dium, Toxoplasma, Sarcocystis, Eimeria, Theileria and Trypanosoma) and
helminthic (Trichinella and other nematodes, Schistosoma and Fasciola).
The review ends with detailed appendices describing the techniques involved.

Jane Huffman and Bernard Fried write on a topic more purely helmintho-
logical, reviewing an interesting group of parasites which perhaps suffer
somewhat from underexposure—the echinostomes. The authors first help to
clear up the rather confused systematics of the group, partly caused by the
lack of host specificity, and then comprehensively review the biology,
immunology, epidemiology, physiology and biochemistry. The use of mem-
bers of the group as easily maintained laboratory models is stressed.

Finally, Hilary Hurd ends this volume with a subject which should interest
both protistologists (as we must learn to call them) and helminthologists—
the complex and fascinating interactions between parasites and their inverte-
brate hosts. This, again, is a topic which tends to be overlooked. Volumes
have been written (including many reviews in this series of Advances) about
the relationships between parasites and their vertebrate hosts, but this review
considers the much less fashionable, though biologically no less important,
aspects of their relationships with invertebrates—including those which serve
as vectors of parasites of man and domestic animals. Dr Hurd has synthe-

vii
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sized information from a wide variety of sources and has attempted a
conceptual rather than descriptive treatment. The complex manner in which
host and parasite interact to limit harmful effects but to perpetuate the
relationship are indicative of highly co-evolved associations.

J. R. BAKER
R. MULLER
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I. INTRODUCTION

The morphological similarity of the behaviourally different kinds of trypano-
some (Trypanosoma spp.) within the subgenus Trypanozoon has led to
considerable uncertainty regarding the taxonomic status of each (see Hoare,
1972). The uncertainty is only beginning to be resolved by studies on enzyme
polymorphism and deoxyribonucleic acid (DNA) (e.g., Godfrey and Kil-
gour, 1976; Gibson et al., 1980, 1985; Borst et al., 1981, 1987; Tait et al.,
1985; Paindavoine et al., 1986; Godfrey et al., 1987). On the other hand,
epidemiology has benefited from an appreciation of the geographical and
hostal distribution of the different genetic forms (e.g., Gibson et al., 1978,
1980, 1983; Mehlitz et al., 1982; Gibson and Gashumba, 1983; Gibson and
Wellde, 1985; Otieno and Darji, 1985; Boid, 1988).

So far, much of the characterizing work has been based on the enzyme
polymorphisms seen after electrophoresis and specific staining. Since each
enzyme in a sample may appear as several isoenzyme bands, the use of a
number of enzymes results in a complex profile for every trypanosome
population examined. Although this genetically controlled profile remains
consistent in a clone, the wide variety encountered means that the assess-
ment of relationships is best addressed by mathematical methods (Gibson et
al., 1980; Tait et al., 1984, 1985). It is possible that a new enzyme profile
may be generated after hybridization between two different isolates (Jenni er
al., 1986; Sternberg ez al., 1988), although the frequency of this phenomenon
in nature remains unknown (Cibulskis, 1988).

One purpose of this review is to present and compare the enzyme profiles
of a large number of trypanosome populations from many countries. The
results were obtained over some years by associated workers using thin layer
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starch gel electrophoresis under similar conditions with the same range of
enzymes. Many published results are presented again here for comparision
and for inclusion in the numerical analyses, which were used to group
related trypanosomes and to devise a practical identification system.

The evaluation of any group rests on comparing its epidemiological and
other non-enzymic attributes with those of other groups. Greater confidence
can be placed on validity if similar groupings are produced by different
numerical approaches. Consequently, two methods were used to determine
relationships and groups. A similar dual approach has demonstrated three
genetically distinct groups in T. congolense, which were later confirmed by
differences in satellite DNA (Gashumba et al., 1988; Gibson et al., 1988).
Unfortunately, the divisions within the subgenus Trypanozoon were not so
striking and required detailed consideration, as described below.

II. MATERIALS AND METHODS
A. TRYPANOSOMES
1. Isolation and preparation

Summaries of the origins of the primary isolates used are listed in Table A3.
The references quoted in the text and tables (see Appendix) describe in detail
the means of isolating and preparing the trypanosomes. In brief, the
organisms were isolated from the original host by inoculating rodents,
before cryopreservation and subsequent further multiplication in rodents to
provide sufficient material for examination. Sometimes this was achieved by
immunosuppression of the animals with cyclophosphamide or y-irradiation.
The bloodstream forms were obtained from the host’s blood by column
separation and centrifugation (Lanham and Godfrey, 1970), followed by
extraction of the water-soluble enzymes. The extracts were stored in liquid
nitrogen.

The observations on a number of stocks have been reported previously
(Table A2). Most of the new results were obtained from isolates collected in
Zambia and West Africa; details of these in relation to local epidemiology
will be published later.

2. Definitions
For simplicity, the term “animal”, when used in this publication to describe

the original host, refers to a mammal other than man (or, in one case, to a
bird).
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Some primary isolates contained several populations of Trypanozoon, as
shown by differences in enzyme profiles (Tables A3 and AS), and it is likely
that other mixtures were undetected. The term “population™ is used to
describe the trypanosomes harvested for analysis on a particular occasion.

The generalizations in the text regarding location of isolates, etc., in East
or West Africa are related to an imaginary line running from north to south
down the middle of the continent. This simple division permits a clearer view
of the observations than if further geographical terms had been included,
such as central and southern Africa.

B. ENZYME ELECTROPHORESIS
1. Techniques

The methods for electrophoresis and specific enzyme staining in thin layer
starch gel are described by Bagster and Parr (1973), Kilgour and Godfrey
(1973) and Gibson et al. (1978).

The results were obtained with the following 11 variable enzymes, listed
from the least to the most polymorphic: EC 5.3.1.9, glucose phosphate
isomerase (GPI); EC 3.2.2.1, nucleoside hydrolase (NH); EC 1.1.1.103,
threonine dehydrogenase (TDH); EC 1.1.1.42, isocitrate dehydrogenase
(ICD);, EC 1.1.1.37, malate dehydrogenase (MDH); EC 2.7.5.1, phospho-
glucomutase (PGM); EC 2.6.1.1, aspartate aminotransferase (ASAT); EC
2.6.1.2, alanine aminotransferase (ALAT); EC 3.4.11, two peptidases, (i)
substrate L-leucyl-L-alanine (PEP2) and (ii) substrate L-leucylglycineglycine
(PEP1); and EC 1.1.1.40, “malic” enzyme (ME).

2. Terminology

After electrophoresis and staining, each enzyme gave a pattern consisting of
one or several isoenzyme bands. Unlike earlier work, every pattern was
coded with an arabic instead of a roman numeral after the enzyme abbrevi-
ation (e.g., ALAT-1, ALAT-2) (Fig. 1). This change occupies less computer
space and avoids the errors that may arise when entering complex roman
numerals.

Enzyme patterns were numbered in sequence as new ones were found.
During the separate investigations, the same pattern was at times coded
differently. The coding is now standardized but with the consequence that
the sequence is incomplete with certain enzymes (Fig. 1); better rationaliza-
tion is not possible because many pattern numbers are already published.

In a trypanosome population, the combination of patterns for the 11
enzymes is the “‘enzyme profile’’; populations with the same profile belong to
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FiG. 1. Diagrams of enzyme patterns found in Trypanozoon. P, pattern
number; f, number of zymodemes (total = 268) with pattern. All isoenzymes
migrated towards the anode, represented by the top of each diagram. Faint or
inconsistent bands are hatched. Only the bands that stained consistently were used in
the numerical analyses. The full names of the enzymes are given in the text (Section I
B 1, p.4).
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the same “zymodeme” (Z). It should be noted that two populations with
identical profiles for a range of enzymes may differ if a further enzyme is
introduced; they would then be separated into different Zzymodemes. For the
same reasons as already given for missing pattern numbers, the zymodeme
numbering sequence also has omissions.

C. NUMERICAL ANALYSES
1. Dendrogram

Like that for T. congolense (Gashumba et al., 1988), the dendrogram for
Trypanozoon was constructed by using Ward’s (1963) method. This is a
phenetic approach, as relationships are established from the attributes as
now observed, with no implications of evolutionary relationships.

The profile for each zymodeme was regarded as an operational taxonomic
unit (OTU). Dissimilarities between all possible pairs of OTUs were calcu-
lated as Euclidean distances, which are the sums of the squared character
differences. Only consistent isoenzyme bands were used (Fig. 1), although
the inconsistent bands are also recorded for information. For each pattern in
every profile, the presence of a consistent band is entered as “1”, and its
absence as “'0”. This is equivalent to taking the distance between profiles to
be the number of non-matching bands. The computer formed a distance
matrix which was used to group progressively pairs of OTUs, and to
determine which pairs of groups should be clustered at any stage. Gibson et
al. (1980) used a similar, but not identical, method to construct a dendro-
gram for Trypanozoon enzyme profiles, as did Young and Godfrey (1983) for
T. congolense. Another dendrogram was produced by Paindavoine et al.
(1986), based on DNA digests of Trypanozoon after electrophoresis.

2. Cladogram

With the same raw data used for the dendrogram, the computer was used to
construct a phylogenetic tree, or cladogram (Gashumba er al., 1988), of
developmental pathways that involved the minimal amount of genetic
alteration. The dissimilarity between two zymodemes was the ‘‘patristic
distance” (PD) between them through the cladogram. The measure of
distance between OTUs was again the number of non-matching bands
(Section II C 1). Since the dendrogram had nine obvious sections (Fig. 2), the
cladogram was broken into the same number of clusters, by progressively
cutting it to produce on each occasion the two best-resolved groupings of
zymodemes.

When constructing the initial cladogram, the characters, or bands, were
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weighted by using an iterative technique. Characters that changed many
times during the traverse of the phylogenetic tree were given least weighting,
while those seldom changing were considered potentially significant when-
ever they did alter. However, with so many characters available, this
refinement did not appreciably modify the form of the cladogram.

The program was devised by R.D.B.
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FiG. 2. Diagram representing the dendrogram of relationships between 268 Trypano-
zoon zymodemes. Three main divisions (A, B, C) are seen, and nine sections. See
Table A1 for explanation of sets. CI, Ivory Coast; CO, Colombia, KE, Kenya; KE/L,
Lambwe Valley, Kenya; RW, Rwanda; SD, Sudan; TZ, Tanzania; UG, Uganda;
WA, West Africa; ZM, Zambia.

ITI. OBSERVATIONS AND COMMENTS
A. GENERAL

Altogether, 945 populations were examined, which were contained in the 268
zymodemes used in the analyses.

The enzyme patterns found are shown in Fig. 1, together with their
frequency among the 268 zymodemes. The dendrogram is expressed diagram-
matically in Fig. 2 and the cladogram in Fig. 3. Table Al shows the
zymodemes that remained together in both the dendrogram and the clado-
gram. These are numbered as “‘sets”, and their positions can be compared in
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Figs 2 and 3. Reference to the set number allows information to be found
from Tables A2 and A3 on the profile of each zymodeme, as well as the
number and provenance of the constituent populations.

(11 1
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FiG. 3. Diagram representing the cladogram of relationships between 268 Trypano-
zoon zymodemes. Three main developmental pathways (A, B, C) are seen, with nine
separate clusters. See Table Al for explanation of sets, and Fig. 2 for country
abbreviations. Large figures in each cluster are set numbers; figures in parentheses
refer to the number of zymodemes in a set.
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The dendrogram (Fig. 2) was divided into three main divisions (A, B and
C). Division A consisted mostly of zymodemes associated with East Africa,
and was quite distinct from the predominantly West African division, C. The
third division, B, contained many zymodemes linked with the Lake Victoria
region. Further subdivision, at the level of 20% dissimilarity or more, gave
nine sections of related zymodemes.

In the cladogram, the clusters separated along three principal pathways,
termed pathways A, B and C to facilitate comparison with the dendrogram
divisions. In fact, the pathways developed in the sequence A—C-B, with
pathway B being better regarded as a residual group of clusters remaining
after the other pathways had broken away.

The pathways of the cladogram correspond, albeit imperfectly, to the
three dendrogram divisions. Reference to Table Al, in conjunction with the
distribution of sets in Figs 2 and 3, shows that 72% of the zymodemes in
dendrogram division A also separated along pathway A in the cladogram.
Similarly, 82% of those in division B were in pathway B, while 75% of
division C zymodemes diverged along pathway C. Reflecting the closer
alliance between divisions B and C in the dendrogram, pathway C did not
part from pathway B until after pathway A had branched off.

Broadly, then, three similar major groupings existed in both the dendro-
gram and cladogram, reflecting an East and West African separation within
Trypanozoon, together with a grouping particularly associated with the more
central Lake Victoria region. Gibson er al. (1980) reached a similar con-
clusion.

There was little exact correspondence between the nine dendrogram
sections and the nine cladogram clusters (Table Al); only section 6 and
cluster 6 matched perfectly to produce set 7. Sections and clusters usually
split into two or three large sets when the results of both analytical methods
were combined. Some of the 20 principal sets so formed appeared valid, but,
for a number of related sets, regrouping produced the most sensible
collections of zymodemes. These aspects are considered in detail in Section
Iv.

B. DENDROGRAM

Because of the difficulty of visually reproducing in a small figure the
relationships between many zymodemes below the 20% level of dissimi-
larity, the horizontal disposition of the various sets in the dendrogram (Fig.
2) is shown only approximately. Tables A2 and A3 give the details of enzyme
profiles and origins of populations in the sets of zymodemes (Table Al).
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1. Division A

Division A was separated from the other divisions at a dissimilarity
approaching 100%. Within this division, sections 2 and 3 differed from each
other at more than the 20% level. The original isolates in both sections were
almost entirely from East Africa, principally Zambia.

(a) Section 1. Everyzymodeme was associated with Zambia. The major-
ity (76%) belonged to sets 6 and 10, which, however, separated along
different pathways in the cladogram into clusters 2 and 4. Set 10 had a wider
geographical affinity within East Africa than set 6, which was exclusively
associated with Zambia.

(b) Section 2. The zymodemes were linked with different parts of East
Africa, although no Kenyan population originated from the Lambwe
Valley, near Lake Victoria. Of the zymodemes 92% were in sets 9 and 11,
with strong Zambian and central Kenyan affinities, respectively. The two
sets appeared in cladogram clusters 2 and 9, along pathway A.

2. Division B

Division B differed from division C at about 60% dissimilarity. Section 6
was the most dissimilar within the division. Most populations were East
African in origin, including many from the Lake Victoria region; a few were
from West Africa.

(a) Section 3. This section was about 30% dissimilar from sections 4
and $; all populations were from Zambia. It corresponded mostly to set 14,
which formed a substantial part of cladogram cluster S in pathway A.

(b) Section 4. A dissimilarity of over 20% separated this section from
section 5. A number of zymodemes had affinities with the Lake Victoria
region in both Kenya and Uganda, although there was also some association
with other parts of East as well as West Africa. Of the zymodemes 78%
occurred in set 4, occurring also in pathway B of the cladogram; the rest
were in the small sets 8 and 19, which separated along the two other
pathways.

(¢) Section 5. The association with the Lake Victoria area was perhaps
more striking than in the previous section. Sets 2 and 5, of similar size,
formed the section, but separated into the clusters 1 and 8 in pathway B of
the cladogram.
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(d) Section 6. This distinct section was of the order of 37% dissimilar
from the other sections within division B. It formed set 7, and corresponded
exactly with cluster 6 in pathway B of the cladogram. The constituent
populations were principally from the Kenyan coastal area and Zambia.

3. Division C

Division C was 60% dissimilar from division B. Within it, the dissimilarity
between sections 7 and 8 was only 20%, which is on the lowest limit of the
subjective and arbitrary partition of the dendrogram; these two sections
were about 30% dissimilar from section 9. The component populations were
principally West African in origin, although a substantial number came not
only from elsewhere in Africa, but also, as T. evansi, from other parts of the
world.

(a) Section 7. The large sets 1 and 16 formed 90% of this section; in
addition, the small set 18 was included. Only sets 16 and 18 remained near
each other along pathway C in the cladogram, albeit separately in the
adjoining clusters 3 and 7. Although both sets had marked West African
affinities, set 18 was more cosmopolitan and corresponded to T. evansi. Set 1
appeared in cluster 1 of pathway B; numerous populations came from near
Lake Victoria in Kenya, although many others originated elsewhere in East
and West Africa.

(b) Section 8. Sets 15 and 17, each with strong West African links,
comprised this section; however, they were in different cladogram clusters
and pathways, clusters 1 (pathway B) and 3 (pathway C), respectively.

(¢) Section 9. The zymodemes in this distinct section conformed mostly
to the concept of T. b. gambiense; all were contained in set 20, which was
placed in cluster 7 at the end of pathway C in the cladogram. Most
populations were isolated in gambian trypanosomiasis areas.

C. CLADOGRAM

The full cladogram with every zymodeme linked proportionally to the
patristic distance (PD) in the phylogenetic tree is impossible to present
clearly on a small scale in two dimensions. A highly stylized representation
of the spatial diagram produced by the computer after the breakdown into
nine clusters is shown in Fig. 3; Table A2 includes the PD of each
zymodeme. However, zymodemes with similar PDs are not necessarily
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closely related because they may occur along a different pathway stemming
from an ancestral hypothetical taxonomic unit (HTU).

Initially, two large groups of zymodemes broke off from the others at
different points before separating further into clusters along the pathways A
and C. Other clusters separated individually from the residual pathway B,
leaving cluster 1 as a somewhat heterogeneous collection of zymodemes
around the HTU. The numbers allocated to the clusters in Fig. 3 are in the
same sequence as that in which the computer established a new group of
clusters, or a single one; the order was not sequential along any one
pathway.

Each of the nine clusters had several internal branches, represented very
simply in Fig 3; the positions of the sets (Table Al) in each cluster are given
only approximately. Details of the sets are listed in Tables A2 and A3.

1. Pathway A

The first split in the program separated pathway A from pathways B and
C. This early divergence implied that the two groups of clusters contained
zymodemes with the greatest differences; it broadly corresponded with the
gross dissimilarity between dendrogram division A and the other two
divisions. Pathway A was almost exclusively associated with East Africa.
The pathway later divided into three clusters. Cluster 5 was the first to
diverge, followed by cluster 9, leaving cluster 2 closest to the HTU.

(a) Cluster 2. A substantial number of zymodemes was spread along
two principal branches. In contrast to their separation in the dendrogram,
sets 8, 9 and 10, with their wide East African associations, were brought
together. Although many populations were from Zambia, some were from
other East African countries.

(b) Cluster 9. The final, or eighth, separation in the whole cladogram
occurred along pathway A to split off cluster 9 from cluster 2, thus
indicating a close relationship between the two. Cluster 9 was formed of sets
11 and 12, which were placed in adjoining dendrogram sections. The large
set 11 had strong links with central Kenya, while the small set 12 was
associated with Zambia.

(¢) Cluster 5. The first break along pathway A, the fourth in the whole
cladogram, resulted in cluster 5, making it the most distinct cluster in the
pathway, as illustrated by the high PD values. Principally, sets 13 and 14
were included, but these were in separate divisions in the dendrogram.
However, both were connected only with Zambia, as was the minor set E,
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which was also in cluster 5. Set 13 was small; set 14 was larger, and included
zymodemes with the highest PDs recorded (e.g., Z11 with PD = 289).

2. Pathway B

Pathway B remained when pathway C diverged at the second break in the
cladogram; it resembled division B of the dendrogram. In this instance,
however, “pathway” may be a misleading term; it was more a collection of
zymodemes with clusters separating at intervals to leave the final residue as
cluster 1, which contained the zymodemes nearest to the HTU. The four
clusters in pathway B had mostly East African affiliations, especially with
the region near Lake Victoria, but nonetheless there were West African links
as well.

(a) Cluster 1. This cluster remained after cluster 8 had diverged at the
seventh, or last, split in the cladogram. Sets 1, 2, 3 and 15 comprised the
cluster, but occupied quite separate positions within the dendrogram; sets 1
and 15, however, were separated only into the marginally dissimilar sections
7 and 8. Sets 1 and 2, associated with the Lambwe Valley in Kenya, were
brought close together in cluster 1.

Sets 1 and 15, with low PDs, were adjacent and central. One branch led to
set 2 which, like set 1, had Lambwe Valley affinities; another branch went in
another direction to the small Zambian set 3, lying near the junction with the
characteristically Zambian cluster 4. A further junction led to the substan-
tially West African pathway C.

(b) Cluster 8. This cluster remained with cluster 1 until the last separ-
ation along pathway B, and hence was closely related to it. The essentially
East African sets 4 and 5 were brought together; both sets were in division B
of the dendrogram, but in separate sections. A strong association existed
with the epidemics around Lake Victoria, although in addition some
populations in set 4 originated in a more ubiquitous fashion throughout
East Africa. Moreover, this set contained a few populations from West
Africa.

(¢) Cluster 6. The fifth split in the cladogram formed this cluster directly
from cluster 1. It contained only the zymodemes of set 7, and matched
section 6 of the dendrogram. Most populations originated in Zambia and
the coastal part of Kenya. The most distant zymodemes in pathway B were
included in cluster 6 (e.g., Z94 with PD = 210).

(d) Cluster 4. This cluster was the first to be detached along pathway B,
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by the third separation in the overall program, and was thus the most
distinct from cluster 1 in that pathway. It consisted mostly of set 6, which
formed part of dendrogram section 1. The constituent populations were
almost entirely from Zambia. The nearest zymodemes in cluster 1, those in
set 3, were also associated with Zambia.

3. Pathway C

Pathway C began at an early stage in the program by breaking away from
pathway B at the second split; the partial relationship between the two
pathways resembled that between dendrogram divisions B and C. Although
the clusters were predominantly West African in character, T. b. gambiense
from East Africa was also included, in addition to T. evansi with its
considerably wider geographic affinities.

(a) Cluster 3. This cluster was the nearest to the HTU along pathway C.
Sets 16 and 17 were brought together; they were located in the marginally
different sections 7 and 8 of the dendrogram. The whole cluster was almost
exclusively West African.

(b) Cluster 7. The sixth cladogram separation detached this cluster
from cluster 3, with sets 18, 19 and 20 occurring along separate branches.
Sets 18 and 20 were brought together, although they were in different
dendrogram sections, albeit both in division C; set 19 was in division B. The
origins, and other attributes, of the populations in the three sets were so
distinct from each other that perhaps they should not be closely joined; the
dendrogram may present the realistic view of their relationships.

Set 18 included populations corresponding to the accepted view of T.
evansi. Set 19 was small and exclusively associated with the Kenyan Lambwe
Valley epidemic. Set 20 was essentially T. b. gambiense, and contained
zymodemes that were the most distant from the HTU along pathway C (e.g.
7268, PD = 217).

D. DISTRIBUTION
1. Pan-African distribution

The subgenus Trypanozoon is patently a genetically complex collection of
organisms; many mutations must have occurred to have produced the
numerous alleles. Genetic recombination may have created an even greater
variety not only of the heterozygous states of an individual enzyme, but also
novel combinations of the homozygous and heterozygous forms of different
enzymes.



THE SUBGENUS TRYPANOZOON 15

Experimental hybridization of 7. brucei has been recently described (Jenni
et al., 1986; Sternberg er al., 1988). However, Cibulskis (1988) considered
that genetic exchange may not happen frequently in nature, and that
recurrent mutation could account for much of the variety seen, including the
apparently hybrid forms.

It is, of course, important to determine how the organisms alter, because
this may lead to an understanding of the way in which major natural
changes, such as those leading to epidemics, occur. However, notwithstand-
ing the potential for change, our observations show that the uneven
distribution of genetic characteristics throughout Africa has remained rela-
tively constant. This does not imply that genetic changes are not taking
place, but it does suggest that, if they are occurring, only certain types are
normally perpetuated as the locally breeding populations.

Any advantage of a particular trait would be reinforced by the two long
phases of asexual reproduction in both the mammal and the tsetse fly
(Glossina spp.). During each phase, frequent opportunities must occur for
the most successful populations to be transferred to the alternate phase.
However, strict limits on the successful establishment of new genetic forms
in nature will be dictated by the constraints for survival in the entirely
different environments of the two phases.

As Gibson et al. (1980) concluded from their dendrogram, trypanosomes
of the subgenus Trypanozoon in West Africa were different from those in
East Africa, with T. b. gambiense and T. evansi existing as separate entities
according to their origin. A similar phenetic analysis on an enlarged sample
in the present survey, as well as our cladistic method, produced much the
same overall result. The pan-African dichotomy was also confirmed by
observations that the length of the variable region in the kinetoplast DNA
(kDNA) maxi-circles increased as the origin of the samples moved progres-
sively from West to East Africa, and that certain maxi-circle polymorphisms
were restricted to trypanosomes of each zone (Borst et al., 1981; Gibson et
al., 1985). More recently, using DNA probes for detecting restriction
fragment length polymorphisms, Paindavoine et al. (1989) described a major
East and West African dichotomy.

The frequencies of the most common enzyme patterns in the three main
regions sampled—the Luangwa Valley of Zambia, the Lake Victoria region
(Lambwe Valley and Busoga), and West Africa—are summarized in Table
A4; 231 zymodemes of the 268 recorded are included. The three regions
corresponded approximately to the dendrogram divisions and the cladistic
pathways. Although generalizations on the distribution of enzyme patterns
can be made, no single characteristic listed in Table 4 is exclusive.

Particular features of the Zambian zymodemes were the high frequencies
of ICD-1, PGM-1, ASAT-1 and ALAT-2 (Fig. 1).
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ICD-1 and PGM-2 were absent from the Lambwe Valley isolates, while
PGM-2 was also missing from the Ugandan zymodemes. ASAT-7 was found
only in the areas near Lake Victoria, and ICD-3 and PGM-3 were consider-
ably more frequent there than elsewhere. The presence of the multiple-
banded ICD-3 and PGM-3 has been regarded as evidence of genetic
hybridization (Gibson e? al., 1980; Tait, 1980, 1983), but Gibson and Wellde
(1985) pointed out that two of the appropriate homozygote forms were
missing from the Lambwe Valley isolates.

ICD-2 and PGM-2 were frequent in West Africa, while other variants of
these enzymes which were common elsewhere were either absent or in-
frequent. ASAT-2 and ALAT-3 were seen only in this region.

2. Distribution in time

The results (Table A3) show that certain zymodemes have existed in a
particular area over a number of years. For instance, trypanosomes of Z25
(set 1) were first found in the Lambwe Valley in a reedbuck* in 1970 and in
man in 1974, but were still being isolated in 1983; Z31 (set 4) populations
were isolated over a period of 21 years in the Busia area of Kenya, and over
18 years at Busoga in Uganda. Within the Luangwa Valley in Zambia,
trypanosomes of Z1 (set 9) persisted in man from 1972 to 1982, but had also
been isolated in nearby Tanzania as early as 1959; similarly, Z3 (set 10)
organisms were seen over 12 years in the same valley. Other zymodemes in
East Africa also persisted over a number of years.

The evidence is not strong for the long-term existence of characterized
populations in West Africa; usually only periods of 2 or 3 years are recorded.
The longest period recorded was for a population of Z39 (set 16), first
isolated in Liberia in 1975 and again found in the neighbouring Ivory Coast
during the intervening years until 1982. The lack of evidence for long-term
persistence was probably due to the absence of extensive sampling before the
mid-1970s.

E. MIXED POPULATIONS

1. Frequency

Twenty-five populations were examined as clones, but if the enzyme profiles

* Scientific names of wild mammals mentioned in the text: bushbuck, Tragelaphus scriptus;
capybara, Hydrochoerus hydrochoerus; giraffe, Giraffa camelopardalis; hartebeest, Alcelaphus
buselaphus; hippopotamus, Hippopotamus amphibius; hyena, Crocuta crocuta; impala,
Aepyceros melampus;, kob, Adenota kob; lion, Felis leo; oribi, Ourebia ouribi; reedbuck,
Redunca sp.; rhinoceros, Diceros bicornis; warthog, Phacochoerus aethiopicus; waterbuck,
Kobus defassa.
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did not differ from those of the parent isolate they were not recorded as
separate results in Table A3. In some instances, the parent isolate of a clone
was not available.

Twenty-eight isolates, mostly of Zambian origin, were found to have
mixed populations, each of which was recorded separately and annotated
accordingly in Table A3; the profiles are compared in Table AS5. The
different populations in two of the stocks were discovered by cloning. The
remaining 26 stocks gave different profiles on separate occasions when the
organisms were harvested for analysis. Probably one population overgrew
another during the course of subpassages in mice. The results were con-
firmed in all cases.

2. Triple-population mixtures

In one instance, cloning revealed three populations (Z2, Z3 and Z263) in a
Zambian isolate from a patient. Table A5 shows that Z2 and Z3 differed
only in their PEP1 and ME patterns, but Z263 was markedly different in
ICD, MDH, ASAT, PEP1, and ME. Z2 and Z3 were placed together in set
10, containing other Zambian zymodemes. Z263 was separated into set 7,
where this one population of human origin contrasted with the general
association of the set with animals and tsetse.

Three populations were also found in a stock originally isolated from a
Zambian tsetse; each appeared at different times during the course of
subpassaging. They were the only representatives of Z245, Z246, and Z260.
The differences in ICD, MDH and ME were sufficient to place each
zymodeme in different sets. Z245 was unusual because its sole constituent
population was one of only two from Zambia in set 4. In contrast, Z246 was
placed in set 9, with marked Zambian associations; Z260 was the only
member of the minor set A.

3. Double population mixtures

Of the 26 stocks found to have two enzymically different populations, only
one was revealed by cloning. The different profiles are listed in Table AS.
The various pairs of populations in a host could differ in as many as six
enzymes, or as few as one. The most frequent difference was ALAT-2 in one
population and ALAT-10 in the other. Most of these primary isolates had
been made in Zambia, and were usually virulent to rodents; such isolates
were rapidly characterized in the laboratory, probably before one popu-
lation become permanently dominant.

With six mixtures, the two populations fell into the same set. In most
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other instances, although the populations were in different sets, these sets
nonetheless had marked associations with the same country.

An interesting observation was the isolation of two pairs of populations
from a waterbuck and a warthog in Zambia, with each animal yielding a
population in the same two zymodemes, Z7 (set 8) and Z189 (set 9).

F. INFREQUENT ENZYME PATTERNS
1. GPI

GPI-2 was the sole variant seen from GPI-1; it was found only in the one
population of Z275 (set 20).

2. TDH

Most of the rare variants of TDH occurred in set 11, with some in set 14.
Both sets are included in strain groups with animal associations, particularly
with wild animals. Two further populations with TDH-4, in sets 4 and C,
also came from wild animals, although another in set 12 was from a cow.

3. NH

Set 11, with its unusual TDH patterns and populations from wild animals,
also included zymodemes with the rare NH-2. Another population with the
same variant occurred in the minor set C; again it was from a wild animal.
The only other variant was NH-3, which was found in some zymodemes in
set 20.

4. MDH

Most of the infrequent MDH patterns were usually in populations isolated
from animals, especially MDH-2 in set 14; some profiles also had rare forms
of TDH. However, four populations from patients in sets 7, 11 and 12 had
MDH-2.

5. ICD

ICD-5 occurred in Z234 and Z235 only (set 7); both were represented by
populations isolated from the same tsetse (Table AS).

6. PGM

Most of the rare PGM patterns occurred in set 4. Although many profiles in
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the set had the common PGM-1, most of the other kinds of PGM also
occurred.

7. ASAT

ASAT-3 appeared only in set 20. However, this pattern was also shared with
Z63, which contained the unusual T. evansi from camels (see Section IV C).
Perhaps the ASAT pattern was critical in placing the zymodeme, apparently
erroneously, into the set. The rare ASAT-5 and ASAT-6 were seen only in
populations from patients in set 16, which had otherwise little association
with human infectivity.

8. ALAT

The rare ALAT-4, ALAT-5 and ALAT-6 were seen only in set 17, together
with most examples of the less infrequent ALAT-3. This set, in fact,
appeared to be characterized by the absence of the most frequent pattern,
ALAT-2. Rare variants in several other sets seemed to have no particular
significance. ALAT-5 has also been reported by Otieno and Darji (1985) in
isolates from tsetse in the Lambwe Valley.

9. PEP2

The infrequent PEP2