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Abstract. Trypanosoma brucei and T. equiperdum
infect the mammalian bloodstream and tissues.
T. brucei is transmitted by tsetse flies between an ex-
tremely large range of mammals in sub-Saharan Af-
rica. In contrast, 7. equiperdum is restricted to equines,
where it is transmitted as a venereal disease. Both
species evade immune destruction by changing their
variant surface glycoprotein (VSG), encoded in a telo-
meric V'SG expression site. 7. brucei has about 20
VSG expression sites, and it has been proposed that
their genetic diversity plays a role in host adaptation.
Two expression site-associated genes ESAG6 and
ESAG7, encode variable transferrin receptor subunits
allowing trypanosomes to internalize polymorphic
transferrin molecules from different mammals. We
investigated if there was a correlation between the
size of the trypanosome host range and the degree
of ESAG6 genetic diversity. Both T. equiperdum and
T. brucei appear to have approximately similar
numbers of ESAG6, however, the genetic diversity of
the ESAG6 family varies in the two species. We se-
quenced 114 T. equiperdum ESAG6 genomic clones,
resulting in the isolation of 10 T. equiperdum ESAG6
variants. The T. equiperdum ESAG6 genes were less
genetically diverse than those of T. brucei in regions
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known to play a role in transferrin binding. This in-
dicates that ESAG6 genetic diversity playing a role in
host adaptation could have been lost in the absence
of selection pressure. There was also evidence of po-
sitive selection (dn/ds = ~5) acting on other ESAG6
regions not involved in transferrin binding, perhaps
due to antigenic variation of these surface molecules.
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Introduction

Trypanosoma brucei is a protozoan parasite which
causes African sleeping sickness in humans and na-
gana in cattle, both endemic to sub-Saharan Africa.
T. brucei infects an extraordinarily large range of
mammals, varying from waterbuck and hartebeest to
lions and hippopotamus (see Table 1), Transmission
occurs primarily via tsetse flies. In contrast, 7. equi-
perdum naturally infects only equines (horses, don-
keys, and mules), causing a venereal discase called
dourine (Alemu et al. 1997). T. equiperdum is closely
related to 7. brucei but has lost the ability to be
transmitted by tsetse flies.

T. equiperdum differs from T. brucei, in that it is
present primarily in host tissue rather than the
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Table 1. Comparison of the host range of Trypanosoma brucei and Trypanosoma equiperdum®

Species Mammalian host Reference

Trypanosoma brucei Human Fevre et al. (2001) Lancet 358:625-628
Cattle Robson et al. (1972) Bull WHO 46:765-770
Bushbuck Ibid
Reedbuck Ibid
Waterbuck Ibid; Geigy et al. (1971) Acta Trop 28:211-220
Goat Ibid
Sheep Ibid
Dog Ibid
Spotted hyena Ibid
Lion Ibid
Warthog Ibid
Coke’s hartebeest Ibid
Eland Ashcroft (1959) East Afr Med 36:289-291
Buffalo Ibid
Equines (horse, donkey) Faye et al. (2001) Vet Parasio 101:101-114
Pig Killick-Kendrick and Godfrey (1963) Ann Trop Med Parasitol 57:215-231
Giraffe Awan (1979) Acta Trop 36:343-347

Impala
Zebra Ibid
Hippopotamus

Trypanosoma equiperdum  Equines (horse, donkey, mule)

Mulla and Ricknian (1988) Trans Roy Soc Trop Med Hyg 82:718

Dillman and Awan (1972) Trop Anim Health Prod 4:135-137
Alemu et al. (1997)

@ This table lists some of the documented mammalian species that 7. brucei and T. equiperdum can naturally infect. Some of these mammals
are only sporadically infected by 7. brucei sp. Experimentally infected animals (including laboratory rodents) have been omitted.

bloodstream (Lun et al. 1992b). However, both par-
asites evade the mammalian immune system using a
highly sophisticated strategy of antigenic variation of
a variant surface glycoprotein (VSG) coat. T. brucei
has approximately 1000 V'SG genes (Van der Ploeg
etal. 1982) and T. equiperdum has minimally 100 V'SG
genes as observed in chronic infections in rabbits
(Capbern et al. 1977). However, only one V'SG gene is
expressed at a time in a telomeric V'SG expression site
(ES). Switching V'SG genes can involve DNA rear-
rangements moving a silent V'SG into the active ES.
Alternatively, the trypanosome can switch between
multiple V'SG ESs. Antigenic variation is reviewed by
Pays and Nolan (1998), Borst et al. (1998), Cross et
al. (1998), Vanhamme et al. (2001), and Barry and
McCulloch (2001).

In T. brucei, there are approximately 20 V'SG ESs
(Navarro and Cross 1996), which can vary in size
from about 30 to 60 kb. Expression sites are poly-
cistronic transcription units including variable num-
bers of expression site-associated genes (ESAGSs) in
addition to the telomeric V'SG gene (Pays et al. 1989;
Lips et al. 1993; Xong et al. 1998; Kooter et al. 1987;
Berriman et al. 2002). The function of most ESAGs is
unclear. ESAG4 encodes an adenylate cyclase (Ross
et al. 1991) and ESAG6 and ESAG7 encode the su-
bunits of a heterodimeric transferrin receptor (Schell
et al. 1991; Salmon et al. 1994; Ligtenberg et al. 1994;
Steverding et al. 1995). Recently, a serum resistance-
associated (SRA) gene has been identified as a new
ESAG conferring resistance to lysis in human serum
(Xong et al. 1998).

It was initially puzzling why 7. brucei would need
20 VSG ESs as this redundancy necessitates a
counting mechanism ensuring mutually exclusive
VSG expression (Chaves et al. 1999). However, an
appealing explanation is that the multiple V'SG ESs,
each containing similar variants of different ESAG
genes, could play a role in host adaptation (Bitter
et al. 1998). While infecting different mammalian
species, T. brucei takes up polymorphic host molecules
such as transferrin. The two subunits of the hetero-
dimeric trypanosome transferrin receptor are encod-
ed by ESAG6 and ESAG7 (see Fig. 1A). Having
approximately 20 pairs of the ESAG6 and ESAG7
genes could allow the trypanosome to switch between
different transferrin receptors by switching between
V'SG ESs. Each pair of transferrin receptors appears
to have a different affinity for the transferrin mole-
cules from different mammalian hosts (Bitter et al.
1998; Gerrits et al. 2002).

We attempted to determine if there was a corre-
lation between the size of the trypanosome host range
and the extent of genetic diversity in transferrin re-
ceptor genes. As T. equiperdum infects exclusively
equines, it should need only a single optimized pair of
transferrin receptor genes (discussed by Borst et al.
[1997]). T. equiperdum has been shown to be very
closely related to T. brucei (Haag et al. 1998; Stevens
et al. 1999). It has been postulated that T. equiperdum
evolved from a T. brucei that lost the ability to be
transmitted through insects (Lun et al. 1992a, b; Brun
et al. 1998). However, this appears to have happened
relatively recently, as genetic differences between
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Fig. 1. A Schematic representation of the location of the ESAG6

and ESAG7 genes in T. brucei VSG expression sites. The rop dia-
gram is a schematic representation of the AnTat 1.3A VSG ex-
pression site, according to Revelard et al. (1990), Lips et al. (1993),
and Redpath et al. (2000). The flag indicates the promoter, and the
numbered open boxes indicate the ESAGs. The region around
ESAG6 and ESAG7 is expanded below. The Southern blot probe
(Dral/Hindlll fragment) is indicated by a black bar. The ESAG6
Pstl/BamHI fragment used for cloning is shown by a dotted line.
Abbreviations for restriction endonuclease sites are as follows: D,
Dral; P, Pstl; H, Hindlll; B, BamHI. Arrows underneath the genes
indicate  PCR primers: ESAG7-455s and ESAG6-1045as. B
Equivalent copy number of ESAG6 in T. brucei and T. equiperdum.
ESAG6 was PCR-amplified from T. equiperdum and T. brucei ge-
nomic DNA. PCR amplification was performed using two sets of
primers: one set specific for ESAG6 (see A) and one set specific for
the single-copy gene encoding the large subunit of RNA poly-
merase I (Poll) as an internal control. A range of DNA template
concentrations was used (10, 5, 2.5, 1.25, 0.63, 0.31, and 0.16 ng) as
indicated at the top. The presence (+) or absence (—) of template
DNA or primers in each reaction is indicated.

these species are minor. These differences have pri-
marily been characterized using repetitive sequence
and microsatellite probes and enzyme characteriza-
tion (Lun et al. 1992a; Brun et al. 1998; North et al.
1983; Biteau et al. 2000). In addition, compared with
T. brucei, T. equiperdum has reduced diversity in its
kinetoplast DNA (kDNA) minicircles and a deletion
of the maxicircle kDNA (Riou and Saucier 1979;
Frasch et al. 1980; Shu and Stuart 1994; Lun et al.
1992b).

T. equiperdum has been shown to have multiple
V'SG ESs between which it can switch (Longacre et al.
1983; Raibaud et al. 1986), but the exact number and
structure are unknown. ESAGY has a copy number of
six to eight in both T. brucei and T. equiperdum, al-
though not all of these genes are telomere linked
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(Florent et al. 1991). ESAG4 and ESAGS were also
found associated with ESAGY, although copy num-
bers have not been determined (Florent et al. 1991;
Smiley et al. 1990). Although T. equiperdum is closely
related to T. brucei, one would expect that in the
absence of selection pressure for maintenance of
many telomeric V'SG ESs, the copy number, degree of
genetic diversity, and strength of selection pressure
on these telomeric sequences would be reduced. We
isolated and sequenced different members of the T.
equiperdum ESAG6 gene family and compared them
with T. brucei ESAG6 sequences to determine if the
degree of genetic diversity and evolutionary processes
acting in this gene family could be correlated with the
size of the host range.

Materials and Methods

Trypanosome DNA Analysis and Genomic Clone
Isolation

The trypanosome strains used were Trypanosoma brucei strain 427
variant VSG22la (Bernards et al. 1984) and T. equiperdum
STIB818 isolated from a horse in China in 1979 (kind gift of W.
Gibson, University of Bristol) (Lun et al. 1992a, b)

For ESAG6 quantitation, ESAG6 was amplified by polymerase
chain reaction (PCR) using the primers ESAG7-455s (5’-CAT-
TCCAGCAGGAGTTGGAGG-3) and ESAG6-1045as (5-
TTGTTCACTCACTCTCTTTGACAG-3") with Tag DNA poly-
merase (Invitrogen) for 20 cycles. PCR was also performed on the
single-copy gene encoding the large subunit of RNA polymerase I
(Poll) as an internal control for the amount of DNA using Poll-484
(5CAGGAGGATCGTTCGGCACCTTGGC-3") and Poll-913
(5-CATGCGCCTGTGGTTCAGCATAGC-3). PCR products
were cloned into pBluescript SK(-) (Stratagene) and sequenced on
both strands to check identity. 7. brucei and T. equiperdum have
identical sequences in the area of the Poll gene analyzed (results not
shown). The PCR yield was quantified using the Gel Doc 2000 Gel
Documentation System with Quantity One software (BioRad).

For Southern blot analysis, 1 pg of genomic DNA was digested
with restriction endonucleases, separated on an 0.8% agarose gel,
and transferred to a nylon membrane according to Sambrook et al.
(1989). The blot was hybridized with the DES 12 probe (Dral/
Hindl1l fragment indicated in Fig. 1A of Rudenko et al. [1994)),
which hybridizes with both ESAG7 and ESAG6. The blot was
washed to an end stringency of 0.3x SSC at 65°C for 30 min. As a
positive control, and for quantitation of the genomic DNA, the
blot was stripped and reprobed with a Poll gene probe. The posi-
tive bands were visualized and quantified using a Personal Mo-
lecular Imager FX System with Quantity One software (BioRad).

To determine the genetic diversity of ESAG6, ESAG6 genes
were cloned from 7. equiperdum and T. brucei using size-selected
genomic libraries. Genomic DNA was digested with PszI and
BamHI, and fragments of approximately 350450 bp were isolated
from agarose gels and cloned into pBluescript SK(—) digested with
Pstl/BamHI. Bacterial clones were screened for the presence of
either ESAG6 or ESAG7 by colony hybridization with a 392-bp
Pstl/BamHI fragment from ESAG6 of the 221 expression site.
Clones containing a single insert were isolated and sequenced on
both strands using T7 and T3 primers. Sequences were assembled
using a Staden package or Contig Express (Informax Inc.) and
aligned at BCM Search Launcher: Multiple Sequence Alignments
Server with ClustalW 1.8.
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The sequences TI-le, TI-3e, TI-5e, TI-6e, and TI-8¢ to TI-13e
were isolated from 7. equiperdum, and the sequences TI-1b to TI-6b
from T. brucei, in this study (accession numbers: AY 152680
AY152692). TI-2b is the same as AJ007022 and AJ007027; T1-4b is
the same as AF068703 and ESAG6 from the 221 ES = AL671259;
TI-6b is the same as AF068702, M33720 (Pays et al. 1989), and
BS1.2 from Hobbs and Boothroyd (1990) = M34520; and ESAG6
from the VO2 ES = AL671256. The Bn-2 ES ESA4-
G6 = AL670322; TBR7029 = AJ007029, and  IsTatl.7
TS5 = L07805 (Lodes et al. 1993). TBR7028 = AJ007028,;
AF068704 is the same as AJ010094 = Etatl.2CR (Xong et al.
1998). TBR7024 = AJ007024, TBR7026 = AJ007026,
TBR7021 = AJ007021, TBR7023 = AJ007023, and the 10.1
ES = AC087700 (LaCount et al. 2001). TBR7020 = AJ007020,
and TRBESAG6G = M62631 (Dai Do Thi et al. 1991); TBR7025
is AJ007025. AJ007020-AJ007029 are all described by Ansorge et
al. (1999). AF068702-AF068705 are described by Alarcon et al.
(1999). AL671259, AL671256, and AL670322 are all described by
Berriman et al. (2002).

Phylogenetic analyses

Maximum likelihood (ML) phylogenetic trees were estimated using
the PAUP* package (Swofford 2002). The GTR + I T model of
nucleotide substitution was employed, with the values for the rel-
ative substitution rates among nucleotides (GTR), proportion of
invariable sites (1), I' distribution of among-site rate variation (T),
and base composition estimated from the data (parameter values
available from the authors on request). To assess phylogenetic
robustness, bootstrap resampling was undertaken using 1000 rep-
licate neighbor-joining trees reconstructed under the ML substi-
tution model.

The CODEML program from the PAML package was em-
ployed to analyze selection pressures (Yang 1997). This implements
a ML method that compares various models of codon evolution
which differ in how they treat rates of synonymous (ds) and non-
synonymous (dy) substitution (dy/ds ratio) among codons or along
lineages using likelihood ratio tests (Yang et al. 2000). Some
models (denoted M2, M3, and MS) allow for positive selection in
that they can incorporate classes of codon where dy > ds, while
other models (denoted M0, M1, and M7) specify neutral evolutions
as dy is constrained to be less than ds at all codons. If a model that
allows positive selection is significantly favored over one that does
not, and there is a class of codons d/ds > 1, then we may infer that
positive selection has occurred. If positive selection is found in any
comparison, Bayesian methods can be used to identify the indi-
vidual codons that have been subjected to this process. For sim-
plicity, we compared two models: M7, which assumes that codons
can be placed into 10 dn/ds categories estimated from the data
following a B distribution, but where all dy/ds values are con-
strained to be <1, thereby describing a strictly neutral evolu-
tionary process; and M8, which differs from M7 in that an eleventh
category of sites is added at which dn/ds may exceed 1, thereby
allowing positive selection.

Results

The heterodimeric transferrin receptors of African
trypanosomes have two subunits encoded by the
ESAG6 and ESAG?7 genes located in V'SG ESs (see
Fig. 1A). ESAG6 and ESAG7 are highly similar, but
ESAG7 appears to be truncated compared with
ESAG6, which contains 3’ sequences encoding a sig-
nal for glycophosphatidyl inositol (GPI) anchorage

to the cell membrane (Schell et al. 1991; Salmon et al.
1994; Ligtenberg et al. 1994). There appear to be
approximately 20 pairs of transferrin receptor sub-
unit encoding genes in 7. brucei 427 (Ansorge et al.
1999), which fits with an estimated 20 VSG ESs
(Navarro and Cross 1996).

We compared the relative number of ESAG6 genes
in T. brucei 427 variant 221a (Bernards et al. 1984)
with a T. equiperdum STIB818 strain isolated in
China in 1979 (Lun et al. 1992a; b) (Fig. 1B). We
amplified ESAG6 in both species by PCR using a
primer pair which amplifies specifically ESAG6. We
amplified a 740-bp fragment in both T. brucei and
T. equiperdum. The PCR products were cloned, and
their identity was confirmed by sequencing both ends
of 10 clones from both species. By comparing PCR
yields, and accounting for the fact that T. brucei 427
has about 20 ESAG6 copies (Navarro and Cross
1996; Ansorge et al. 1999), we established that
T. equiperdum STIB818 has approximately 16 £ 2
copies of ESAG6 (mean and standard deviation from
three independent experiments). The approximately
equivalent number of ESAG6 genes in both try-
panosome species was confirmed in Southern blots of
restriction enzyme digests of equal amounts of ge-
nomic DNA from both species (see Fig. 2).

We next determined the genetic diversity of these
T. equiperdum ESAG6 genes. PCR amplification of
genes in highly similar multicopy gene families fre-
quently leads to the formation of chimeric products
(Henri van Luenen and Piet Borst, personal com-
munication; our observations; Tanabe et al. 2002). To
avoid this complication, we isolated genomic clones
of ESAG6 from size-enriched genomic libraries from
both T. equiperdum and T. brucei. Size fractions of
genomic DNA including a 392-bp PstI/BamHI frag-
ment in ESAG6 were isolated from both species and
cloned into pBluescript SK(-). Bacterial clones were
screened by colony hybridization for the presence of
either ESAG6 or ESAG7. Clones with a single insert
were sequenced on both strands.

In T. equiperdum, of 151 positive clones, 114 had
ESAG6 sequences (see Fig. 3), 32 had ESAG7 se-
quences (not shown), and 5 had unknown sequences.
We compared the 114 T. equiperdum ESAG6 se-
quences and found 10 sequence variants. We con-
ducted the same, but smaller-scale, analysis on
T. brucei as a positive control and pooled the data
(six variants from 10 ESAG6 sequences) together with
23 T. brucei ESAG6 sequences available in the data-
base. Although the 7. brucei ESAG6 sequences
present in the database were derived from multiple
T. brucei strains, a large number of the ESAG6
sequences were derived from the 7. brucei 427 strain
(Ansorge et al. 1999). In addition, a comparable
degree of genetic diversity was found in a large set of
genomic ESAG6 sequences isolated exclusively from
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Fig. 2. ESAG6 and ESAG?7 distribution in 7. equiperdum and

T. brucei. Equal amounts of genomic DNA from 7. brucei (b) and
T. equiperdum (e) as quantitated on ethidium bromide-stained gels
were digested with the restriction enzymes indicated above the
panel. DNA was separated in an agarose gel and transferred to a
membrane via Southern blotting, and the blot was hybridized with
the DESI2 probe (Dral/Hindlll fragment indicated in Fig. 1A).
This probe hybridizes with both ESAG7 and ESAG6. The blot was
washed to an end stringency of 0.3x SSC at 65°C for 30 min. Sizes
of a DNA marker are indicated in kilobases at the left. ESAG6
quantitation was performed using a Phosphorlmager (BioRad).

the T. brucei 427 strain (van Luenen and Borst, un-
published results). For T. brucei we found a total of
20 ESAGG6 variants in the 33 sequences that we
compared. Only one sequence was found in both
T. brucei and T. equiperdum (TI-1b and TI-le).
Considerable sequence variation was found in the
hypervariable region (box labeled HV in Fig. 3)
(Zomerdijk et al. 1990) in both species. This hyper-
variable region has been shown not to be involved in
transferrin binding (Salmon et al. 1997) but has been
proposed to play a role in antigenic variation of
a surface receptor (Borst 1991). The hypervariable
domain in a proposed putative transferrin receptor
structure is not as exposed on the surface as the
transferrin binding site (Salmon et al. 1997). How-
ever, the precise protein structure of this molecule has
not yet been determined. This explanation would fit
with the variability of the hypervariable region in
ESAG6 genes from both T. brucei and T. equiperdum.
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Antigenic variation, rather than adaptation to mul-
tiple hosts, would be a selection pressure operating on
both parasites.

Two areas of the ESAG6 protein involved in
transferrin binding, as established by Salmon et al.
(1997), are indicated in Fig. 3 as Box I and Box II.
T. brucei, which infects a wide range of mammalian
species with different polymorphic transferrins, shows
considerable genetic diversity in these regions of the
transferrin receptor genes. In contrast, in 7. equi-
perdum the degree of genetic diversity in Box I and
Box II is greatly reduced, as over 90% of the isolated
clones contain the same sequence in these regions.
This indicates a correlation between genetic diversity
in these regions and size of trypanosome host range.

To determine whether these differences in genetic
diversity were caused by underlying differences in
selection pressure, we undertook a ML analysis of
dn/ds ratios in the ESAG6 sequences from T. equi-
perdum and T. brucei. In both species there was
strong evidence of positive selection, as model M8
(see Materials and Methods) was significantly fa-
vored over model M7 in all cases (p <0.001) and
contained a class of codons with dn/ds > 1. Similar
results were seen for the other models of codon
evolution (results not shown; available from the au-
thors on request). Further, all models gave similar
values for the strength of positive selection: dy/
ds = 5.5 for T. equiperdum and dy/ds = 4.7 for
T. brucei. In the case of T. brucei, the Bayesian ap-
proach identified sites 16, 17, 18, 22, 51, 66, and 94 as
having greater than >95% chance of falling into the
positively selected class under model M8. Four of
these sites (16, 17, 18, and 22) fell in the hypervariable
region, and, significantly, one (site 94) fell in the
transferrin binding region (Box II) that is conserved
in T. equiperdum. This confirms that the selective
regime differs between these species. Unfortunately,
the small number of sequences available for 7. equi-
perdum meant that we were unable to use Bayesian
methods to identify individual positively selected sites
accurately in this case. Despite sequencing 114
T. equiperdum ESAGG6 genomic clones, we only found
10 of the expected total of 16 sequence variants esti-
mated by PCR. It is likely that multiple T. equiperdum
ESAG6 genes are identical in this area of the gene.

As it is probable that 7. equiperdum has evolved
from T. brucei after losing the ability to be passaged
through tsetse flies (Brun et al. 1998), it is likely that
the genetic diversity present in an earlier 7. equiper-
dum ancestor was lost. Phylogenetic analysis com-
paring the T. equiperdum ESAGG6 sequences with
those of T. brucei shows that they cluster within a
subset of the T. brucei sequences, although they do
not form a monophyletic group (Fig. 4). This indi-
cates that in the absence of the selection pressure
operating on a parasite needing to infect multiple
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Fig. 4. Maximum likelihood phylogenetic tree of ESAG6 se-
quences from T. equiperdum and T. brucei. The sequences are as
indicated in Fig. 3. The names of the 7. equiperdum sequences are
boxed. Some different names for the same sequence are also indi-
cated. The tree is midpoint rooted for purposes of clarity only, and
all horizontal branch lengths are drawn to scale. Bootstrap support
values (>70% in 1000 replications) are shown for key nodes only.

mammalian hosts, genetic diversity in genes involved
in host adaptation appears to be reduced.

Discussion

We attempted to address whether there is a correla-
tion between the genetic diversity of genes shown to
be involved in parasite-host adaptation and the size
of the host range. We show that although 7. equi-
perdum and T. brucei have approximately similar
numbers of ESAGO6 transferrin receptor genes, the
T. equiperdum ESAGG6 sequences are related to a
subset of the 7. brucei ESAG6 sequences, indicating
that they are less diverse. Our ML analysis of selec-
tion pressures acting on ESAG6 also found significant
evidence of positive selection acting on both 7. equ-
iperdum and T. brucei. However, the T. equiperdum
ESAG6 genes appear to be less diverse than those of
T. brucei in the ESAG6 Box I and Box II shown to be
directly involved in transferrin binding (Salmon et al.
1994), the latter of which shows evidence of positive
selection in 7. brucei.

As T. equiperdum naturally infects only equines
rather than the large range of mammals which can be
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infected by T. brucei, this is consistent with genetic
diversity being lost in the absence of selection pres-
sure. This finding supports the proposal that the
multiplicity of polymorphic V'SG ESs confers an ad-
vantage to 7. brucei in adapting to multiple hosts
(Bitter et al. 1998; Gerrits et al. 2002). Although
T. equiperdum and T. brucei primarily inhabit differ-
ent tissues, this is unlikely to explain the observed
differences in the degree of genetic diversity of the
transferrin receptor genes within the two species.
Uptake of transferrin within different tissues of one
host should not require different sets of parasite
transferrin receptors.

In general in microorganisms, genetic diversity
appears to get lost in the absence of positive selection
pressure (Moran 2002). We assume that this is also
the case in T. brucei and T. equiperdum. As T. equi-
perdum is evidently closely related to T. brucei, this
loss of genetic diversity in some regions of their ES
genes must have occurred relatively recently. There is
indirect evidence that homogenization could be con-
tinuously occurring in VSG ES sequences, which
would speed up the loss of diversity in the absence of
selection pressure to maintain it. For example, com-
parison of all known sequenced T. brucei VSG ESs
shows the conservation of an ESAG3 pseudogene
downstream of ESAGS in five of the six ESs (Berri-
man et al. 2002). In addition, an ESAG4 pseudogene
is present upstream of multiple 7. brucei VSG
ESs (Berriman et al. 2002). It is unclear why these
nonfunctional ES sequences have been maintained.
One possibility is that 7. brucei VSG ESs have
arisen relatively recently from a single precursor.
Alternatively, gene conversion events between VSG
ES-containing telomeres could result in their homo-
genization in the absence of a selective pressure
maintaining genetic diversity. Gene conversion events
between telomeric V'SG ESs appear to be a relatively
frequent event in 7. brucei, as they play a role in VSG
switching (McCulloch et al. 1997; Robinson et al.
1999). Gene conversion plays a major role in ho-
mogenization of other multicopy gene families in-
cluding the multiple ribosomal DNA transcription
units in yeast and Drosophila (Schlotterer and Tautz
1994; Gangloff et al. 1996).

In contrast to the results with the ESAG6 trans-
ferrin binding site, there is clear sequence variation in
the hypervariable domain of ESAG6 in both T. equ-
iperdum and T. brucei (Zomerdijk et al. 1990). It has
been proposed that variability in this region could
play a role in antigenic variation of a surface receptor
(Borst 1991). Mutations in this region (mutations 7
and 8 in Table I of Salmon et al. [1997]) did not
significantly affect transferrin binding. The transfer-
rin receptor appears to be very similar in structure to
a VSG (Salmon et al. 1997). Superposition of the
transferrin receptor amino acid sequence on the
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known VSG structure indicates that the residues of
the transferrin binding site are present in loops that
are particularly exposed to the extracellular envi-
ronment (Salmon et al. 1997). Although the hyper-
variable domain is also near the tip of the molecule, it
is unclear whether it is antigenically exposed. Anti-
genic variation of a surface receptor therefore re-
mains possible. T. equiperdum, although naturally
infecting only a very restricted number of species,
would be exposed to the same immune selection
pressures as 7. brucei when present in the blood-
stream.

Why would T. equiperdum have so many VSG ESs
when, in theory, it only needs one? One possibility is
that T. equiperdum has diverged from T. brucei rela-
tively recently, so that there has been insufficient time
for a drastic loss of genetic diversity. However, the
presence of multiple V'SG ESs presumably also con-
fers additional options to a trypanosome switching
VSG genes during antigenic variation. One mecha-
nism mediating a VSG switch is an in situ switch
between VSG ESs (Bernards et al. 1984). Another
mechanism involved in VSG switching is telomere
conversion, which appears to be particularly frequent
between VSG ES-containing telomeres (McCulloch
et al. 1997; Robinson et al. 1999). A large number of
expression sites would facilitate switching via either
of these mechanisms.

T. equiperdum can infect mammals in addition to
equines and can be maintained in laboratory mam-
mals such as mice, rats, and rabbits in experimental
infections. However, this is an artificial situation and
does not reproduce the selection pressures operating
in the wild. For example, 7. brucei variants with
different active V'SG expression sites can be effectively
grown in laboratory rodents or in fetal calf serum,
even when the transferrin receptor expressed has
suboptimal affinity for the transferrin source in the
growth medium (Bitter et al. 1998; Salmon et al.
1997; Gerrits et al. 2002). However, in mixed infec-
tions present in the field, trypanosomes expressing
suboptimal transferrin receptor subunits are pre-
sumably competed out.

It is plausible that the extensive polymorphisms
found in the large gene families present in different
T. brucei VSG expression sites play a role in host
adaptation (Bitter et al. 1998; Pays et al. 2001). The
challenge comes in determining the selective advan-
tage that this genetic diversity confers.
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