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PREFACE

This volume opens with an account by Wendy Gibson and Jamie Stevens, of
the University of Bristol (UK), of what is known about sexual reproduction
in the family Trypanosomatidae. The occurrence of sex in this group of
parasitic flagellates is a relatively new discovery. When the late Cecil Hoare
was writing his monograph on the trypanosomes of mammals about 25
years ago, he stated that ‘All the available evidence indicates that the
reproduction of trypanosomes throughout their life cycle ... is asexual’
(Hoare, C.A. (1972): The Trypanosomes of Mammals. Oxford and
Edinburgh: Blackwell Scientific Publications, pp. 48—49), although from
very early in the history of ‘trypanosomatology’ various accounts of alleged
sexual processes were reported in the literature. Hoare was rightly sceptical
of these early accounts, referring to the authors’ ‘obsession with sexuality’,
‘fantastic views’ and ‘highly fanciful’ descriptions. However, Gibson and
Stevens discuss the careful work, in which the senior author played a
significant part, beginning with the crossing experiments reported by Leo
Jenni and his co-workers in 1986, which eventually led to general acceptance
of the occurrence of genetic exchange — at least in the species Trypanosoma
brucei and very probably in other species and genera as well, by a process
which bore no relationship to the ‘fanciful’ processes described by the earlier
authors. It remains true, however, that no one has yet succeeded in
visualizing the process involved, so its mechanism remains unclear.

Andrew Hemphill, of the University of Bern (Switzerland), reviews the
protozoan parasite, Neospora caninum. This genus was erected as recently as
1988 to describe an apicomplexan parasite, antigenically distinct from
Toxoplasma, causing neuromuscular disease in dogs. The same parasite was
then found to be responsible for abortion in cattle, and it has now been
reported from other herbivores in many parts of the world. The life cycle has
very recently been elucidated. The author describes new sensitive and specific
molecular tools for the detection of the parasite which should help to determine
its importance as a cause of disease in animals, and possibly in humans.

The volume continues with two linked reviews of the proteolytic enzymes
of parasites. First, the proteases of almost all the medically important
protozoan parasites of humans are discussed by Philip Rosenthal of the
University of California, San Francisco (USA), who finds that almost ali
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express multiple proteases. Cysteine proteases, which act either intracellu-
larly or extracellularly in lysosome-like organelles, are present in all, and the
importance of these and of other proteases in the life cycle of the parasites
suggests that they may present a powerful new target for antiparasitic
chemotherapy.

We are also extremely fortunate to have a chapter dedicated to the
proteinases of parasitic helminths written by key workers in this field: Jose
Tort, Kenneth Wolfe and John Dalton from Dublin, Republic of Ireland,
Paul Brindley from Brisbane, Australia and Dave Knox from Edinburgh,
Scotland.

The proteinases of helminths, and their associated genes, have been under
close scrutiny in recent years because of their recognized importance in many
aspects of the parasitic way of life. Proteinases are involved in tissue
penetration, digestion and evasion of host immune responses. In this review,
particular attention is given to digenean trematodes of medical and economic
importance, cestodes and nematodes parasitizing animals and plants.
Interesting points emerge from the wealth of literature reviewed, and of the
four major groups of peptidases — serine, aspartic, cysteine and metallo-
proteinases — it is the papain superfamily of cysteine proteinases which has
been most characterized from parasitic worms. The final section of the review
is devoted to an in-depth phylogenetic analysis of this group of proteinases,
which includes a comparison with similar proteinases from protozoan
parasites.

The volume ends with an account by Andreas Vilcinskas and Peter Gotz,
from the Free University of Berlin (Germany), of parasitic fungi which
infect insects. The authors examine the ways in which these two groups of
disparate organisms interact at the molecular level, concentrating on fungal
molecules involved in virulence and on insect molecules involved in the
humoral immune response. Study of this rather unusual model system has
shed new light on mechanisms of fungal pathogenesis, and the authors hope
that their studies may be extended to the molecular interactions between
insects which act as vectors and the parasites which they transmit to humans
and other animals.

J.R. Baker
R. Muller
D. Rollinson
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2 W. GIBSON AND J. STEVENS

ABSTRACT

The only trypanosomatid so far proved to undergo genetic exchange is
Trypanosoma brucei, for which hybrid production after co-transmission of
different parental strains through the tsetse fly vector has been demonstrated
experimentally. Analogous mating experiments have been attempted with
other Trypanosoma and Leishmania species, so far without success.
However, natural Leishmania hybrids, with a combination of the
molecular characters of two sympatric species, have been described
amongst both New and Old World isolates. Typical homozygotic and
heterozygotic banding patterns for isoenzyme and deoxyribonucleic acid
markers have also been demonstrated amongst naturally-occurring 7. cruzi
isolates.

The mechanism of genetic exchange in T. brucei remains unclear,
although it appears to be a true sexual process involving meiosis.
However, no haploid stage has been observed, and intermediates in the
process are still a matter for conjecture. The frequency of sex in
trypanosomes in nature is also a matter for speculation and controversy,
with conflicting results arising from population genetics analysis.

Experimental findings for T. brucei are discussed in the first section of
this review, together with laboratory evidence of genetic exchange in other
species. The second section covers population genetics analysis of the large
body of data from field isolates of Leishmania and Trypanosoma species. The
final discussion attempts to put the evidence from experimental and
population genetics into its biological context.

1. INTRODUCTION

Trypanosomatids are unicellular, obligate parasites found in a wide variety
of invertebrates and vertebrates in nature. Some of these flagellates have
monogenetic life cycles, but the notorious members of the family are the
digenetic species responsible for the vector-borne diseases leishmaniasis and
trypanosomiasis, which affect humans and domestic livestock in the warmer
regions of the world.

Genetic exchange in trypanosomatids has been unequivocally demon-
strated in only one species, Trypanosoma brucei, and these laboratory
findings will be discussed in the first section of this review, together with
experimental evidence of genetic exchange in other species. The second
section covers population genetics analysis of the large body of data from
field isolates of Leishmania and Trypanosoma species. Our final discussion



GENETIC EXCHANGE IN THE TRYPANOSOMATIDAE 3

attempts to put the evidence from experimental and population genetics into
its biological context.

2. LABORATORY EXPERIMENTS ON GENETIC EXCHANGE

2.1. Experimental Crosses of Trypanosoma brucei

2.1.1. Experimental Design

The first successful laboratory cross was carried out by Jenni et al. (1986),
who co-transmitted two clones of Trypanosoma brucei ssp. through tsetse
flies (Glossina spp.) and demonstrated hybrid progeny among the metacyclic
forms from the salivary glands. The two parent clones were distinguishable
by isoenzymes and restriction fragment length polymorphisms (RFLPs),
and the cloned hybrid progeny had inherited a mixture of markers from
both parents. Further crosses followed this general scheme (Figure 1).
Briefly, equal numbers of the two parental trypanosome clones were mixed
and fed to groups of teneral tsetse flies. Not all flies became infected after the
infected feed, and only some infected flies produced hybrids. Thus large
numbers of flies and trypanosome populations needed to be screened to
identify those containing hybrids. Mating is non-obligatory, so the
metacyclic population from the salivary glands may contain a mixture of
parents and hybrids. Before the use of selectable markers, hybrid-containing
populations were identified by the presence of either heterodimeric
isoenzyme bands unique to hybrids (Jenni et al., 1986) or non-parental
karyotypes after pulsed field gel electrophoresis (PFGE; Gibson, 1989).

The development of methods for the stable transformation of trypano-
somes with exogenous deoxyribonucleic acid (DNA) (Lee and Van der
Ploeg, 1990; Ten Asbroek et al., 1990; Eid and Sollner-Webb, 1991), led to a
second approach using selectable markers. In the cross described by Gibson
and Whittington (1993), each of the parental clones was transformed with a
different construct designed to integrate a gene for drug resistance into the
tubulin locus by homologous recombination. In this way, parental clones
resistant to the antibiotics hygromycin or G418 were created. After co-
transmission through the fly, hybrid progeny were selected by resistance to
both drugs. This strategy has obvious advantages over the previous ‘finding
a needle in a haystack” approach. However, since only one of the allelic
tubulin arrays carried a drug resistance marker, and assuming Mendelian
inheritance, only a quarter of the hybrid progeny would be expected to be
doubly resistant and distinguishable from the parents by selection.
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Fri]  [Paenz]

Cotransmission
via tsetse flies

)
Metacyclic clones

Parent 1 | [Hybrids J I Parent 2 J

Figure 1 General scheme of an experimental cross of Trypanosoma brucei. Genetic
exchange is non-obligatory and so both hybrids and parents are found among the
metacyclics.

Little success with generation of hybrids ir vitro has been reported, despite
the use of selectable markers (Gibson and Whittington, 1993). Schweizer
er al. (1991) observed a heterodimeric isoenzyme band after long-term co-
cultivation of procyclics of each homozygotic type, but did not succeed in
isolating the putative hybrid trypanosomes. Later work (see Section 2.1.3)
has indicated that genetic exchange probably takes place in the salivary
glands of the fly, and thus the failure to reproduce the process in vitro
probably results from the difficulty of growing these life-cycle stages outside
the fly.

2.1.2. Mating Compatibility

A number of different crosses followed the pioneering experiment of Jenni
and colleagues (1986), using all combinations of subspecies except Group 1
T. b. gambiense (as defined by Gibson, 1986); this is the classical avirulent
type of T. b. gambiense, which is very difficult to transmit through tsetse flies
in the laboratory. Most of the parental isolates used in these crosses
originated from the two sides of Africa, an experimental design chosen to
maximize allelic differences between the parents. However, Schweizer et al.
(1994) crossed two parental isolates from East Africa (Tanzania and
Uganda) and Degen et al. (1995) used two sympatric T. b. brucei isolates
from Uganda.

From Table 1, which lists the laboratory crosses carried out to date, it
appears that there is no barrier to genetic exchange between different



Table 1 Published experimental crosses of T. brucei spp.

Parents?

References

=T O mgam »

NNNN NN NHNN S

o O o O T T heal

oo o T

. brucei STIB 247

. brucei STIB 247
. brucei TREU 927/4
. brucei STIB 247
. brucei TSW 196

. brucei TSW 196
. brucei KP2N

. rhodesiense 058H
. brucei STIB 826
. rhodesiense 058H
. brucei KP2N

X X X X X

X X

X X X X

T. b. gambiense Group 2® STIB 386

. brucei TREU 927/4

. gambiense Group 2° STIB 386
. brucei STIB 777

. rhodesiense 058

oo o O

. brucei 110
. rhodesiense 058H

o~ O

brucei spp. P20°

. b. brucei STIB 829

. b. gambiense Group 2° TH2
. b. gambiense Group 2° TH2

NNNNONS O NNNN

Jenni et al., 1986; Paindavoine et al., 1986a;
Wells et al., 1987; Sternberg et al., 1988, 1989
Turner et al., 1990

Turner et al., 1990

Schweizer et al., 1994

Gibson, 1989; Gibson & Garside, 1990;
Gibson et al., 1992

Gibson & Garside, 1991

Gibson & Whittington, 1993; Gibson & Bailey,
1994; Gibson et al., 1997a

Gibson et al., 1995

Degen et al., 1995

Gibson et al., 1997a

Gibson et al., 1997a

2 Trypanosome origins: STIB 247, hartebeest, Tanzania, 1971; STIB 386, human, Céte d’Ivoire, 1978; TREU 927/4, tsetse, Kenya, 1970;
STIB 777, tsetse, Uganda, 1971; TSW 196, pig, Cote d’Ivoire, 1978; 058, 058H, human, Zambia, 1974; J10, hyena, Zambia, 1973; KP2N,
tsetse, Cote d’lvoire, 1982; STIB 826, 829, tsetse, Uganda, 1990.
YGroup 2 virulent T. b. gambiense as defined by Gibson (1986).

°F1 hybrid from KP2N x 058H cross (Gibson and Bailey, 1994).
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subspecies or strains of T. brucei. Other lower eukaryotes have multiple
mating types, designed to favour out-crossing, but it is as yet unclear what
factors, if any, control compatibility in trypanosomes. The three-way cross
carried out by Turner and colleagues (1990) to give all pairwise
combinations of three stocks ruled out the possibility of a simple two-sex
mating system. Evidence for intraclonal mating has been found in two
independent crosses but, in both cases, it was in the presence of out-crossing
trypanosomes. Tait et al. (1996) described five clones, which were identical
to parent | for homozygous isoenzyme markers, but showed homozygosity
at one or more loci where parent 1 was heterozygous. When heterozygous
clones were singly transmitted through tsetse flies, similar reduction of
heterozygosity to homozygosity was not found (Tait ef al., 1989). Gibson et
al. (1997a) carried out a series of intraclonal and out-crosses, using parental
trypanosomes with drug resistance markers to allow selection of hybrid
progeny by double drug resistance. While three of the out-crosses
successfully produced hybrids, none of the three intraclonal crosses gave
rise to doubly drug-resistant progeny. However, further analysis of cloned
progeny from one of the out-crosses using a battery of molecular markers
revealed five trypanosome clones which were unequivocal products of
intraclonal mating. These clones had no demonstrable input of genetic
material from one parent and were identical to the other parent for most
markers, except for five loci at which they were homozygous in contrast to
the heterozygous parent. The authors concluded that intraclonal mating
occurred only during out-crossing, and suggested that mating might be
triggered by a diffusible factor.

2.1.3. Location and Timing of Genetic Exchange in the Tsetse Fly

Jenni originally showed that genetic exchange took place in the fly, since
cloned metacyclic forms from the saliva of infected flies were hybrid (Jenni
et al., 1986); however, the exact location and life-cycle stage remained
undefined. Schweizer and colleagues found a heterodimeric isoenzyme band
suggestive of hybrid formation in mixed midgut procyclics both in vitro and
in vivo, but did not succeed in cloning these hybrids (Schweizer and Jenni,
1991; Schweizer et al., 1991). On the other hand, Gibson and Whittington
(1993), using selectable markers, were able to demonstrate unequivocally
that doubly drug-resistant hybrids could be retrieved from the salivary
gland, but not midgut, trypanosome populations of single flies. In this
experiment, batches of flies were dissected from weeks two to nine after the
infected feed, and the drug resistance of trypanosome populations from the
midguts and salivary glands was examined separately. No doubly drug-
resistant hybrid was found in the midgut populations throughout the
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experiment, whereas, from week eight, doubly drug-resistant hybrids
appeared in the salivary gland populations.

Although the evidence looks convincing that genetic exchange takes place
only after trypanosomes reach thé salivary glands, the results are also
consistent with migration to the salivary glands of a cell cycle-arrested
zygote produced in the midgut. This issue will be resolved only when
intermediates in the process can be identified and visualized directly. In this
context, it is appropriate to mention the electron microscope studies of Ellis
et al. (1982), who found giant multinucleate cysts containing multiple
organelles, including nuclei and kinetoplasts, in midgut stages of T. brucei;
cysts were observed both in trypanosomes grown in culture in vitro and also
inside tsetse midgut cells. With salivary gland forms, Nyindo er al. (1981)
observed by phase contrast microscopy and electron microscopy close
apposition between pairs of metatrypomastigotes and metacyclics in vitro in
cultures initiated from infected tsetse flies. It remains to be seen whether
further studies will prove these unusual forms to be intermediates in genetic
exchange.

Hybrids are most likely to be found in flies infected for at least 28 days
(Schweizer ez al., 1988, 1994; Gibson and Whittington, 1993; Gibson ez al.,
1997a). Production of hybrids in vivo in infected flies was followed by
Schweizer et al. (1988) from 12 to 52 days after infection by feeding
individual flies on mice and characterizing the resultant trypanosome
populations by isoenzyme electrophoresis. Nine of 23 flies with salivary
gland infections secreted hybrids at some point during the course of the
experiment, but hybrid secretion did not appear to be continuous, since pure
populations of one or both parents were also found from time to time.
Similar results were obtained by Schweizer et al. (1994) with a different
cross. Turner et al. (1990) carried out three crosses, resulting in 12 hybrid
populations in a total of 48 salivary gland infections. In Gibson and
Whittington’s experiment (1993} using selectable drug resistance markers,
hybrids were detected only in flies infected for at least eight weeks, although
salivary gland infections were present from week six onwards. Of 38 flies
infected for at least eight weeks, 22 had salivary gland infections, of which
five contained hybrids; the remaining 17 infections consisted of 12 single-
parent infections and five mixtures without doubly drug-resistant hybrids.
The compiled results for the three crosses described by Gibson et al. (1997a)
gave a total of three flies with doubly drug-resistant hybrids among 26 with
salivary gland infections at the end of the experiment (56 to 60 days after
infection). Overall, only about one quarter of infected flies produced hybrids
in these four sets of experiments (29/119 or 24%).

However, if we assume that genetic exchange takes place in the salivary
glands, there is no chance of finding hybrids in a fly in which only a single
parent has reached the salivary glands. Considering only flies with mixed
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salivary gland infections, the overall frequency of hybrid formation becomes
29/42 or 69%. In some experiments the two parental clones have clearly
been unequal in their rate of development into salivary gland forms. In the
cross performed by Schweizer et al. (1988), although parent 1 reached the
metacyclic stage after 20 days, parent 2 took only 13 days. Similarly, in the
cross reported by Gibson and Whittington (1993), salivary gland infections
consisted only of parent 058 until eight weeks after infection, when the other
parent, KP2N, also appeared. It is noteworthy that, in the three successful
crosses carried out by Gibson er al. (1997a), the parents were well matched
in developmental rate, while each pair of parents in the three crosses that
failed differed by seven days in appearance of metacyclic forms. On balance,
it seems reasonable to conclude that mating can be a frequent event in flies
where both parental trypanosomes are present in the salivary glands, but
this is often militated against by other circumstances.

2.1.4. Clues to the Mechanism of Genetic Exchange

(a) Evidence for Mendelian inheritance of markers. It is generally accepted
that T. brucei is diploid, although this concept probably does not apply to
the arrangement of single-copy, variant surface glycoprotein (VSG) genes
and smaller chromosomes (Van der Ploeg et al., 1984; Gibson et al., 1985;
Gottesdiener et al., 1990). Therefore only the inheritance of certain markers,
such as isoenzymes or RFLPs in housekeeping genes, would be expected to
conform to the Mendelian pattern. Since most crosses have used parental
clones with a high degree of homozygosity to maximize the levels of
difference, hybrid progeny are, unsurprisingly, heterozygous at most loci.
This is consistent with Mendelian inheritance, but also with other models
such as fusion.

More informative evidence has come from the segregation of alleles at loci
for which one or both parents are heterozygous, and this has been observed
in several independent crosses (Sternberg et al., 1988, 1989; Gibson, 1989;
Turner et al., 1990; Gibson and Garside, 1991; Gibson and Bailey, 1994,
Schweizer er al., 1994). However, two of these crosses also showed non-
Mendelian inheritance of markers, as some hybrid progeny were homo-
zygous instead of heterozygous as expected for markers where the parents
were homozygous variants (Sternberg ef al., 1988; Gibson and Bailey, 1994).
No satisfactory explanation has been put forward for these exceptions, other
than gene conversion or multiple rounds of mating.

By far the greatest, and potentially the most significant, anomaly,
considering straightforward Mendelian genetics, is the occurrence of a large
number of hybrids found to have high DNA contents relative to the parents.
This is dealt with in the next section.
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(b) Changes in ploidy. The three original hybrid clones described by Jenni
and colleagues were found to have much higher DNA contents than the
parents (Paindavoine et al., 1986a; Wells et al., 1987). The DNA content of
some of the hybrid clones was found to be unstable, which led to the
hypothesis that genetic exchange involved fusion of parental trypanosomes
followed by gradual loss of chromosomes to return to the diploid state
(Paindavoine et al., 1986a). However, several hybrid clones analysed
subsequently were found to have DNA contents consistent with diploidy
(Sternberg et al., 1988, 1989; Turner et al., 1990), and the original clones
were relegated to the status of artifacts.

This was not the end of the story, as similar hybrids with high DNA
contents reappeared in other crosses (Figure 2). Gibson et al. (1992) carried
out detailed RFLP, isoenzyme and karyotype analysis of two such hybrid
clones, showing them to have three alleles at several loci for housekeeping
genes (phosphoglycerate kinase, aldolase, glucose phosphate isomerase,
phospholipase C, superoxide dismutase, isocitrate dehydrogenase) and
trisomy for two chromosomes carrying, respectively, the tubulin and
phospholipase C genes. These results, coupled with DNA contents 1.5
times the parental values, strongly suggested that these clones were triploid.
Both these clones originated from a single infected fly but, in a later cross
employing drug-resistant parental trypanosomes (Gibson and Whittington,
1993), all five flies containing hybrids produced triploids, exclusively so in
the case of three flies (Gibson and Bailey, 1994). A backcross between one of
the diploid hybrid progeny from this cross and one parent also produced
only triploid hybrid progeny (Gibson et al., 1995), and similar triploid
hybrid progeny were observed in a further cross (Gibson er al., 1997a).
Overall, five of six independent crosses, in which the DNA contents of
hybrid progeny clones were measured, had hybrid clones with raised DNA
contents consistent with triploidy (crosses A, E, G, H and J, Table I;
Paindavoine et al., 1986a; Wells et al., 1987; Gibson er al., 1992, 1995,
1997a; Gibson and Bailey, 1994). Two of the five crosses which produced
triploids used wild type parents, while the remaining three used genetically
transformed parental trypanosomes.

Such a large proportion of supposedly aberrant hybrids demands an
explanation in any proposed mechanism of genetic exchange. If
subtetraploid hybrids were the product of simple fusion of parental cells
followed by random chromosome loss, as suggested by Paindavoine et al.
(1986a), a range of DNA contents between the 2n and 4n values would
have been expected. Apart from the early report of Paindavoine er al.
(19864), triploids appear to be stable during growth and fly transmission
(Wells er al., 1987; Gibson et al., 1992, 1997a). Figure 2 also shows the
DNA contents of 12 progeny clones and parents from the cross described
by Gibson et al. (1997a). There are slight but consistent differences in
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clone 7 corresponds to 3n. Progeny clone 10 has a DNA content similar to that of the parents (panel c).

Right. Flow cytometry data in graphical form from the same cross (Gibson er al., 1997a). Relative DNA contents (mean Gl peak
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DNA content between clones, perhaps reflecting differences in the
inheritance of the smaller chromosomes; nevertheless, all progeny cluster
at values consistent with either 2n or 3n. It seems plausible that triploids
arise from the fusion of haploid and diploid nuclei, with the important
corollary that the existence of haploid nuclei implies that meiosis has
occurred. The initially anomalous observation of triploid hybrids has thus
turned out to be evidence of meiosis.

(c) Inheritance of kinetoplast DNA. Kinetoplast DNA (kDNA) is the
mitochondrial DNA of kinetoplastids (reviewed by Simpson, 1986; Stuart
and Feagin, 1992; Shapiro and Englund, 1995). The structure is complex,
consisting of two sets of interlocked DNA circles in a dense network. In
T. brucei there are an estimated S0 maxicircles of 20-25 kb and 5000
minicircles of 1 kb per network. The maxicircles carry genes for
mitochondrial function and are equivalent to the mitochondrial DNA of
other eukaryotes. The minicircles, at first thought to be merely structural,
are now known to encode the guide ribonucleic acids (RNAs) necessary for
editing maxicircle transcripts (Sturm and Simpson, 1990).

So what happens to this complex structure during genetic exchange?
Initial experiments, based on analysis of maxicircle polymorphisms,
suggested that inheritance was uniparental and that either parent could
contribute KDNA to the progeny (Sternberg et al., 1988, 1989; Gibson,
1989). However, when the minicircle component of the kDNA was
examined by restriction analysis and hybridization using cloned minicircle
fragments from each parent, the surprising result was that the minicircle
networks of the hybrid progeny were heteroplasmic and inheritance of
kDNA must therefore be biparental (Gibson and Garside, 1990; Gibson et
al., 1997b). This result has been observed in three independent crosses
(E,F,G:; Table 1).

Two alternative mechanisms have been put forward to explain the
different modes of inheritance of the mini- and maxicircles (Figure 3). The
first mechanism is stochastic and assumes that a hybrid kDNA network
initially contains a mixture of both mini- and maxicircles, but that
subsequent mitotic divisions lead to the gradual loss of one maxicircle type
by random segregation. The loss of heterogeneity by the non-stringent
replication and partitioning of a relatively small number (<100) of
molecules has been discussed by Birky (1983) with reference to the
inheritance of yeast mitochondrial DNA. Such stochastic mechanisms
would not have the same homogenizing effect on the minicircles, because of
their much greater number and variety. In support of this model, Turner et
al. (1995) found that four of 11 hybrid progeny analysed in the early stages
of vegetative growth had maxicircles of both parental types and,
furthermore, the results were in agreement with theoretical calculations
based on a simple model of genetic drift.
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However, it remains difficult to reconcile the initial formation of a hybrid
kDNA network, which would involve decatenation, mixing and recatenation
of the combined networks, with the elegant control of kDNA replication at
the molecular level. A more appealing mechanism for the formation of hybrid
networks was put forward by Shapiro and Englund (1995), based on some of
their experimental observations. Shapiro (1993) showed, by selective removal
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Model 2: Exchange of minicircles

Figure 3 Mechanism of formation of hybrid kinetoplast DNA networks in genetic
crosses of Trypanosoma brucei. Model 1 illustrates the stochastic loss of maxicircle
heterogeneity after network fusion, while model 2 illustrates minicircle exchange
between adjacent parental networks (see Section 2.1.4.c).
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of minicircles, that the maxicircles form an independent network interlocked
to the minicircle network — a ‘network within a network’. During division of
the kinetoplast, individual minicircles detach from the network and replicate,
and the daughter minicircles reattach to the network (Shapiro and Englund,
1995). If parental kDNA networks came into close proximity during genetic
exchange, minicircles from one network might reattach to the other, leaving
the maxicircle component of each network unchanged (Figure 3, model 2).
Division of the heterokaryon would give rise to daughter trypanosomes with
mixed minicircle networks and maxicircles of each parental type. In support
of this model, hybrid clones have been observed which appear to be identical
for all nuclear DNA characters analysed, but which have maxicircles of each
parental type (Gibson, 1989; Gibson and Garside, 1990; Gibson et al., 1997b).
Such clones are assumed to derive from a single heterokaryon, since the
generation of identical sets of nuclear DNA polymorphisms following meiosis
is extremely unlikely. The model predicts that minicircle repertoires of such
hybrid clones should be more similar in clones which have the same maxicircle
type than in those with a different maxicircle type. This was not the case for
four clones analysed by Gibson ez al. (1997b), which all had much the same
minicircle network, and the authors concluded that minicircle mixing must
occur on a gross scale. Much the same situation would result from network
fusion and stochastic loss during replication, i.e. the stochastic mechanism
described above. Gross disruption of the minicircle repertoire would be
expected to have important consequences for hybrid viability, since correct
maxicircle editing depends on a functionally complete set of minicircles. This
might be one explanation for the high level of sequence redundancy observed
among guide RNAs (Riley ez al., 1994).

Both mechanisms assume the biparental inheritance of kDNA, which in
turn implies fusion of parental mitochondria and hence fusion of parental
cells. This has profound consequences for the copy number of other cell
components, notably the flagellum and basal body, since the heterokaryon
must initially have two flagella and two basal bodies. Robinson and Gull
(1991) showed that the kinetoplast and basal body of the flagellum are
intimately linked during cell division. Hence, if the heterokaryon proceeded
through cell division with normal replication of these structures, the
resultant trypanosomes would possess two flagella, etc., and a further
doubling of these structures would occur after every subsequent mating.
This is clearly not the case, and the simplest conclusion is that the
trypanosome solves the problem by undergoing cell fission without
replication after genetic exchange, perhaps triggered by the presence of
two kinetoplast/basal body complexes in the heterokaryon.

Before leaving the kDNA, there is one further anomalous observation. In
cross E (Table 1), one hybrid trypanosome clone was found that had
exchanged only kDNA, its maxicircles being of type 196 in a hybrid kDNA
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network, while its nuclear genotype was identical to that of the T. b.
rhodesiense parent (Gibson, 1989; Gibson and Garside, 1990). This
anomalous clone may provide evidence that genetic exchange starts with
trypanosome fusion and suggests that, in this case, the nuclear DNA
component of the second parent failed to become incorporated.

(d) Molecular karyotype analysis. Initial karyotype analysis by PFGE
showed that hybrids had new combinations of intermediate-sized (100-
1000 kb) and minichromosome DNA bands (Paindavoine et al., 1986a;
Wells et al., 1987; Sternberg et al., 1988). Indeed, these striking karyotype
differences were exploited to identify trypanosome populations containing
hybrids by their non-parental karyotypes after PFGE (Gibson, 1989;
Gibson and Garside, 1991). Comparison of the molecular karyotypes of
parental and progeny clones using Southern analysis of intact and
restriction-digested chromosomal DNAs showed that hybrid clones had
new combinations of parental chromosomal bands throughout the
resolvable range (1000 kb—2 Mb) and also sometimes had extra non-
parental bands (Gibson, 1989; Gibson and Garside, 1991; Gibson et al.,
1992, 1995; Schweizer et al., 1994; Degen et al., 1995). The origins of some of
these non-parental bands were determined by Southern analysis using
various housekeeping gene probes, which revealed that substantial
chromosomal length alterations, of the order of 10—-20% of the original
size of the chromosomal DNA molecule, had occurred (Gibson and
Garside, 1991; Gibson et al., 1992). The use of selectable markers in later
crosses had the advantage of tagging individual chromosomes, which
enabled chromosomal recombination to be demonstrated unequivocally
(Gibson and Bailey, 1994). Chromosomal recombination occurred in hybrid
progeny with some frequency, but was associated with both mitotic and
meiotic division. The higher frequency of recombination in hybrid clones
than in non-hybrid clones is, however, further evidence of meiotic division
during genetic exchange (Gibson and Bailey, 1994).

(e) Models of genetic exchange. Various models of genetic exchange in
T. brucei have been proposed (Figures 4 and 5). Some, though now
recognized to have been based on erroneous or aberrant results, were the
cause of some confusion in the earlier literature. The preliminary findings by
Paindavoine et al. (1986a) of unstable subtetraploid hybrids led to the
proposition that the mechanism of genetic exchange involved fusion
followed by random elimination of DNA to return to a diploid state.
However, at the same time, haploid metacyclics were reported in 7. brucei
by Zampetti-Bosseler et al. (1986), and the subtetraploid hybrid clone was
also shown to reduce its DNA content by half following fly transmission
(Paindavoine et al., 1986a). These observations were combined into the
somewhat complicated model shown in Figure 4 (Paindavoine ef al., 1986a).
No further evidence to support this ‘fusion followed by chromosome loss’



GENETIC EXCHANGE IN THE TRYPANOSOMATIDAE 15

model of Paindavoine et al. (1986a) has been obtained, and indeed all
subsequent reports of subtetraploids described stable triploids (see Section
2.1.4.b). The idea of haploid metacyclics also failed to be substantiated by
other workers (Kooy et al., 1989; Tait et al., 1989), although the fleeting
occurrence of such a life-cycle stage cannot be ruled out. The technique of
Feulgen microfluorometry for measuring DNA content seems to be
somewhat prone to error, perhaps because so few cells (of the order of
100) can be measured compared to flow cytometry (of the order of 50 000);
additionally, discrepancies may have arisen from different binding
characteristics of the fluorescent dye to cell cycle-arrested metacyclics
compared to actively dividing procyclic and bloodstream forms.
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Figure 4 Models of genetic exchange in Trypanosoma brucei proposed by
Paindavoine et al. (1986a). Scheme a shows the ‘normal’ sexual cycle with
production of haploid metacyclics; scheme b shows the aberrant cycle deduced for
the subtetraploid hybrids. No further evidence was found for either scheme (see
Section 2.1.4.¢).
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Figure 5 Models of genetic exchange in Trypanosoma brucei based on the
proposals of Gibson (1995). Schemes a and b involve meiosis and fusion. In scheme
a, fusion occurs first, and in scheme b, meiosis occurs first. Note that a haploid stage
has not been substantiated during the life cycle of T. brucei (see Section 2.1.4.e).

By far the greatest weight of evidence indicates that normal genetic
exchange in T. brucei involves meiosis and fusion (see Sections 2.1.4.a and
c), but the order of these processes remains doubtful. Evidence for meiosis
rests on (i) most markers being inherited in the Mendelian fashion, (ii) the
high frequency of aberrant triploid hybrids, indicating that fusion of haploid
and diploid nuclei is a common mistake during genetic exchange, and (iii)
the higher frequency of recombination observed in hybrid than in non-
hybrid progeny. The evidence for cell fusion rests on the observation of
heteroplasmic inheritance of kDNA. Gibson (1995) attempted to combine
all the experimental results into a single model, which in reality comprises
the two scenarios illustrated in Figure 5. Each model includes fusion and
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meiosis, but in alternative orders. Figure 5a shows fusion of diploids to
create a heterokaryon, which undergoes meiosis to produce diploid progeny.
Figure 5b shows meiosis followed by fusion of haploids; note, however, that
there is no evidence for a haploid stage in T. brucei (see above, this Section).
Both models allow formation of triploids, as an error of either meiosis
(Figure 5a) or fusion (Figure 5b). Currently there is no evidence, other
than the lack of a haploid stage, to favour either model. One should also
bear in mind that these are the simplest models consistent with the
experimental observations; the real mechanism may be quite complex. As
observed by Walker (1964), and considering the oddities of trypanosome
biochemistry in general (e.g. discontinuous transcription, glycosomes,
kinetoplast DNA, RNA editing), there is no reason to suppose that this
ancient eukaryote may not also have evolved its own unique mode of sexual
reproduction.

2.1.5. Inheritance of Phenotypic Traits

(a) The trait for human-infectivity. Several crosses have featured one
parental trypanosome of known infectivity to humans, i.e. T. b. rhodesiense or
Group 2 T. b. gambiense, mated to a non-human-infective T. b. brucei clone
(see Table 1). This raises important questions, not only about the inheritance
of the trait for human infectivity but also about the taxonomy of these
subspecies, which is based on their ability to infect humans. The cross
reported by Gibson (1989) between T. b. rhodesiense and T. b. brucei (cross E,
Table 1) enabled analysis of the inheritance of the trait for human infectivity
by the blood incubation infectivity test (BIIT; Rickman and Robson, 1970).
In this test trypanosomes are incubated with human blood in vitro and their
subsequent infectivity tested in mice; trypanosomes which are resistant to lysis
are potentially human-infective. The test relies on differential killing of T. 5.
brucei by a trypanolytic factor in human blood (reviewed by Hajduk et al.,
1992). In the cross, the T. b. rhodesiense parent was found to be resistant to
human serum, while the other parent was sensitive as expected. The BIIT
response of two of the hybrid clones was identical to that of the T. 5.
rhodesiense parent, showing that the trait of human infectivity can be
inherited undiminished. The other hybrid clones either were sensitive to
human serum or gave an intermediate result, implying that human serum
resistance is not inherited as a simple dominant trait.

Degen et al. (1995), using an in vitro version of the human serum
resistance test whereby metacyclic or bloodstream form trypanosomes are
cultured with human (test) or horse (control) serum (Jenni and Brun, 1982;
Brun and Jenni, 1987), found that all parental and progeny clones from their
cross of two Ugandan T. brucei ssp. stocks from wild-caught tsetse flies
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(cross I, Table 1) were sensitive to human serum and therefore most
probably T.b. brucei. Gibson and Mizen (1997) tested metacyclic
trypanosomes from flies infected with parental and progeny clones from
cross G (Table 1) of T.b. rhodesiense and T. b. brucei. Again, the
T. b. rhodesiense parent was found to be serum-resistant and the T. b.
brucei parent serum-sensitive as expected, while five progeny clones were
serum-resistant and five were serum-sensitive. However, two pairs of clones
which were indistinguishable by DNA polymorphisms (Gibson and Bailey,
1994) had opposing responses to human serum. Although negative results
from human serum resistance tests are always doubtful, positive results (i.e.
serum resistance) are unequivocal. Thus, we can be certain that the trait for
human serum resistance can be passed to hybrid progeny, with clear
implications for the epidemiology of sleeping sickness and the taxonomy of
T. b. rhodesiense and T. b. brucei.

(b) Drug resistance. Gibson and colleagues have used genetically
engineered drug resistance markers extensively for selection of hybrid
trypanosomes (Gibson and Whittington, 1993; Gibson and Bailey, 1994;
Gibson et al., 1995, 1997a). The advantage of rendering trypanosomes drug-
resistant in this way is that it does not require prolonged passage with
increasing levels of drug, during which fly transmissibility might be lost. On
the other hand, inheritance of a drug resistance phenotype in experimental
crosses allows the genetic basis of drug resistance to be determined directly.
To this end, Scott et al. (1996) described clones of 7. brucei with stable
resistance to the two drugs cymelarsen (MelCy) and suramin.

(c) Variant surface glycoproteins. Genes for VSGs have been used as
genetic markers to analyse progeny from most crosses. Interpretation of the
results is not as straightforward as for housekeeping genes, however,
because of the single-copy, non-diploid arrangement of VSG genes. Their
organization into families of related genes (Frasch et al., 1982) has also been
exploited to provide ‘VSG fingerprints’ with which to compare parents and
individual hybrids (Gibson, 1989).

Turner et al. (1991) examined expression of VSG genes in parents and
progeny from the cross described by Sternberg et al. (1989) by using antisera
raised against individual variant antigen types (VATs). As expected from the
inheritance of VSG genes, each hybrid progeny clone contained some VATSs
from each parent, but not all. VAT expression in the hybrid progeny
appeared to follow the same rules as in the parents, with parental metacyclic
and bloodstream VATSs being expressed in the appropriate hybrid stages,
and individual progeny expressing only one VAT at a time. Importantly, the
VAT repertoires of the hybrids appeared to be larger than those of the
parents, since the hybrids had inherited more than 50% of the VATs of each
parent. As emphasized by the authors, genetic recombination is a powerful
mechanism for generating diversity in antigenic repertoires.
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In addition to VSGs, Pearson and Jenni (1989) carried out a preliminary
analysis of the parents and one hybrid clone from the cross reported by
Jenni et al. (1986), using high-resolution two-dimensional gel electrophor-
esis. This technique, although demanding, extends phenotypic analysis to
the hundreds of different proteins that can be labelled radioactively during
culture. Surprisingly few protein differences were observed between parental
and hybrid clones compared to the large number of RFLP and PFGE
karyotype differences observed between the same clones previously
(Paindavoine et al., 1986a; Wells et al., 1987). Nevertheless the hybrid
clone’s gel showed spots corresponding to both forms of a protein found
separately in each parent, thus confirming its hybrid status, and the two-
dimensional protein ‘fingerprints’ were stable after tsetse fly transmission
and cloning.

2.2. Other Trypanosomatids

Compared to the wealth of experimental data available for T. brucei,
evidence for genetic exchange in other trypanosomatids is scanty. The
reviews by Walker (1964) and Tait (1983) cover the older literature on this
subject.

Although several laboratories have doubtless attempted to set up
experimental crosses of 7. cruzi, T. congolense and other species of
Trypanosoma and Leishmania, along similar lines to those carried out with
T. brucei, these experiments have largely been unreported because of their
lack of success. Some of these species have the advantage of being much
more easily manipulated in vitro than T. brucei, which would have greatly
facilitated analysis. Most of the published evidence is based instead on the
observation of putative hybrid isoenzyme or RFLP patterns in field isolates
(see Sections 3.3.4 and 3.3.5). However, there are also several intriguing
studies which have described various unusual morphologies interpreted as
sexual stages.

By electron microscopy, Deane and Milder (1972) demonstrated
epimastigotes with cytoplasmic linkages to others among populations of
T. (Megatrypanum) conorhini, a tropical rat trypanosome transmitted by
triatomine bugs. These authors observed ‘cyst-like bodies’ with multiple
nuclei, kinetoplasts and other organelles, on the edge of colonies of
epimastigotes growing in rosettes, which they interpreted as products of the
fusion of epimastigotes; the appearance of the cyst-like bodies was sudden
and was not associated with depletion of nutrients in the culture medium.
These cyst-like bodies were somewhat similar to the giant multinucleate
forms observed by Ellis ez al. (1982) in T. brucei (see Section 2.1.3) as well as
in T. rangeli and another unidentified trypanosome of South American
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origin. Besides appearing in cultures, giant forms of T. rangeli also occurred
in the gut cells of triatomine bugs and in the muscle layers around their
salivary glands. These reports echo the description of intraceilular stages of
T. lewisi, which occasionally occur in infected fleas and have no satisfactory
explanation in terms of the trypanosome’s life cycle (Molyneux, 1969;
Hoare, 1972).

Lanotte and Rioux (1990) directly observed apparent cell fusion between
cultured promastigotes of L. infantum and L. tropica filmed by video
microscopy, and Walters et al. (1993) described a similar phenomenon in
L. major in the sandfly host. Possible evidence for cell fusion of amastigotes
of L. major or L. tropica inside individual macrophages in cell culture was
obtained by Kreutzer et al. (1994) using Feulgen microspectrophotometry.
In these experiments, there were two populations of amastigotes with DNA
contents of either 1x or 2x, with no intermediate value as would be expected
for cells in vegetative growth; promastigotes of the same isolates formed a
single population with a constant DNA content of 1x. This technique is
limited by the small number of cells that can be analysed (see comment in
Section 2.1.4.e).

An alternative approach to analysing genetic exchange in the medically
important trypanosomatids with rather complicated life cycles is to use a
monoxenous trypanosomatid as a model system. Glassberg et al. (1985)
exploited the considerable technical advantages of using Crithidia fascicu-
lata, a parasite of the gut of mosquitoes, which can be grown easily as
colonies on agar plates. Stable, drug-resistant mutants were selected after
chemical mutagenesis, mixed in culture and subsequently plated out to
determine drug resistance phenotype. In two of six trials, doubly drug-
resistant putative hybrid colonies developed. The problem of reproducibility
led the authors to a rather cautious interpretation of the results of these
promising experiments.

3. EVIDENCE FROM POPULATION GENETICS AND EVOLUTIONARY
STUDIES

3.1. Introduction

Approaches to the investigation of genetic exchange in natural populations
of trypanosomatids are now well established. Studies are generally based on
molecular characterization data derived from a representative sample of
isolates from the population under study, and data are then analysed with
appropriate mathematical techniques using population genetics methods
and/or phylogenetic methods, Although the former, as the name suggests,
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are used at the population level, the latter have been developed primarily for
evolutionary studies and are therefore generally inappropriate for use with
the rapidly evolving molecular markers employed in population genetics
studies. Consequently, while certain phylogenetic methods have been
shown to be useful in studies of recombination in micro-organisms, e.g.
Trypanosomatidae (Cibulskis, 1986) and human immunodeficiency virus
strains (Robertson et al., 1995), their use is limited, and they will be
discussed only briefly in this review.

The ability to study recombination and sexual processes at the population
level in trypanosomatids was made possible by the application of molecular
characterization methods, such as isoenzyme electrophoresis and RFLP
analysis. The widespread introduction of such techniques, together with an
increase in the use of computers, allowed the population genetics of
trypanosomatids to be explored in depth. In 1990, Tibayrenc and colleagues
proposed the theory of clonality of parasitic protozoa, which suggested that
the predominant mode of reproduction in a number of genera was clonal.
This opened a wide and continuing debate on the relative importance of
sexual and clonal reproduction in the trypanosomatids, as well as other
protozoa, and stimulated interest in this whole area of research (Gibson,
1990; Cibulskis, 1992; Stevens and Welburn, 1993; Hide er al., 1994;
Tibayrenc, 1995; Stevens and Tibayrenc, 1996; Gibson et al., 1998).

3.2. Methods

The aim of population genetics methods is to provide a measure of gene flow
within and between natural populations. In practice, this is achieved by
testing for the presence of subdivisions within a given sample population,
between which gene flow is either restricted or absent (see Tibayrenc, 1995);
the resulting statistics thus equate to indirect measures of gene flow. The use
of such measures to analyse field data can provide valuable information
concerning the frequency and impact of recombination events in natural
populations of trypanosomatids (Tait, 1980, 1983; Cibulskis, 1988;
Tibayrenc et al., 1990, 1991; Stevens and Welburn, 1993).

As a first step in determining the level of genetic exchange within a
population, a null hypothesis (Hyp) that the population is randomly mating,
i.e. panmictic, is assumed. A significant variation from Hy implies a non-
panmictic population structure; statistics used to demonstrate departures
from panmixia consider either the lack of segregation or the lack of
recombination (see below). In turn, such departures may be interpreted as
evidence that gene flow in the study population is restricted (Cibulskis, 1988;
Tibayrenc et al., 1990, 1991; Stevens and Welburn, 1993). Although such a
result may be due to a genuine difference in reproductive strategy from that
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of a panmictic, sexual organism, the possibility of population sub-
structuring, which can also affect gene flow, should also be considered
(Maynard Smith er al., 1993; Stevens and Tibayrenc, 1996). Non-significant
variation from panmixia and the associated inability to reject Hy represent a
specialized case and are discussed below. Finally, as Tibayrenc (1996)
indicated, although all tests rely on the same basic principle (departures
from panmixia), levels of resolution will differ between tests. These
differences should be borne in mind when drawing conclusions based on
the results of different tests.

3.2.1. Segregation Tests and Ploidy

Segregation tests are based on the concept of Hardy—Weinberg equilibrium,
in which there is random reassortment of different alleles at a given locus.
Such tests require that alleles are identifiable and that the ploidy level of the
organism being studied is known and greater than one.

In T. brucei, although the ploidy of the smaller chromosomes is
problematic, the larger chromosomes which contain housekeeping genes
are diploid (Gibson et al., 1985; Gibson and Borst, 1986; Gottesdiener et al.,
1990). In T. cruzi, the sitvation is less clear. Although numerous isoenzyme-
based characterization studies have detected heterozygous patterns which
can be interpreted as diploid hybrids (e.g. see Tibayrenc et al., 1981, 1985,
1986), direct studies of ploidy suggest that the situation is more complex.
PFGE analysis by Gibson and Miles (1986) led them to conclude that
chromosome size and organization is highly variable in T. cruzi and that, at
the minimum, 7. cruziis diploid. Dvorak (1984) and McDaniel and Dvorak
(1993) found substantial (30%-70%) differences in total DNA content
between T. cruzi clones, leading them to propose that 7. cruzi may be
aneuploid. Diploidy can thus be taken only as a working hypothesis for
population genetics studies of T. cruzi.

In Leishmania spp., a similar state of uncertainty is apparent (Bastien et
al., 1992). Although numerous characterization studies based on isoenzymes
(e.g. by Maazoun et al., 1981; Le Blancq et al., 1986; Evans et al., 1987),
RFLPs (e.g. Kelly et al., 1991) and molecular karyotype (e.g. Dujardin et al.,
1993, 1995) have identified band patterns indicative of diploid hetero-
zygotes, direct determination of ploidy has proved difficult. Nevertheless,
diploidy is again taken as a general working hypothesis for population
genetics studies of Leishmania spp.

Segregation tests, assuming diploidy, have been applied to the analysis of
trypanosomatid population data, predominantly isoenzyme patterns, in a
number of highly informative studies. The seminal work of Tait (1980) used
classical Hardy—Weinberg statistics to reveal genetic exchange in African
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trypanosomes isolated from the field, although a later study by Cibulskis
(1988) underlined some of the pitfalls associated with single-locus Hardy—
Weinberg analysis when sample sizes are small. The randomization
approach developed by Cibulskis (1988) was extended by Stevens and
Welburn (1993) to study genetic exchange in epidemic populations, together
with a multilocus approach (Workman, 1969).

3.2.2. Recombination and Linkage Methods

Recombination tests are multilocus analyses which offer a powerful
alternative to segregation methods. They have the advantage that they can
be used whatever the ploidy level of the study organism. Indeed, such
methods can even be used when the ploidy level is unknown (and perhaps
indeterminate) and when individual alleles cannot be defined precisely. The
only requirement is that loci are independent from one another (Tibayrenc,
1995, 1996).

Primarily, the tests rely on demonstrating departures from random
assortment, in which the expected frequency of a given multilocus
genotype is simply the product of the observed frequencies of the
individual genotypes which make it up. Data which are randomly assorted
conform to a random distribution; such a distribution is the only state for
which statistical criteria can be readily defined, and is taken as the null
hypothesis (Hg). Studies of organisms proven to be undergoing regular
genetic exchange also indicate that disequilibrium between loci is rare and
that departures from equilibrium are not generally observed (reviewed by
Cibulskis, 1988). Thus a significant variation from Hy can be interpreted as
evidence of a non-panmictic population structure. Such variation can be
measured by any one of a number of statistics based on randomization
methods (e.g. see Tibayrenc et al., 1990, 1991; Stevens and Tibayrenc,
19995), association indices (Brown and Feldman, 1981; Maynard Smith ez
al., 1993) or a combination of the two (Souza et al., 1992). All explore
different aspects of the same variation: departures from panmixia or
linkage disequilibrium (non-random association among loci, in which
predictions of expected probabilities for multilocus genotypes are no
longer satisfied).

Of course, although such tests facilitate the demonstration of departures
from panmixia, the statistics say nothing about the underlying cause.
Obstacles to gene flow can be classified under two main headings: physical
{genetic isolation in either space or time) and biological (physical linkage of
different genes on the same chromosome, clonality, cryptic speciation,
natural selection). The relative importance of each will vary, depending on
the population being considered.
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Many of these methods have been employed in population studies of
trypanosomatid parasites. Linkage analyses were used by Tibayrenc et al.
(1990, 1991, 1993) in studies of a range of parasitic protozoa based on data
derived from the literature, while an extended Mantel test (Mantel, 1967;
Stevens and Tibayrenc, 1995) has been used to study a range of T. brucei
populations (Stevens and Tibayrenc, 1995; Mathieu-Daudé et al., 1995;
Kanmogne er al., 1996). Association indices have been employed for
defining population structure in T. brucei (see Maynard Smith et al., 1993;
Hide et al., 1994; Stevens and Tibayrenc, 1996) and T. cruzi (see Maynard
Smith er al., 1993), and for investigating associations between parasite
genotype and host or location (Cibulskis, 1992).

In order to interpret and appreciate the results of such tests, it is important
to realize their somewhat unconventional nature, as tests for departures from
equilibrium are effectively tests of the null hypothesis (Workman, 1969) and
are heavily dependent upon the richness of the data under study. Accordingly,
as overall variability within the data declines, evidence for accepting the
alternative hypothesis, H|, becomes insufficient; in such cases, failure to reject
H, is sometimes mistakenly interpreted as acceptance of Hy. Such a conclusion
is statistically invalid and is known as a Type II error. For segregation
methods, the probability, b, of making a Type II error can, in certain cases, be
calculated from the number of arrangements of genotype frequencies which
conform to Hardy—Weinberg equilibrium by chance (Fairburn and Roff,
1980; Cibulskis, 1988). Once b is known, steps can be taken to reduce it to less
than 5%, usually by increasing the sample size. If b cannot be reduced, then at
least the probability of having avoided a Type II error can be estimated to
provide some measure of confidence in the conclusions.

The very nature of randomization methods does not permit the
calculation of such formal statistics, and their use remains dependent on
the innate variability of the data being analysed and on the discriminative
power of the technique employed. Stevens and Tibayrenc (1995), for
example, used random amplified polymorphic DNA (RAPD) analysis to
identify 13 genetically distinct populations, originating by cloning from two
primary isolates of T. brucei from tsetse flies; isoenzyme characterization of
the same stocks revealed only eight zymodemes. Correspondingly, all
linkage analyses of the RAPD data demonstrated significant association,
while only 70% of analyses of the isoenzyme data showed significant
linkage; levels of significance obtained from analysis of the isoenzyme data
were also much reduced, being at least one order of magnitude lower.

3.2.3. Phylogenetic Methods

Phylogenetic methods have classically been used to address higher levels of
evolutionary divergence between taxa, i.e. above the species level, and so can



GENETIC EXCHANGE IN THE TRYPANOSOMATIDAE 25

be considered complementary to population genetics methods. Such
techniques are now recognized as essential for exploring evolutionary
questions and, in particular, for defining taxa in micro-organisms for which
the biological species concept is often difficult or impossible to use
(Tibayrenc, 1996).

Nevertheless, certain cladistic techniques have proved suitable for studies
of genetic exchange in trypanosomatids. Cibulskis (1986, 1988) used Wagner
networks (Farris, 1970) to explore sexual processes in a range of parasites,
and showed that, although populations of T. brucei and T. congolense
appear to undergo intra-specific genetic exchange, the results with
populations of T. cruzi and L. aethiopica were atypical of organisms
undergoing recombination (Cibulskis, 1986). Later, Hide et /. (1994) used
the same approach to investigate gene flow in phylogenetic groups of
T. brucei defined on the basis of isoenzyme patterns; their results suggested
that the variation observed could be generated by mutation, and proposed,
in conjunction with additional analyses, an ‘epidemic’ population structure
(Maynard Smith er al., 1993) for stocks within a clade corresponding to
T. b. rhodesiense.

In future, it is to be expected that the use of phylogenetic methods in
population genetics studies and recombination analyses will increase with
the growing popularity of gene tree studies, gene genealogies and the
application of coalescence theory (Hudson, 1990).

3.3. Evidence for Genetic Exchange from Population
Genetics Analysis

3.3.1. Trypanosoma brucei

Among trypanosomatids, T. brucei is by far the most widely studied as a
model of genetic recombination. The first tangible evidence that T. brucei
might be a sexual organism was provided by isoenzyme data. Gibson et al.
(1980) described isoenzyme patterns consistent with those expected from
homo- and heterozygotes in an extensive analysis of T. brucei isolates from
East and West Africa, while Tait (1980) showed that similar data from 17
Ugandan isolates of T. brucei conformed to Hardy—Weinberg equilibrium,
indicating that the population was undergoing random mating. Tait (1983)
analysed two more populations of T. brucei from Kenya, again using
Hardy-Weinberg analysis, and found both to be in equilibrium for three of
four enzyme systems; aspartate aminotransferase (ASAT, EC 2.6.1.1)
showed fewer heterozygotes than expected. These studies preceded direct
evidence of genetic exchange between trypanosome populations, and tacitly
assumed meiosis. Jenni et al. (1986) subsequently demonstrated hybrid
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formation between two well-characterized clones of T. brucei after cyclical
transmission through tsetse flies (see Section 2.1). Although the exact
mechanism of genetic exchange and mode of inheritance of marker genes
remain unknown, most evidence points to a meiotic division at some stage
(see Section 2.1.4).

The simple idea that T. brucei formed a randomly mating population was
first challenged by Cibulskis (1988), who demonstrated that, in analyses of
genotype frequencies, agreement with Hardy—Weinberg predictions can be
obtained even when genetic exchange has exerted no influence over such
frequencies, especially if sample sizes are small; such a finding obviously had
important implications for the results of Tait (1980, 1983). In the same
study, however, cladistic analysis of three East African populations of
T. brucei led Cibulskis (1988) to conclude that some diversity had arisen
through a sexual process. Thus, the importance of genetic exchange in
natural populations of 7. brucei remained very much in debate, a situation
not resolved by the inclusion of T. brucei in the clonal theory of Tibayrenc
et al. (1990, 1991).

More recently, a growing body of evidence suggests that the degree of
genetic exchange occurring, and hence the population structure observed for
T. brucei, is highly dependent on epidemiological and ecological factors
specific to a given population (Cibulskis, 1992; Stevens and Welburn, 1993;
Hide et al., 1994; Stevens and Tibayrenc, 1996). In particular, it appears
that, during epidemics of human African trypanosomiasis, certain genotypes
predominate and undergo rapid clonal reproduction; such populations can
be classified as having an ‘epidemic’ population structure by association
analysis (Maynard Smith et al., 1993). Moreover, it appears that differences
in the innate ability of certain 7. brucei genotypes to reproduce epidemically
may possibly be associated with their pathogenicity and phylogenetic
position (Buyst, 1974; Godfrey ef al., 1987, 1990; Stevens and Tibayrenc,
1996). Certainly, index of association (I5) analyses of the subspecies and
various subtypes of 7. brucei suggest that a range of population structures
exist in nature, each presumably with a characteristic associated level of
genetic exchange. I analysis of a population of T. 4. brucei in Uganda
(Hide et al., 1994) suggested frequent recbmbination, while analysis of 7", b.
rhodesiense isolates from the same area indicated an ‘epidemic’ population
structure (Hide et al., 1994, Stevens and Tibayrenc, 1996). Thus, T. b.
rhodesiense can be characterized epidemiologically by its ability to reproduce
by explosive clonal reproduction in response to changes in environmental/
ecological conditions, resulting in an outbreak of disease, whilst maintaining
an important underlying level of genetic exchange. Analysis of T. b.
rhodesiense from Zambia and T. b. gambiense from Coéte d’Ivoire (Stevens
and Tibayrenc, 1996) indicated clonal population structures for these
populations and suggested that their reproduction was predominantly
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asexual. Indeed, while the taxonomic and phylogenetic status of T. b.
rhodesiense and T. b. brucei remain the subject of considerable debate (e.g.
Gibson et al., 1980; Tait et al., 1985; Paindavoine er al., 1986b; Godfrey et
al., 1990; Hide et al., 1990; Stevens and Godfrey, 1992; Mathieu-Daudé et
al., 1995), especially since genetic exchange has been demonstrated between
the two subspecies (see Section 2.1.4.a), the monophyletic nature of Group 1
T. b. gambiense has been demonstrated clearly by a range of markers and
techniques (e.g. Tait et al., 1984; Gibson, 1986; Godfrey et al., 1987,
Paindavoine et al., 1986b, 1989; Mathieu-Daudé et al., 1994; Kanmogne
et al., 1996).

3.3.2. T. congolense

The second group of salivarian trypanosomes of which the number of
characterized isolates is sufficient to allow analysis by a population genetics
approach is the T. congolense group within the subgenus Nannomonas (see
Young and Godfrey, 1983; Gashumba e7 al., 1988; Tibayrenc et al., 1990,
1991; Sidibé, 1997). Tibayrenc er al. (1990, 1991) analysed the extensive data
set (114 stocks) studied by Gashumba et al. (1988), but concluded that,
although there was some support for clonality, the limited number of
markers used (seven isoenzyme loci) was not sufficient to equate the strains
of T. congolense identified with actual clones. Consequently, no firm
conclusion regarding the importance of sexual (or otherwise) processes
within T. congolense has been reached on the basis of these data.
Interestingly, six of the seven enzyme systems examined by Gashumba et
al. (1988) showed one or more heterozygote patterns, with the appropriate
accompanying homozygote patterns, which have been interpreted as
circumstantial evidence of genetic exchange in a number of other parasites
— e.g. T. brucei (see Gibson et al., 1980; Tait, 1980), T. cruzi (see Tibayrenc
et al., 1981; Bogliolo et al., 1996; Carrasco et al., 1996) and Leishmania spp.
(see Maazoun et al., 1981; Evans et al., 1987).

Analysis of T. congolense has been complicated by the discovery of
several, previously unrecognized, subspecific groups. Isoenzyme analysis
revealed the first of these groups, splitting T. congolense isolates into
Savannah and Forest types (Young and Godfrey, 1983); a third type, Kilifi
or Kenya coast, was then described on the basis of isoenzyme, DNA and
karyotype markers (Gashumba et al., 1988; Knowles et al., 1988), followed
by a fourth type, Tsavo (Majiwa et al.,, 1993). The taxonomic status of
these subgroups is uncertain, aithough Garside and Gibson (1995) have
argued that Kilifi, at least, deserves species status on the basis of extensive
genotype differences. Sidibé (1997; and see Tibayrenc, 1998) used a range
of population genetics methods based on linkage disequilibrium statistics
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to analyse data from isoenzymes (18 loci) and RAPD analysis (23
primers), and demonstrated evidence of significant barriers to recombina-
tion between three of these groups (Forest, Kilifi, Savannah), confirming
their distinct genetic identity. Moreover, separate analyses of isolates from
each individual group also revealed significant linkage disequilibrium,
suggesting that, even within a group, genetic exchange is rare, and that
each group consists of non-recombining genotypes or clones. These
findings imply that traits such as drug resistance are unlikely to spread
through T. congolense by genetic recombination, a conclusion with
important consequences for the long-term future control of animal
trypanosomiasis in Africa.

3.3.3. Trypanosoma vivax, T. evansi and T. equiperdum

Difficulties in field isolation and laboratory cultivation of T. vivax in
sufficient numbers for molecular characterization have severely limited
population genetics studies of this trypanosome. As for T. congolense,
characterization has revealed complexity within 7. vivax, with at least two
subspecific groups, broadly from East and West Africa, being recognized by
DNA probes (Kukla et al., 1987; Gibson and Dickin, 1989; Masake et al.,
1994). This complicates the interpretation of earlier studies on isoenzyme
variation (Kilgour et al., 1975; Murray, 1982; Allsopp and Newton, 1985).
T. vivax relatively recently extended its range beyond the tsetse belt of
Africa to South America, where, like T. evansi, it is non-cyclically
transmitted by blood-sucking flies; isoenzyme and DNA analyses have
shown a close relationship between the South American isolates and the
West African form of 7. vivax (see Murray, 1982; Gibson and Dickin, 1989;
Dirie et al., 1993), but it is doubtful whether the South American strains are
still capable of cyclical development in the tsetse fly (Gardiner, 1989) and, by
extrapolation, genetic exchange.

Similarly, T. evansi and T. equiperdum, despite their close relationship to
T. brucei, have lost the ability to undergo cyclical transmission in tsetse flies,
and presumably the ability to undergo genetic exchange as well. T. evansi is
widely distributed throughout the tropics and subtropics, where it is non-
cyclically transmitted by blood-sucking flies such as Tabanidae. Despite its
immense geographic range, genetic diversity within 7. evansi, as assessed by
isoenzyme analysis and sequence variation in kDNA minicircles from
African, South American and Asian isolates, is minimal compared to that of
tsetse-transmitted 7. brucei ssp. (Gibson et al., 1983; Stevens et al., 1989;
Lun et al., 1992). Far less is known about genetic variation in 7. equiperdum,
a venereally transmitted equine species, now rare, of which there are few
laboratory isolates. Like T. evansi, T. equiperdum has defective KkDNA and
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is thus unable to complete the full life cycle of the subgenus Trypanozoon,
with the expectation that it too is asexual.

3.3.4. Trypanosoma cruzi

Of all trypanosomatids, T. cruzi is perhaps the species for which most
population genetics evidence points in favour of asexual or clonal
reproduction (Tibayrenc et al., 1986, 1990, 1991), with an associated clonal
population structure (Maynard Smith er al., 1993). Population genetics
analysis of data from isoenzyme-based characterization studies has
repeatedly shown significant population substructuring, phylogenetic
clustering and linkage disequilibrium characteristic of clonal populations
in both domestic (Tibayrenc et al., 1986) and sylvatic cycles (Lewicka et al.,
1995). More recently, evidence from a range of molecular analyses, e.g.
RFLPs (Tibayrenc and Ayala, 1987), karyotype variability (Henriksson et
al., 1993; Sanchez er al., 1993) and RAPD analysis (Tibayrenc et al., 1993;
Brisse, 1997; Tibayrenc, 1998), has corroborated the clonal status of 7. cruzi
indicated by earlier isoenzyme studies. As for T. congolense and T. vivax,
detailed molecular characterization has revealed two major subspecific
groups within T. cruzi (Souto et al., 1996; Nunes et al., 1997), suggesting a
more complex population structure than first supposed.

Nevertheless, there is some evidence to suggest that genetic exchange
may have, or may have had, an effect on the pattern of genetic variation in
T. cruzi. Recent characterization studies using isoenzymes, RFLPs and
RAPD analysis (Bogliolo e: al., 1996; Carrasco er al., 1996) have
identified typical, though rare, heterozygous profiles with corresponding
homozygotes, suggesting the possibility of genetic exchange. Significantly,
both studies detected these combinations of patterns in trypanosomes
isolated from localized areas — a single Brazilian village (Bogliolo et al.,
1996) and triatomine bugs and sylvatic mammals from an area of
Amazonian forest (Carrasco et al., 1996) — raising the possibility that
such sympatric genetic variants are the product of recent recombination
within their respective epidemiological cycles. Carrasco et al. (1996) also
presented a x? analysis of their observed phosphoglucomutase (PGM)
allele frequencies, showing agreement with Hardy—Weinberg equilibrium;
the significance of agreement with Hardy—-Weinberg expectations at a
single locus (among the five systems analysed) requires further statistical
support (see Cibulskis, 1988).

Although the contemporary existence of genetic exchange in 7. cruzi
seems likely to remain contentious, the possibility that some recombina-
tion could interfere with the evolutionary fate of clonal populations of
T. cruzi has long been recognized (Tibayrenc er al., 1986, 1990, 1991).
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Using a phylogenetic approach to trace gene lineages, Brisse (1997)
demonstrated genetic exchange between certain clonal populations of
T. cruzi, suggesting that, although rare, the horizontal transfer of genetic
material may have occurred at some time in the past within at least one of
the two major 7. cruzi lineages (Souto et al., 1996; Nunes et al., 1997
Tibayrenc, 1998).

Thus it appears that, although the prevailing population structure of
T. cruzi is fundamentally clonal, there is good evidence to suggest that
genetic exchange can occur and, indeed, has occurred in the evolutionary
history of this parasite. However, the importance of such exchange in
disrupting existing clonal lineages and thus affecting the epidemiology of the
contemporary disease appears minimal.

3.3.5. Leishmania

As with other trypanosomatids, initial support for the idea of genetic
exchange in Leishmania spp. relied on the observation of typical
heterozygote patterns in isoenzyme characterization studies (e.g. Maazoun
et al., 1981; Le Blancq et al., 1986). However, molecular characterization
data together with circumstantial evidence in support of the natural
occurrence of Leishmania hybrids is now extensive and convincing. The
first putative hybrids showed biochemical characteristics of both L. major
and L. arabica, and had been isolated from a feral dog and desert rat in an
area of endemic leishmaniasis in the Eastern Province of Saudi Arabia,
where both species were thought to be transmitted by a single sandfly
species (Evans et al., 1987; Kelly er al., 1991). Similar evidence has been
put forward for New World species. Belli and colleagues found that human
cutaneous leishmaniasis in Nicaragua was caused by putative hybrids of
L. panamensis and L. braziliensis, based on isoenzyme and DNA
‘fingerprinting’ results (Darce er al., 1991; Belli et al., 1994); the hybrid
form was found in northern foci only, where the two species were
sympatric. Hybrids have also been reported between L. venezuelensis and
L. braziliensis in western Venezuela (Bonfante-Garrido et al., 1992),
between L. braziliensis and L. peruviana in Peru (Dujardin et al., 1995),
and in Ecuador between L. braziliensis and L. panamensis/guyanensis
(Bafuls er al., 1997). Blaineau et al. (1992), using PFGE, detected an
association equilibrium between the different forms of chromosomes II
and V in L. infantum strains isolated from humans and sandflies in
southern France; such an association could be explained only by a high
rate of recurrent mutations or genetic exchange.

Thus, while the ploidy of Leishmania remains debatable (Bastien et al.,
1992), evidence from several population studies lends support to the idea
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that some degree of genetic exchange exists within and between natural
populations of Leishmania spp.

4. THE BIOLOGICAL CONTEXT

4.1. Implications for Epidemiology and Control of Disease

Genetic exchange in T. brucei has been demonstrated unequivocally in the
laboratory, and crosses between human-infective and non-infective sub-
species have shown that the trait for human infectivity is heritable (see
Section 2.1.5). Thus, although the frequency of genetic exchange in natural
populations may be variable or low, there can be no doubt that it results in
the appearance of new genotypes of human-infective trypanosomes. The
human-infective subspecies mated successfully with 7. b. brucei are T. b.
rhodesiense from East Africa and virulent or Group 2 T. b. gambiense from
West Africa (Table 1). New human infective strains would thus be expected
to occur from time to time in foci where either of these two trypanosomes is
found. Indeed, there is abundant evidence of strain heterogeneity in 7. b.
rhodesiense from a number of foci—e.g. Busoga, Uganda (Gibson and
Gashumba, 1983; Enyaru et al., 1993, 1997; Hide et al., 1994), Lambwe
Valley, Kenya (Gibson and Wellde, 1985; Mihok et al., 1990), north-western
Tanzania (Komba et al., 1997), and in Group 2 T. b. gambiense in Cote
d’Ivoire (Mehlitz er al., 1982; P. Truc, personal communication). The
population structure of these trypanosomes certainly does not appear to be
clonal.

One can speculate that Group 2 7. b. gambiense might itself be a hybrid,
since it has the human infectivity of Group 1 T. b. gambiense, coupled with
the virulence and fly transmissibility of 7. b. brucei; all three are found
together in Cote d’Ivoire (Mehlitz et al., 1982). Although it is arguably the
most important agent of sleeping sickness in Africa, having the widest
distribution, Group 1 T. b. gambiense is difficult to transmit through tsetse
flies in the laboratory and grows very slowly in experimental animals, and
for these reasons has not been crossed successfully. This group is
homogeneous in terms of biochemical markers (Gibson et al., 1980; Pays
et al., 1983; Paindavoine et al., 1986b, 1989; Godfrey er al., 1987) and thus
genetic exchange would not readily be detectable within the group. Unlike
T. b. rhodesiense, Group 1 T. b. gambiense is always highly resistant to
human serum in vitro (Mehlitz et al., 1982) and appears to be better adapted
to its human hosts in terms of prolonged infection and lack of dependence
on animal reservoir hosts. The combination of this anthropophilic
phenotype with the traits of high transmissibility and virulence seems
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potentially disastrous. Gibson et al. (1980) speculated that the highly
virulent Busoga strain of T. b. rhodesiense in Uganda might have arisen in
just this way.

Even if such hybridization events are relatively rare in the field, there are
clearly extremely important implications for the epidemiology of sleeping
sickness. Similarly, for leishmaniasis, where there is convincing evidence of
natural hybrids (see Section 3.3.5), and possibly also for Chagas disease,
the effects of genetic exchange in rapidly generating parasites with new
combinations of determinants for virulence, pathogenicity and vector/host
specificity cannot be disregarded.

4.2. Experimental Versus Population Genetics Analysis of T. brucei

Despite the high frequency of genetic exchange observable in laboratory
crosses (see Section 2.1.3), the structure of natural populations appears to be
largely clonal, as certain alleles and allelic combinations are not found. This
results in substantial deviations from Hardy—Weinberg equilibrium, and
there is often a disproportionately large number of heterozygotes (see
Section 3.3.1). It is possible that some of these results stem from biased
sampling; for example, isolates from wildlife are under-represented, while
those from human patients are very much over-represented. However, there
are several other reasons for the discrepancy between the results of field and
laboratory analyses.

4.2.1. Molecular Considerations

A surprising number of loci for housekeeping genes in T. brucei show
tandem repetition. For example, about half the loci for glycolytic enzymes
which have been analysed contain repeated genes (phosphoglycerate kinase,
PGK; aldolase; glycosomal glyceraldehyde phosphate dehydrogenase;
pyruvate kinase); the known single genes include triose phosphate
isomerase, glucose phosphate isomerase (GPI) and cytosolic glyceraldehyde
phosphate dehydrogenase (Michels et al., 1986, 1991; Michels, 1987; Allert
et al., 1991); the duplicate genes appeared to be identical except in the case
of PGK (Osinga et al., 1985). Other loci have also been found to have
repeated genes, e.g. tubulin (Seebeck et a/., 1983; Thomashow et al., 1983);
calmodulin (Tschudi et al, 1985) and procyclic acidic repetitive protein
(PARP)/procyclin (Konig et al., 1989). The trypanosome appears to use
gene duplication as a means to increase gene expression (Michels et al.,
1986). Clearly, alleles in cis will dissociate far less frequently than those
in trans during meiosis, giving rise to apparent fixed heterozygosity, a
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phenomenon frequently observed for isoenzyme data. The extent of gene
duplication for the enzyme loci used in such analysis is unknown, but, by
extrapolation, is predicted to be high.

With a few exceptions, most 7. brucei isolates have been found to have
tubulin, PGK and GPI genes on the same chromosome (Gibson and Borst,
1986). By chance, some of the crosses carried out used two West African
T. b. brucei stocks in which the GPI genes were located on a different
chromosome to the PGK and tubulin genes (TSW 196 and KP2 in crosses
E, F and G, K respectively, Table 1). Mating parents with differences in
gene linkage would potentially give rise to progeny with incorrect gene
dosage, given that a meiotic division were involved in genetic exchange. If
the progeny with incorrect gene dosage were metabolically inferior, such
crosses would be partially infertile. Thus, incipient speciation might also
underlie non-random mating.

4.2.2. Biological Considerations

In the laboratory, T. brucei isolates with widely separate geographic origins
have been artificially crossed; the ‘unnaturalness’ of mating such distantly
related trypanosomes may be one cause of the observed high frequency of
triploid hybrids (see Section 2.1.4.b). In analysis of field isolates, too, there
has been little regard for what might constitute a population of related
trypanosomes. Yet defining the effective population is a fundamental
problem for the population genetics analysis of any organism. Initial
analyses considered T. brucei isolates from vast areas of Africa as one
population. With a parasite such as T. brucei, which may exist in sympatric
yet non-overlapping transmission cycles, depending on vector and host
specificity, it seems likely that population structure will be multi-layered and
complex. The assumption that isolates from one locality, however small, will
constitute a single population is clearly simplistic.

For genetic exchange to occur, a tsetse fly must have a mixed infection.
Yet tsetse are refractory to infection with T. brucei: field infection rates are
generally less than 1%, and flies can readily be infected only at the first
blood meal (Wijers, 1958). Flies can be superinfected with a second T. brucei
strain at sequential blood meals, but the chance of a mixed infection is far
higher when both trypanosomes are fed simultancously at the first blood
meal (Gibson and Ferris, 1992). The work of Maudlin and colleagues has
revealed the basis for the susceptibility of teneral flies: lectin-mediated lysis
of trypanosomes takes place in the midgut, and lectin secretion is stimulated
by the first blood meal (Maudlin and Welburn, 1987, Welburn and Maudlin,
1992). So the chance of a mixed infection in the fly, and therefore of genetic
exchange, is highest when the fly takes its first blood meal from a host with a



34 W. GIBSON AND J. STEVENS

mixed infection. This is unlikely to be a human host, since there are few
reports of mixed infections among the many human isolates characterized
by isoenzymes. Mixed infections of more than one trypanosome species have
certainly been found in domestic animals such as pigs and cattle, and
probably also occur in wild animals. These hosts also seem to be the likely
source of mixed infections for the fly. Loss of these sources by increasing use
of trypanocidal drugs and decline of wildlife may have disrupted natural
transmission cycles to such an extent that genetic exchange in trypanosomes
now occurs in only a few residual areas.

4.3. Phylogenetic Perspective

Parasitologists tend to regard the pathogens they work with as somehow
special, and expect them to obey different rules from ordinary eukaryotes.
For example, trypanosomatids have been assumed to be asexual, although
there is no reason to believe they have avoided the general biological
imperative for genetic recombination. On this basis it seems reasonable to
assume that the group is primarily sexual, but has secondarily lost this
capacity in some lineages. Alternatively, the branch leading to T. brucei may
have evolved genetic exchange de novo; however, given that genetic exchange
involves meiosis, this assumes the unlikely scenario that this complex
process evolved more than once in eukaryotes. The existence of genetic
exchange in T. brucei therefore implies it was the ancestral state.

Trypanosomatids form an anciently diverging branch on the eukaryote
tree (Sogin et al., 1986), and molecular phylogenetic analysis has further
revealed that trypanosomes are monophyletic and that the T. brucei and
T. cruzi lineages probably split about 100 million years ago (Figure 6;
Alvarez et al., 1996; Lukes et al., 1997; Haag et al., 1998; Stevens ef al.,
1998). This suggests that, in addition to T. brucei, genetic exchange will most
likely be found in related salivarian tsetse-transmitted species such as
T. congolense and T. vivax. The evolutionary gulf between the salivarian
trypanosomes and other lineages rules out assumptions about loss or
retention of genetic exchange in other branches of the tree.

In phylogenetic trees with sufficient definition to assign meaningful time
estimates to clades, the salivarian trypanosomes appear consistently as one
of the most rapidly evolving groups. To what extent this might have been
influenced by the capacity to undergo genetic exchange remains to be
explored. This clade is also characterized by antigenic variation. Again, one
can speculate whether genetic exchange was retained in order to enhance the
generation of diversity in antigenic repertoires as part of the unceasing
host—parasite arms race.
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Figure 6 Phylogenetic tree of Trypanosomatidae based on maximum parsimony
analysis of 188 ribosomal RNA sequences (after Stevens er al., 1998). Salivarian
trypanosomes are placed together in what appears to be the most rapidly evolving
clade within the genus Trypanosoma (see Section 4.3).
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ABSTRACT

Neospora caninum is an apicomplexan parasite which invades many different
cell types and tissues. It causes neosporosis, namely stillbirth and abortion in
cattle and neuromuscular disease in dogs, and has been found in several
other animal species. N. caninum is closely related to Toxoplasma gondii, and
controversial opinions exist with respect to its phylogenetical status.
Initially, two stages of N. caninum had been identified, namely asexually
proliferating tachyzoites and bradyzoites. The sexually produced stage of
this parasite, oocysts containing sporozoites, has been found only recently.
In order to answer the many open questions regarding its basic biology and
its relationship with the host, a number of diagnostic tools have been
developed. These techniques are based on the detection of antibodies against
parasites in body fluids, the direct visualization of the parasite within tissue
samples by immunohistochemistry, or the specific amplification of parasite
DNA by PCR. Other studies have been aiming at the identification of
specific antigenic components of N. caninum, and the molecular and
functional characterization of these antigens with respect to the cell biology
of the parasite. Clearly, molecular approaches will also be used increasingly
to elucidate the immunological and pathogenetic events during infection,
but also to prepare potential new immunotherapeutic tools for future
vaccination against N. caninum infection.

1. INTRODUCTION

Neospora caninum is an apicomplexan parasite which is structurally very
similar to, but antigenically distinct from, the closely related Toxoplasma
gondii. N. caninum causes neosporosis, namely neuromuscular disorders,
paralysis and death in dogs, and abortion and neonatal morbidity in cattle,
sheep, goats, horses and deer. Because of its high prevalence in cattle, N.
caninum has now emerged as an important cause of bovine abortion
worldwide, and neosporosis has been recognized as an economically
important disease affecting the livestock industry (Dubey and Lindsay,
1993, 1996).

The pioneering work of Dubey and co-workers has established N.
caninum as an independent species (Dubey et al., 1988a,b; Dubey and
Lindsay, 1993). However, during the last ten years other researchers have
also contributed largely to the characterization of this parasite, especially
with regard to its phylogenetical status, its epidemiology and significance as
a pathogenic agent, and with respect to the development of molecular
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diagnostic tools. In addition, research has started to tackle questions dealing
with the host—parasite relationship, such as how N. caninum triggers and
influences the host’s immune system and how the parasite is capable of
physically interacting with its host cell on the molecular level.

N. caninum tachyzoites can be cultured easily in the laboratory using
similar techniques previously developed for in vitro cultivation of T. gondii
(Dubey and Beattie, 1988). Thus, like T. gondii, N. caninum represents an
excellent model to study host cell invasion mechanisms, survival strategies,
and the respective parasite and host molecules which are required for these
interactions. Although much could be learned from the research previously
carried out on the closely related T. gondii, several studies have shown
considerable differences between these two, and other intracellular parasites
(for reviews see Kasper and Mineo, 1994; Dubremetz and McKerrow, 1995;
Smith, 1995; Mauél, 1996; Sam-Yellowe, 1996; Dubremetz, 1998). The aims
of this article are to provide an overview of the research carried out on N.
caninum since its isolation and characterization as an independent species in
1988, and to review the more recent achievements in the field of neosporosis,
with special emphasis directed towards the molecular mechanisms taking
place at the host—parasite interface. Many aspects will be discussed in
relation to findings obtained in studies of other intracellular protozoan
parasites, especially the members of the phylum Apicomplexa.

2. HISTORICAL BACKGROUND AND PHYLOGENETICAL STATUS OF
NEOSPORA CANINUM

Neosporosis was first reported in Norway by Bjerkas er al. in 1984, as
encephalomyelitis and myositis in dogs caused by an unidentified cyst-
forming sporozoon. In 1988, Dubey and co-workers identified a similar
parasite in dogs in the USA causing the same symptoms, and thus proposed
a new genus, Neospora, and species, N. caninum (Dubey et al., 1988a).
Isolation of N. caninum in cell culture was achieved, and experimental
infection of dogs with parasites isolated from cell cultures showed that N.
caninum was indeed the causative agent of neurological disorders, paresis,
paralysis, and even death, in infected dogs (Dubey et al., 1988b). Also in
1988, an indirect antibody fluorescent test (IFAT) was developed for the
detection of anti-N. caninum antibodies. Polyclonal antisera against N.
caninum tachyzoites were raised in rabbits, and these sera were used for
immunohistochemical detection of the parasite in paraffin-embedded tissue
sections (Lindsay and Dubey, 1989b). Using these diagnostic tools, Bjerkas
and Dubey (1991) demonstrated that the parasites identified in 1984 in
Norway were indeed N. caninum.
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The first experimental animal models for investigating the biology,
immunology, pathogenesis and chemotherapy of N. caninum infections were
developed in mice and rats (Lindsay and Dubey, 1989¢, 1990). It was also
shown that transplacental transmission of the parasite could be induced
experimentally in dogs, cats and sheep (Dubey and Lindsay, 1989a,b,
1990b). Thilstedt and Dubey were the first to identify neosporosis as a cause
of abortion in dairy cattle (Thilstedt and Dubey, 1989), and in 1991 N.
caninum was demonstrated to be a major cause of abortion of cattle in
California (Anderson et al., 1991; Barr et al., 1991). Dubey et al. (1992) then
showed that, upon experimental infection of cattle, transplacental transmis-
sion of the parasite could be induced. Isolation of N. caninum from aborted
bovine foetuses was first achieved by Conrad et al. (1993a), and, using this
first bovine isolate, bovine foetal infection and death were reproduced
experimentally (Barr et al., 1994b).

Specific enzyme-linked immunosorbent assays (ELISAs) were developed
for the serological diagnosis of N. caninum infection in dogs and cattle
(Bjérkman et al., 1994a; Paré et al., 1995; Dubey et al., 1996a), and a direct
agglutination test for serological diagnosis of Neospora infection has
recently been established (Romand er al., 1998). Lally et al. (1996a)
produced the first bacterially expressed recombinant antigens for diagnosis.
For the molecular detection of the parasite DNA within infected tissues, a
number of Neospora-specific polymerase chain reactions (PCRs) were
developed (Ho et al., 1996, Holmdahl and Mattson, 1996; Lally et al.,
1996b; Miiller et al., 1996, Payne and Ellis, 1996; Yamage et al., 1996).

Investigations dealing with the basic biology and pathology of neo-
sporosis have now started to benefit from the development of molecular
genetic tools for N. caninum. Using the existing DNA vectors originally
developed for T. gondii, it has recently been shown that 7. gondii proteins
are faithfully expressed and correctly targeted in N. caninum tachyzoites
(Beckers et al., 1997; Howe et al., 1997). This points out the suitability of N.
caninum as a heterologous expression system for studying the functional
significance of T. gondii proteins, and vice versa.

The phylogenetical status of N. caninum in relation to the genera
Toxoplasma, Sarcocystis and other members of the tissue cyst-forming
coccidia is still controversial (Tenter and Johnson, 1997). Most information
on the taxonomic position of this parasite is derived from molecular data.
Analysis of the small subunit ribosomal RNA (ssrRNA) sequences of
several isolates of N. caninum and T. gondii revealed a consistent four-
nucleotide difference between these two species (Marsh et al., 1995). Several
authors suggested that N. caninum and T. gondii should be placed into the
same genus, namely Toxoplasma, since their 16s-like rRNA genes exhibit
striking homologies (Ellis ez al., 1994; Holmdahl et al., 1994). In contrast,
Guo and Johnson (1995) investigated the genomes of Neospora, Sarcocystis
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and Toxoplasma by random amplified polymorphic DNA (RAPD)-PCR,
and did not find a significantly close relationship between Neospora and
Toxoplasma. In fact, this study suggested that an even closer genetic
relationship exists between Sarcocystis muris and T. gondii than between
Neospora and Toxoplasma. In addition it was demonstrated that homo-
logues of the three dominant 7. gondii genes B1, p22 and p30 are absent in
N. caninum (Brindley et al., 1993; Miiller et al., 1996), and considerable
variability between the ITS 1 regions of N. caninum and T. gondii was also
reported (Holmdahl and Mattsson, 1996; Homan et al., 1997). N. caninum is
currently placed into the family Sarcocystidae and is established as a sister
group to T. gondii in the phylum Apicomplexa (Ellis et al., 1994). However,
the taxonomic position of N. caninum remains uncertain because the life
cycle of this parasite has not yet been elucidated, so the definitive host and a
sexual stage of the parasite have not been found.

3. THE BIOLOGY OF NEOSPORA CANINUM

3.1. The Life Cycle

Two asexually produced stages have been identified for N. caninum. These
are the tachyzoite stage, represented by rapidly dividing parasites which can
be transmitted transplacentally from mother to offspring during pregnancy,
and the bradyzoite stage, which represents a slowly dividing stage, present
within intracellular tissue cysts, and surrounded by a cyst wall which
protects the parasites from immunological and physiological reactions on
the part of the host.

N. caninum is an obligate intracellular parasite, and tachyzoites have been
detected in a variety of tissues, such as the brain, spinal cord, heart, lung,
liver, foetal membrane, muscle, placenta, and skin (Dubey and Lindsay,
1993, 1996). Many different cell types, including neural cells, fibroblasts,
vascular endothelial cells, myocytes, renal tubular epithelial cells, hepato-
cytes and macrophages, were shown to harbour the parasite. This suggests
that N. caninum, as is the case for T. gondii, is capable of invading a wide
range of, if not all, nucleated cells. The tachyzoites, enclosed in a
parasitophorous vacuole, proliferate by endodyogeny, producing several
hundred new parasites in a few days p.i. Proliferating tachyzoites form a
pseudocyst which is lacking a cyst wall, and as this pseudocyst has reached a
critical mass, host cell lysis occurs and newly formed tachyzoites infect
neighbouring cells.

As is the case for T. gondii, N. caninum bradyzoites are capable of forming
intracellular tissue cysts, but they are surrounded by a solid cyst wall. These
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tissue cysts can persist within an infected host for several years without
causing significant clinical manifestations (Dubey and Lindsay, 1996).
N. caninum tissue cysts containing bradyzoites were detected exclusively in
the central nervous system (CNS, Lindsay et al, 1993), with the one
exception of a single cyst found in the ocular muscles of a foal (Lindsay
et al., 1996c).

T. gondii exhibits three infective stages within its life cycle, namely
tachyzoites, bradyzoites, and the sporozoites which are the product of a
sexual process taking place within the intestine of its feline final host (Dubey
and Beattie, 1988). Despite numerous attempts to elucidate the life cycle of
N. caninum, a sexually produced sporozoite stage of the parasite was not
found for a long time. However, a carnivorous definitive host is suspected to
be involved (Dubey and Lindsay, 1996). Transplacental infection is, as in the
case of congenital toxoplasmosis, a recognized mode of transmission of
neosporosis. Experimentally, this process has been induced in several
species, e.g. dogs (Cole et al., 1995b), cats (Dubey and Lindsay, 1989a),
sheep (McAllister et al., 1996, Buxton et al., 1997a), cattle (Barr et al,
1994b), goats (Lindsay et al., 1995b), mice (Cole et al., 1995a; Long and
Baszler, 1996), and even in non-human primates (Barr et al., 1994a).

Although T. gondii has long been recognized as an important pathogen in
man, and acute toxoplasmosis caused by the activation of tissue cysts and
bradyzoites can occur within immunocompromised individuals (Dubey and
Beattie, 1988; Darcy and Santoro, 1994), no human cases of neosporosis
have been reported to date. However, experimental infection of pregnant
rhesus macaques with a bovine Neospora isolate resulted in transplacental
transmission and foetal infections comparable to those seen in human
fetuses infected with T. gondii (Barr et al., 1994a; Ho ef al., 1997a).

3.2. Morphology and Ultrastructure

N. caninum tachyzoites and bradyzoites are morphologically and ultra-
structurally very similar to the corresponding stages of 7. gondii.
Tachyzoites are approximately 5-7 pm in length and 1-2 um wide. They
are ovoid, lunate or globular, depending on the stage of division (Dubey and
Lindsay, 1996). Ultrastructurally, tachyzoites derived from cell culture are
virtually identical to those found within in vivo infected cells (Speer and
Dubey, 1989; Lindsay ef al., 1993). They possess a three-layered plasma
membrane and an apical complex composed of microtubules, apical rings,
conoid, and a polar ring.

Neospora and Toxoplasma contain a set of secretory organelles which is
found in most members of the apicomplexa: micronemes, rhoptries and
dense granules. Micronemes are small vesicular structures, and the number
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of these organelles is highly variable, although up to 150 micronemes per
tachyzoite can be found in one cell (Dubey and Lindsay, 1996). The 818
rhoptries of N. caninum are arranged along the longitudinal axis of the cell,
and they are filled with amorphous electron-dense material, while the
contents of 7. gondii tachyzoite rhoptries exhibit a distinct and defined
structured morphology. This provides one means of distinguishing these two
parasites by electron microscopy. Dense granules are globular organelles
which are located at the anterior and posterior ends of the parasites, and
they have been shown to contain molecules which are secreted shortly after
the invasion of host cells (Hemphill er a/l., 1998). In addition, N. caninum
tachyzoites contain a Golgi complex, rough and smooth endoplasmic
reticulum, a nucleus and a nucleolus, and mitochondria (Speer and Dubey,
1989; Lindsay et al., 1993).

Within their host cells tachyzoites reside within a parasitophorous
vacuole, a specialized compartment which is separated from the host cell
cytoplasm by a parasitophorous vacuole membrane (PVM). The PVM is
originally derived from the surface membrane of the host cell, but is
modified by the parasite shortly after the host cell is invaded (Hemphill et
al., 1996, 1998). As the number of parasites within this vacuole increases, the
size of the PVM is enhanced as well. A single host cell can be infected by
several parasites, and therefore could contain several parasitophorous
vacuoles. The intercellular space within these vacuoles is comprised of the
intravacuolar tubular network, which is at least partially derived from the
secretory products originating from the tachyzoites (Hemphill, 1996;
Hemphill ez al., 1998).

N. caninum tissue cysts are up to approximately 100 pm in diameter,
round to oval in shape, and contain several hundred bradyzoites. The
bradyzoites are surrounded by a cyst wall (up to 4 pm in thickness) which
stains variably using nariodic acid Schiff (PAS), and which is argyrophilic
(Dubey, 1993). This c, .t wall ensures that the parasites are enclosed in a
chemically and physiologically stable entity. It contains two distinct
components: an outer, electron-dense, single plasma membrane, and an
inner, thick, granular layer which harbours branched tubule-like structures
(Bjerkas and Dubey, 1991). In T. gondii cyst walls, which are usually much
thinner, chitin represents a significant part of the overall composition,
rendering these cysts resistant to acid pepsin digestion. This property allows
them to survive through the stomach and release bradyzoites in the gut
(Boothroyd et al., 1998). However, in order to discriminate reliably between
the two parasites, the thickness of the cyst wall is not an unambiguous
criterion, since its size is most likely also dependent on how long the
infection has persisted, and small cysts exhibit a thinner wall than older ones
(Jardine, 1996). Bradyzoites are approximately 6—8 ym long and 1-2 pm
wide, and the same organelles found in tachyzoites are also present in
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bradyzoites. In addition, bradyzoites harbour vesiculo-membranous orga-
nelles containing short flat membranous segments and smaller vesicles
(Jardine. 1996). There are fewer rhoptries than in tachyzoites, and the
bradyzoites contain more amylopectin granules. The ground substance
within the cysts contains tortuous and branched vesicles, small, irregular,
electron-dense bodies, and lobulated lipid-like inclusions (Bjerkas and
Dubey, 1991; Jardine, 1996).

3.3. Natural Infections and Experimental Animal Models

Natural infections of N. caninum were originally identified in dogs, and later
in cattle, sheep, goats, horses and deer. The parasite has been reported in
many different geographical areas worldwide (reviewed by Dubey and
Lindsay, 1996). As the parasite infects its host, dissemination of the
pathogen into many different tissues can take place because of the infection
of, and proliferation within, cells of the reticuloendothelial system such as
macrophages and lymphocytes. The predilection site for primary parasite
proliferation and for the establishment of the hypobiotic cyst stage is the
CNS. Tachyzoites can multiply rapidly, and repeated processes of host cell
invasion, proliferation, host cell lysis, and subsequent infection of
neighbouring cells produce significant necrotic lesions within affected
tissues. As a consequence, severe neuromuscular disease occurs because of
the destruction of neural cells in the brain and within cranial and spinal
nerves, affecting the conductivity of the neural tissue (Mayhew er al., 1991;
Dubey and De Lahunta, 1993). In contrast, N. caninum tissue cysts
containing the slowly dividing, hypobiotic bradyzoite stage of the parasite
do not cause any significant host reaction, although formation of
granulomas around degenerating tissue cysts or bradyzoites has been
observed (Dubey et al., 1990a, 1992; Mayhew et al., 1991). Cyst rupture most
likely occurs now and then, and can cause foci of inflammation (Dubey and
Lindsay, 1996).

Infection probably occurs in two ways: first, oral infection can take place
through the ingestion of tissue harbouring N. caninum tissue cysts. It has
been shown that bradyzoites within tissue cysts were resistant to HCl-pepsin
solution, and experimental infections of cats and dogs confirmed that N.
caninum could be transmitted from an animal by the ingestion of tissues
containing viable tissue cysts (Dubey and Lindsay, 1989b; Dubey et al.,
1990b). Transplacental infection of the foetus during pregnancy is the second
way infection can occur. This process can occur repeatedly in the same
animal (Bjerkas et al., 1984; Dubey et al., 1988b; Barr et al., 1993). However,
even if prenatal infection of the foetus takes place it does not always lead to
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disease, and the parasite might reside silently within tissues in clinically
normal offspring.

Experimental infections of N. caninum have been induced in several species,
including mice, rats, rabbits, gerbils, dogs, foxes, cats, sheep, goats, cattle and
pigs (reviewed by Dubey and Lindsay, 1996). This was done to gain
information on the life cycle and possible definitive host, to study the
dissemination of the parasite and the pathogenesis of neosporosis, and to
search for a suitable animal model which enables the host—parasite
relationship to be studied in more detail. Experimental infection can be
carried out by inoculating the parasites orally, subcutaneously, intramuscu-
larly or by the intraperitoneal route (Dubey and Lindsay, 1993).

Several attempts were made to identify the definitive host by searching for
oocysts in the faeces of experimentally infected animals. Many of those
experiments focused on cats, since the cat is the definitive host of T. gondii
(Dubey and Beattie, 1988). Cuddon et al. (1992) used naturally infected dog
brain tissue to infect cats orally. Oral infection of cats was also carried out
with tissues of naturally infected cows, experimentally infected cat brain and
experimentally infected mice. In addition, subcutaneous, intramuscular and
oral infection of cats using tachyzoites of the NC-1 isolate were also
performed (reviewed by Dubey and Lindsay, 1996). Experimental infection
of cats showed for the first time that N. caninum could be transmitted
congenitally from an animal infected before pregnancy, and that the parasite
could be transmitted orally by ingesting infected tissues containing tissue
cysts (Dubey et al., 1990b).

Other experimental infections of dogs (Dubey and Lindsay, 1989b),
raccoons (Dubey et al., 1993), coyotes (Lindsay et al., 1996b), the red-tailed
hawk, turkey vulture, barn owl and American crow (Baker er al., 1995) were
also performed. No oocysts were found in the faeces of any of these animals.
However, these results are not all definitive, since in some of these
experiments the presence of parasites was not always ascertained (Dubey
and Lindsay, 1996). Thus an efficient method of obtaining tissue material
infected with N. caninum tissue cysts containing bradyzoites was urgently
needed.

McGuire et al. (1997a) developed a protocol for the production of N.
caninum tissue cysts in mice. They tested different mouse strains, N. caninum
isolates, tachyzoite inoculum doses and treatments for immunosuppression.
They concluded that male ICR mice, treated with methylprednisolone
acetate (MPA) and infected with the N. caninum Liverpool isolate, were
most efficient with respect to production of tissue cysts and survival of mice
(McGuire et al., 1997a). In addition, a method for the separation and
cryopreservation of N. caninum tissue cysts from the murine brain was
worked out, and this makes it possible to store viable cysts for oral
infectivity trials and other studies (McGuire et al., 1997b).
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Other mouse models have been developed for studying experimental N.
caninum infection. Adult outbred Swiss Webster mice did not develop
clinical signs, but encysted parasites could be detected in the CNS (Dubey et
al., 1988b). Congenital infection of litters was also achieved (Cole et al.,
1995a). By administering corticosteroids, severe signs of clinical neosporosis
in mice could be induced. In addition, the severity of the disease was
dependent on the isolate used for infection (Dubey and Lindsay, 1993). The
use of immunodeficient mice such as nude mice (Yamage et al., 1996;
Sawada et al., 1997), mice deficient in gamma interferon (Dubey and
Lindsay, 1996) and uMT (antibody knock-out) mice (Eperon et al., 1998),
has shown that they are highly susceptible to infection and fatal disease
caused by N. caninum. Inbred BALB/c mice were also susceptible to
neosporosis, although the effect was dependent on the isolate used for
infection. BALB/c mice developed encephalomyelitis (Lindsay et al., 1995a),
and the parasite was transmitted congenitally in these mice, resulting either
in foetal death and resorption (Long and Baszler, 1996), or mice born alive
but infected with parasites (Liddell et al., 1997).

Other experimental models for studying N. caninum infections include
sheep, pygmy goats and cats. Although natural neosporosis is rarely
observed in sheep (Dubey et al., 1990a), experimental infection can lead to
abortion, birth of weak lambs, and birth of infected lambs without clinical
signs (McAllister et al., 1996b; Buxton et al., 1997a,b). Accordingly, the
sheep model provides a good alternative to study the typical features of
bovine neosporosis at a reduced cost (Dubey and Lindsay, 1996). Basically
the same applies to pygmy goats (Lindsay et al., 1995b).

3.4. In vitro Cultivation

In vitro cultivation of N. caninum tachyzoites has been achieved in many cell
types, both primary cells and established cell lines. Essentially the same
techniques for cultivation and cryopreservation as previously described for 7.
gondii tachyzoites can be used (Dubey and Beattie, 1988). Care should be taken
in the selection of foetal calf serum (FCS). Many batches of commercially
available batches of FCS contain antibodies directed against N. caninum. This
can lead to agglutination and the rapid death of parasites once they are
released into the medium following host cell lysis. It is not known whether this
is due to the high prevalence of subclinical fetal neosporosis (Dubey and
Lindsay, 1996), or whether other reasons account for this. In order to avoid
complications, in vitro cultivation of N. caninum tachyzoites can be carried out
using IgG-free horse serum, or FCS can be omitted towards the end of the
cultivation. Tachyzoites cultured through serial passages for eight years have
still been able to retain their infectivity in mice (Dubey and Lindsay, 1996).
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The proliferation rate seems to vary between different isolates, and is also
dependent on which host cells are used. Tachyzoites of the NC-1 isolate
cultured in bovine aorta endothelial cells were going through endodyogeny
within six hours p.i., and host cell lysis occurs around 72 hours p.i. (Hemphill
et al., 1996). Extracellular maintenance of N. caninum tachyzoites in the
presence of growth medium for longer than four hours results in a rapid loss
of infectivity. This is in contrast to what has been reported for T. gondii
tachyzoites, which remain infective upon extracellular maintenance for up to
72 hours (De Braganca et al., 1996).

Weiss and Ma (1997) recently reported that they succeeded in
generating N. caninum tissue cysts containing bradyzoites in vitro. This
was achieved through cultivation in human foreskin fibroblast, employing
the protocol previously described for in vitro tissue cyst formation of
T. gondii (Boothroyd et al., 1997). With in vitro cultivation of N. caninum
tachyzoites, the tools for immunodiagnosis, immunohistochemical and
molecular detection of the parasite by PCR could be established (see
Section 4.2). More recently, the tissue culture system has also been used
for investigating in more detail the processes which occur during adhesion
and invasion of host cells (Hemphill et al., 1996), and has also enabled
genetic manipulation of the parasite (Howe et al., 1997; Howe and Sibley,
1997; Beckers er al., 1997). In vitro cultures were also employed for
assaying the susceptibility of N. caninum tachyzoites to more than 40
chemotherapeutic agents (Lindsay and Dubey, 1989a; Lindsay er al.,
1994; Lindsay et al., 1996a, 1997). Two mutants resistant towards
pyrimethamine have been generated. In contrast, only a few compounds
have been evaluated for their efficacy against N. caninum in vivo (Lindsay
and Dubey, 1990; Dubey et al., 1995).

4. NEOSPOROSIS

4.1. Clinical Signs

Natural neosporosis was first diagnosed in dogs; clinical symptoms include
hind limb paresis and hyperextension, progressive hind limb paralysis
(Cuddon et al., 1992; Barber and Trees, 1996), difficulty in swallowing,
paralysis of the jaw (Hay et al., 1990), muscle flaccidity, muscle atrophy and
even heart failure (Odin and Dubey, 1993). Most clinical cases have been
described in Labrador retrievers, boxers, greyhounds, golden retrievers and
basset hounds (Dubey and Lindsay, 1996). Parasites could be identified in
most organs. N. caninum can also cause severe dermatitis (Dubey et al.,
1988a, 1995). Most affected individuals are young congenitally infected
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dogs, although fatal neosporosis has also been documented in older animals
(Dubey and Lindsay, 1993).

Results of experimental infections indicate that subclinical neosporosis can
be reactivated by suppressing the immune system. Congenital neosporosis has
been experimentally reproduced in dogs (Dubey and Lindsay, 1989b; Cole et
al., 1995b). Following the administration of large doses of corticosteroids,
clinically normal, congenitally infected offspring developed hepatic lipidosis,
pneumonia and myositis caused by tachyzoites (Dubey and Lindsay, 1990a).
Although infection with N. caninum early in pregnancy may be associated with
early foetal death and the birth of weak offspring, there is no report of abortion
caused by neosporosis in dogs (Dubey and Lindsay, 1996). Postnatally infected
pups can also develop clinical neosporosis (Cole et al., 1995b).

The successful treatment of neosporosis in dogs is dependent on the stage
of disease at the time the treatment is initiated. Clindamycin, pyrimethamine
and sulfadiazine, either alone or in combination, have shown some effect in
a restricted number of cases (Barber and Trees, 1996). However, there is at
present no treatment to prevent diaplacentar transmission of N. caninum.

In cows, abortion is the most relevant clinical feature of N. caninum
infection. Both dairy and beef cattle are affected, although most reports are
from dairy cattle (Dubey and Lindsay, 1993, 1996). Cows have been reported
to abort up to eight years of age. Foetuses may die in utero, be resorbed,
mummified, autolyzed, stiliborn, born alive but weak and/or diseased, or born
clinically normal but chronically infected. Foetal death can occur throughout
gestation although abortions of foetuses younger than three months of age
have not been observed (Dubey and Lindsay, 1996). Repeated abortions have
been shown to occur in the same cow (Anderson et al., 1995; Dannatt et al.,
1995; Obendorf et al., 1995). Cows may abort sporadically or in groups within
a few weeks, or abortions may persist within a herd. There are several reports
of abortion storms (Thornton et al., 1994; Yaeger et al., 1994, Moen et al.,
1995; McAllister et al., 1996a), but diagnosis was based only on histologic
examination of a few foetuses, so it is not certain whether all these abortions
were really caused exclusively by N. caninum or whether other pathogens were
also involved. A recent study has shown that N. caninum infection has an
economic impact, in that milk production in first-lactation dairy cows is
significantly reduced (Thurmond and Hietala, 1997).

Subclinical congenital neosporosis is a common phenomenon. It is likely
that repeat congenital infection is more common than repeat abortion, and
there is evidence that only a small percentage of congenitally infected calves
develop clinical neosporosis. The clinical signs of congenitally infected
calves born alive are mostly neurological. They exhibit hind limb and/or
forelimb hyperextension, ataxia, decreased patellar reflexes, loss of
proprioception, paralysis, asymmetrical appearance of eyes, exophthalmia,
or deformities associated with embryonic neural cells (Parish et al., 1987,
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Barr et al., 1993; Dubey and De Lahunta, 1993; Bryan et al., 1994). No
chemotherapeutical treatment for neosporosis in cattle has so far been
developed.

Other species affected by natural neosporosis include pygmy goats (Barr
et al., 1992; Dubey et al., 1992), dairy goats (Dubey et al., 1996b) and horses
(Dubey and Porterfield, 1990; Marsh er al., 1996) and there has been one
report of neosporosis in sheep (Dubey et al., 1990a). In these cases, clinical
signs resembled those seen in cattle, with infection predominantly localized
within the foetal CNS. In horses, unusual cases of N. caninum infection have
been reported, such as the observation of tissue cysts outside the CNS
(Lindsay et al., 1996¢) and an unusual case of visceral neosporosis (Gray et
al., 1996). Two reports exist on the occurence of neosporosis in deer, one of
which was identified in full-term stillborn deer from the Paris Zoo, France
(Dubey et al., 1996¢).

4.2. Diagnostic Tools

There are a number of diagnostic tools available, especially for discriminat-
ing neosporosis from infections with the closely related Toxoplasma and
Sarcocystis. These include indirect methods such as the demonstration of the
presence of antibodies in blood, or direct methods such as electronmicro-
scopical, immunohistopathological and histopathological visualization of
the parasite or its immunopathological effects, in vitro isolation of parasites
or the detection of parasite DNA by PCR.

4.2.1. Indirect Detection Techniques

Indirect diagnosis of N. caninum infections relies on the detection of
antibodies specifically directed against N. caninum. Although these
techniques can demonstrate that an individual animal has been exposed to
the parasite, they do not prove that N. caninum is in fact the causative agent
of the corresponding symptoms. This can be done only by demonstrating
its physical presence within affected tissue (see Section 4.2.2). However,
serological assays are an important measure for demonstrating exposure to
the parasite and assessing the risks of acquiring neosporosis.

(a) Indirect fluorescence antibody technique (IFAT). In the IFAT, cell
culture-derived N. caninum tachyzoites are placed on to glass slides and are
incubated with the serum to be tested. If the serum contains antibodies
against N. caninum tachyzoites, these will bind to the parasites, and can be
visualized by fluorescent reagents. The IFAT for neosporosis was first
introduced to detect parasite-specific antibodies in dogs (Dubey er al.,
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1988a). This test is the most widely used serological N. caninum assay and
is considered the most specific (Dubey and Lindsay, 1996). No or only a
little cross-reaction with antibodies to 7. gondii tachyzoites has been
observed, none with Sarcocystis sp., Cryptosporidium parvum or Eimeria
bovis. The IFAT has been used to detect antibodies in peripheral blood and
the cerebrospinal fluid of infected dogs, and in maternal and foetal sera of
infected cattle. The IFAT has aiso been shown to represent a valuable tool
for the diagnosis of bovine foetal Neospora infection (Barr et al., 1995).
The cut-off IFAT-titres which determine the specificity of a reaction vary
between different laboratories, mainly because of differences in buffers,
incubation conditions and conjugates. The type and quality of a
fluorescence microscope can also influence detection limits. The titres
usually vary between 1:160 and 1:640 for a positive reaction in maternal
serum. For the detection of antibodies in foetal serum, the titres are
significantly lower (B. Hentrich, personal communication). A major
setback of the IFAT is that the result relies on a personal evaluation
rather than on objective assessment. However, it is generally agreed that in
case of a positive signal the whole surface of the tachyzoite should
fluoresce (Dubey and Lindsay, 1996). Apical fluorescence occurs in many
sera of uninfected individuals, and is considered to be due to unspecific
binding of serum components.

Since many batches of FCS contain antibodies against N. caninum, only
tachyzoites cultured in the absence of FCS should be used as antigen (see
Section 3.4). Alternatively, parasites can be grown in the presence of IgG-
free horse serum. It has been shown that IFAT titres in N. caninum-infected
cows can decrease after abortion, and perhaps also vary during pregnancy
(Conrad et al., 1993b). Therefore individual cows might erronously be
considered free of the parasite if blood samples collected later than two
months after abortion or early in pregnancy are tested. Further serological
assays with increased sensitivity, but also with at least the same specificity,
are therefore required.

(b) Enzyme-linked immunsorbent assay (ELISA). Major efforts were
directed towards the development of ELISAs, which offer the advantages
of automation and provide objective results. The use of ELISA for
demonstration of antibodies to N. caninum can be problematic, since high
background absorbances and non-specific reactions, most likely caused by
cross-reactivity with related coccidian parasites, may be a common
phenomenon dependent upon the type of antigen tested (Dubey and
Lindsay, 1996). It has been suggested that assays based on surface
membrane proteins as antigens could be more specific for the serological
detection of protozoan infections (Huldt, 1981). The fact that cross-
reactivity between T. gondii and N. caninum in canine sera is low in the
IFAT (where mainly surface proteins are accessible to the antibodies)
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points out the suitability of parasite surface molecules as antigens (Dubey
and Lindsay, 1993). Different antigen preparation methods have therefore
been developed in order to increase the specificity and sensitivity of
ELISA assays for the detection of anti-N. caninum antibodies. These
include the application of membrane proteins incorporated into iscoms
(immunostimulating complexes, Bjérkman er al., 1994a,b), the prepara-
tion of water-soluble extracts to capture antibodies (Paré er al., 1995),
generation of a monoclonal antibody directed against an N. caninum
surface protein for the serological diagnosis of bovine neosporosis in a
competitive ELISA (Baszler et al., 1996), the use of recombinant antigens
(Lally et al., 1996a; Jenkins et al., 1997) and of chemically fixed parasites
(Williams et al., 1997).

The integration of parasite proteins into iscoms for application in
immunodiagnosis was first described by Loevgren er al. (1987). Bjorkman et
al. were the first to introduce the iscom ELISA approach for N. caninum
serology (Bjorkman and Lunden, 1998). At first it was used for the analysis
of dog serum (Bjérkman ez a/., 1994a,b; Koudela et al., 1998), and was later
applied to the study of bovine sera (Holmdahl ez al., 1995; Bjérkman et al.,
1996; Stenlund et al., 1997a,b). The iscom ELISA is also a valuable tool for
demonstrating the presence of antibodies to N. caninum in the milk of cattle
(Bjorkman et al., 1997).

Another ELISA system was developed in which water-soluble antigens
are used to capture the antibodies to be detected. Such soluble N. caninum
tachyzoite extracts have been used for serological investigations with sera
from cattle (Paré er al., 1995; Gottstein ef al., 1998), and gave reliable results
with no cross-reactivity with sera from cattle infected with T. gondii. C.
parvum and E. bovis. However, some cross-reaction with sera from cattle
infected with S. cruzi was observed (Paré et al., 1995). As most cattle have
been exposed to Sarcocystis sp. (especially in the USA), the absence of cross-
reactivity with these species should be documented for any ELISA (Dubey
and Lindsay, 1996).

The use of recombinant antigens for the immunodiagnosis of bovine V.
caninum infections was first reported by Lally er al. (1996a). By
immunoscreening of an N. caninum tachyzoite cDNA expression library
with sera from naturally and experimentally infected cattle, two ¢cDNA
clones were selected and were subcloned into an expression plasmid
(pTrcHisB) and expressed in E. coli. On Western blots of N. caninum
tachyzoite extracts, antibodies directed against these two recombinant
antigens bind to two proteins of 33 and 36 kDa respectively, and both
localize to the N. caninum tachyzoite dense granules (Lally et al., 1997). The
purified recombinant antigens were evaluated by ELISA. Both antigens
could discriminate between sera from Neospora-infected cows and sera from
uninfected control animals. No evidence for cross-reactivity with T. gondii,
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S. cruzi, S. hominis and S. hirsuta was found, indicating that these two
recombinant proteins represent promising antigens for further diagnostic
applications. Indeed, Jenkins ez al. (1997) showed that antibodies directed
against these two recombinant antigens could be detected in cows which
aborted N. caninum-infected foetuses and in calves born to seropositive
mothers. However, the recombinant antigen ELISA was not useful for the
detection of foetal antibodies to N. caninum (Wouda et al., 1997).

A similar approach to identifying recombinant antigens for bovine
serology was used by Louie et al. (1997). They obtained two clones.
Antibodies directed against the corresponding recombinant proteins
recognized several bands on Western blots of N. caninum extracts, with
molecular weights of between 64-97 kDa and 28-34 kDa, respectively.
When a defined ‘gold standard’ panel of bovine sera from confirmed cases
and uninfected control animals was tested by ELISA, both recombinant
protein-based ELISAs exhibited higher sensitivities and higher or same
specificities compared to the whole tachyzoite lysate ELISA (Louie et al.,
1997).

A recent study of antibody responses of cows during an outbreak of
neosporosis applying the different serological assays: IFAT, whole
tachyzoite lysate ELISA, iscom ELISA, recombinant antigen ELISA (Lally
et al., 1996a) and competitive inhibition ELISA, showed that in all tests the
antibody levels of aborting cows as a group were higher than in non-
aborting cows. However, serological tests did not allow individual
determination of neosporosis as a cause of abortion in an individual cow
(Dubey et al., 1997). The recombinant antigens described by Louie et al.
(1997) have not yet been used in this kind of study.

4.2.2. Direct Detection Technigues

(a) Transmission electron microscopy (TEM). As visualized by TEM,
Toxoplasma and Neospora exhibit distinct differences, such as the
appearance and number of rhoptries, and sometimes the positioning of
micronemes (see Figure 1). However, these morphological features can vary
a great deal, depending on the prefixation of a given sample. Furthermore, if
fixation and processing of the specimen is not standardized, comparative
studies are difficult to perform. In addition, processing and viewing of
samples is time-consuming, and the low chances of sectioning through a
tissue area harbouring parasite material makes TEM an unsuitable
approach for routine diagnosis.

(b) In vitro isolation. Isolation of N. caninum in cell cultures was achieved
using samples from infected neural bovine tissue. However, the success rate
was very low when investigating aborted foetuses. For example, Conrad
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Toxoplasma gondii (b, d) tachyzoites. Note the very few differences such as
ultrastructure of rhoptry contents (arrow) and arrangement of micronemes (arrow-
heads) at the apical tip. dg = dense granules. Scale barsina and b = 1.5 um, in ¢ and
d =250 nm.

et al. (1993a) undertook the monumental effort of isolating the parasite out
of 100 bovine foetuses, and succeeded in only two cases. It is probable that
autolysis of the tissue before inoculation is critical, and success is dependent
on the presence of intact tissue cysts containing viable bradyzoites rather
than tachyzoites, which, because of their proliferative behaviour, cause
massive tissue destruction leading to abortion. There is also the problem of
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opportunistic microbial contamination of cultures because of the condition
of the aborted foetal tissue at the time of the attempted isolation. More
consistent success has been achieved using neural tissue from stillborn or
prenatally infected newborn calves, or from congenitally infected dogs
(Dubey and Lindsay, 1996). In these cases, more tissue cysts containing
viable bradyzoites are present. These are more resistant to the harsh
treatment of the tissues before inoculation into cell culture. In any case,
cultures have to be observed for two months before any statement can be
made (Dubey and Lindsay, 1993).

Ten recognized isolates of N. caninum have been reported. Seven of these
isolates originate from the USA, three are of canine origin (Dubey er al.,
1988b; Hay et al., 1990; Cuddon et al., 1992), and four are bovine isolates
(Barr et al., 1993; Conrad et al., 1993a; Marsh ef al., 1995). One isolate from
a dog was obtained from England (Barber et al., 1993; 1995), and two
further bovine isolates were obtained in Sweden (Stenlund ef al., 1997a) and
Japan (Yamane et al., 1997). Marsh et al. (1996) reported the isolation of N.
caninum in the brain and spinal cord of a horse with neurological signs.

Several lines of evidence suggest that all canine and bovine isolates
obtained so far are identical: no differences were found when sequences of
their 16S-like-rRNA were compared, while differences were noted in relation
to T. gondii 16S-like-rRNA (Barber ef al., 1995; Marsh et al., 1995; Stenlund
et al., 1997a). Sequencing of the more variable ITS 1 region also revealed no
differences between the different N. caninum isolates, suggesting strongly
that they all belong to the same species. Within this sequence, a large
number of differences exist when compared with T. gondii. Protein analysis
and electron microscopy also suggest that all N. caninum isolates are
identical.

Apart from the isolation of N. caninum in cell cultures, there is also the
possibility of obtaining isolation of the parasite via the inoculation of
infected tissue into mice. Although this method works well for the detection
of T. gondii (Dubey and Beattie, 1988), it is more difficult for N. caninum,
since mice in general are not very suitable hosts for this parasite.

(c¢) Histology and immunohistochemistry. By histological investigation,
well-developed tissue cysts of N. caninum can be distinguished from 7. gondii
tissue cysts. N. caninum cysts have been found almost exclusively in neural
tissues, and in dogs the cyst wall is up to 4 um thick, while T. gondii cysts
containing bradyzoites may be found in many organs, and the cyst wall is
always less than 1 pm thick (Dubey and Lindsay, 1996). However, since the
thickness of the cyst wall probably also depends on how long the infection
has been persisting, this should not be the sole diagnostic criterion.

In chronic latent infections, most tissue cysts are not surrounded by any
structures which would indicate an immunological host reaction. In
contrast, in cases of acute neosporosis histopathological lesions induced
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by N. caninum tachyzoites can be found in many organs. In the CNS they
are mostly characterized by a central necrotic focus surrounded by
infiltrating inflammatory cells. Immunocytochemical staining of histological
sections is necessary in order to confirm the diagnosis. For this purpose
several reagents have been developed. Polyclonal antisera directed against
cell culture-derived tachyzoites can be used to detect the parasites and to
distinguish N. caninum from T. gondii. (Dubey and Lindsay, 1996).
However, the problems mainly encountered using such polyclonal antisera
are possible cross-reaction with antigenic components from other related
coccidian parasites such as T. gondii or Sarcocystis sp., the fact that the
specificity of a given serum can vary depending on which tissue is used and
how it is processed before antibody labelling; and that general unspecific
binding can occur. For example, Sundermann et al. (1997) recently reported
that commercially available antibodies directed against T. gondii used for
immunohistochemistry also reacted with N. caninum. McAllister et al.
(1996c) showed that T. gondii and N. caninum bradyzoites stain both with
antibodies directed against a Toxoplasma-bradyzoite specific antigen (BAG
5), which has been expressed as a recombinant protein in E. coli. In order to
overcome the problem of cross-reactivity between N. caninum and T. gondii
in formalin-fixed paraffin-embedded tissue sections, a murine monoclonal
antibody which reacted specifically with N. caninum tachyzoites and tissue
cysts was generated (Cole et al., 1993). It recognizes N. caninum tachyzoites
and bradyzoites in dogs, cattle, mice, rats, sheep and goats. In addition, a
whole set of monoclonal antibodies directed against antigens incorporated
into Neospora iscoms (Bjorkman et al., 1994a) has recently been
characterized. These antibodies react with antigens located on the surface
and at the apical complex of N. caninum tachyzoites, and no cross-reaction
has been observed with 7. gondii, either on Western blots or by
immunofluorescence (Bjorkman and Hemphill, 1998). These mAbs stained
N. caninum tachyzoites on paraffin sections upon pretreatment of the slides
with pronase (N. Fuchs, A. Hemphill, and C. Bjérkman, unpublished), and
the absence of any labelling on tissue sections harbouring 7. gondii
tachyzoites suggests that they could be applied in immunohistochemical
studies. Polyclonal antibodies directed against the N. caninum surface
proteins Nc-p43 (Hemphill and Gottstein, 1996) and Nc-p36 (Hemphill er
al., 1997a) are being evaluated for a diagnostic application. Nc-p43-specific
antibodies stain both N. caninum tachyzoites and bradyzoites, while anti-
Nc-p36 antibodies label tachyzoites only. These antibodies do not cross-
react with T. gondii (Fuchs et al., 1998). Use of these antibodies in
differential staining of tachyzoites and bradyzoites could also provide
information on the state of the disease (chronic versus acute infection), and
the application of these antibodies might be useful in investigations dealing
with the differentiation of the parasite.
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(d) The polymerase chain reaction (PCR). As immunohistochemistry is
often not sensitive enough, more sensitive techniques for direct demonstra-
tion of parasites within tissue samples and body fluids are urgently needed.
Accordingly, many laboratories focused on the development of Neospora-
specific PCR assays for the detection of parasite DNA. The efficiency of the
amplification by PCR permits the use of very small amounts of starting
material. Furthermore, the procedure can be rendered even more efficient by
the use of nested primers (Lally er al., 1996b; Ellis et ai., 1997). However,
extreme care must be taken to prevent contamination, from other samples,
from the environment, or from PCR products previously amplified.

In many diagnostic labs, PCR diagnosis of T. gondii relies on methods
based on the amplification of either the p30 (SAG1) gene (Savva et al., 1990)
or the Bl gene (Burg et al., 1989). The Bl gene is present in a high copy
number, and is highly conserved between different strains of T. gondii, but is
not present in N. caninum. Sarcocystis, Plasmodium and others. The PCR
protocol for amplification of the Bl gene was modified by introducing a
nested primer system, which resulted in a significant increase in sensitivity.
Using the B1-PCR, the parasite was successfully demonstrated in amniotic
fluid, blood samples (Ho-Yen et al., 1992), cerebrospinal fluid (Parmley et
al., 1992), aqueous humour (Brezin er al., 1991) and in blood, lymph and
tissues of T. gondii-infected sheep (Wastling ef al., 1993).

Current PCR tests used in the diagnosis of neosporosis are based on
specific sequences, such as the internal transcribed spacer 1 (ITS 1) between
5.8S and 16S-like rRNA genes (Holmdahl and Mattson, 1996), the ITS 1
between 5.8S and 18S rRNA genes (Payne and Ellis, 1996), nuclear small-
subunit rRNA gene sequences and hybridization with a Neospora-specific
oligonucleotide probe (Ho er ai., 1996) a fragment of the 14-3-3 gene in
N. caninum (Lally et al., 1996b), and a Neospora-specific genomic DNA
sequence named Nc5 (Kaufman er al., 1996; Miiller ef al., 1996; Yamage
et al., 1996).

The ITS 1 as a target sequence offers the advantage that it is present in a
high copy number, being conserved within species but variable between
species (Holmdahl and Mattsson, 1996; Payne and Ellis, 1996; Homan et al.,
1997). The ITS 1 PCR was tested successfully on tissue samples from
experimentally infected mice and on the cerebrospinal fluid, buffy coat cells,
amniotic fluid, placenta, spinal cord, heart and brain of experimentally
infected ewes and foetuses. Ellis et al. (1997) recently introduced new
primers for use in nested PCR in order to amplify as short a fragment as
possible, since DNA obtained from clinical material such as autolysed
foetuses is often degraded. This test has also been succesfully applied using
formalin-fixed, paraffin-embedded tissues.

Ho et al. (1996) developed a PCR assay which amplifies a conserved
region of the ssTRNA gene, and the amplification product can be specifically
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identified by hybridization with specific probes which exhibit only a single
base-pair difference from a similar Toxoplasma specific probe and
hybridized to Neospora PCR products. This system was able to detect N.
caninum DNA in the bovine brain, spinal cord, heart, lung, kidney,
diaphragm, skeletal muscle and placenta, as well as in amniotic fluid samples
of Neospora-infected cattle (Ho et al., 1997b). In addition, PCR products
were amplified from DNAs of different foetal tissues from experimentally
infected rhesus macaques, including brain, lung, heart, liver, spleen, skeletal
muscle, skin and placenta (Ho et al., 1997a).

The 14-3-3 PCR is based on a sequence of a 14-3-3 homologue of N.
caninum which was identified using serum from an experimentally infected
cow. Although the 14-3-3 proteins are highly conserved, primers annealing
with less conserved regions could be designed and, using a nested PCR
system, a 614 bp fragment was amplified from N. caninum DNA (Lally et
al., 1996b). The PCR test did not amplify any fragment from 7. gondii, S.
cruzi, S. tenella and S. muris, and amplification of DNA from tissue samples
taken from experimentally infected mice was possible, as well as amplifica-
tion of DNA from an infected mouse brain that was extensively autolysed.

The Nc5-PCR originated from differential hybridization of genomic DNA
libraries of N. caninum and T. gondii (Kaufmann et al., 1996). This approach
resulted in the identification of clone pNc5 which contained a N. caninum-
specific DNA fragment. Oligonucleotide primers were designed which
amplified specifically a 944 base pair fragment from N. caninum tachyzoite
DNA. Using a further set of primers, a single tachyzoite could be detected
from a 2 mg sample of bovine brain tissue (Yamage et al., 1996). Miiller et
al. (1996) further optimized this test for application in routine diagnosis.
They introduced the uracil DNA glycosidase system, which eliminated
potential contamination of amplified target DNA from previous reactions,
and the PCR reaction was followed by a DNA hybridization immunoassay
(DIA) which unambiguously identified the Neospora-specific amplification
products. These protocols were also introduced for optimizing the B1-PCR
for the detection of T. gondii. In addition, Miiller er al. (1997) reported on a
protocol for the detection of both N. caninum and T. gondii bradyzoites
from formalin-fixed, paraffin-embedded sections containing brain tissue of
experimentally infected mice. Thus differential diagnosis of N. caninum and
T. gondii within the same sample is now possible.

5. HOST-PARASITE INTERACTIONS

The histopathological effects of N. caninum infections have been quite
extensively characterized, and were reviewed recently by Dubey and Lindsay
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(1996). In dogs, lesions induced by N. caninum tachyzoites were found
predominantly in the CNS, but also in the liver and in muscle biopsies. N.
caninum can cause gross lesions such as granulomas in visceral tissues,
cerebrellar atrophy and ulcerative dermatitis. The parasite was also
identified in lung aspirates and in dermal pustular exudate of dogs. In
cattle, lesions are most common in the CNS, heart, skeletal muscle and liver
(Anderson et al., 1991; Barr et al., 1991; Wouda et al., 1997; Gottstein et al.,
1998). Lesions within the CNS consist of nonsuppurative encephalomyelitis,
characterized by multifocal nonsuppurative infiltration, with or without
multifocal necrosis and multifocal to diffuse nonsuppurative leukocytic
infiltration of the meninges (Dubey and Lindsay, 1996). Characteristically,
lesions in the brain exhibit a focus of mononuclear cell infiltration around
a central region of necrosis, with occasional glial proliferation. Lesions in
the heart are severe, but often masked by autolysis, and hepatic lesions
consist of periportal infiltrations of mononuclear cells and variable foci of
hepatocellular necrosis (Dubey and Lindsay, 1996; Wouda et al., 1997). The
destructive effects described above, imposed upon tissues of individuals
suffering from acute neosporosis, are consequences of the ways N. caninum
interacts with its host or host cells.

Generally, investigations on the host—parasite relationship include two
main aspects. First, the host—parasite relationship is strongly dependent on
the host immune reaction, which will obviously be targeted mainly towards
those parasites, or parasite components, which are directly accessible to the
actions of the host immune system. The pattern and type of parasite
antigens recognized by the host immune system are probably important for
the further outcome of the infection, elimination or survival of the parasite.
However, the actual responsible effectors causing formation of the necrotic
lesions observed in N. caninum-infected tissues are partially mediated by the
immunopathological processes on part of the host. Thus, the immuno-
biology of N. caninum infections needs to be investigated further. Second,
host—parasite interactions take place on the cellular level, where the parasite
and the target cell establish direct physical contact, probably through one
(or several) host cell surface membrane receptor(s) which will bind to one (or
several) parasite ligand(s). This level of interaction is most important for
intracellular parasites, since recognition of suitable receptors on the host cell
surface could be crucially involved in triggering subsequent host cell
invasion. It is known that N. caninum tachyzoites cause cell destruction
because of their extensive proliferation which eventually leads to host
cell lysis and the infection of neighbouring cells. Thus the process of host cell
invasion is essential and merits further investigation. In vitro models (see
Section 5.1.1) represent ideal experimental systems for dissecting the
processes involved, as parasites and host cells can interact with each other
under defined conditions. They have also been used for studies of adhesion
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and invasion mechanisms of a number of other protozoan parasites,
including several members of the phylum Apicomplexa. Investigations into
the physical interaction between N. caninum and host cells have been
strongly influenced by the work carried out on Plasmodium and especially T.
gondii. Therefore some of these studies which have provided most important
information, relevant also with respect to Neospora—host cell interactions,
are presented briefly in Section 5.1.

5.1. Adhesion and Invasion of Host Cells by Apicomplexan Parasites

5.1.1. The Role of in vitro Models for Studies on Adhesion and Invasion of
Host Cells by Apicomplexan Parasites

The application of in vitro systems for studying adhesion and invasion of
host cells by apicomplexan parasites has been widely used, and has led to the
identification of molecules, either within the parasite or the host cell, which
mediate these interactions. Detailed studies of the mechanisms by which
parasites adhere to, and invade, their host cells were carried out on
Plasmodium (reviewed by Bannister and Dluzewski, 1990; Pasvol et al.,
1992; Holder, 1994; Sam-Yellowe, 1996), FEimeria (Augustine, 1989;
Chobotar et al., 1993; Bauer et al., 1995; Werner-Meier and Entzeroth,
1997), T. gondii (reviewed by Werk, 1985; Bonhomme et al., 1992; Joiner and
Dubremetz, 1993; Kasper and Mineo, 1994; Dubremetz and McKerrow,
1995; Mauél, 1996; Dobrowolski and Sibley, 1997, Dubremetz, 1998), and
Theileria (reviewed by Shaw, 1997). These studies showed that the invasive
procedures employed by most members of the Apicomplexa are distinct from
phagocytic processes. The invasive processes applied by apicomplexan
parasites can be divided into three successive steps, namely recognition of
the host cell membrane and attachment to host cell receptors via parasite
ligands, active invasion of the host cell and intracellular development of the
parasite.

In virro models mostly consist of host cell primary cultures, or cell lines,
which grow adherent to coverslips, within ELISA wells or other matrices.
They are then allowed to interact with parasites under defined conditions.
By altering parameters such as the temperature, and the composition of the
incubation medium, and by biochemical and enzymatic pretreatments of
either parasites or host cells prior and during the incubations, it has been
possible to gain information on the metabolic requirements and the reactive
groups necessary for the adhesion and invasion process to take place. The
fact that 7. gondii and N. caninum exhibit virtually no host cell specificity
has permitted investigations on a wide range of cultured cells and
established cell lines. Recently, reproducing the adhesion and invasion of
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host cells by T. gondii in vitro has made it possible for the first time to apply
electrophysiological methods to the study of host cell invasion during
parasitic infection (Suss-Toby ef al., 1996). In contrast to T. gondii and N.
caninum, other apicomplexan parasites such as the members of the genus
Plasmodium are much more limited in their host range (Braun-Breton and
Perreira Da Silva, 1993; Galinski and Barnwell, 1996).

Many investigations employing in vitro models not only extracted
information about the mechanisms by which parasites adhere to and invade
their host cells, but also on the different strategies by which survival and
proliferation of intracellular parasites is achieved (reviewed by Mauél,
1996). Studies employing in vitro infection experiments have been used to
demonstrate the mechanism employed by T. gondii to escape the normal
endocytic pathway after being taken up by nonactivated macrophages or
other phagocytic cells (Joiner et al., 1990; Sibley er al., 1993). After entry
into its host cell, T. gondii tachyzoites reside in an intracellular vacuole that
is completely unable to fuse with other endocytic or biosynthetic organelles.
This fusion block requires the entry of viable organisms, but is irreversible
even if the parasites are killed after entry. However, the fusion block is
dependent on the route of entry, and does not take place when parasites are
taken up through the phagocytic pathway, indicating that the fusion
inhibition reflects active invasion. Thus a specific modification of the
vacuole membrane at the time of entry into the host cell has to take place
(Sibley et al., 1993; Sibley, 1995). Secretion of a soluble inhibitor by T.
gondii appears not to play an important role with respect to fusion
inhibition, although maturation by the vacuole in many cell types is
accompanied by exocytosis from rhoptries (Saffer et al., 1992; Dubremetz
and Schwartzman, 1993), and later by dense granules from the parasite
(Charif et al., 1990; Achbarou et al., 1991b; Cesbron-Delauw, 1994). More
recent experiments performed by Mordue and Sibley (1997) showed that T.
gondii parasitophorous vacuoles formed through active invasion of
macrophages evade endocytic processing because of the absence of host
regulatory proteins essential for endocytic fusion. In contrast to this
successful survival strategy applied by T. gondii within normal macrophages,
it was shown that in activated macrophages the vacuoles containing live
tachyzoites fuse with lysosomes, and that this is followed by destruction of
the parasite (Sibley et al., 1993).

Another valuable advantage of in vitro systems is that detailed electron
microscopical investigations on the ultrastructure of adhesion and invasion
processes and of intracellular development can be carried out. Most
parasites actively invading a host cell have been shown to employ a very
similar, but not necessarily identical, ‘self-zippering mechanism’ between the
parasite and host cell surface membranes. The host cell invasion process has
been investigated in detail for Theileria parva (Shaw, 1997), Plasmodium spp.
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(Tait and Sacks, 1988; Holder, 1994), and T. gondii (Werk, 1985;
Bonhomme er al., 1992, Sibley, 1995; Dubremetz, 1998). Additional
immunocytochemical studies on invading apicomplexan parasites demon-
strated the roles of host and parasite organelles and molecules during
invasive processes (Dubremetz and Schwartzman, 1993; Saffer et al., 1992;
Grimwood and Smith, 1995; Sibley er al., 1995; Morisaki et al., 1995;
Grimwood et al., 1996; Carruthers and Sibley, 1997).

5.1.2. The Roles of Secretory Organelles in Adhesion, Invasion and
Intracellular Development of Apicomplexan Parasites

All apicomplexan parasites share certain features and specialized organelles
which are currently considered to be involved in host cell invasion and
intracellular development. These include the conoid and secretory organelles
such as rhoptries, micronemes and dense granules. Most infective stages of
apicomplexan parasites actively invade their host cells apical end first. Thus
the function most often attributed to the conoid is to aid in the penetration
of host cells. This idea was confirmed by ultrastructural observations carried
out on the interaction between Plasmodium and red blood cells (Bannister
and Dluzewski, 1990), where a reorientation step was observed after
attachment. This reorientation step may result from a gradient of receptor
distribution on the merozoite surface, or from the presence of apically
located higher affinity receptors (Galinski and Barnwell, 1996). In other
sporozoa, such a reorientation step and apical contact with the host cell
surface could be a result of gliding motility or conoid flexing (Werk, 1985;
Bonhomme et al., 1992; Chobotar et al., 1993; Dobrowolsky and Sibley,
1996). It was demonstrated that conoid extrusion which accompanies host
cell invasion by T. gondii tachyzoites is a Ca’* dependent process
(Mondragon and Frixione, 1996), and Dobrowolsky and Sibley (1996,
1997) have shown that an actin-myosin-based system plays a crucial role in
host cell invasion, although actin filaments themselves have not been
demonstrated (Dobrowolski et al., 1997).

Micronemes are organelles which, before invasion, exocytose molecules
involved in recognition and binding with the host cell on to the parasite
surface. In Plasmodium the first of these micronemal proteins to be identified
was the 135 kD P. knowlesi Duffy-binding protein, which is known to bind
to an erythrocyte membrane glycoprotein bearing the Dufty blood group
determinants (Adams et al., 1990). This protein was subsequently found to
be closely related to the P. falciparum erythrocyte binding antigen-175
(EBA-175), which is also localized to the micronemes, but bound to
sialic acid residues specifically on erythrocyte glycophorin A (Sim et al.,
1990, 1992). Thus these two micronemal proteins, although related, are
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responsible for the differential receptor—ligand interactions of different
malaria species. Three micronemal proteins (MIC1-3) were identified in T.
gondii (Achbarou et al., 1991a; Dubremetz and Schwartzman, 1993). The
cDNA coding for MICI1 has been cloned and sequenced, and it contains a
duplicated receptor-like domain with distant homology to the Plasmodium
micronemal protein TRAP-SSP2 (Fourmaux et al., 1996). MICI from
tachyzoite lysates and a recombinant peptide of the N-terminal duplicated
domain of the protein bound to the surface of putative host cells, suggesting
a role for MIC1 in host cell adhesion or recognition (Fourmaux et al., 1996).
Using the expressed sequence tag (EST) dataset of T. gondii, the gene
encoding MIC2 was identified and characterized (Wan et al., 1997). It
contains five copies of the conserved thrombospondin-like motif present in a
number of molecules with adhesive properties, as well as a conserved region
implicated with the adhesive characteristics of several integrins (Wan et al.,
1997).

Rhoptries are large club-shaped anterior organelles with a slender duct
through which organellar contents are discharged at the time of invasion of
host cells. It was shown that this process occurs upon cell—cell contact,
implying that it would aid invasion by altering the plasma membrane and
the cortical actin skeleton of the target cells. Many rhoptry proteins were
identified in Plasmodium (reviewed in Perkins, 1992). One of these, the apical
membrane antigen-1 (AMA-1) was proposed to act as a receptor (Cheng
and Saul, 1994). In T. gondii, up to ten rhoptry proteins with molecular
weights ranging from 40-220 kD were identified by monoclonal antibodies
(Leriche and Dubremetz, 1991). The best characterized of these proteins,
ROPI1, was previously known as penetration enhancing factor (PEF)
originally identified by Lycke and Norrby (1966). DNA sequence analysis
revealed that this 60 kD protein is a hydrophilic polypeptide which may
bind to other molecules due to its charge asymmetry (Ossorio et al., 1992).
ROP1 was shown to associate with the PVM after parasite entry (Saffer et
al., 1992). It does not contain a transmembrane domain, and thus must
interact directly with the phospholipid bilayer or with other transmem-
branous particles. During further maturation of the parasitophorous
vacuole, ROP1 disappears. However, analysis in vitro and in vivo of T.
gondii deletion mutants which do not express ROP1 showed no significant
alterations in growth rate, host specificity, invasiveness or virulence,
suggesting that the ROP[ gene product is not essential under the conditions
tested (Soldati et al., 1995). Other rhoptry proteins such as ROP2, 3, 4, 5
were shown to exhibit a basic pl, which would be in agreement with the idea
that polycationic polypeptides play a role during invasion (Werk, 1985). The
lipid content of T. gondii rhoptries is enriched in cholesterol and lysolipids
(Foussard et al., 1991), suggesting that these components were probably
involved in driving the inward expansion of the PVM. This was also
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supported by the finding that phospholipase A2 could be involved in
invasion (Saffer and Schwartzman, 1991; Gomez er al., 1996).

Dense granules resemble the secretory vesicles of mammalian cells, and
are probably formed by budding from the Golgi apparatus. Seven dense
granule proteins have been identified in T. gondii to date, and sequencing
has shown that six of them contain typical hydrophobic signal sequences
which target them in the secretory pathway (Cesbron-Delauw, 1994;
Lecordier et al., 1995; Fischer et al., 1998; Jacobs et al., 1998). It is not
yet clear whether they are involved in the invasion process itself, such as
enclosure of the tachyzoite in the vacuole. Immunogold electronmicroscopy
showed that the proteins of dense granules are targeted either to the
vacuolar space, the vacuolar membranous network and/or the vacuole
membrane (reviewed by Cesbron-Delauw et al., 1996) or, in the case of
erythrocytes infected by P. falciparum, the inner side of the host cell
membrane (Aikawa er al., 1990).

Carruthers and Sibley (1997) demonstrated the sequential secretion of
proteins from micronemes, rhoptries and dense granules during invasion of
human fibroblasts, using immunofluorescence, immunoelectronmicroscopy
and quantitative immunoassays. They showed that binding to the host cell
triggered apical release of MIC2 at the attachment zone, that subsequent
invagination of the host cell membrane was triggered through the release of
ROPI, forming a nascent parasitophorous vacuole, and that release of the
dense granule proteins GRA1 and NTPase (Sibley et al., 1994) occurred
only after the parasite was completely enclosed by the parasitophorous
vacuole membrane (about 20 minutes after invasion). Furthermore, as T.
gondii tachyzoites were treated with cytochalasin D, a drug which
depolymerizes actin filaments, the invasion process of cytochalasin D-
resistant host cells was interrupted at the point where a nascent
parasitophorous vacuole is formed (Dobrowolski and Sibley, 1996). Thus,
each organelle or its secretory products appear to be involved in distinct
steps during the invasion process, and the actin skeleton of the parasite is
responsible for exerting the driving force for invading the host cell
cytoplasm.

5.2. The Physical Interaction of N. caninum Tachyzoites with Host
Cells

Hemphill et al. (1996) investigated the interaction between N. caninum and
bovine aorta endothelial (BAE) cells in vitro. N. caninum adhesion, invasion,
and intracellular proliferation was investigated using transmission electron-
microscopy. In addition, a fluorescence-based assay modified from
Schenkman et al. (1991) was employed in order to quantitate the effect of
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various treatments of parasites and host cells prior to their interaction on
adhesion and invasion.

Both adhesion and invasion took place within a relatively short time (five
minutes) after incubation of the tachyzoites with host cells, and occurred in
a non-homogeneous manner, similar to that previously described for 7.
gondii (Kasper and Mineo, 1994). After 45—60 minutes tachyzoite invasion
had reached a plateau, although there were still additional parasites
adhering to the endothelial cell surface, and there were still a considerable
number of uninfected host cells present. This indicates that not every
parasite which adheres to the host cell surface will automatically penetrate
the host cell surface membrane, and that the tachyzoites had lost their
potential to infect target cells upon prolonged extracellular maintenance. It
is also very likely that, as has been demonstrated for T. gondii tachyzoites,
both adhesion- and infection-efficiencies are dependent on the host cell cycle
(Youn erf al., 1991; Grimwood et al., 1996). Thus it has been suggested that
certain host cell surface proteins which are expressed at different times on
the host cell surface would serve as parasite receptors (Grimwood et al.,
1996).

Transmission electronmicroscopy indicated that N. caninum tachyzoites
initially attach to BAE cells by any part of their surface. No preference
could be seen for any specialized host cell surface domain. Invasion of BAE
cells by N. caninum tachyzoites was a multi-step process. As the parasite
encountered a suitable location for penetration of the endothelial cell
surface, the host and the parasite plasma membranes bound closely to each
other at the site of initial contact. A recess developed on the endothelial cell
surface, and the parasite moved into the host cell, the membrane of which
curved around the invading parasite, which eventually became intracellular,
completely encircled by the parasitophorous vacuole membrane. The
tachyzoites within their parasitophorous vacuole moved towards the interior
of the cell, preferentially close to the nucleus, and were soon surrounded by
host cetl mitochondria. Massive secretion into the lumen of the parasit-
ophorous vacuolar space takes place, indicating that the parasite modifies
the vacuole and its membrane according to its own needs. Endodyogeny
occurs at about six hours post infection, and continues until, after about
72-80 hours, a pseudocyst has developed, which contains hundreds of newly
formed tachyzoites. Host cell lysis occurs, and tachyzoites are set free and
infect neighbouring cells. Altogether, these events closely resemble the
processes taking place during host cell entry and intracellular proliferation
of T. gondii tachyzoites (Kasper and Mineo, 1994).

N. caninum tachyzoites also bound to both paraformaldehyde- and
glutaraldehyde-fixed BAE cells, but attachment was much more efficient to
living cells. This can be explained by considering the plasma membrane of
living cells as a highly dynamic structure, with additional receptors probably
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engaged during incubation with the parasites. However, N. caninum also
invades BAE cells fixed with 3% paraformaldehyde, provided that no
glutaraldehyde was used. These findings are somewhat surprising, although
Trypanosoma cruzi, for example, was also reported to be capable of infecting
paraformaldehyde prefixed host cells in vitro (Schenkman et al., 1991).
When viewed by TEM, the mechanisms of penetration of living and prefixed
BAE cells appeared to be somewhat different: penetration of prefixed BAE
cells was accompanied by dramatic changes at the point of entry, with the
plasmalemma being disrupted and clusters of irregular vesicles appearing
around the advancing parasite. However, these observations suggested that
invasion can take place independently of any energy expenditure on the part
of the host cell.

Several other lines of evidence also suggested that the invasion process
required only parasite energy, and was largely independent from the target
cell metabolism. Treatment of tachyzoites using glycolytic and mitochon-
drial inhibitors such as deoxyglucose, sodium azide, oligomycin and
antimycin reduced the rate of both adhesion and invasion to BAE cells,
while treatments of BAE cells had no effect. Thus, metabolic energy is
necessary to trigger invasion after an initial, probably low affinity, contact
between parasite and host cell surface molecules. De novo protein synthesis
on the part of the parasite did not apparently play an important role during
adhesion and invasion, since cycloheximide treatment of parasites before
incubation with BAE cells had no effect (Hemphill et al., 1996).

Based on these criteria, the adhesion/invasion process of host cells by N.
caninum was very similar to equivalent processes described in other
Apicomplexa such as Plasmodium and Toxoplasma (Tait and Sacks, 1988).
However, while for these parasites evidence has been obtained that specific
target cell surface molecules serve as parasite receptors (Holder, 1994;
Kasper and Mineo, 1994), possible receptors on the host cell surface which
would interact with Neospora ligands have not been identified.

Thus, a series of experiments were performed in order to gain some basic
information on the molecular nature of possible host cell surface receptors.
In many cell types, cell surface adhesive molecules include glycolipids
(Karlsson et al., 1992), glycosaminoglycans (Lander, 1993), and glyco-
proteins (Oebrink, 1993). Modifications carried out on cell surface carbo-
hydrates would therefore probably influence the adhesive properties of cell
surfaces. Periodate oxidation at acidic pH had previously been used as a
tool to cleave carbohydrate residues. Removal of carbohydrates from the
endothelial cell surface by using a whole range of periodate concentrations
at low and neutral pH significantly increased the adhesion efficiency of V.
caninum tachyzoites. In addition, it was shown that enzymatic treatments,
namely neuraminidase and hyaluronidase digestions of BAE cell surfaces,
also promoted the attachment of N. caninum tachyzoites to BAE cells.
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Similar results had previously been obtained when sialic acid residues were
removed from the surface of macrophages before infection with T. gondii
(de Carvalho et al., 1993). Hyaluronidase treatment of host cells did also
enhance the penetration of Hela cells by tachyzoites of T. gondii as
previously reported by Lycke and Strannegard (1965) and Norrby (1971).
It is likely that removal of sialic acid residues and acid mucopolysacchar-
ides facilitate the interaction of surface components of parasite and host
cells participating in the interaction. However, this effect is likely to be
dependent on the type of host cell and parasite isolate investigated, since
alterations in surface glycosylation, heparin and chondroitin sulphate did
not modify invasion of CHO cells by the PTg B strain of T. gondii (Mack
et al., 1994).

The role of potential carbohydrate residues on the N. caninum cell surface
in the adhesion to, and invasion of, BAE host cells was also assessed.
Parasites were treated with either sodium periodate or tunicamycin, an
inhibitor of N-glycosylation, before incubation with host cells. Neither of
these treatments had any effect. However, protease treatments of tachyzoites
had a negative impact on adhesion and invasion, suggesting that removal of
proteins or protein fragments from the parasite surface also removed or
altered the molecules responsible for mediating N. caninum interaction with
the host cell monolayer. Thus it is likely that proteinous components present
on the tachyzoite surface would act as ligands mediating host-cell
recognition and invasion.

The current literature on T. gondii adhesion to host cells underlines the
importance of four points. (i) 7. gondii tachyzoites possess surface ligands
which bind the ECM protein laminin with high affinity. Parasite-bound
laminin then promotes the attachment of the tachyzoites to the host cell
laminin receptor (Kasper and Mineo, 1994). (ii) T. gondii tachyzoite—host
cell interactions could be mediated by lectin-binding proteins (De Carvatho
and De Souza (1997). (iii) T. gondii tachyzoites possess five major surface
antigens, named SAG1-5 (reviewed by Tomavo, 1996), and an additional,
recently identified, surface protein named SRS1 (SAGl-related sequence 1;
Hehl er al., 1997). SAG1 (p30) and SAG3 (p43) have been shown to serve as
attachment factors, mediating the contact between parasite and cell surface
membrane during host cell adhesion and invasion (Smith, 1995). In
addition, it has been proposed that SAG?2 is involved in apical reorientation
and detachment once the tachyzoites have established physical contact with
the host cell surface membrane (Smith, 1995). (iv) Recent evidence indicates
strongly that the microneme proteins MIC1 and MIC2 take part in the
attachment of the parasite to the host cell surface membrane (Fourmaux et
al., 1996, Wan et al., 1997; Carruthers and Sibley, 1997).

The effects of cytoskeletal drugs on adhesion and invasion of BAE cells by
N. caninum tachyzoites were also assessed. Treatments of both parasites and
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BAE cells with taxol and nocodazole, which are microtubule-active drugs in
higher eukaryotic cells, had no effect either on adhesion or on invasion.
However, pretreatment of tachyzoites with the actin inhibitor cytochalasin
D were very effective in inhibiting parasite entry, indicating that actin-
myosin based movements, similar to those demonstrated in T. gondii
{(Dobrowolski and Sibley, 1996) are involved during penetration of host cells
by N. caninum.

BAE cell monolayers were also treated with cytochalasin D before the
addition of N. caninum tachyzoites. Treatment of BAE cells with this drug
prevented invasion by N. caninum. However, at the same time, the number of
N. caninum tachyzoites which adhered to the host cell surface was significantly
higher than in control experiments. This effect indicates that adhesion and
invasion are two distinct process. Although after cytochalasin D treatment of
BAE cells the parasites could still adhere to the host cells, the signal or signals
which would trigger the invasive process within the parasite were not present
any more; they had probably been altered or dislocated by cytochalasin D
treatment. However, these experiments are not all conclusive, and they should
be performed using cytochalasin-D resistant N. caninum tachyzoites similar to
the T. gondii cytochalasin-D resistant mutants generated by Dobrowolski and
Sibley (1996).

5.3. Identification and Characterization of Intracellular and
Cell Surface-Associated N. caninum Tachyzoite Proteins

A considerable amount of work has been invested in identifying
and characterizing N. caninum tachyzoite proteins, which take part in
the complex interactions between parasite and host. In addition,
associated comparative studies, especially in relation to T. gondii, were
performed in order to find out whether antigenic differences between
these parasites would be useful in developing a diagnostic assay for N.
caninum. Several approaches were used, such as raising monoclonal
antibodies, generating polyclonal antisera directed against the whole
parasite, immunoscreening of cDNA expression libraries with sera from
infected cattle, or subcellular fractionation of parasites and preparation
of affinity-purified, monospecific antibodies directed against particular
parasite antigens.

5.3.1. The Use of Monoclonal Antibodies (mAbs)

Several mAbs directed against N. caninum tachyzoites have been raised so
far. One of these is a murine antibody which was originally reported by Cole
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et al. (1993) to be useful for the diagnosis of N. caninum infections by
immunohistochemistry. Subsequently, immunoblotting demonstrated that
this monoclonal antibody was directed against eight major and several
minor N. caninum antigens with molecular weights ranging between 31 and
974 kDa (Cole et al., 1994). In addition, reactivity with a 7. gondii
tachyzoite antigen with a relative molecular weight of 107 kDa was also
observed. Immunogold labelling showed that the antibody recognized an
epitope associated with micronemes, dense granules, basal portions of the
rhoptries, and the intravacuolar tubular network within the parasitophorous
vacuole. In T. gondii tachyzoites, micronemes and basal portions of the
rhoptries were also stained (Cole et al., 1994).

Baszler et al. (1996) generated an mAb which recognized a carbohydrate
epitope of a 65 kDa surface antigen in N. caninum tachyzoites. This
antibody is used in a competitive ELISA assay for the serological diagnosis
of neosporosis.

A chicken mAb raised against Eimeria acervulina sporozoites had
previously been shown to recognize the conoid of these parasites and to
inhibit sporozoite invasion of lymphocytes in vitro. This antibody also
stained the conoid from six other species of Eimeria and the apical
complexes of both T. gondii and N. caninum tachyzoites, indicating that the
mAb identified a conserved epitope on the conoid which is important in host
cell invasion by apicomplexan parasites (Sasai ef al., 1998).

Seven distinct surface antigens of N. caninum tachyzoites of molecular
weights of between 17 and 56 kDa were identified using surface labelling of
parasites (Schares and Conraths, 1996). All but one (a 56 kDa antigen)
could be immunoprecipitated using sera from N. caninum infected animals.
Surface protease digestion by chymotrypsin and trypsin showed that the 42
and 43 kDa antigens were sensitive to these proteolytic enzymes, while
surface antigens of 29, 32 and 35 kDa exhibited only limited sensitivity.
Most of the epitopes of the surface antigens showed conformational
dependency, and the 32 kD antigen appeared to be a glycoprotein.
Subsequently, mAbs directed against N. caninum tachyzoites were raised
in order to analyse proteins with respect to their function in host cell
invasion (Schares et al., 1997). These antibodies were characterized using
immunoblotting, immunoprecipitation, indirect immunofluorescence and
immunogold electronmicroscopy. Several of these antibodies were directed
against three of the above-mentioned surface antigens of N. caninum with
molecular weights (as determined by SDS-PAGE under non-reducing
conditions) of 17, 42 and 43 kDa. Another antibody directed against a dense
granule antigen of 35 kDa was also generated (Schares et al., 1997).

Another set of mAbs directed against N. caninum iscom antigen (see
Section 4.2.1) were characterized by Bjérkman and Hemphill (1998).
Neospora iscoms have earlier been used as antigen in ELISA systems for
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demonstration of antibodies to N. caninum in sera from dogs and cattle
(Bjorkman et al., 1994a; Bjorkman et al. 1997). The method used for
construction of the iscoms was designed to select for membrane antigens.
However, it was not known if the incorporated antigens were of extra- or
intracellular origin. Six monoclonal antibodies raised to N. caninum
iscoms were used in Western blots in order to test their reactivity with
non-reduced and reduced N. caninum extracts, as well as with N. caninum
iscoms. These antibodies recognized antigens with apparent molecular
weights of 18 kDa, 30 and 32 kDa, 41 kDa and 65 kDa. N. caninum iscom
proteins of similar molecular weights were also recognized when sera from
experimentally infected rabbits and naturally infected dogs and cattle
were used as probes in Western blots (Bjorkman er al., 1994a, 1997).
Antibodies directed against the 30/32 kDa doublet, the 18 kDa antigen
and the 41 kDa band bound to the tachyzoite surface, suggesting that the
corresponding reactive epitopes were accessible from the outside. As
methanol-permeabilized tachyzoites were labelled by immunofluores-
cence, additional intracellular staining could be demonstrated, revealing
a punctuated pattern with spots of more intense labelling distributed all
over the cytoplasm of N. caninum tachyzoites. This type of staining is
indicative for dense granule organelles, since micronemes and rhoptries
would be found mainly at the anterior end of the tachyzoites (Dubey and
Lindsay, 1996). Indeed, immunogold on-section labelling of N. caninum
tachyzoites embedded in LR-White resin confirmed the presence of the
30/32 kDa doublet both on the surface and within the dense granules of
the parasite, suggesting that the respective protein or proteins could play
an important role during the initial interaction with the host cell surface
membrane. The other antibodies could not be used for immunogold
electronmicroscopy, probably because corresponding epitopes were
denatured or masked during processing. Western-blotting experiments
showed that the epitope recognized on the 18 kDa antigen was at least
partially composed of carbohydrate residues, as indicated by the lack of
staining when the blots had been treated with sodium periodate. The
mAbs reacting with the 65 kDa protein failed to detect any epitopes in
Western blots with non-reduced antigen of both crude N. caninum extracts
and iscoms. The 65 kDa protein was apparently not exposed on the
tachyzoite cell surface, but could be detected at the apical pole by
immunofluorescence after permeabilization of tachyzoites. The mAbs
directed against N. caninum iscoms did not react with 7. gondii
tachyzoites, neither by immunoblotting nor by immunofluorescence. Thus
further investigations are needed to determine the usefulness of these
mAbs as tools for the immunohistochemical detection of N. caninum
in paraffin-embedded tissues (N. Fuchs, A. Hemphill and C. Bjérkman,
unpublished).
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5.3.2. Approaches Involving Polyclonal Antisera

Barta and Dubey (1992) characterized an anti-N. caninum hyperimmune
rabbit serum by Western blot analysis and immunoelectron microscopy.
They identified approximately 20 immunodominant antigens, with molecular
weights ranging between 16 and 80 kDa. Parasite antigens separated by
non-reducing SDS-PAGE were recognized more intensely than antigens
separated under reducing conditions. These antigens were localized
predominantly within the dense granules, in the micronemes, at the posterior
end of the rhoptries and on the parasitophorous vacuole membrane. No
labelling of the N. caninum tachyzoite surface could be detected (Barta and
Dubey, 1992).

Bjerkas er al. (1994) showed that immune sera from a wide range of
animal species exhibited a similar recognition pattern when visualized by
immunoblotting, with five major (17, 27, 29, 30, and 46 kDa) and several
minor N. caninum antigenic bands. As determined by immunoelectron-
microscopy using monospecific antibodies, the 17 kDa antigen was found to
be localized within the body part of the rhoptries, while the 29 and 30 kDa
antigens were distributed over the parasitophorous vacuole network, the
dense granules and on the parasitophorous vacuole membrane. Again, no
tachyzoite surface staining was found. In addition, it was demonstrated that
a polyclonal rabbit hyperimmune serum directed against N. caninum
tachyzoites did not exhibit labelling of external membranes. In contrast, a
rabbit anti-7. gondii hyperimmune serum exhibited a marked surface
staining of T. gondii tachyzoites (Bjerkas et al., 1994).

Another approach, leading to the identification of two dense granule
proteins in N. caninum tachyzoites, involved immunoscreening of an N.
caninum tachyzoite cDNA library with sera from N. caninum-infected cows.
Subcloning of the two ¢cDNAs and expression of respective recombinant
proteins in E. coli led to the identification of these antigens as useful
candidates to detect anti-N. caninum antibodies by ELISA (Lally er al.,
1996a). More recently, these cDNA clones were further analysed. One of
them encodes a dense granule protein of 33 kDa molecular weight; thus the
protein was named NCDGI (Lally er al., 1997). The second cDNA clone
also coded for a dense granule protein, although of approximately 36 kDa
molecular weight. It is named NCDG2 (Lidell er al., 1998). Sequence
analysis of a full-length cDNA clone encoding NCDG1 revealed that it
contained three hydrophobic regions, namely a putative signal sequence at
the N-terminus with a putative cleavage site, and two additional ones. The
third hydrophobic region represented a putative transmembrane region
(Lally et al., 1997). Taken together, the predicted amino acid sequence of
NCDG]1 shared structural similarity with other dense granule proteins from
T. gondii (Cesbron-Delauw, 1994). NCDG?2 appears to be closely related to
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the T. gondii dense granule protein GRA®6, with 47% nucleotide sequence
identity (Liddell ez al., 1998).

Another approach for identifying molecules of N. caninum tachyzoites
involved in the physical interaction with host cells was applied in our
laboratory. As extracellular parasites interact with the host cell surface
through membrane components, we biochemically fractionated purified
tachyzoites employing the non-ionic detergent Triton-X-114. This separa-
tion step resulted in a fraction containing predominantly membrane
proteins. Analysis by SDS-PAGE and subsequent immunoblotting using a
polyclonal rabbit anti-N. caninum antiserum demonstrated that, within this
Triton-X-114 fraction, a reproducible banding pattern could be observed,
with major reactive bands of approximately 43, 36 and 33 kDa molecular
weight. The polyclonal antiserum was affinity-purified on these three bands,
and the three resulting affinity-purified antibodies were subsequently shown
to be uniquely directed against their corresponding antigens. According to
their molecular weights as determined by SDS-PAGE under reducing
conditions, the three proteins were named Nc-p43, Nc-p36 and Nc-p33. The
affinity-purified antibodies were used to further characterize these three
proteins by imunofluorescence, immunogold electronmicroscopy, immuno-
screening of a N. caninum cDNA library and analysis of the corresponding
gene segments.

Immunoblotting and immunofluorescence staining of N. caninum
tachyzoites demonstrated that Nc-p43 and Nc-p36 were major tachyzoite
surface proteins, with Nc-p36 being a glycoprotein (Hemphill and Gottstein,
1996; Hemphill et al., 1997a). Furthermore, we showed that Nc-p43 was
expressed in both the tachyzoite and the bradyzoite stage of N. caninum,
while Nc-p36 was exclusively expressed in tachyzoites (Fuchs er al., 1998;
Sonda et al., 1998). Thus, specific antibodies directed against Nc-p36 could
represent valuable tools for investigations on the stage conversion during
different phases of infections with N. caninum, and for the differential and
specific immunohistochemical detection of the tachyzoite stage of N.
caninum in infected tissue samples. Both proteins were antigenically distinct
from the surface proteins present on 7. gondii tachyzoites and bradyzoites
(Fuchs et al., 1998). It is not known whether some of the surface proteins
described by Schares and Conraths (1996) are identical with Nc-p43 and Nc-
p36, since comparative studies have not yet been performed. However,
comparative immunoblotting using polyclonal anti-Nc-p43 and anti-Nc-p36
antibodies and the mAbs against the 30/32 kD doublet and the 41 kDa
antigens identified by Bjérkman and Hemphill (1998) suggested that Nc-p43
and Nc-p36 are most likely recognized by these two mAbs respectively
(Bjorkman and Hemphill, unpublished observations).

Initial immunogold electronmicroscopy employing the original affinity-
purified antibodies indicated that Nc-p43 was located on the tachyzoite
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surface, the dense granules and within the rhoptries of the parasite
(Hemphill, 1996), while Nc-p36 was found to be associated with both the
tachyzoite surface and the dense granules (Hemphill et al., 1997a). However,
as these localization studies were subsequently performed using antibodies
affinity-purified on recombinant peptide fragments of Nc-p43 (recNe-p43)
and Nc-p36 (recNc-p36), it could be demonstrated that Nc-p43 was actually
associated with the cell surface and with the parasite dense granules
(Hemphill et al., 1997b), and Nc-p36 was found exclusively on the surface of
N. caninum tachyzoites (Sonda et al., 1998).

Both Nc-p43 and N¢-p36 are implicated in parasite adhesion to the host
cell surface membrane. It has been shown that affinity-purified anti-Nc-p43
antibodies inhibit host cell invasion in vitro, indicating that Nc-p43 is one of
the ligands which mediate the physical contact between parasite and host
cell surface (Hemphill, 1996). Evidence for a participation of Nc-p36 in the
invasion process is based on immunogold electronmicroscopy of invading
tachyzoites (Hemphill e al., 1997a) and the striking amino acid sequence
similarity (76.3% similarity with 51.3% identities) between Nc-p36 and p30
(SAGY1), the major T. gondii tachyzoite surface protein which has previously
been shown to serve as an attachment factor (reviewed by Tomavo, 1996).
Nc-p36 and p30 (SAGI) are closely related with respect to localization,
stage-specific expression and their amino acid sequence, but they exhibit
antigenic differences (Sonda et al., 1998).

The amino acid sequence corresponding to the cDNA clone coding for
Nc-p43 was also determined. In relation to p30 (SAGI), this sequence
exhibited an overall similarity of 43% with 30% identities, and with respect
to SAG3 (Cesbron-Delauw et al., 1994), a 43 kDa surface protein in 7.
gondii tachyzoites which is also involved in host cell attachment (Tomavo,
1996), the overall similarity was 44%, but identities were found with only
23% of all amino acids. However, some amino acid motifs were well
conserved in these three proteins. Particularly interesting was the almost
identical positioning of cysteine residues within the aligned sequences
(Hemphill et al., 1997b; Sonda er al., 1998). Cysteins are involved in the
formation of secondary structures of a polypeptide because of the formation
of disulphide bridges. Thus, although the surface proteins SAG1, SAG3,
Nc-p43 and Nc-p36 exhibited distinct antigenic and biochemical differences,
their localization and their similarities in a putative secondary structure
could reflect their functional relationship.

In contrast to Nc-p43 and Nc-p36, the third protein was identified as a
dense granule-associated protein of 33 kDa molecular weight, and was
named Nc-p33 (Hemphill et al., 1998). Isoelectric focusing and subsequent
immunoblotting demonstrated that the affinity-purified antibodies recog-
nized only a single, most likely not post-translationally modified, gene
product. Nc-p33 was found in two isolates of N. caninum (NC-1 and
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Liverpool), but could not be detected in 7. gondii tachyzoites. Immunogold
EM revealed that Nc-p33 constituted a dense granule-associated protein,
and Western blotting demonstrated that Nc-p33 was most likely identical to
the recently described antigen NCDG1 (Lally et al., 1997). Shortly after
invasion, this dense granule protein was targeted to the parasitophorous
vacuole membrane, and, at later times after infection, was also found on the
parasitophorous vacuolar network. This suggested that Nc-p33 could play a
functional role in the modification of the parasitophorous vacuole and its
membrane.

5.4. Immunology of N. caninum Infections

Although the immunological host response to T. gondii infections has been
extensively studied (reviewed by Darcy and Santoro, 1994; Sher et al., 1995;
Candolfi et al., 1996; Gazzinelli et al., 1996; Hunter et al., 1996; Nagasawa et
al., 1996; Alexander et al., 1997; Innes, 1997), the immune response to
Neospora has not been equally well elucidated and characterized. There is
still a considerable lack of knowledge about the role of the humoral and the
cellular immune response and on the role of immune cytokines during
infection with N. caninum. In contrast to T gondii, N. caninum has not been
found in natural infections, either in mice or rats, hosts which would
represent the most suitable models for immunological laboratory investiga-
tions, and the establishment of murine models for Neospora infections and
disease has been hampered by some difficulties (Dubey and Lindsay, 1993).
However, in some experiments N. caninum infection in mice has been
associated with acute primary pneumonia, myositis, encephalitis, gangio-
radiculoneuritis and pancreatitis (Lindsay and Dubey, 1990), with some
mouse strains appearing more susceptible to infection of the CNS than
others (Lindsay er al., 1995a; Long et al., 1998). A higher number of N.
caninum tachyzoites is necessary for infection when compared to certain
virulent strains of T. gondii such as RH, which are highly lethal at very small
inoculum doses (Howe and Sibley, 1995).

Khan et al. (1997) have investigated the cellular immune response to N.
caninum infections in inbred A /J mice. These mice exhibited no clinical signs
of neosporosis and no significant histological evidence upon infection.
Splenocytes obtained from infected mice proliferated ir vitro in response to
both N. caninum and T. gondii soluble antigens, suggesting the presence of
cross-reactive immune determinants. However Lindsay er al. (1990) had
shown that a previous infection of mice with N. caninum does not protect
against challenge by T. gondii RH strain tachyzoites, demonstrating that
these two species are distinct biologic entities and not immunologically
closely related isolates. At day seven after infection of mice with N. caninum
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tachyzoites, a transient (two to three days) lymphocyte hyporesponsivness
was observed (Kahn er al., 1997). A similar, although more prolonged,
phenomenon had previously been demonstrated during acute 7. gondii
infection in mice with both virulent and avirulent strains (Howe and Sibley,
1995). In N. caninum infections, this immunosuppressive effect was restored
at day ten, and this remained until day 14 p.i., when the study finished. The
hyporesponsivness to parasite antigen and mitogen was principally due to
the induction of nitric oxide, which has been shown to be an important
regulatory molecule in infections by Plasmodium (Rockett et al., 1994) and
T. gondii (Gazzinelli et al., 1994; Kahn et al., 1995). Treatment of spleen cells
with nitric oxide synthetase inhibitor did partially restore this effect (Kahn
et al., 1997).

In acute murine toxoplasmosis, the cytokine IL-10 has been found to be
responsible for the downregulation of lymphocyte proliferation responses
(Kahn et al., 1995). In N. caninum infections, this is apparently not the case
(Kahn et al., 1997). The principal mechanism for murine protection against
N. caninum is likely to involve IL-12 and Interferon (IFN) gamma. These
two cytokines have also been found to be essential for protection against a
number of infectious agents, including 7. gondii (Hunter et al., 1995).
Previous in vitro observations had already suggested that IFN gamma is
critically involved in the growth of N. caninum tachyzoites: treatment of
ovine fibroblasts with ovine recombinant IFN gamma for 24 hours before
infection with N. caninum significantly inhibited intracellular multiplication
of the parasite (Innes et al., 1995). In conclusion, the mechanisms of host
protection against N. caninum appear to be similar in many respects to the
immune response elicited by T. gondii.

Although the study described above focused on the first 14 days of
infection, a more recently published paper (Long et al., 1998) describes a
comparison of intracerebral parasite load, lesion development and systemic
cytokines in different mouse strains (BALB/c, C57BL/6, B.10.D2) infected
with N. caninum at six weeks post infection. BALB/c and C57BL/6 mice
were highly susceptible (as defined by central nervous system lesions and
parasite load) to the development of N. caninum-induced encephalitis,
whereas B10.2 mice were found to be resistant. Resistance in the latter
was associated with high [FN gamma : IL-4 ratio from antigen-stimulated
splenocytes.

Recently, Kasper and Kahn (1998) demonstrated that vaccination of mice
with intact N. caninum tachyzoites protects these mice against a lethal
challenge from T. gondii, and that this protection is mediated by antigen-
cross-reactive CD8" T cells obtained from spleens of N. caninum-vaccinated
mice. These observations differ significantly from those in earlier studies
undertaken by Lindsay and co-workers (1990). However, these studies
employed the very virulent 7. gondii RH strain, and it appears that
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protection is highly dependent on the strain used for the challenge. This was
confirmed in a study recently undertaken by Lindsay er al. (1998), where the
effect of vaccination of mice with N. caninum was investigated with respect
to oral challenge with T. gondii oocysts. These experiments indicated that
infection with N. caninum provides some protection against fatal infection
with T. gondii oocysts of a moderately pathogenic strain, but not tachyzoites
of a highly pathogenic strain. The protection achieved by N. caninum
vaccination is much less than that provided by previous exposure to T.
gondii (Lindsay et al., 1998).

Recently, Eperon et al. (1998) established a mouse model for N. caninum
infections comprising B-cell-deficient antibody knock-out mice (C57BL/6
mice with a transgenic mutation in the transmembrane exon of the IgM p
chain gene; pMT mice) and the corresponding parental strain C57BL/6.
Parental and pMT mice were infected with N. caninum tachyzoites, or
were immunized with dead parasites, and mice were sacrificed at various
times after infection. Brains, hearts, lungs, livers, spleens and kidneys
were investigated using histology, immunohistochemistry and PCR. PCR
detection (Miiller et al., 1996) revealed that more organs were also more
heavily infected in uMT mice compared to wild-type mice, and immuno-
histochemistry of brain tissues of puMT mice using the polyclonal anti-N.
caninum antiserum demonstrated a high infection density with multifocal
necrotic lesions, which were absent in the brains of wild-type mice. In both
wild-type and uMT mice infected with living N. caninum tachyzoites, spleen
cells stimulated in vitro with N. caninum antigen produced high levels of
IFN-gamma and IL-10 in comparison with immunized mice. The puMT
spleen cells produced less IL-10 than wild-type splenocytes; the phenomenon
became more evident with increasing time of infection. Consequently, the
susceptibility of pMT mice may be partially related to decreased production
of IL-10 in spleen cells (Eperon et al., 1998).

Other animal model systems to study the immune response to N. caninum
infections are currently used. Experimental infection of sheep has shown
that these are highly susceptible to N. caninum infection (McAllister ez al.,
1996b; Buxton et al., 1997a). Buxton et al. (1997b) reported on experimental
infections of sheep, showing that N. caninum inoculated during pregnancy
killed all foetuses, while inoculation before pregnancy did not cause any
mortality, but did provide some protection against subsequent challenge
with N. caninum during pregnancy. The live T. gondii vaccine Toxovax
(Intervet, BV) did not protect ewes against challenge with N. caninum during
pregnancy, in spite of the preliminary observations that the two parasites
exhibit cross-reactivity in T-cell responses (Buxton ez al., 1997b).

Cellular and humoral immune responses in cattle are being investigated
(Williams et al., 1997; Innes et al., 1997). Following experimental infection
of heifers, antigen-specific proliferation of lymphocytes was recorded from
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day eight to day 77 p.i. High levels of IFN gamma were measured. IgM
responses occurred at day 12 p.i., and IgGl as well as IgG2 responses were
detected at day 29 p.i., peaking at day 35, with the IgG2 response higher and
more sustained. Since bovine B cells treated with IFN gamma in vitro
produce high levels of IgG2 (Estes et al., 1994), these results may indicate
that a Thl response was induced upon experimental infection with N.

Figure 2 Neospora caninum tachyzoites and bradyzoites. a. Histological section
(hemotoxylin eosin-stain) of brain tissue of a pMT mouse experimentally infected
with the NC-1 isolate of N. caninum. The arrow points towards a group of
tachyzoites. Scale bar = 25 um. b. Higher magnification view of a pseudocyst
containing numerous N. caninum tachyzoites (arrowhead). Hemotoxylin eosin stain.
n = host cell nucleus. Scale bar = 7.5 pm. ¢. Neospora NC-Liverpool-isolate tissue
cyst containing bradyzoites. Nomarski illumination. Note the thick cyst wall. Scale
bar = 17.5 um. a,b courtesy of Dr Simone Eperon; c¢ courtesy of Dr Milton
McAllister.
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