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The genome of the African trypanosome, Trypanosoma brucei, is currently being sequenced, raising the
question of how the data generated can be used to determine the function of the large number of genes
that will be identified. There is a range of possible approaches, and in this paper we discuss the use of a
classical genetic approach coupled with positional cloning based on the ability of trypanosomes to undergo
genetic exchange. The genetics of these parasites is essentially similar to a conventional diploid Mendelian
system with allelic segregation and an independent assortment of markers on different chromosomes. Data
are presented showing that recombination occurs between markers on the same chromosome allowing
the physical size of the unit of recombination to be determined. Analysis of the available progeny clones
from a series of crosses shows that, in principal, large numbers of progeny can readily be isolated from
existing cryopreserved products of mating and, taking these findings together, it is clear that genetic map-
ping of variable phenotypes is feasible. The available phenotypes for analysis are outlined and most are
relevant to the transmission and pathogenesis of the parasite.

Genetic maps from two crosses are presented based on the use of the technique of AFLP; these maps
comprise 146 and 139 markers in 30 and 21 linkage groups respectively. Segregation distortion is exhibited
by some of the linkage groups and the possible reasons for this are discussed. The general conclusion,
from the results presented, is that a genetic-mapping approach is feasible and will, in the future, allow
the genes determining a number of important traits to be identified.
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1. INTRODUCTION

The genetic analysis of phenotypes is a key tool with which
to exploit the functional description of the genes identified
by the Trypanosoma brucei genome sequencing projects.
There are two distinct genetic approaches to the analysis
of gene function. First, reverse genetic analysis based on
the ‘deletion’ of genes either by the knock-out approach
using transfection and homologous recombination
(Caruthers ez al. 1993) or by RNAI, whereby the transcript
of a particular gene is degraded transiently (Ngo et al.
1998; Shi er al. 2000) followed by screening for altered
phenotype. Second, forward genetic analysis based either
on the generation of mutants followed by the identification
of the genes involved or classical genetic analysis where
the genetic basis of phenotypic variation can be determ-
ined. In the mutant approach, mutants are generated, with
or without mutagenesis, followed by selection for a parti-
cular non-wild-type phenotype. Examples of such selec-
tion range from the specific, such as drug resistance
(Carter & Fairlamb 1993), to the more general, such as
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the inability to differentiate (Tasker ez al. 2000). Mutants
can then be screened for alterations in candidate genes
or analysed by proteomics followed by mass spectrometry
(Pandey & Mann 2000; Ashton er al. 2001) to identify
the altered proteins and, from such data, the genes that
determine the mutant phenotype. The classical genetic
approach can use such mutants, or naturally occurring
variation between parasite stocks followed by crosses, to
determine the genetic basis (number of loci, dominance,
etc.) of the variation using segregational analyses of pro-
geny. This allows a genetic model of the inheritance of the
phenotype to be generated and then tested by backcrosses
or F2 progeny analysis. The identification of the genes
determining the trait of interest requires linkage analysis
using molecular markers in a previously established gen-
etic map in order to identify the region of the genome
within which a gene (determining a particular phenotype)
lies. This essentially involves identifying markers on the
genetic map that co-segregate with the different pheno-
types in the progeny of a cross, i.e. are closely linked. Prior
to the availability of the genome sequence, the region of
the genome containing the gene of interest would be iso-
lated by probing a large-insert genomic library with the
linked markers, followed by sequence analysis to identify
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candidate ORFs. This approach has been termed pos-
itional cloning. As the resolution of many genetic maps
only allows linkage to be established to within several hun-
dred kilobases, several candidate genes are identified and
further analysis is needed to define the specific gene. A
number of methods are then available to do this and
include reverse genetics, expression analysis and higher-
resolution mapping within the identified region of the gen-
ome. With trypanosomes, the availability of a substantial
body of genomic sequence obviates the need to undertake
the cloning step as the sequences of the linked markers can
be used to assemble the sequence of the genomic region of
interest and from this the identification of the ORFs. A
further advantage of the trypanosome system is the use of
the technique of RNAi, which could be used to test each
candidate ORF for loss of phenotype based on degra-
dation of the gene transcript.

Each of the genetic approaches has advantages and dis-
advantages in terms of analysing gene function and, at the
present time, it is difficult to identify a preferred approach.
In this context this paper will review and present progress
towards the classical genetic approach for the analysis of
phenotype in 7. brucei. It should be noted that equivalent
mapping methods have been used in Plasmodium falcipa-
rum (Su & Wellems 1996; Su ez al. 1999), Toxoplasma
gondii (Sibley er al. 1992) and Eimeria tenella (Shirley &
Harvey 2000) to analyse a number of phenotypes.

2. THE GENETICS OF TRYPANOSOMA BRUCEI

In order to illustrate the use of genetic analysis it is
necessary to briefly review the basic features of the genetic
system identified in 7. brucei. The existence of a sexual
cycle in T. brucei was established some 15 years ago (Jenni
et al. 1986) and subsequent analysis has established that
mating occurs between life cycle stages within the tsetse
fly vector (Sternberg & Tait 1990; Tait & Turner 1990;
Gibson & Stevens 1999). Two different cloned lines can
be crossed by infecting tsetse flies with a mixture of the
lines and then allowing the infection to undergo the life
cycle stages in the fly resulting in the production of
metacyclic-stage trypanosomes in the salivary glands.
These trypanosomes can be isolated individually and each
expanded by growth in mice, sampled over time by
allowing the infected tsetse to feed on mice and cloning
from the resultant infection, Alternatively, all the trypano-
somes from the salivary gland can be used to infect mice
and single trypanosomes isolated for expansion from the
first peak of parasitaemia (figure 1). Analysis of the segre-
gation of a range of markers (RFLP, iso-enzyme, karyo-
type and minisatellite) in the cloned trypanosomes from
such mixed infections has established that mating is not
obligatory (Gibson 1989; Turner er al. 1990; Gibson &
Bailey 1994), the clones are the equivalent of the F1 pro-
geny in a diploid Mendelian system (Sternberg ez al. 1989;
Turner ez al. 1990; MacLeod er al. 1999) and that mating
occurs at a high frequency in terms of the number of
infected flies that produce hybrid products of mating
(Schweizer et al. 1988; Turner et al. 1990).

The Mendelian segregation is most readily illustrated
by analysis of the chromosomes by PFGE in the progeny
exploiting the size polymorphism of the parental trypano-
somes (Tait er al. 1993; Melville ez al. 1998). The karyo-
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Figure 1. The methods for undertaking crosses in 7. brucei.
Tsetse flies are infected with two different stocks (A and B)
of the parasite and, after maturation, clones are isolated
either by directly infecting mice with single metacyclic stage
trypanosomes or by infecting a mouse with a whole
population from the infected fly and subsequent cloning
from the resultant bloodstream stage infection. The cloned
trypanosomes can then be genotyped using informative
polymorphic markers.

type of stocks 247 and 386 has been defined by PFGE
followed by Southern blotting with a series of EST probes
to identify homologous and non-homologous chromo-
somes (Melville et al. 1998, 1999). The data from these
studies show that there is considerable size polymorphism
between homologous chromosomes in different stocks of
the parasite and that, within a cloned stock, the two homo-
logues of some of the chromosomes also differ substan-
tially in size. The sizes of chromosomes are stable at
mitosis, at least at gross level (Tait ez al. 1993), and there-
fore these polymorphisms can be used as genetic markers
to follow the inheritance of the chromosomes. The inherit-
ance of chromosome I has been analysed by separating the
chromosomes of two parental stocks (247 and 386) and
a selection of the progeny clones resulting from a cross
between them. After PFGE separation, chromosome I is
detected by Southern blotting using a gene probe that is
chromosome specific. The results of this experiment are
illustrated in figure 2; the parental stocks each show two
bands of hybridization of different size, which also differ
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Figure 2. The inheritance of chromosome I in the progeny from a cross between stocks 386 and 247. (a) The result of PFGE
separation of the chromosomes of the two parental stocks together with six F1 progeny clones. The gel has been stained with
ethidium bromide. (b)) An autoradiograph of a Southern blot of the same gel hybridized with a probe for the gene encoding
PGK. The approximate sizes of the chromosomes are indicated in megabases. The designation of the parental stocks and the
F1 progeny derived from them are indicated at the top of each track. Each homologue of chromosome I has been designated
by a letter (a,b,c,d) and the combinations of these for the progeny indicated in ().

in size between the two stocks. The progeny clones have
non-parental karyotypes composed of one homologue of
chromosome 1 from each parent and they show all poss-
ible combinations of parental homologues (Tait er al.
1993). A similar illustration of the inheritance is provided
by the segregation of the alleles of the minisatellite loci
292 and CRAM into the progeny; all possible combi-
nations of the parental alleles are observed in the progeny
with each progeny clone inheriting one allele from each
parent, as would be predicted in a standard diploid genetic
system (MacLeod et al. 1999). The basic properties of
this system of genetic exchange have been reviewed
(Sternberg & Tait 1990; Tait & Turner 1990; Gibson &
Stevens 1999) and will therefore not be discussed further,
other than to conclude that the genetic system has all the
properties of that predicted for a standard diploid organ-
ism. Analysis of progeny clones from a number of different
crosses has shown that some are triploid or possibly tri-
somic (Gibson ez al. 1991; Hope ez al. 1999) and the fre-
quency of these clones in the progeny depends on the
particular cross being considered. In the crosses con-
sidered here the frequency is low (Hope er al. 1999) and
the triploid progeny have been excluded from the analyses.

3. GENETIC MAPPING

Two central questions need to be addressed about the
feasibility of mapping the genetic basis of particular
phenotypes: first, the ability to generate sufficient numbers
of progeny clones (F1, F2 and backcross) and, second,
the formal demonstration of crossing over coupled with
the determination of the physical size of the recombination
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unit. The number of progeny affects the ability to deter-
mine statistical significance of segregating phenotypes in
relation to the number of loci or alleles determining a trait
of interest, as well as the level of resolution of a genetic
map. The physical size of the recombination unit deter-
mines the number of markers required for such a map in
order to obtain linkage to within a specified and workable
distance from the locus determining a particular trait.

In order to address the first question, an analysis of the
number of independent progeny clones produced in three
different crosses has been undertaken using three unlinked
minisatellite loci (MacLeod 1999; MacLeod ez al. 2000)
as markers. Progeny can be derived by either of two
routes, as illustrated in figure 1; the genotypes of clones
derived from tsetse flies infected with mixtures of two
cloned parental lines have been determined for each of
three such mixed infections using both routes for the iso-
lation of clones. Table 1 provides an analysis of the num-
ber of F1 progeny clones per cross in this non-obligatory
sexual system, the proportion of parental non-mated
clones and the proportion of genetically unique progeny
clones (the products of independent mating events)
derived by the two routes. The clones derived directly
from the salivary glands of the tsetse (metacyclic clones)
show a relatively low proportion of F1 progeny (average
27%) but over 80% of these are unique. By contrast, the
clones derived after the growth of all the salivary gland
population in mice prior to cloning (bloodstream clones)
show 80% of them to be F1 progeny; however, a lower
proportion of these are unique (average 60%) indicating
that some clones are the vegetative progeny of the same
trypanosome that originally infected the mouse. While
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Table 1. The proportion of F1 progeny clones derived by two different routes from 7. bruce: crosses.

(The products of crosses between three parasite stocks were derived either by direct cloning of the metacyclic stage from infected
tsetse (metacyclic clones) or cloning from the first peak of parasitaemia obtained in mice after infection with the whole salivary
gland population of metacyclic trypanosomes (bloodstream clones). Each clone was then genotyped as described in the text.
Abbreviations: 7, number of clones analysed; P, parental genotype; HYB, hybrid genotype; Unique, F1 progeny from different

mating events.)

bloodstream clones (%)

metacyclic clones (%)

cross n P HYB Unique n P HYB Unique
247 x 927 15 0.33 0.67 0.7 23 0.57 0.43 0.9
386 x 927 13 0.23 0.77 0.7 11 0.91 0.09 1.0
247 x 386 23 0.04 0.96 0.43 36 0.72 0.28 0.6
average 17 0.2 0.8 0.61 23 0.73 0.27 0.83

there is some variation between the different crosses in the
proportions of unique or parental clones, this does not
alter the general conclusion that the proportion of progeny
is higher in the bloodstream clones and, despite a lower
proportion of unique progeny clones, a large number of
independent progeny can be generated. Furthermore,
these data show that despite the non-obligatory nature of
mating, a significant proportion of the trypanosomes are
the products of mating. As cryopreserved non-cloned
products of mixed-infected tsetse are available, the only
limitation on generating a very large collection of progeny
is the labour involved in cloning. To date, no F2 progeny
have been generated, although backcrosses have been suc-
cessfully undertaken (Gibson ez al. 1995; A. Tait, C. M. R.
Turner and S. Welburn, unpublished data).

In order to demonstrate that crossing over or recombi-
nation occurs and to obtain a first estimate of the size of
the recombination unit in this system, the inheritance of
three markers on chromosome I, which are a known physi-
cal distance apart, has been determined. If recombination
occurs it would be predicted that non-parental haplotypes
would be observed in the progeny clones as a result of
crossing over between the alleles at pairs of loci (it should
be remembered that 7. brucer is diploid). The observation
of such non-parental haplotypes constitutes formal proof
of the occurrence of recombination, which is an absolute
requirement for generating a genetic map, and the fre-
quency of recombination between pairs of loci allows the
calculation of the size of the recombination unit. In stock
927, three linked markers have been identified that are
heterozygous, such that the inheritance of each homo-
logue can be determined by analysing the inheritance of
the alleles in the progeny of crosses between stocks 386
or 247 and 927. Each of a total of 32 progeny clones has
been genotyped with the three linked markers, allowing
the frequency of each combination of alleles to be determ-
ined. This allows the designation of the haplotype in the
parental stock, 927, and therefore the definition of the
number of progeny in which crossing over has occurred
between the pairs of markers. The markers used in this
analysis are the minisatellite marker MS42 (Barrett ez al.
1997) and two CA microsatellites (Sasse 1998). The
results of this analysis are illustrated in figure 3. The par-
ental haplotypes are defined by determining the two most
frequent classes of allele combinations observed in the
progeny and are illustrated diagrammatically, together
with the haplotypes observed that are the result of a cross-
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over between pairs of markers. The frequency of the cross-
overs is determined as the proportion in the total number
of progeny clones analysed expressed as a percentage and
thus yields the genetic distance between the markers in
centimorgans. As the physical distance between each
marker is known from the genome sequence of chromo-
some I (http://www.sanger.ac.uk), the physical size of the
centimorgan can be simply calculated (figure 3) to give
values of 13.8 and 8.5kbcM™! for the two intervals
respectively. The average value obtained (11.2 kb cM™1)
for the marker intervals analysed is comparable to the
value obtained for Plasmodium (Su et al. 1999) and thus
a 10 cM map of the genome would allow linkage to be
determined to within 110 kb of any gene. This is a realiz-
able objective and means that a genetic map is feasible
as a tool for positional cloning of loci determining traits
of interest.

4. VARIANT PHENOTYPES

The value of classical genetic analysis is partly determ-
ined by the phenotypes that are available for investigation
and the inability of other approaches to easily define their
basis. Crosses have been undertaken between three differ-
ent cloned isolates of T. brucer in the Glasgow laboratory
(Turner ez al. 1990) and these stocks have been shown to
differ phenotypically in a number of different assays. As a
detailed description of these differences will be the subject
of other publications, they will only be summarized here.
Stock STIB 386 was isolated from a human in West Africa
and is therefore human infective by definition and, from
marker analysis, is a Type 2 T. b. gambiense (Gibson
1986). Stock STIB 247 was isolated from wild game in
Tanzania whereas stock TREU 927 was isolated from a
tsetse fly in Kenya. Each of these parental lines was
screened for a range of phenotypes that include HSR,
resistance to arsenical drugs, virulence, infectivity for the
tsetse midgut and ability to produce salivary gland infec-
tions. Variation between the stocks has been demonstrated
in each of these phenotypes thus allowing their genetic
basis to be analysed using the progeny from the three
crosses. These phenotypes are relevant to the trans-
mission, pathogenesis, treatment and host range of the
parasite. The differences are summarized qualitatively in
table 2. In addition, two of the parental lines have been
selected for resistance to high levels of either an arsenical
drug or suramin (Scott ez al. 1996) and therefore can also
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Figure 3. Recombination between loci on chromosome I. The haplotypes of the parental stocks and the progeny from them
are indicated diagrammatically for the three heterozygous loci analysed (MS42, E5 and D2) with the different alleles at each
locus indicated by shading. The recombinant haplotypes identified in the F1 progeny are illustrated below the parental types.
The numbers of parental and recombinant haplotypes observed in the progeny from this cross are indicated in brackets as well

as the genetic and physical distance between each marker.

Table 2. Phenotypic differences between the three parental
stocks (386, 247 and 927) used for genetic analysis.
(Abbreviations: HSR, human serum resistance/sensitivity
(Lindegard 1999); virulence, number of days to parasitaemia
>10¢ (Turner et al. 1995); MG, relative level of tsetse midgut
infectivity (MacLeod 1999); T1, transmission index (Welburn ez
al. 1995); Mel®, resistance to cymelarsan (Scott ez al. 1996; M.
Hope, A. Tait and C. M. R. Turner, unpublished data).)

phenotype
stock HSR virulence MG TI Mel®
927 R/S ++ ++ ++ R
247 S + +++ +++ S
386 R ++ + + S

be used for genetic analysis using appropriate crosses to
drug-sensitive lines.

5. CONSTRUCTION OF A GENETIC MAP

There are a number of different marker systems that
could be used to construct a genetic map of 7. brucer.
These include the use of available genome sequence data
to identify microsatellites or define regions of the genome
for RFLP analysis; such approaches have been used suc-
cessfully to generate genetic maps of Plasmodium spp. at
different levels of resolution (Walker-Jonah ez al. 1992;
Carlton et al. 1998; Su et al. 1999). In addition, it is poss-
ible to use a more global system such as AFLP (Vos ez al.
1995; Masiga et al. 2000; Savelkoul ez al. 1999), which
does not require any sequence information as it relies on
the sequences of restriction sites. We have used this tech-
nique to identify large numbers of polymorphic markers
between the three parental lines of 7. brucei, based on the
recognition sites of two pairs of restriction enzymes
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EcoR1/Msel and Hindlll/Taql. This technique involves
the digestion of genomic DNA with the pair of restriction
enzymes (one six base cutter and one four base cutter)
followed by ligation with a pair of adaptors, one of which
has the recognition sequence of one restriction enzyme cut
site, while the other has the recognition sequence for the
second enzyme. This ligation mixture is then subjected to
PCR amplification in the ‘presence’ of a labelled dinucleo-
tide tri-phosphate, using primers specific to the adaptors
and the respective restriction-site recognition sequences.
The amplified fragments will be labelled and only com-
prise those fragments from the original digest that were
derived by double digestion, i.e. had a combination of
both restriction sites. These can then be separated on a
standard sequencing gel and detected by autoradiography.

A typical product of AFLP analysis is illustrated in fig-
ure 4a and shows a comparison of two parental stocks (P1
and P2), which were crossed to yield 15 F1 progeny
clones. Comparing the two parental stocks, polymor-
phisms are detected as the presence of a band in one stock
and absence in the other (arrows, figure 4); when the
progeny are examined it can be seen that this
absence/presence segregates. This can be interpreted as
the stock without the band being homozygous for the
absence of one of the restriction sites and the stock with
a band as being heterozygous for one of the restriction
sites (see figure 4b for interpretation). In the examples
shown, each progeny clone will inherit the absence of the
site from one parent but half will inherit the presence of
the site from the heterozygous parent and therefore have
a band (figure 4). Such segregating markers can then be
used to construct a genetic map of the parasite. A feature
of the AFLP system is the ability to analyse large numbers
of markers simultaneously (figure 4a), and the use of
markers heterozygous in one parent and homozygous in
the other is formally similar to a standard backcross. A
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Figure 4. An illustration of the inheritance of AFLPs in a
cross between two stocks of 7. brucei. (a) The cloned stocks
247 (P1) and 927 (P2) were used as parents in a genetic
cross to generate 15 diploid F1 progeny that are all products
of independent mating events. DNA from each of these
cloned trypanosomes were analysed by amplification using a
specific pair of primers as described by Masiga et al. (2000),
the products separated on a sequencing gel and detected by
autoradiography. Bands of the same mobility in different
tracks mark equivalent loci. Some bands are non-
polymorphic and are present in all tracks while others are
polymorphic, with a band visible for one parent but not the
other and do not show segregation into the F1. Other bands
are both polymorphic and show segregation into the F1
(marked by arrows) and can thus be used for genetic
mapping. (b) An illustration of the allelic interpretation of
the segregating polymorphic bands on which the
construction of the linkage map is based.

total of 700 AFLP markers are polymorphic between the
three stocks and are used for this analysis, and 343 of these
segregate in the F1 progeny of crosses. Only nine of these
markers were heterozygous in stock 247 which is consist-
ent with previous analysis showing that this stock is homo-
zygous at most loci (Sternberg ez al. 1989; Tait ez al. 1996)
and making it equivalent to a highly inbred line. The
AFLP marker linkage analysis has been carried out for two
crosses—those between stocks 247 and 927 (map 1) using
15 F1 progeny and stocks 247 and 386 (map 2) using
17 F1 progeny. All the progeny used are the products of
independent mating events based on marker analysis
(Sternberg et al. 1989; Turner er al. 1990; MacLeod
1999).

The construction of a genetic map essentially involves
the identification of markers that co-segregate and are
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Figure 5. Part of an AFLP autoradiogram showing genetic
linkage. A general description and interpretation of the
inheritance of AFLP polymorphisms is given in figure 4. In
this particular example, three polymorphic bands (arrowed)
show the same pattern of segregation in the F1 progeny,
thus indicating that their inheritance is tightly linked and
they will thus occupy identical or similar positions in a
genetic map.

therefore linked, coupled with measurement of the fre-
quency of recombination between such markers to provide
a measure of the distance between them. An example of
linkage between three loci is shown in figure 5 where the
three AFLP markers (indicated by arrows) clearly co-
segregate and, as a result of the lack of crossovers, these
would be defined as being at the same locus. Linkage
between the markers for each cross was determined by
multipoint analysis using MapMakeR (Lander er al. 1987;
http://mwww.mcbio.med.buffalo.edw/MMQTX html). Results
are shown at a stringency of p=0.05 with the Haldane
correction of map distance. The data obtained are sum-
marized in table 3 for each of the maps. It is clear that
the number of linkage groups (30 groups for cross
247 x 927; 21 groups for cross 386 x 927) is some two- to
three-fold greater than the number of diploid chromo-
somes (7= 11) and suggests that there are 19 gaps in map
1 and 10 gaps in map 2. Generating further markers or
screening larger numbers of progeny could close these
gaps. Details of these two maps are presented in table 4,
showing an average genome coverage of 469 cM. A high
proportion of the informative markers are linked but there
are a number that do not fall into linkage groups and, as
no attempt has been made to physically link any of the
markers, it is possible that some of these are not part of
the diploid genome. These could be derived from the
intermediate or mini chromosomes and possibly from the
mitochondrial genome (maxicircle). It is assumed that the
larger linkage groups represent the physically large chro-
mosomes based on the higher probability of detecting
markers in these. This could be verified by probing ampli-
fied markers from each linkage group onto PFGE-
separated chromosomes or by hybridization to physically
mapped P1 or BAC clones. Preliminary results show that
this is feasible and a number of the linkage groups have
been anchored to specific PFGE-separated chromosomes
or arrayed P1 library clones using PCR-amplified AFLP
fragments (Masiga et al. 2000). This work is still in pro-
gress.
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Table 3. Summary of data for two genetic maps, each generated from crosses using a different pair of parents. Part of map 2 is

illustrated in figure 6. The full maps are available at http://www.gla.ac.uk/ibls/II/cmrt/

genetic cross (map) group

number of markers

number of positions

genetic distance (cM)

247 x 927 larger groups:
(map 1) 1 12 6 36.9
2 12 5 30.4
4 17 5 30.9
8 12 9 60.6
20 5 5 28.6
smaller groups: 2-11 1-4 0-25.1
total:
30 146 86 424.8
247 x 386 larger groups:
(map 2) 1 16 11 91.2
2 17 8 73.4
3 7 4 33.1
4 10 4 27.3
7 19 11 99.6
8 12 6 38.4
16 4 4 32.2
smaller groups: 2-17 1-3 0-26.8
total:
21 139 74 513.3
p1
00 < E132 00 9p2 s 9p7
0.0 E1062 . — . E1080
0.0 E1056 6.3 E1094 00
6.3 H093 6.3 HO85
6.3 H135 6.3 HO64 6.3 E1051
12.5 EO015 6.3 E1103
;g; ~]_1- 210585 19.7 E1053
25.9 H133
25.9 HO055 25.9 HO78
25.9 E1089
32.2 E1044 25.9 E1030 H126
32.2 E1018 331
32.2 E1045 39.3 HO47
45.6 H158
45.6 E1095
456 7 N HO74 45.6 HO03
45.6 H106
59.0 H148
59.0 H091 61.1 || E1039
61.1 > < H066
67.4 H023
72.4 H149
734 E053 80.8 E1007
78.7 H116 80.8 \ / H108
87.0 | / E1047
84.9 E1075 87.0 HO086
87.0 | H134
91.2 E1101 87.0 H144
87.0 — E141
93.3 / \ E1090
99.6 HO81

Figure 6. Linkage maps for the three largest groups generated using the genetic cross, 247 X 386 and AFLP analysis. On the
left of each group is the cumulative genetic distance in centimorgans (Haldane corrected) and on the right the list of markers.
Those markers prefixed ‘H’ were generated using restriction enzymes HindlIl and Taql; markers prefixed ‘E’ were generated
using restriction enzymes EcoR1 and Msel. The complete maps are given at http://www.gla.ac.uk/ibls/II/cmrt.
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Table 4. Summary statistics for the two AFLP-generated gen-
etic maps for 7. brucei, each derived from crosses using a dif-
ferent pair of parents. Informative markers were those that
were polymorphic between the two parents and showed segre-
gation into the F1.

map 1 map 2
cross 247 x 927 247 x 386
F1 progeny (no.) 15 17
informative markers (no.) 196 156
markers linked (%) 146 (75) 139 (89)
linkage groups (no.) 30 21
loci linked (no.) 86 74
genome coverage (cM) 424.8 513.3

The linkage maps were drawn using Drawmar (Van
Ooijin 1994) and the maps of three linkage groups from
map 2 (247 x 386) are illustrated in figure 6. The groups
do not show a high level of marker clustering suggesting
that the markers are relatively evenly distributed across
the genome. Markers prefixed ‘E’ were generated using
EcoR1/Msel, which will preferentially cut in AT-rich
regions, whereas markers prefixed ‘H’ were generated by
Hindlll/Taql, which will cut in regions with a balanced
base composition. The interspersed distribution of these
two different classes of marker throughout the linkage
groups indicates that there is no bias for mapping any AT-
rich regions of the genome, further strengthening the con-
clusion that the linkage analysis is providing a broad
coverage of the genome.

Using the data generated, it is possible to determine
whether there is any bias in the inheritance of markers
from either parent and the results of this analysis are illus-
trated in figure 7 for the five larger linkage groups from
map 1. Three of the groups (1, 2 and 8) show no, or lim-
ited, segregation distortion while the other two (4 and 20)
show a strong bias towards a preferential inheritance of
markers from parent 927. The origins of this distortion
are unknown at the present time but could reflect selection
on the progeny clones for alleles at loci on these particular
chromosomes. Alternatively it could be due to chance,
given the relatively small number of progeny clones. If the
former explanation is correct it offers a further approach to
defining genes determining particular traits, as one could
specifically apply selection and then identify those chro-
mosomes showing segregation distortion.

6. GENETIC ANALYSIS OF PHENOTYPE

To date, there has been limited published analysis of the
inheritance of specific phenotypes except for a preliminary
analysis of HSR (Gibson & Mizen 1997). In our labora-
tory, we have undertaken the analysis of the inheritance
of HSR and resistance to an arsenical drug (cymelarsen)
as well as a preliminary analysis of infectivity for tsetse
salivary glands. The results of these experiments are, as
yet, incomplete and will be published in full elsewhere.
The ability to determine the genetic basis of these pheno-
types is dependent on their mode of inheritance. In the
simplest scenario, where the phenotype is determined by
alleles at a single locus and one or both parents are hetero-
zygous for the relevant alleles, the segregation of the
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phenotype in the F1 progeny would be predicted and
linkage analysis is relatively straightforward provided
backcross or F2 progeny are available to confirm any gen-
etic model. In the case where both parents are homozygous
but different for alleles determining a phenotype, a
backcross (or F2) would be required, as no segregation
will be observed in the F1. Such backcrosses have been
undertaken in our own and other laboratories (Gibson ez
al. 1995) and await full analysis. More complex genetic
scenarios (multiple loci and alleles) could potentially con-
found classical genetic approaches unless there are only
one or two loci with major effects on phenotype. The initial
analysis of three phenotypes (HSR, cymelarsen resistance
and tsetse salivary gland infectivity) suggests that one or
two loci are involved in determining each phenotype, mak-
ing them amenable to a genetic approach. For the other
two phenotypes available for analysis (virulence and tsetse
midgut infectivity—table 2) no segregation data have been
obtained as yet and so it is not possible to ascertain the
feasibility of genetic analysis at the present time.

7. CONCLUSIONS AND DISCUSSION

The classical genetic analysis of phenotypic variation in
T. brucei, coupled with linkage analysis and positional
cloning, is one approach to identifying the function of
genes in this parasite and is complimentary to other
approaches using reverse genetics and mutational analysis.
In this paper we have presented data showing that it is
possible to generate a genetic map of this diploid parasite,
that it is relatively straightforward to generate large
numbers of F1 progeny from crosses and that the physical
size of the recombination unit is sufficiently small
(11 kb cM™1) to allow the positional cloning of candidate
genes determining a trait using a low-resolution (10 cM)
map. Compared to the genetic maps generated for Plasmo-
dium falciparum and Toxoplasma, the current T. brucei map
is incomplete and requires the analysis of additional
markers as well as anchorage to either physical maps
or PFGE-separated chromosomes. Technically this is
straightforward although whether further AFLP markers
should be used or, given the recent availability of extensive
sequence from the genome projects, micro- and minisa-
tellite markers are preferable is largely a question of
convenience. While the latter class of markers may be
preferable, given that their location within the genome will
be known, AFLP markers could be particularly useful
when attempting to provide higher-resolution maps of
specific intervals defined by linkage studies.

The availability of progeny from backcrosses, and the
data showing that the larger-scale isolation of F1 progeny
from existing cryopreserved products of crosses is achiev-
able, allows the genetic map and the genetic analysis of
traits to be undertaken with greater resolution and will
allow more robust statistical analysis of the data. In this
context it is important to note that the current genetic
analysis of P. falciparum is based on 35 independent pro-
geny, although methods have been developed for the
large-scale isolation of further progeny (Kirkman er al.
1996). The two genetic maps presented here are based on
a total of 32 progeny as are the data on recombination in
chromosome I. The availability of a large panel of progeny
would, potentially, allow the analysis of more complex
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Figure 7. Segregation data for five of the larger linkage groups in the map made for the genetic cross, 247 X 927. These data
show the proportion of alleles (%) inherited from each parent at each marked locus in the linkage groups. The predicted

inheritance for these markers in a Mendelian system would be an equal probability of inheritance from each parent as is seen
in groups 1 and 8. Severe segregation distortion is particularly evident in groups 4 and 20 and could result from selection, as

discussed in the text.

traits determined by more than one locus. One of the
major restraints on the use of classical genetic analysis of
protozoan parasites is the complex requirements and time
taken for making crosses as well as the lack of any simple
in vitro systems. This has meant that these studies rely on
a few crosses, although the restraints are less significant in
the case of the rodent malaria species. In fact, the avail-
ability of a number of crosses between different parental
stocks (Gibson & Stevens 1999) and the resultant progeny
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makes 7. brucei unusual compared to the other protozoan
parasites in this respect. However, it should be emphas-
ized that the only trypanosome crosses for which there are
genetic maps are those described in this paper although,
in principal, maps for the other crosses could be generated
using the approaches described here.

In the context of the total number of genes within the
protozoan parasite genomes and the need to define their
function, classical genetic analysis cannot be considered
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high throughput given the reliance on existing phenotypic
variation for analysis. Thus, large-scale mutant screens
using RNAIi or gene knockouts will have a significant role
to play in defining gene function. However, such systems
also have restraints, particularly in relation to identifying
informative phenotypes that go beyond defining genes as
essential or non-essential. The advantage of classical gen-
etic analysis is that the phenotype is available and in a
number of the phenotypes being analysed, it is difficult to
see how reverse genetics would directly identify the genes
involved. Furthermore, with 7. brucei, the variant pheno-
types studied are highly relevant to understanding the
pathogenesis and transmission of the disease.

The authors acknowledge the Wellcome Trust for supporting
much of the work described in this paper and WHO/World
Bank/UNDP (United Nations Development Fund) for sup-
porting the work of constructing the AFLP genetic map.
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