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3The System of Genetic Exchange 
in�Trypanosoma�brucei�and Other 
Trypanosomatids
Annette MacLeod, Mike Turner, and Andy Tait

Abstract
In this chapter, we discuss our current 
understanding of the systems of genetic 
exchange in trypanosomatids and the im-
pact the recent genome projects have had 
on this area of research. We focus mainly 
on the details of Trypanosoma brucei as it is 
the most extensively studied of the “trityps”, 
but will also refer to a recently discovered 
novel mechanism of genetic exchange in T. 
cruzi and the apparent rarity of genetic ex-
change in Leishmania sp.

The system of genetic exchange in 
Trypanosoma brucei has been known to 
exist since the late eighties when a genetic 
cross between different strains was car-
ried out by co-transmission through the 
tsetse fly. We discuss the segregation of 
nuclear, chromosomal and kDNA mark-
ers and outline the two current models for 
the mechanism of genetic exchange. We 
also present how the completion of the 
genome project has allowed the identifica-
tion of polymorphic micro and minisatel-
lite markers distributed throughout the 
genome, which have been used to prove 
formally that meiosis, independent assort-
ment and crossing over occur in this para-
site, as would be predicted in a convention-
al Mendelian system. Such data have been 
used to construct the first genetic map of 
T. brucei, which opens up the use of genetic 

analysis, coupled with positional cloning 
and the genome sequence, as a tool to iden-
tify the genes involved in a range of traits 
relevant to the disease.

Introduction
The study of genetic exchange and the 
mechanisms of recombination are impor-
tant areas of research as they define a basic 
biological feature of an organism that can 
be used both as a tool to define genes and 
their function as well as providing a ba-
sis for understanding variation in natural 
populations and the response to environ-
mental change. The availability of genome 
sequences for an increasing number of 
organisms has facilitated genetic analysis 
both by providing genome wide polymor-
phic markers that can be used to identify 
genes under selection or associated with 
specific phenotypes in population based 
analyses and by allowing the identification 
of genes within marker intervals defined 
by crosses. In the kinetoplastid protozoa, 
reverse genetic techniques have been devel-
oped for more than a decade and used to 
determine the function of genes by what 
is mostly deletion analysis. While such ap-
proaches are powerful in terms of defining 
essential genes, one of the problems has 
been the identification of specific pheno-
types. In contrast, classical and population 
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based genetic approaches start with a spe-
cific phenotype and then go on to identify 
the genes that determine the phenotype of 
interest largely accessing phenotypes de-
termined by allelic variation. The possibil-
ity of using such genetic approaches with 
the kinetoplastids has been limited by the 
need to define the existence and nature of 
the genetic systems. A sexual cycle has been 
identified in many eukaryotic pathogens 
based on morphological and cytological 
observations, but with the kinetoplastids 
no evidence of this nature is available. In 
this chapter we review the evidence for the 
existence of systems of genetic exchange 
in the three species of kinetoplastids the 
genomes of which have been sequenced, 
discuss the nature of these processes and 
mechanisms of recombination and outline 
how the Mendelian system identified in T. 
brucei can be used to identify genes deter-
mining natural variation in a number of 
phenotypes.

Genetic e�change in T. 
brucei
The first suggestion that Trypanosoma bru-
cei was a diploid sexual organism came from 
the analysis of the nature of isoenzyme 
variation in different trypanosome strains 
(Gibson et al., 1980) and the frequency of 
alleles at different loci in populations (Tait, 
1980, 1983). These data led to the conclu-
sion that sexual recombination occurred, 
although it was not until 1986 that the first 
genetic cross between two genetically and 
phenotypically distinct T. brucei strains 
was demonstrated in the laboratory ( Jenni 
et al., 1986). The cross, which involved the 
co-transmission of two strains through 
tsetse flies, with subsequent cloning and 
characterization of the clones (Fig. 3.1), 
produced trypanosomes with hybrid, non-
parental, genotypes and phenotypes, indi-
cating that some form of genetic exchange 

had taken place. Since then, experimental 
crosses have been conducted between eight 
pairs of trypanosome strains, together 
with one backcross and two experiments 
in which the products of self-fertilization 
were detected (Sternberg et al., 1988; Gib-
son, 1989; Turner et al., 1990; Gibson and 
Garside, 1991; Gibson et al., 1992; Gibson 
and Whittington, 1993; Gibson and Bai-
ley, 1994; Schweizer et al., 1994; Degan 
et al., 1995; Tait et al., 1996; Gibson et 
al., 1997; MacLeod et al., 2000) (summa-
rized in Table 3.1). Since no chromosomal 
condensation has been observed in any 
life cycle stage and no gametes have been 
identified, the main approach to examin-
ing the key features of genetic exchange in 
T. brucei has been to analyse the products 
of mating with molecular markers. The T. 
brucei genome sequence (Berriman et al., 
2005) has provided the opportunity to de-
velop markers across each of the 11 mega-
base chromosomes. This, together with the 
generation of more progeny clones, has 
opened up the possibility of using genetic 
analysis as a means of identifying loci that 
determine a range of phenotypes (Tait et 
al., 2002; MacLeod et al., 2005).

The role of genetic exchange in field 
populations has been the subject of debate, 
with interpretations of the population 
structure ranging from clonal through epi-
demic to panmictic. There is clear evidence 
for clonality in some populations of T. b. 
rhodesiense and T. b. gambiense (Tibayrenc 
et al., 1990; MacLeod et al., 2000) and epi-
demic population structures in other T. b. 
brucei populations (Maynard-Smith et al., 
1993; Hide et al., 1994; MacLeod et al., 
2000). However, the debate has not been 
fully resolved and, as this topic has been 
reviewed relatively recently (Gibson and 
Stevens, 1999; Tait, 2000; MacLeod et 
al., 2001; Tibayrenc and Ayala, 2002) and 
few new data have been published, it will 
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Figure �.1 A schematic outline of how genetic crosses are conducted for T. brucei. There are 
three distinct methods of analysing the products of a cross: (1) Single non-dividing metacyclic 
trypanosomes are taken directly from the dissected salivary glands of a mixed-infected tsetse 
fly, and injected into a mouse where they differentiate to bloodstream forms and replicate. The 
resulting population is then analysed (for a novel hybrid genotype) using a series of genetic 
markers that differ between the two parental strains. (2) Either a mixed-infected tsetse fly is 
allowed to bite a mouse or part of the dissected salivary glands of the fly is injected into a 
mouse, thereby infecting the mouse with several thousand trypanosomes, which differentiate 
and multiply. Single trypanosomes are then isolated from the infected mouse blood and injected 
into separate mice where they multiply as clonal populations. Since there is a pre-amplification 
step in the first mouse before cloning, some of the resulting progeny bloodstream clones will 
be identical, having been derived from the same genetic exchange event. 3) As for (2) but the 
uncloned population is transformed into culture as procyclic forms and cloned.
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not be covered here. Instead, the focus is 
on the laboratory genetics where there are 
novel data that address many of the key 
questions regarding the mechanism and 
consequences of genetic exchange.

Clones derived from mixed-infected 
tsetse flies have been examined using a range 
of genotypic and phenotypic markers, in 
particular by micro and minisatellites, iso-
enzymes and restriction fragment length 
polymorphisms in single copy genes. From 
these studies a number of the basic features 
of genetic exchange in T. brucei have been 
defined. It is clear that three distinct geno-
types/phenotypes of trypanosomes can 
be identified from a cross: parental geno-
types, indicating that the process of genetic 
exchange is non-obligatory (Sternberg et 
al., 1989), hybrid genotypes (equivalent to 
F1s) (Gibson, 1989; Sternberg et al., 1989) 
and the products of self-fertilization (Tait 
et al., 1996; Gibson and Mizen, 1997). 
Molecular and, in particular, DNA content 
analysis of the progeny from the 10 genetic 
crosses performed to date indicate that the 
crosses can be divided into two categories: 
those that produce predominantly diploid 
hybrid progeny (Turner et al., 1990; Hope 
et al., 1999; MacLeod et al., 2005) and 
those that produce a significant proportion 
of triploid hybrid progeny (Gibson and 
Garside, 1991; Gibson and Bailey 1994; 
Gibson et al., 1995).

Mendelian inheritance in T.�brucei
Molecular analysis of the progeny gener-
ated from the crosses listed in Table 3.1 
indicated that they were equivalent to F1 
hybrids as, at loci at which parents were 
homozygous but different from each other, 
the hybrids were heterozygous (Sternberg 
et al., 1989; Turner et al., 1990; MacLeod 
et al., 2005). Analysis of these progeny at 
loci that were heterozygous in the parents 
showed segregation of alleles as would be 

predicted in a Mendelian system, lead-
ing to a model of mating involving meio-
sis and syngamy (see Fig. 3.4) (Tait et al., 
1988; Sternberg and Tait, 1990; Turner et 
al., 1990; Gibson 1995). However, given 
the small number of available progeny 
clones from each cross and the possibility 
that some of the clones could be identical, 
having been derived from the same mat-
ing event (Fig. 3.1), it was not possible to 
prove Mendelian inheritance. Addition-
ally, the crosses with triploid or trisomic 
progeny (reviewed by Gibson and Stevens, 
1999) suggested that the system might 
not be Mendelian. To interpret these data, 
we consider in this chapter the two types 
of outcome separately. The progeny from 
pair-wise crosses between two strains of T. 
b. brucei and one strain of T. b. gambiense 
rarely (2/30), produced hybrids with 
raised DNA content which shows that 
triploidy is rare, at least for these particu-
lar crosses (Hope et al., 1999). Recently, 
however, many more independent progeny 
were generated and a total of 79 indepen-
dent progeny clones were isolated from a 
T. b. brucei × T. b. brucei (strains TREU 
927 and STIB 247) and a T. b. brucei × T. 
b. gambiense Type 2 (strains STIB 247 and 
STIB 386) cross (MacLeod et al., 2005). 
By using the genome sequence, a series of 
microsatellite markers distributed on each 
of the 11 megabase chromosomes were 
identified and screened against the pa-
rental isolates to identify those that were 
heterozygous and therefore informative 
for analysis of the progeny. Eleven mark-
ers were selected, each located on a sepa-
rate chromosome and heterozygous for 
one of the parents in each cross, and used 
to genotype the progeny. The data showed 
that the progeny clones were diploid, that 
alleles segregate in the ratios predicted 
for a Mendelian system and that alleles at 
loci on different chromosomes segregate 
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Figure 2

Parent 1 Parent 2

Progeny

A

B

allele 3

allele 4

allele 2

allele 1

allele 3

allele 4

allele 2

allele 1

Figure �.� Allele segregation and independent assortment. In this illustration the two parents 
in tracks 1 and 2 were both heterozygous for markers shown in panels A and B. In each panel, 
the eight F1 hybrid progeny have inherited an allele from both parents in different combinations. 
A comparison of the 2 panels show independent assortment of alleles at these two unlinked 
loci.

independently (Fig. 3.2) (MacLeod et al., 
2005). These data provide statistically ro-
bust proof, using χ2 analysis of segregation 
ratios, that the genetic system in T. b. bru-
cei and T. b. gambiense (Type 2) is Mende-
lian and involves meiosis. The T. b. brucei 
parental strain common to both crosses 
proved to be homozygous at 94% of loci, 
but five heterozygous markers, each locat-
ed on a different chromosome, also segre-
gated in the predicted ratios, showing that 
this isolate also underwent meiosis (Ma-
cLeod et al., 2005). These data provide the 
first formal proof that T. brucei has a Men-
delian system of genetic exchange and is 
consistent with meiosis occurring to yield 
haploid gametes that fuse to produce dip-
loid recombinant progeny, although other 
models cannot formally be excluded.

A genetic map
A further set of microsatellite markers 
(182 in total) have been identified that are 
heterozygous for the T. b. brucei genome 
strain TREU 927 and their segregation 
has been analysed in the 39 progeny from 
the cross with STIB 247, allowing genera-
tion of a genetic map of the genome strain 
(El-Sayed et al., 2003; Hall et al., 2003; 
MacLeod et al., 2005). All 11 megabase 
chromosomes have been mapped and com-
parison with the physical map shows the 
order of the markers in the physical map 
correlates with that in the genetic map and 
that the average size of the recombination 
unit (cM) is 15.6 kb (MacLeod et al., 2005) 
which is comparable to that found for P. 
falciparum (Su et al., 1999). An example of 
the genetic map and its comparison to the 
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physical map for chromosome 3 is shown 
in Fig. 3.3.

The generation of the T. brucei genetic 
map demonstrates that classical crossing 
over (recombination) occurs at meiosis 
and analysis of the progeny with this large 
set of markers allows haplotypes of each 
progeny clone to be generated, thus de-
fining the two haplotypes of the parental 
strain as well as identifying recombinant 
haplotypes where both single and double 
crossovers have occurred (El-Sayed et al., 
2003; MacLeod et al., 2005). The genetic 
map provides further evidence of a conven-
tional system of genetic exchange.

The values for the size of the recom-
bination unit vary by orders of magnitude 
between the lower and higher eukaryotes, 
with the value for S. cerevisiae being 3 kb/
cM and that for humans 1 Mb/cM (Petes, 
2001). The reasons for such variation are 
not totally clear but may reflect the num-
ber of available sites for the initiation of 
double strand breaks by the DNA topoi-
somerase II related protein, Spo11, and its 
associated complex of enzymes. One class 
of recombination site, in S. cerevisiae, is in 
promoter regions where specific transcrip-
tion factors bind (de Massy, 2003) and 
so the variation between organisms may 

TB3/13

The genetic and physical maps of chromosome III

Genetic map (cM)

TB3/12
TB3/10TB3/11

TB3/9

TB3/7
TB3/8

TB3/6

TB3/4

TB3/3

TB3/5

TB3/2

TB3/1

TB3/13
TB3/16 TB3/15
TB3/14

TB3/17

TB3/18

Physical map (Kb)

100kb
Gene dense regions

Gene poor regions

Figure 3

cold

cold

Figure �.� Comparison of the genetic and physical maps of T. brucei TREU 927, chromosome 
3. Genetic map distances are Haldane corrected. Two potential cold spots for recombination 
are shown spanning markers TB3/1–3/2 and TB3/7–3/9 respectively.
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reflect gene density. In T. brucei, however, 
this seems unlikely given the polycistronic 
nature of transcription and the consequent 
likely low density of putative promoter re-
gions.

Hot and cold spots
The level of recombination varies across 
each chromosome in T. brucei, with “hot” 
and “cold” spots of recombination—regions 
where the size of the unit of recombination 
is significantly lower or higher than the ge-
nome average (El-Sayed et al., 2003). Two 
potential cold spots are shown in Fig. 3.3 
where, in each case, there is no recombina-
tion detected between markers ~110 kb 
apart. Hot spots of recombination have 
been identified in most organisms where 
recombination has been analysed in de-
tail (Petes, 2001; de Massy, 2003; Mu et 
al., 2005), but to date no specific sequence 
motif has been identified that is associated 
with high levels of recombination. A se-
ries of factors appear to be associated with 
both hotspots and sites of recombination, 
such as accessible regions of chromatin, 
regions of high GC content and promot-
ers/transcription factor-binding domains, 
although none of these associations is ab-
solute. Analysis of 12 hot spots in mice and 
humans, with recombination rates varying 
from 2 to >3,000 fold above the genome 
average, has shown that they are located in 
either introns or intergenic regions (Petes 
2001). The most detailed and comprehen-
sive analysis has been undertaken with S. 
cerevisiae (Gerton et al., 2000), using an ar-
ray-based approach that identified 177 hot 
spots distributed across the genome. These 
findings showed that there is a higher hot 
spot density on smaller chromosomes, no 
correlation with repetitive elements and a 
suppression of their occurrence at the cen-
tromeres and telomeres. This reduction of 
hot spots at centromeres is also observed 

in humans but recombination is higher at 
telomeres (Petes, 2001). Thus, the occur-
rence of such variation in recombination 
along the length of chromosomes is a com-
mon feature of eukaryotes shared by T. 
brucei. To identify any key features of the 
hot spots in T. brucei will require fine scale 
mapping of these regions in relation to the 
genome sequence as well as examination of 
the telomeres and subtelomeres in terms 
of levels of recombination. In this respect, 
Melville et al., (1999) have mapped chro-
mosome 1 in one F1 progeny clone and 
shown major size changes relative to the 
parental homologue in the subtelomeric 
region.

Cold spots are also a common feature 
of eukaryotic recombination and a total 
of 40 have been mapped in S. cerevisiae 
(Gerton et al., 2000). Their distribution is 
not random and higher numbers are asso-
ciated with the centromeres and telomeres. 
In T. brucei, cold spots have been identified 
on chromosomes 1 and 2 (El-Sayed et al., 
2003; Hall et al., 2003) where no crossovers 
have been identified between markers sep-
arated by > 150 kb. In chromosome 1, the 
cold spot surrounds a strand switch region 
containing a degenerate 58 bp repeat and 
this region is conserved in T. cruzi chromo-
some 3, where fragmentation experiments 
show that this region is necessary for mi-
totic chromosome stability (Obado et al., 
2005). Unfortunately, there is a lack of 
conservation in centromere sequence mo-
tifs (see Chapter 1) and cold spots, while 
being more likely to occur around the cen-
tromere, are not an unequivocal marker for 
the centromere (Gerton et al., 2000).

Chromosomal inheritance
The development of pulsed field gel elec-
trophoresis (PFGE) has led to the charac-
terization of the T. brucei karyotype, with 
three distinct chromosome classes being 
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identified: megabase chromosomes (1–5 
Mb) (Berriman et al., 2005), intermedi-
ate (200–700 kb) and mini (30–150 kb) 
(Melville et al., 1998). The different classes 
of chromosomes are inherited in different 
ways.

There are 11 megabase chromosome 
pairs, which are diploid, contain house-
keeping genes, range in size from 1 Mb 
to approximately 5 Mb based on PFGE 
(Melville et al., 1998; Berriman et al., 2005; 
Hertz-Fowler et al., Chapter 1) and are in-
herited in a Mendelian fashion. Within a 
strain, homologous chromosomes can dif-
fer widely in size, while non-homologous 
chromosomes can be of the same size and 
co-migrate in the gel (Gottesdiener et al., 
1990; Melville et al., 1998; Melville et al., 
1999). Although relatively few strains 
have been analysed, there is also a very 
significant size polymorphism of chro-
mosomes between strains (Melville et al., 
1998; Melville et al., 1999). The basis for 
homologue size polymorphism has not 
been fully elucidated but analysis of chro-
mosome 1, using rare base cutting restric-
tion enzymes, has shown that most of the 
size differences between homologues occur 
at the chromosome ends within the telo-
meric and subtelomeric regions (Melville 
et al., 1999). The inheritance of chromo-
some 1 has been analysed in one cross, 
using PFGE and a chromosome-specific 
probe, and it was shown that each progeny 
clone inherited one homologue from each 
parent, a classic prediction of Mendelian 
inheritance at the chromosome level (Tait 
et al., 2002). Analysis of the inheritance of 
the karyotype in a second cross using three 
progeny clones and a series of chromo-
some-specific gene probes suggested that 
the megabase chromosomes are inherited 
in a Mendelian fashion, but the generation 
of novel sized chromosomes in the prog-
eny makes a definitive analysis difficult 

(Melville et al., 1998, 1999). This high 
frequency of size change in the chromo-
somes at meiosis is likely to be the result of 
crossing over, and a detailed analysis of one 
homologue of chromosome 1 in one prog-
eny clone has shown that the 10% change 
in chromosome size was due to the loss of 
subtelomeric sequences at one end of the 
chromosome (Melville et al., 1999). Size 
changes in the megabase chromosomes 
have also been observed in other crosses 
(Gibson and Garside, 1991; Gibson et al., 
1992; Schweizer et al., 1994; Degan et al., 
1995; Tait et al., 1996; MacLeod et al., 
2000) and appear to be a general feature, 
providing evidence for chromosomal re-
combination (Gibson and Bailey, 1994).

The number and size of both interme-
diate and minichromosomes varies between 
strains. There are ~100 minichromosomes 
in the T. brucei genome (Wickstead et al., 
2004), and fewer (probably 1–10) inter-
mediate chromosomes. Both classes act as 
a reservoir for variant surface glycoprotein 
(VSG) genes, which encode the parasite’s 
surface coat (Van der Ploeg et al., 1984). 
Both mini and intermediate chromo-
somes are probably essentially aneuploid 
(Gottesdiener et al., 1990) but minichro-
mosomes, at least, appear to be partitioned 
with fidelity at mitosis (Wickstead et al., 
2003), and segregate independently of the 
large chromosomes by association with the 
central intranuclear spindle (Ersfeld and 
Gull, 1997; Gull et al., 1998). In contrast, 
the larger chromosomes are partitioned by 
kinetochore microtubules.

Analysis of the inheritance of inter-
mediate chromosomes has shown that 
parental chromosomes appear to be ran-
domly distributed among the progeny, as 
would be expected if the chromosomes 
were not segregating as homologues at 
meiosis (Sternberg et al., 1987; Wells et al., 
1987; Le Page et al., 1988; Gibson 1989). 
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Similarly, available data suggest that, at 
meiosis minichromosomes are inherited 
in a non-Mendelian manner. Wells et al. 
(1987) demonstrated that hybrid progeny 
clones inherited a full complement of mini-
chromosomes from each parent. The hy-
brid clones analysed in these experiments 
all had elevated DNA content, although 
the inheritance of all minichromosomes 
from both parents accounted for only a 
small proportion of this. The hybrid clones 
examined were probably triploid for mega-
base chromosomes. A comparable analysis 
of mini-chromosome inheritance in dip-
loid progeny clones has not yet been un-
dertaken. Consequently, it is possible that 
the results of Wells et al. (1987) are aber-
rant and do not reflect the true pattern of 
inheritance of this class of chromosomes. It 
is important to resolve this issue, not only 
for our understanding of inheritance, but 
also to clarify the apparent paradox that 
minichromosomes segregate with fidelity 
at mitosis, but not meiosis.

Overall, the inheritance of chromo-
somes in genetic crosses has not been 
studied extensively and the available data 
suggest that a more detailed investigation 
is warranted in order to allow us to under-
stand fully the basis of the size changes in 
the megabase chromosomes and the seg-
regation patterns of the intermediate and 
minichromosomes.

Kinetoplast inheritance
The inheritance of the kinetoplast organ-
elle has been examined by analysing the 
segregation of polymorphic regions within 
maxi- or minicircle DNA. Initial stud-
ies indicated that maxicircles were inher-
ited uniparentally from either parent and 
minicircles were inherited biparentally 
(Gibson 1989; Sternberg et al., 1989; Gib-
son and Garside,1990). Subsequent studies 
of hybrid clones during their early stages of 

bloodstream growth after fly transmission 
and close in time to meiosis indicated, how-
ever, that both maxi- and minicircles were 
inherited biparentally with subsequent sto-
chastic segregation at each mitotic division 
(Turner et al., 1995). This model predicts 
rapid fixation to a uniparental pattern for 
the maxicircles (but not for the minicircles 
due to their higher copy number), and 
could explain the results of earlier reports 
and the observation that maxicircles are 
genotypically homogeneous. The evidence 
for biparental inheritance is strengthened 
by the observation of two hybrid clones 
that appear to have identical nuclear geno-
types and mixed minicircle genotypes but 
different maxicircle genotypes (Gibson 
and Garside 1990). The clones are believed 
to be the two daughter cells from the same 
mating event, suggesting that parental ki-
netoplasts were present in the same cell 
but then the maxicircles segregated in 
subsequent mitotic divisions. This has led 
Gibson and Stevens (1999) to propose 
a second model for the events following 
mating, based on the different mechanisms 
of maxi- and minicircle replication. In this 
model, the two kinetoplasts do not fuse 
and the maxicircles remain separate. The 
minicircles, when they detach from the 
network during replication, could detach 
from one parental network but reattach to 
the second parental network, so generat-
ing the mixed minicircle genotype of the 
progeny. At the present time there are no 
experimental data to distinguish between 
these two models. It would be informative 
to examine the structure of the kinetoplast 
in the progeny with mixed maxicircles de-
scribed by Turner et al. (1995). At mitosis, 
the replication and partition of kineto-
plasts are linked with the basal bodies and 
flagella. At meiosis the mitochondria must 
presumably fuse and this must lead to a cell 
with two flagella and two basal bodies. As 
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the progeny from crosses have a normal 
complement of these organelles, the initial 
fusion product of mating must dissociate 
nuclear replication from organelle replica-
tion and so divide to yield a cell with nor-
mal structural features.

Non-obligatory mating and 
barriers to mating
It is clear now that genetic exchange in 
T. brucei is non-obligatory. Nevertheless, 
most flies with a mature mixed infection 
will eventually produce hybrid trypano-
somes (Sternberg et al., 1989). By analys-
ing the metacyclics produced by these flies 
over time, it is clear that, early in infection, 
the parental strains are transmitted with-
out mating, but that, after approximately 
25–50 days of infection, hybrid trypano-
somes (as well as parentals) are observed, 
and continue to be produced for the life 
time of the fly (Schweizer et al., 1988; 
Sternberg et al., 1989; Turner et al., 1990). 
The fact that eight pairs of strains have 
been crossed (Table 3.1) and progeny ob-
tained suggests that there are limited ge-
netic barriers; furthermore these crosses 
include some between subspecies as well 
as strains from geographically very distinct 
regions. Three strains have been success-
fully crossed in all pairwise combinations 
(Turner et al., 1990), which, if there were 
a mating type system, would mean that at 
least one of the strains was heterozygous 
for alleles at a putative mating type locus. 
Such heterozygosity could account for self-
fertilization within a strain.

Self-fertilization
Whilst the most common class of prog-
eny in crosses are hybrids, another class of 
recombinant progeny from mixed strain 
transmissions has been identified as the 
product of self-fertilization (Tait et al., 
1996; Gibson et al., 1997). Whether self-

fertilization is commonplace or rare is 
difficult to discern, however, as the mark-
ers used in several of the crosses would 
not necessarily have been able to identify 
self-fertilization products. It is more inter-
esting to note perhaps that such progeny 
appeared to occur only in the context of 
cross-fertilization. Single strain transmis-
sions through flies have so far only ever 
produced clones that were identical to the 
original strain (Tait et al., 1989) and the 
double drug selection of progeny from a 
cross between two drug-resistant transfor-
mants of the same strain did not generate 
the products of self-fertilization (Gibson 
et al., 1997). This means that the sexual 
process is induced only when two strains 
interact with each other, suggesting that 
there is a system of strain recognition, per-
haps pheromone-based, which can induce 
both self and cross-fertilization.

Stage of life cycle
It is clear from the results of the laboratory 
crosses that mating takes place at some 
stage during the trypanosome life cycle in 
the tsetse fly, i.e. at the procyclic, proven-
tricular, epimastigote or metacyclic stages. 
Analysis of progeny vegetatively derived 
from single metacyclics has shown them to 
be hybrid. It is reasonable to assume that 
such metacyclics are the products of mat-
ing and that mating occurs at an earlier 
stage (Tait et al., 1989). Although an anal-
ysis of DNA content of the metacyclics 
(Zampetti-Bosseler et al., 1986) suggested 
that metacyclics are haploid gametes, this 
has subsequently been shown to be incor-
rect, based on re-evaluation of such physi-
cal measurements (Kooy et al., 1989) and 
the genetic demonstration that heterozy-
gous loci did not segregate in metacyclic 
clones derived from single strain trans-
missions (Tait et al., 1989). The crossing 
of drug resistant strains of T. brucei and 
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the double drug selection of the progeny 
(Gibson and Whittington, 1993; Gibson 
et al., 1997) has shown that hybrids can 
be isolated from the salivary glands, but 
not the midgut, of mixed-infected tsetse 
flies, indicating that the probable site of 
genetic exchange is the salivary glands. Us-
ing an innovative approach involving GFP 
tagging, the Gibson group showed that 
the products of mating occur only in the 
salivary glands although the precise stage 
in trypanosome development was not dis-
cernable (Bingle et al., 2001). One report 
(Schweizer and Jenni, 1991) described the 
detection of hybrids in the midgut of tsetse 
flies using isoenzyme markers but, as no 
clones were isolated and demonstrated to 
be of the predicted hybrid phenotype, its 
significance is unclear. A detailed morpho-
logical analysis of the developmental stages 
in the tsetse fly (Van Den Abbeele et al., 
1999) has identified a series of novel stages 
in the foregut and proboscis of trypomas-
tigote morphology prior to colonization of 
the salivary gland and the attachment and 
division of the conventional epimastigote 
stage. Mating could take place at any one 
of these stages. However the most robust 
data are from Bingle et al. (2001) and clear-
ly implicate stages in the salivary gland, 
which indicates that either the migratory 
trypomastigote or epimastigote stage is 
likely to be involved in genetic exchange.

Triploid or trisomic progeny
DNA content analysis of progeny clones 
from a number of crosses has shown that 
progeny clones can have elevated levels, 
higher than either parental level and this 
has been observed in five of the ten crosses 
(Gibson and Stevens, 1999). The measures 
of DNA content, coupled with marker and 
karyotype analysis of these clones, are con-
sistent with these products of mating being 
triploid or trisomic (Gibson et al., 1992; 

Gibson and Bailey, 1994). The analysis of a 
number of progeny clones from two cross-
es shows that the proportion of such clones 
can vary, with 6/12 in a cross between T. b. 
gambiense and T. b. rhodesiense being trip-
loid (Gibson and Mizen 1997) and 3/20 
occurring in a cross between T. b. brucei 
and T. b. gambiense (Hope et al., 1999). Im-
portantly, these crosses also produced dip-
loid progeny showing that meiosis is tak-
ing place. The trypanosome genetic crosses 
that produce triploid progeny are between 
subspecies (Gibson et al., 1992; Gibson and 
Bailey 1994) that will have been genetically 
isolated for many generations and there is 
no evidence for inter subspecies mating in 
the field (MacLeod et al., 2000). A further 
potential confounding issue is that drug 
selection was used to select for progeny in 
three of the five crosses producing progeny 
with elevated DNA content. The critical 
conclusion is that, in the crosses undertak-
en to date, the majority of progeny are dip-
loid and in crosses between strains of the 
same subspecies no triploids have been re-
ported. This raises the question as to how 
triploidy arises. In this context, it is well 
documented that meiosis is not a “perfect” 
process. In humans for example, a high 
proportion of conceptions result in early 
abortion due to trisomy or triploidy (Has-
sold, 1986). Thus, in T. brucei, the triploids 
may be aberrant but not lethal, given the 
ability of the parasite to tolerate variable 
levels of ploidy. While non-disjunction of 
one or more chromosomes would explain 
trisomy, the available evidence suggests 
that the progeny are triploid and probably 
the result of mating between a parental 
diploid that failed to undergo meiosis and 
the haploid product of meiosis from the 
other parent, as suggested by Gibson and 
Stevens (1999). In higher eukaryotes, non- 
disjunction at meiosis is considered to oc-
cur in many cases of trisomy. Extensive 
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marker analysis of field isolates over many 
years has not identified triploid trypano-
somes, suggesting such progeny are rare in 
natural populations or are possibly less vi-
able than diploid progeny.

Models of genetic exchange
The data on the segregation and indepen-
dent assortment of alleles in crosses of T. 
brucei show that genetic exchange involves 
meiosis and syngamy (Turner et al., 1990; 
MacLeod et al., 2005) and within this 
context a number of possible models can 
be envisaged. The common mechanism of 
mating for diploid eukaryotes involves the 
formation of post meiotic haploid gametes 
followed by their fusion to generate diploid 
progeny. In lower eukaryotes such as S. cere-
visae, under specific environmental condi-
tions the haploid vegetative stages express 
alleles of the mating type locus and then 
fuse to form a diploid stage that under-
goes meiosis to yield haploid recombinant 
products. In haploid protozoa, such as P. 
falciparum, morphologically distinct gam-
etes are formed that fuse to yield a diploid 
zygote that subsequently undergoes meio-
sis (Walliker et al., 1987) to yield haploid 
recombinant progeny. In diploid protozoa, 
such as the ciliates, no gametes are formed 
but contact between cells of different mat-
ing type induces the diploid micronuclei to 
undergo meiosis to yield a pair of haploid 
nuclei in each cell. The mating cells then 
exchange one nucleus each, followed by fu-
sion to yield a diploid nucleus. Subsequent 
mitotic divisions yield the macro- and mi-
cronuclei. For T. brucei, three models of 
genetic exchange have been proposed: a 
diploid cell fusion/chromosome loss sys-
tem (Paindavoine et al., 1986), a haploid 
gamete system (Sternberg and Tait, 1990) 
and a diploid cell fusion/meiosis model 
(Gibson 1995).

The fusion/chromosome loss model 
(Fig. 3.4A) (Paindavoine et al., 1986) pro-
poses that mating occurs by the fusion of 
diploid nuclei to form a tetraploid nucleus 
followed by random chromosome loss to 
restore diploidy. This model explains the 
elevated DNA content found in some hy-
brids, but predicts that the DNA levels fall 
during vegetative growth, in a fashion simi-
lar to that proposed for T. cruzi (Gaunt et 
al., 2003). However, the available evidence 
does not support this model. Wells et al. 
(1987) analysed the hybrids with raised 
DNA content and found no evidence for 
chromosomal loss. Furthermore, this mod-
el predicts non-Mendelian allelic segrega-
tion in the progeny which is refuted by re-
cent evidence that Mendelian segregation 
occurs (MacLeod et al., 2005): this model 
can be rejected. The classical Mendelian 
model (Fig. 3.4B) involving the generation 
of haploid gametes is supported by the 
demonstration that meiosis and crossing 
over occur, but to date there has been no 
direct demonstration of a haploid gametic 
stage. However, all the detailed cytofluo-
rometric analyses of the stages in the sali-
vary glands (Kooy et al., 1989; Van Den 
Abbeele et al., 1999) have been undertaken 
with single strain infections (rather than 
mixtures of strains), conditions in which 
mating does not appear to occur, and no 
haploid gametes are produced (Tait et al., 
1989). Thus, the critical experiments to test 
for the existence of a haploid stage have not 
been undertaken and so direct evidence for 
this model is not available. The third mod-
el (Fig. 3.4C), proposed by Gibson (1995), 
involves the fusion of diploid parental cells 
to form an intermediate polyploid cell but, 
crucially, this model does not involve the 
fusion of diploid nuclei, which would re-
sult in non-Mendelian inheritance. The in-
tact diploid nuclei then undergo meiosis to 
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Figure �.� Models of mating. Model A, proposed by Paindavoine et al., in 1986, suggested 
that genetic exchange involved fusion of two diploid cells (2n) to generate a 4n tetraploid cell, 
followed by random elimination of DNA to return to a diploid state. This model would predict 
non-Mendelian allele segregation, which has not been observed. Since this model does not fit 
the data (Turner et al., 1990; Gibson 1995; MacLeod et al., 2005), it can be disregarded. Model 
B, proposed by Sternberg and Tait (1990), suggests that genetic exchange involves (i) meiosis 
to generate haploid gametes (1n), which (ii) fuse with gametes from a second strain to produce 
diploid (2n) progeny. This model predicts Mendelian inheritance of megabase chromosomes. 
Model C, proposed by Gibson et al., (1995) suggests (i) fusion of diploid (2n) cells to produce 
a 4n tetraploid cell. (ii) This is followed by meiosis to generate an 8n intermediate cell. Nuclei 
disintegrate to return the cell to a diploid (2n) state. This model also predicts Mendelian 
inheritance of megabase chromosomes.
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yield eight haploid nuclei, four originating 
from one parent and four from the other. 
Upon fusion of a pair of haploid nuclei, 
the remaining nuclei disintegrate, resulting 
in diploid progeny. Depending on the pa-
rental origin of the two haploid nuclei the 
progeny could result in either cross- or self-
fertilization products. This model is also 
consistent with the available genetic data 
but, for the reasons described for the hap-
loid gametic model, no direct identification 
of a multinucleate stage has been obtained. 
At present there are no data that can for-
mally distinguish between the models in 
Fig. 3.4B and C. Which is correct would 
be potentially resolved by detailed cell bio-
logical analysis of the life cycle stages in the 
salivary gland while mating is taking place. 
Clearly, there are still many unknowns that 
await further investigation.

The clear evidence for meiosis raises 
the question of how progeny with raised 
DNA content are generated in either of the 
proposed models. Karyotype analysis indi-
cated that such progeny were trisomic for 
all chromosomes analysed and were prob-
ably triploid (Wells et al., 1987; Gibson et 
al., 1992; Hope et al., 1999), with one par-
ent contributing two homologues to the 
progeny and the other a single homologue. 
The simplest explanation is the failure of 
one parental strain or nucleus to undergo 
meiosis, but the ability to mate or fuse with 
a haploid gamete or nucleus from the other 
parent to produce viable triploid offspring.

A large number of proteins are re-
quired for meiosis; approximately 500 
in S. cerevisiae (Chu et al., 1998). Only a 
small proportion, however, are specific de-
terminants of the meiotic process. Given 
the highly conserved nature of several ele-
ments of the meiotic machinery (Tzung et 
al., 2001), it is hardly surprising that many, 
though by no means all, of the expected 
genes have been identified in T. brucei (El-

Sayed et al., 2005). Some of the genes pre-
sumed to be most important are discussed 
elsewhere in this book (Chapter 5) though, 
as that chapter highlights, there is a pau-
city of direct experimental evidence and a 
requirement for further studies.

Genetic e�change in 
Leishmania and T. cruzi
Laboratory crosses between strains of 
Leishmania major have been undertaken 
by mixed infection of sand flies and sub-
sequent culture of amastigotes, but no evi-
dence for genetic exchange was obtained 
(Panton et al., 1991). Analysis of field 
populations with isoenzyme, RAPD (ran-
domly amplified polymorphic DNA) and 
karyotype markers has led to controversy 
about the existence and role of genetic ex-
change (Gibson and Stevens, 1999; Victoir 
and Dujardin, 2002), although the levels of 
linkage disequilibrium generally support a 
clonal population structure (Tibayrenc 
and Ayala, 2002) with limited genetic ex-
change. There are a number of reports (see 
review by Gibson and Stevens, 1999) of 
hybrids between different species of both 
the Old and New World Leishmania para-
sites. The hybrids have been found where 
the species are sympatric and their exis-
tence suggests that genetic exchange can 
occur, although probably only rarely (Vic-
toir and Dujardin, 2002). These findings 
create a paradox in which genetic exchange 
between strains within a species is unlikely 
but inter-species mating does occur. The 
L. major genome sequence (El-Sayed et al., 
2005) contains orthologues of genes that 
are uniquely expressed during meiosis in 
other organisms and are components of the 
double strand break-induced pathway of 
recombination (Roeder, 1997). One gene 
in this pathway, MSH4, has no orthologue 
in the Leishmania genome, but data from 
S. cerevisiae show that it is not essential for 
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meiosis (Ross-MacDonald, P. and Roeder, 
G.S. 1994). So, this parasite appears to 
be potentially recombination-competent 
but does not seem to undergo genetic ex-
change to a significant degree. We know 
nothing, however, about the expression of 
meiosis-specific genes or whether they are 
functional.

The population genetics of T. cruzi 
presents one of the paradigms of a clonal 
protozoan parasite (Tibayrenc and Ayala, 
2002), where genetic exchange is largely 
absent except, perhaps, rarely in the past. 
Again, analysis of the genome sequence has 
identified a series of key gene orthologues 
in the recombination pathway (El-Sayed 
et al., 2005), suggesting that the parasite 
is potentially recombination competent. 
Recently, a laboratory cross has provided 
evidence for genetic exchange between iso-
lates. Two isolates were transfected with 
genes conferring resistance to different 
antibiotics, co-cultivated, followed by se-
lection for double antibiotic resistance. No 
double resistant recombinants were ob-
tained when mixtures of the two lines were 
passaged as epimastigote cultures, through 
the triatome vector or in genetically immu-
nocompromised SCID mice, but they were 
obtained from trypomastigote cultures 
(Gaunt et al., 2003). Double antibiotic re-
sistant cloned lines were typed with a range 
of markers and shown to have inherited 
markers from both parental lines. Some 
markers showed the progeny to be trip-
loid—a result consistent with fusion hav-
ing occurred. Evidence for allele loss was 
obtained at heterozygous marker loci but 
probably the most surprising result was the 
identification of genes that were mosaics of 
the sequences of the two parental alleles, 
providing evidence for intragenic recom-
bination (Gaunt et al., 2003). The absence 
of evidence of allelic segregation and inde-
pendent assortment of alleles at unlinked 

loci indicates that this system does not in-
volve meiosis, despite the presence in the 
genome of gene orthologues associated 
with meiosis (El-Sayed et al., 2005), but 
involves a mitotic recombination system. 
These results raise the obvious question 
of whether this process occurs in natural 
populations of the parasite. Sequence and 
microsatellite marker analysis of a series 
of field isolates from two T. cruzi lineages 
revealed both mosaic gene sequences and 
microsatellite loci with three alleles, there-
by indicating that a similar recombination 
mechanism occurs in the field (Gaunt et al., 
2003). It is not clear at present what the 
mechanism for these intragenic recombi-
nation events might be and whether there 
is reciprocal exchange or gene conversion.

Future perspectives
The availability of genome sequences from 
several trypanosomatids provides a num-
ber of opportunities for genetic research. 
In T. brucei, three areas can be considered: 
population genetics and molecular epide-
miology, the cell/molecular biology of the 
system of genetic exchange and the appli-
cation of genetic and linkage analysis as a 
tool to identify genes that determine phe-
notypes of relevance to the disease and its 
transmission.

The availability of a panel of micro-
satellite markers (MacLeod et al., 2005) 
across all the 11 megabase chromosomes 
will allow a range of outstanding questions 
to be addressed concerning the population 
genetics of all three subspecies and their 
evolutionary relationships. Such markers 
can be amplified from samples of blood 
or tsetse tissues spotted onto filters, as has 
been described for other organisms and 
potentially would overcome some of the 
limitations of previous analyses such as low 
sample size and the use of rodent amplifi-
cation. Furthermore, with the availability 
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of genome sequence data from T. vivax and 
T. congolense, similar markers could be de-
veloped to address the population genetics 
of these important cattle pathogens. The 
identification of the stages involved in mei-
osis could be undertaken using antibod-
ies raised to the expressed products of the 
orthologues of genes associated with this 
process that have been identified from the 
annotated genome sequence. Such studies 
could also address whether these genes are 
expressed and are potentially functional.

The genome sequence, coupled with 
the genetic analysis of variation in phe-
notype (Gibson et al., 1997; Tait et al., 
2002) and the availability of a genetic map 
(MacLeod et al., 2005), opens up the pos-
sibility of undertaking linkage analysis and 
positional cloning of genes determining 
such phenotypic variation. Linkage analy-
sis, with the current marker coverage, is 
capable of defining loci determining spe-
cific phenotypes to a defined region on the 
genome sequence of ~100–150 kb. This 
allows candidate genes to be identified 
within the region and, in combination with 
reverse genetic techniques with loss or gain 
of phenotype, will allow gene function to 
be determined.

In terms of Leishmania and T. cruzi, 
the use of classical genetic analysis as a 
tool is clearly not yet an option, but the 
genome sequence information can be used 
to help determine whether the meiosis-re-
lated genes are expressed and whether they 
have a novel function or, in the case of T. 
cruzi, have a role in the system of labora-
tory genetic exchange. The development 
of genome-wide microsatellite markers in 
Leishmania species would have obvious ap-
plications for molecular epidemiological 
studies and also would provide very useful 
tools for characterizing inter-species hy-
brids, defining whether they are triploid or 
diploid, and determining whether they in-

volve genetic exchange of all chromosome 
homologues.
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