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Genetic approaches to studying virulence and
pathogenesis in Toxoplasma gondii

L. David Sibley*, Dana G. Mordue, Chunlei Su, Paul M. Robben and
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Toxoplasma gondii is a common protozoan parasite that causes disease in immunocompromised humans.
Equipped with a wide array of experimental tools, T. gondii has rapidly developed as a model parasite for
genetic studies. The population structure of T. gondii is highly clonal, consisting of three distinct lineages
that differ dramatically in virulence. Acute virulence is probably mediated by the genetic differences that
distinguish strain types. We have utilized a combination of genetic approaches to investigate the acute
virulence of toxoplasmosis using the mouse model. These studies reveal the surprising finding that patho-
genicity is due to the over-stimulation of normally protective immune responses. Classical genetic linkage
mapping studies indicate that genes that mediate acute virulence are linked to chromosome VII in the
parasite. To increase the resolution of genetic mapping studies, single-nucleotide polymorphisms are being
developed based on an extensive database of expressed sequence tags (ESTs) from T. gondii. Separately,
DNA microarray studies are being used to examine the expression of parasite and host genes during
infection. Collectively, these approaches should improve current understanding of virulence and pathogen-
icity in toxoplasmosis.

Keywords: genome; pathogenesis; linkage mapping; toxoplasmosis; cytokines

1. INTRODUCTION

Toxoplasmosis is a classic zoonosis. A wide range of ver-
tebrate animals serve as hosts and while human infections
are common, serious complications occur primarily in
immunocompromised hosts. Human infections are caused
by accidental ingestion of oocysts, shed into the environ-
ment by cats, or tissue cysts contained in undercooked
meat. Infections in healthy adults are generally benign,
although toxoplasmic retinitis is frequently a cause of seri-
ous eye disease in otherwise healthy adults (Gilbert et al.
1999). More profound disease occurs in immunocompro-
mised hosts (Luft et al. 1993) or as the result of congenital
infections (McLeod et al. 2000). The factors that control
disease severity are not well understood, although a variety
of components including host genotype, nutrition, immune
status, infection load and parasite genotype have been sug-
gested as important in influencing the outcome of infection.

Following initial infection, the parasite proliferates
mitotically as a rapidly growing form called the tachyzoite
that is responsible for dissemination of the parasite within
its host. Tachyzoites are not normally shed into the
environment and are relatively sensitive to the low pH of
the stomach; hence, they are not directly involved in trans-
mission between animals and humans. The innate and
adaptive immune responses that ensue following the initial
infection are capable of controlling the growth of the para-
site. In response, tachyzoites switch to a slow growing
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intracellular form. The resulting bradyzoites are capable
of long-term survival in the host and are responsible for
chronic infections, which may persist for the life of the
host. Intracellular cysts containing bradyzoites elicit little
inflammation and do not cause significant tissue damage.
Instead, clinical complications caused by toxoplasmosis
are due to the replication of tachyzoites, either during pri-
mary infection or reactivation.

2. CLONALITY AND VIRULENCE OF TOXOPLASMA
GONDII

One of the most unusual features of T. gondii is the
markedly clonal population structure of the parasite.
Despite the presence of a sexual cycle that occurs exclus-
ively in cats, natural populations of T. gondii are primarily
clonal, existing as three distinct but closely related lineages
(Dardé et al. 1992; Sibley & Boothroyd 1992; Howe &
Sibley 1995). These three strain types are found in both
animals and humans and the parasite genotype does show
strong correlations with geographical boundaries or the
host range. Type II strains are most common in human
toxoplasmosis and as chronic infections in animals
used for human consumption (Howe & Sibley 1995).
Importantly, while type I strains are relatively rare in ani-
mals they occur with increasing frequency in human con-
genital toxoplasmosis (Fuentes et al. 2001) and in ocular
disease (Grigg & Boothroyd 2001). These findings suggest
that type I strains may be more likely to cause severe dis-
ease in humans.

The acute virulence of T. gondii strains is well charac-
terized in the mouse model. Type I strains typically have
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an LD100 of a single infectious organism, while types II
and III typically have lethal doses of �103 organisms,
based on survival following i.p. challenge. Additionally,
while type I strains are uniformly lethal, mice that survive
challenge with types II and III typically remain chronically
infected and seropositive (Howe et al. 1996). The extreme
virulence of the commonly used RH strain could poten-
tially be due to extensive laboratory passages since its
original isolation (Sabin 1941). However, more than 20
recently isolated type I strains also share this highly viru-
lent phenotype in mice, indicating that acute virulence is
tightly correlated with the genotype of the parasite
(Sibley & Boothroyd 1992).

3. IMMUNE RESPONSES DURING ACUTE
TOXOPLASMOSIS

Non-lethal infections with type II or III strains in mice
are characterized by rapid induction of protective immun-
ity that is characterized by production of TH1 (Hunter et
al. 1996; Denkers & Gazzinelli 1998). The principal
components of this response are the production of IL-12
by macrophages, dendritic cells and neutrophils and the
subsequent production of IFN-� by NK cells and T lym-
phocytes. IFN-�, in combination with TNF-�, induces
formation of reactive oxygen and reactive nitrogen inter-
mediates and leads to nutrient deprivation, thus leading
to parasite proliferation control.

Several lines of evidence also suggest that appropriate
control of TH1 cytokines is important for avoidance of
immunopathology. For example, C57BL/6 mice that are
orally challenged with high doses of the normally non-
virulent type II strain Me49, develop severe gut necrosis
that is mediated by high levels of TNF-�, IFN-� and IL-12
(Liesenfeld et al. 1996, 1997, 1999). This particular model
requires the specific combination of the genotype of the
host with the strain and route of inoculum of the parasite.
However, other studies indicate that downregulation of
TH1 cytokines during infection is also a general mechanism
that is important for protection against immunopathology.
For example, IL-10 KO mice challenged with normally
non-lethal doses of type II strains of T. gondii produce
higher levels of IFN-� and IL-12, which result in a fatal
cytokine shock syndrome (Gazzinelli et al. 1996). These
results suggest that IL-10 normally performs an important
role in modulating the degree of the immune response.

4. ANALYSIS OF VIRULENCE OF TOXOPLASMA
GONDII STRAIN TYPES

The marked virulence of type I strains of T. gondii is
typified by the commonly used laboratory strain RH where
injection of a single viable organism into a mouse leads to
death in 8–12 days. While infection with type I strains is
uniformly fatal in mice, the specific causes of pathology
during the acute infection are poorly understood. There
are several possible explanations for this remarkable viru-
lence including:

(i) inadequate triggering of the normally protective
immune response;

(ii) refractoriness on the part of the parasite to killing
mechanisms of the host;
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(iii) increased growth potential of the parasite resulting
in greater tissue burdens; and

(iv) release of a lytic or destructive factor that causes
direct tissue damage to the host.

Remarkably, none of these hypotheses has been directly
addressed experimentally despite the widespread use of
type I strains in experimental models.

To examine the basis for the differences in virulence
between strains of T. gondii, we utilized the mouse model
to evaluate acute virulence as monitored by survival fol-
lowing injection of tachyzoites. While not a natural route
of infection, this model offers a precise and quantifiable
inoculum and a reproducible measure of virulence, calcu-
lated as an LD50. Long-term passaged isolates of T. gondii
strains, which were cloned by limiting dilution, were
chosen for comparison: the RH strain as typical of type I
strains, PTG, which is a clone of the commonly used type
II strain ME49, and CTG, which is a cloned strain iso-
lated from a cat. In outbred mice, these strains have the
following lethal doses: RH strain LD100 = 1, PTG strain
LD50 � 103, CTG LD50 � 103.

Initially, we considered the possibility that the enhanced
virulence of type I strains was simply due to a faster
division time. We compared the growth rate of T. gondii
strains in vitro in both murine macrophage and human
fibroblast cells. A low inoculum was used (multiplicity of
infection of less than 1) to allow maximum expression of
differences between strains over several cycles of intra-
cellular infection. These analyses reveal that there is only
a slight growth advantage of the type I strain (RH) over
type II (PTG) and type III (CTG) strains in vitro (figure 1).
This slight growth advantage is unlikely to explain the
marked differences of these strains in virulence in vivo.

To further examine the differences in virulence between
T. gondii strains, we examined their growth and dissemi-
nation in mice following i.p. challenge. The virulent RH
strain (type I ) and non-virulent PTG strain (type II) both
rapidly disseminated to a variety of organs following i.p.
challenge (Mordue et al. 2001). A typical kinetic profile
of tissue burdens from the spleen and lungs of mice
infected with lethal doses of RH or PTG strain versus
those given a non-lethal infection with PTG is shown in
figure 2. Dissemination to the lung, liver, spleen, heart
and brain was readily detected within 4 days following i.p.
inoculation with as few as 100 RH strain parasites. Tissue
burdens for the RH strain reached a level of � 106 g�1 by
day 6 post-infection, after which mice rapidly succumbed
to infection. Inoculation with lethal doses of PTG (105)
also reached peak parasite tissue burdens at day 6 post-
infection. Inoculation with a low dose (100 parasites) of
PTG strain also led to rapid dissemination. Parasites
reached levels of approximately 105 to 106 g�1 of tissue by
day 8, yet remarkably these animals recovered and tissue
burdens began to drop after day 10. Lethal infections were
accompanied by an elevated release of serum liver
enzymes and pathological changes consistent with hepato-
cyte damage (Mordue et al. 2001). Significantly, this dam-
age occurred systemically and was evident primarily in
cells that were not infected with the parasite. Conse-
quently, the markedly different LD50 values of T. gondii
strain types cannot be ascribed to differences in the growth
rate, tissue dissemination or the burden of parasites
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Figure 1. In vitro growth rate of T. gondii strains. (a) Growth rate in human fibroblasts, (b) growth rate in mouse
macrophages. Parasite numbers were determined by enzymatic content using �-galactosidase-tagged strains as described
previously (Dobrowolski & Sibley 1996). Black diamond, type I strain RH; white circle, type II strain PTG; white triangle,
type III strain CTG.
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Figure 2. In vitro dissemination of T. gondii in the spleen (a) and lung (b). Parasites were injected i.p. and tissues were
collected at 2 day intervals. Parasite numbers were calculated as plaque-forming assays on monolayers grown in vitro from
dilutions of tissue homogenates. The RH strain was given at low doses (100 parasites), while PTG was given at low doses
(100 parasites) or high doses (105 parasites). Asterisks, Lethal outcome; black diamond, RH strain; white circle, PTG strain
(low dose); white triangle, PTG strain (high dose).

present in the tissues. Instead, pathogenesis appears to
occur due to the presence or induction of a soluble,
inflammatory mediator(s).

5. ACUTE VIRULENCE IS DUE TO OVER-
STIMULATION OF TH1 CYTOKINES

To address the possibility that RH strain infections do
not induce an adequate immune response, we examined
the induction of TH1 cytokines in mice following i.p.
inoculation. Significant increases were observed in the
serum levels of TNF-�, IL-12 for both lethal and non-
lethal infections (Mordue et al. 2001). By contrast, lethal
infections resulted in extremely elevated levels of IFN-�
and IL-18, whereas non-lethal infections resulted in
only moderate levels of these cytokines. The over-
production of TH1 cytokines was not due to an absence
of production of IL-10, as levels of this cytokine were also
extremely elevated during lethal infections. Similar induction
of inflammatory cytokines and liver damage is seen in
endotoxaemia caused by LPS released from gram-negative
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bacteria. However, mice that are deficient in LPS signal-
ling (toll-like receptor 4 mutants such as C3H/J mice) are
equally susceptible to toxoplasmosis (Mordue et al. 2001).
Consequently, the lethal outcome of toxoplasmosis in
mice is not due to bacterial sepsis or leakage of endotoxin
from the gut.

Collectively, these findings reveal that the lethality of
infections caused by RH strain is not due to a lack of
induction of TH1 cytokines. In contrast, the extremely
high levels of several of these cytokines suggests that mice
succumb due to cytokine-mediated pathology. As elevated
levels of TH1 cytokines have previously been implicated
in causing pathology, we examined their potential role in
acute toxoplasmosis using either KO mice or antibodies
that selectively neutralize specific cytokines in vivo. In
particular, we were interested in evaluating the roles of
TNF-�, IL-12, IL-18 and IFN-�.

High levels of TNF-� are associated with cerebral
malaria, a clinically severe form of the disease (McGuire
et al. 1994), and elevated TNF-� are implicated in patho-
genesis of severe malaria (Odeh 2001). Elevated levels of
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TNF-� are also implicated in liver damage mediated by
LPS in the mouse model (Jaeschke et al. 1998). TNF-�
plays an important role in resistance to acute and chronic
toxoplasmosis; however, the extremely high levels of this
cytokine produced during lethal infection could poten-
tially contribute to pathogenesis. Consequently, we exam-
ined the effects of neutralizing TNF-� by in vivo injection
of specific neutralizing antibodies or using TNF receptor
KO mice. In both cases, mice infected with lethal doses
of RH strain T. gondii succumbed with the same kinetics
as wild-type mice, indicating that elevated TNF-� is not
primarily responsible for death.

Elevated levels of IL-12 have been implicated in a var-
iety of pathological conditions (Trinchieri 1998). In the
acute toxoplasmosis model, levels of this cytokine were
similarly elevated in both lethal and non-lethal infections,
therefore IL-12 alone is unlikely to be responsible for the
severe pathology associated with lethal infection (Mordue
et al. 2001). However, exogenous administration of high
levels of IL-12 and IL-18 have previously been implicated
in causing pathology and death in mice (Carson et al.
2000). IL-18 is an IL-1 like cytokine that mediates its
effects by potentiating the effects of IL-12 (Akira 2000),
including drive production of IFN-�. IL-18 has been
implicated in protective responses to a variety of bacterial
and parasitic infections (Dinarello 1999), although it
appears to play a minor role in controlling infections with
T. gondii (Cai et al. 2000). To examine the possibility that
elevated IL-18 contributes to pathology in toxoplasmosis,
neutralizing antibodies were given to mice following lethal
challenge with RH strain parasites. These studies revealed
that elevated levels of IL-18 are partially responsible for
the lethal outcome of toxoplasmosis in mice (Mordue et
al. 2001). Surprisingly, the effects of IL-18 in acute toxo-
plasmosis appear to be independent of IFN-�, as neu-
tralization of IFN-� was not able to reverse the pathology
or protect mice from lethal infection (Mordue et al. 2001).

Collectively, these studies reveal that acute virulence in
T. gondii occurs by a paradoxical mechanism. Infection
with virulent strains induces over-production of TH1 cyto-
kines, which are normally protective. The unregulated
production of these factors, principally IL-18, and to a
lesser extent IFN-�, IL-12 and TNF-�, results in lethality.
While the actual cause of death is unknown, it is probable
that the extremely elevated levels of these cytokines cause
increased vascular permeability that ultimately leads to
multiple organ failure.

6. IDENTIFICATION OF VIRULENCE GENES BY
LINKAGE MAPPING

The availability of a classical genetic linkage map for
T. gondii makes it possible to perform classical genetic
studies to search for unknown genes that determine spe-
cific phenotypes (Sibley et al. 1992). One complication of
this approach is the necessity to perform genetic crosses
in cats. Nonetheless, a pair of crosses between a cloned
isolate of the type II strain ME49 and the type III strain
CEP were utilized to examine the segregation of approxi-
mately 70 polymorphic markers consisting of RFLP
(Sibley et al. 1992). These studies established that T. gondii
has 11 chromosomes that segregate randomly and that the
average map unit (distance over which 1% recombination
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occurs) is ca. 300 kb. The haploid genome consists of ca.
8 × 107 bp, while the available genetic map comprises 150
map units (the equivalent of 4. 5 × 107 bp). Whether this
discrepancy is due to inaccuracy in how the genome size
was calculated (relative fluorescence intensity of DNA
binding fluorochromes) or an incomplete genetic map,
is presently unclear. The relatively large map unit in
T. gondii facilitates mapping of loci that control pheno-
types such as drug resistance to specific chromosomes
using a small number of progeny. However, it also limits
the ability to precisely localize genes due to the large num-
ber of progeny that would have to be analysed to find
informative crossovers.

The dramatically different virulence of T. gondii strain
types can be measured as an LD100 (the minimal dose
which causes 100% mortality) to provide a phenotype that
has the following useful features for genetic mapping:

(i) the magnitude of the differences is more than 2 log
while the variance of measurements is generally less
than 0.5 log;

(ii) the trait is stable with repeated passage;
(iii) the trait is shared by multiple isolates of the same

genotype, indicating it probably has a basis in the
underlying genetic differences between strains.

To explore the genetic basis of acute virulence in
T. gondii, we crossed a highly virulent type I strain called
GT-1 (Dubey 1980) with the non-virulent type III strain
CEP. GT-1 has a virulent phenotype like RH, where a
single infectious organism is uniformly lethal while CEP
has an LD50 of ca. 103 in outbred mice. Both strains are
low passage isolates that are fully capable of completing
the life cycle. The cross was performed by co-infecting
cats with brain homogenates from chronically infected
mice, which harbour cysts of the parasite. Analysis of the
resulting progeny was facilitated using drug resistance
markers that were first introduced into the parental lines.
These markers were used to select doubly resistant pro-
geny, which are the result of a sexual cross between the
strains as opposed to progeny that arise by self mating
(Pfefferkorn et al. 1977).

Analysis of the genotypes of recombinant progeny was
conducted by converting RFLP markers to probes that can
be readily analysed by PCR amplification. An example of
such analysis is shown in figure 3 that demonstrates the two
alleles at the SAG3 locus for the parental types and several
recombinant progeny. Separately, each clone was tested to
establish the virulence in mice following i.p. inoculation. By
comparing the segregation of markers that are located at
known map positions on specific chromosomes with viru-
lence, it is possible to analyse the genetic contribution of
acute virulence. These preliminary studies have revealed
several important findings. First, acute virulence is clearly a
heritable trait, that is clones exhibit stable virulence pheno-
types that reflect one or another parental line. Second, in
addition to parental phenotypes (virulent or non-virulent),
some clones demonstrated intermediate phenotypes. This
result indicates that acute virulence is multigenic.

Previously, we have examined natural recombinants of
T. gondii and described an association between a locus that
is linked to SAG1 on chromosome VIII and acute viru-
lence (Howe et al. 1996). However, it was not clear from
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GT-1 CTG B10 C1 C4 C7 C11 D4 D9

parental recombinant progeny

locus: SAG3 Nci - I

Figure 3. RFLP mapping of recombinant progeny. The
SAGr3 locus was analysed by PCR amplification followed by
digestion with Nci-I. Markers correspond to φX 174 digested
with Hae III.

these studies if this linkage was fortuitous or due to the
presence of a gene(s) in this region that contributed
directly to acute virulence. Analysis of progeny from the
type I × III cross revealed that there is no significant link-
age with markers on chromosome VIII. Instead a statisti-
cally significant linkage was identified with one end of
chromosome VII (�2, p = 0.0008). Since acute virulence
can be quantified, it is well suited for quantitative trait
mapping, a process that is able to assign a relative contri-
bution to different genetic loci that control complex traits
(Lander & Botstein 1989). However, one of the main limi-
tations to genetic mapping in T. gondii is the low resol-
ution of the present genetic map.

7. EST SEQUENCING FOR GENE DISCOVERY

Random sequencing of cDNAs to generate ESTs pro-
vides a rapid, inexpensive method of gene discovery
(Adams et al. 1991). EST sequencing is particularly useful
in systems with complex genomes, which are often inter-
rupted by introns or non-coding regions. Parasites are well
suited for EST analysis as they fit these criteria and are
often understudied, hence few specific genes are known.
An example of the power of EST sequencing is provided
by the efforts to sequence approximately 10 000 randomly
selected cDNAs from T. gondii, a process that successfully
identified more than 2000 putative genes (based on
BLASTX similarities of e � 10�6) (Ajioka et al. 1998;
Manger et al. 1998b). By comparison, prior to this effort
there were less than 30 genes for T. gondii in the public
gene databases. Thus, EST sequencing rapidly identified
a large number of candidate genes for further study,
including those related to conserved functions and an
important class of genes that are unique to the Apicom-
plexa (Ajioka et al. 1998).

EST analysis also provides useful data on the expres-
sion level of genes that are moderately or abundantly
expressed. The most highly expressed genes in T. gondii
tend to be parasite specific, or those related to the unique
biology of the Apicomplexa. Among these are secretory
proteins such as the GRA genes and the surface antigens
such as the SAG-related genes. Additionally, a number of
unknown genes are highly expressed (no homology to any
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other entry in the databases) and these presumably play
important roles in the biology of the parasite. For highly
expressed genes, ESTs analysis offers the possibility of
identifying the complete ORF by constructing an overlap-
ping consensus sequence from multiple ESTs. These
reconstructed ORFs are valuable for their ability to rapidly
identify the complete coding sequence of a new gene.
They can also be used to identify alternatively spliced
messages and gene families consisting of related genes.
Additionally, ORFs that are validated from consensus
EST sequences are useful for training the algorithms that
are currently used for predicting gene boundaries from
genomic DNA sequences (i.e. Glimmer, Genefinder,
Hexamer). Application of these ORF- predicting pro-
grams to the malarial genome sequence currently results
in numerous different predictions for a given region, high-
lighting the need for additional EST sequences from
Plasmodium falciparum.

Sequencing cDNAs present in libraries made from dif-
ferent life cycle stages allows identification of genes that
are specifically expressed in one stage versus those which
are constitutively expressed. For example, among the
approximately 16 000 T. gondii ESTs currently in Gen-
Bank (as of April 2001), approximately 12 700 are from
the tachyzoite stage and 3300 are from the bradyzoite
stage of the parasite. Analysis of the abundant ESTs
reveals that a significant number of these genes are
expressed in a stage-specific manner. Interestingly, among
this set of genes are members of the surface antigen genes
related to SAG1. This family consists of genes with overall
low-sequence identity but which contain a conserved
spacing and number of cysteine residues (Manger et al.
1998a,b). The major surface antigens of tachyzoites and
bradyzoites consist of different members of this gene fam-
ily, which may be involved in immune evasion. Current
efforts are underway to expand the stage-specific EST
analysis to include the sporozoite stage of the life cycle
using recently constructed sporozoite or oocyst libraries
(M. White, unpublished data).

While EST sequencing provides a rapid means of gene
discovery and comparative data on expression levels, it is
unable to identify genes that are expressed at low levels
or during limited times in the life cycle. These genes can
only be identified by a full genome sequencing effort; how-
ever, for many parasitic organisms, their limited economic
and health importance may not currently warrant such
expensive and comprehensive efforts. By contrast, EST
sequencing offers a wealth of data for a relatively modest
investment. For this reason, we have recently embarked
on comparative EST projects for several apicomplexan
parasites including Eimeria tenella, a pathogen of poultry,
Sarcocystis neurona, which causes paralysis in horses, and
Neospora caninum, which causes abortion in cattle.
Additionally, EST projects have been undertaken for Plas-
modium (Chakrabarti et al. 1994) and Cryptosporidium.
Comparison of the most highly expressed genes from these
taxa reveals several interesting trends. First, among the
highly expressed genes of this group are actin and actin-
regulatory proteins, which attests to the importance of
these components in the active motility and invasion
mechanism employed by these parasites. Second, secre-
tory proteins found in micronemes, which typically func-
tion in adhesion, are highly conserved, such as the TRAP
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family. Finally, surface antigen encoding genes are more
restricted. The SAG-related genes are found in the closely
related parasites T. gondii, N. caninum and S. neurona, but
so far have not been identified in Plasmodium or Eimeria.
Further comparative EST analyses promises to provide
many important clues about genes that are important for
members of this phylum including those which control
specialized features such as host range.

8. ANALYSIS OF STRAIN-SPECIFIC DIFFERENCES
IN GENE EXPRESSION AND ALLELIC

DIFFERENCES

The T. gondii EST database also allows for comparisons
between strain types as the sequences are distributed
between the prototypic strains RH (type I), Me49/PTG
(type II) and VEG (type III). By comparing the fre-
quencies of moderately abundant ESTs between the dif-
ferent strain types, it is possible to identify differences in
gene expression. Such genes might be expected to underlie
the important differences in virulence between strain
types. Remarkably, only one strain-specific gene was
identified by this means. The clone TgESTzy64e04
(AF323780) represents a cluster of 29 related ESTs in
PTG (type II) but only four ESTs each in RH (type I) or
VEG (type III) strains. Preliminary analysis of this gene
does not reveal any similarity with other genes in the pub-
lic databases, therefore its potential role is uncertain.
Among the remaining ESTs, there do not appear to be
major differences between strains in the compliment or
expression of genes. However more sensitive techniques
such as SAGE (Velculescu et al. 1995), or microarray
analysis may identify other candidate genes that might be
differentially expressed between T. gondii strains.

Comparison of sequences for a given gene among differ-
ent strains of T. gondii has also revealed an abundance of
SNPs. On average, the genomes of the three lineages
diverge by 1–2% for coding regions such as SAG1.
Sequencing of approximately 34 different loci (a total of
24 365 bp) has revealed a frequency of a SNP every 150–
250 nt (C. Su, unpublished data). Surprisingly, these
markers are dimorphic, that is there are only two alleles
at every locus, despite the presence of three strain types.
This pattern has previously been pointed out using RFLP
markers (Sibley et al. 1992), and it implies that the three
clonal types are recently derived from two distinct par-
ental types.

For genes that are moderately to highly abundant, it is
possible to establish a consensus allele for each strain from
the EST database. An example of this analysis is shown
in figure 4 for the highly expressed gene GRA1. Within
this region of the sequence, the presence of an A versus
G at a single position changes a NlaIII restriction site to a
MaeII site. Thus, by amplifying this region using flanking
primers and testing for the presence of a restriction site,
it is possible to type the allele at this locus based on this
single nucleotide substitution.

There are presently almost 200 SNPs that can readily
be identified in the existing EST database for T. gondii;
however, only about 45% of these distinguish RFLPs. Pre-
vious studies have established that SNPs can be analysed
by gel-based sequencing or oligoinucleotide hybridization,
thus providing a sensitive means of typing human SNPs
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accession no. sequence
1164790 CAATGTTAACATGGAGGA
487944 CAATGTTAACGTGGAGGA
574095 CAATGTTAACATGGAGGA
571465 CAATGTTAACATGGAGGA
607858 CAATGTTAACATGGAGGA
1165586 CAATGTTAACATGGAGGA
1164743 CAATGTTAACACGGAGGA
1165494 CAATGTTAACATGGAGGA
915340 CAATGTTAACATGGAGGA
487556 CAATGTTAACGTGGAGGA
488019 CAATGTTAACGTGGAGGA
487601 CAATGTTAACGTGGAGGA

NlaIII CATG
MaeII ACGT

Figure 4. SNP analysis. The presence of a single base
change in the GRA1 locus provides a convenient RFLP for
typing. Alignment of GRA1 SNPs detected in EST clones
form RH (type I) and ME49 (type II) strains of T. gondii.

(Wang et al. 1998). This method has been further refined
to provide for allele-specific primer extension that can be
used to specifically amplify the alleles present in a complex
sample (Pastinen et al. 2000). Hybridization of these lab-
elled probes to allele-specific DNA oligos spotted onto
glass slides can then be used to discriminate between the
alleles present in the sample (Hirschhorn et al. 2000). This
method has the advantage of allowing rapid analysis of
multiple loci from a single sample. We are presently adapt-
ing this technique for typing T. gondii strains based on
SNPs that have been identified in the EST database.
These markers should provide a convenient and powerful
approach for genetic mapping and epidemiological stud-
ies. For example, expanding the genetic linkage map by
incorporation of additional markers will greatly increase
the resolution of mapping studies.

9. MICROARRAY EXPRESSION STUDIES

The ability to examine global changes in gene exp-
ression has been revolutionized by techniques for generat-
ing microarrays of DNAs on glass slides (Shalon et al.
1996). The resulting ‘DNA chips’ contain thousands of
spots of individual DNAs that can then be used for simul-
taneous hybridization with complex mRNAs to evaluate
changes in gene expression, for example in human T cells
following heat shock or phorbol ester treatments (Schena
et al. 1996). Two-colour fluorescence detection also allows
simultaneous comparison of mRNAs from two samples,
for example mRNAs from different tissues of Arabidopsis
(Schena et al. 1996). Application of this technology to
yeast reveals global changes in gene expression in response
to heat shock–cold shock (Lashkari et al. 1997) and fol-
lowing transfer from fermentation to respiration (DeRisi
et al. 1997). More recently, this comparative analysis has
been used to detect genes that differ between yeast strains
and that encode a multi-drug resistance locus (Winzeler
et al. 1998).

Microarray technology is ideally suited for global com-
parisons of gene expression during the interaction between
microbes and their hosts. Often gene expression levels
change when the microbe encounters a new niche within
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the host and in response, many signalling and response
pathways are triggered in the host. Current knowledge of
these pathways is presently limited by preconceived ideas
about which genes may be of interest combined with the
difficulty of analysing particular candidates by traditional
means. Microarray studies provide a broad survey without
prior assumptions about which genes may be of interest.
The use of clustering programs can also highlight genes
that change in patterns that are correlated, thus perhaps
revealing new insights into the interaction of different
pathways. Whole genome arrays have been generated for
a variety of pathogens including Mycobacterium, Escher-
ichia coli, Helicobacter and others (Cummings & Relman
2000). These arrays have been useful for probing ques-
tions about metabolism, virulence and drug resistance
(Cummings & Relman 2000). Additionally, comparative
hybridization studies have been used to examine global
changes in mycobacterial genomes that are related to
attenuation of virulence and the maintenance of vaccine
stocks (Behr et al. 1999).

A number of studies have examined the response of host
cells to intracellular pathogens such as Salmonella and Lis-
teria (Cohen et al. 2000; Eckmann et al. 2000; Rosen-
berger et al. 2000) using either large filter arrays or DNA
arrays printed onto glass slides. Predictably, these studies
reinforce the importance of induction of inflammatory
mediators as well as identifying unanticipated genes
involved in cell-cycle regulation and transcription. Human
fibroblasts infected with T. gondii also display profound
changes in gene expression, albeit in a small number of
genes (Blader et al. 2001). Among those genes that are
upregulated are a variety of inflammatory mediators. More
surprisingly, genes involved in glycolysis and in lipid syn-
thesis are also upregulated, implying that intracellular
infection alters the basic metabolism of the host, perhaps
in a manner to support intracellular growth of the parasite.

While these profiling studies are an important first step,
they have thus far not extended beyond the relatively arti-
ficial environment of in vitro culture models. Using a com-
bination of T. gondii ESTs and host genes corresponding
to inflammatory mediators, cytokines and signalling
pathways, we have recently shown that it is feasible to sim-
ultaneously monitor changes in parasite and host genes
during infection (P. Robben, unpublished data). This
approach will enable comprehensive analyses of changes
in gene expression that occur during infection in vivo in
the mouse model. These studies will allow us to address
two key points:

(i) differences in gene expression in the host that occur
upon infection with different strains of the para-
site; and

(ii) differences in gene expression between different
strains of the parasite.

Such global expression studies are designed to be the
first step towards formulating hypotheses for further test-
ing. In this regard, both the host, the laboratory mouse,
and the parasite, T. gondii, provide robust models for gen-
etic, biochemical and cellular analysis of function. These
findings will provide useful leads for exploring the roles of
parasite virulence and pathogenesis in toxoplasmosis.
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