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Toxoplasma gondii: 1908-2008, homage to Nicolle, Manceaux and 
Splendore

David J P Ferguson
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The discovery of Toxoplasma gondii independently by Nicolle and Manceaux (1908) and Splendore (1908) was 
to open a “Pandora’s Box” that has led research on this parasite into a number of scientific disciplines. In the 100 
years since its discovery, the mystery surrounding T. gondii and its inter-relationship with humans has continued 
to provide a stimulating source of material in many areas of research, resulting in the publication of almost 20,000 
papers and a number of books. This flood of diverse information shows no sign of abating, with an average of 10 
papers per week appearing in PubMed. Herein, it is impossible to do more than provide a very superficial comment 
on what has become a massive body of scientific information. T. gondii has many unique features and seems to be the 
“exception to almost every rule” thus acting as a focus for research in disciplines from epidemiology to immunol-
ogy to human behaviour to cell biology to human disease. In this review a number of the historical advances will be 
mentioned and combined with a description of the basic biology of the parasite.
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History

It is said that history is written by the survivors and 
therefore has personal bias. For this reason, it is easier to 
write about developments that occurred before becom-
ing personally involved in research on Toxoplasma; in 
my case, developments prior to 1970. It is difficult to 
be totally detached when reviewing the history of Toxo-
plasma since 1970. I am biased by my personal experi-
ences of nearly 40 years in the field. Therefore this ar-
ticle should not be considered in anyway as a definitive 
work. It covers the points I feel have had a long-term 
impact on Toxoplasma research. The interest in Toxo-
plasma is ongoing and has recently been the subject of 
two major textbooks (Ajioka & Soldati 2007, Weiss & 
Kim 2007). These books provide wide ranging and up-
to-date collections of reference works on many aspects 
of Toxoplasma research and will be essential reading for 
anybody entering the field of Toxoplasma research.

The starting point is, of course, the identification 
of the parasite in the North African rodent, the gundi, 
by Nicolle and Manceaux (1908) and a rabbit in Brazil 
by Splendore (1908). The involvement of these authors 
has been covered in the introduction to the centenary 
meeting. The name Toxoplasma gondii was proposed by 
Nicolle and Manceaux (1909) based on the shape of the 
infectious stage (mod. L toxon: arc or bow, plasma: life; 
gondii may have resulted from a misspelling of the origi-
nal host, the gundi - Ctenodactylus gundi) (Fig. 1A). Both 
groups thought the parasite was related to Leishmania. 

Copyright of all micrographs is retained by DJP Ferguson.
Supported by an equipment grant from the Wellcome Trust.
Corresponding author: david.ferguson@ndcls.ox.ac.uk
Received 10 October 2008
Accepted 20 October 2008

Little could it have been realised at the time, that this 
relatively non-descript parasite, only observed in labo-
ratory animals, could turn out to be such an important 
pathogen of both humans and their domestic animals.

Between 1908-1937 there were a number of reports 
identifying Toxoplasma-like organisms in a number of 
animal species, including humans. However, the first 
detailed scientific study was undertaken using tech-
niques previously employed in studies of viruses (Sabin 
& Olitsky 1937). They showed that Toxoplasma was an 
obligate intracellular parasite that could be passaged in 
laboratory animals by intracranial, subcutaneous and 
intraperitoneal inoculation of brain homogenates. In ad-
dition, variations in virulence between isolates and in-
creased virulence after continuous passage were noted. 
They also showed that serum from monkeys recovering 
from T. gondii contained “neutralizing” or “protective” 
antibodies. Interestingly, they also noted that mice, fed 
on recently dead, infected animals, became infected. 
They suggested as early as 1937 that “one method of 
natural dissemination may be by means of eating of 
Toxoplasma-contaminated tissue” (Sabin & Olitsky 
1937).  At this time, a human infection with Toxoplasma 
was noted in a three day old infant suffering from en-
cephalomyelitis (Wolf & Cowen 1937). Abner Wolf and 
colleagues identified, at autopsy, parasites in the brain 
associated with necrotic and granulomatos lesions and 
showed that the parasite could be transferred to mice, 
rabbits and rats by intracranial inoculation of brain tis-
sue from the child (Wolf et al. 1939, 1940). A review of 
additional cases showed that these represented examples 
of congenital transmission. Although the mothers were 
asymptomatic, they did have antibodies (Wolf et al. 
1941). This showed Toxoplasma to be a human pathogen 
capable of and associated with congenital transmission. 
Around this time, a fatal case of toxoplasmosis in an adult 
was also identified (Pinkerton & Weinman 1940, Sabin 
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1942). In the late 1940s and early 1950s Toxoplasma was 
shown to be involved in inflammatory diseases of the 
eye (Wilder 1952, Frenkel & Jacobs 1958). This led to 
the proposal that many cases of adult retinochoroiditis 
are due to T. gondii (Feldman 1953). In the early 1950s, 
a form of glandular toxoplasmosis was also described 
(Siim 1955) in which the lymph nodes exhibited charac-
teristic pathological changes. Interestingly, few parasites 
were normally associated with these lesions. These com-
bined studies confirmed Toxoplasma as a rare cause of 
debilitating, even life threatening, disease in humans. 

In 1948, a serological technique was developed to 
identify humans/animals infected with the parasite by 
characterising antibodies directed against Toxoplasma 
(Sabin & Feldman 1948). The Sabin and Feldman dye test 
was based on identifying specific Toxoplasma antibodies 
in patient serum that altered the staining characteristic of 
tachyzoites and thus, through titration, allowed the level 
of specific antibody to be quantified (antibody titer). It 

became the gold standard that all other serological tests 
are judged against. This test made it possible to carry out 
large scale studies to identify individuals (both humans 
and animals), who had been infected with the parasite. 
The finding of a high proportion of the human and do-
mestic animal population carrying antibodies to Toxo-
plasma was a major surprise and changed the perception 
of infection with the parasite as being relatively rare (few 
cases identified due to clinical disease) into one of the 
most common parasites infecting humans and domestic 
animals. It changed from being considered a rare exotic 
infection into one of our more common human parasitic 
infections, fortunately with the majority of infections be-
ing self limiting with mild symptoms or asymptomatic. 
The Sabin Feldman Dye Test has been the basis for the 
large number of epidemiological studies and identified 
the parasite as a single species, with the ability to infect 
all warm-blooded animals (both birds and mammals) 
and with a world-wide distribution (Tenter et al. 2000). 

In the 1950s, the question was being asked: “How 
are large numbers of humans and animals becoming 
infected with T. gondii?” It was known that congenital 
infection could occur but the mechanism whereby adults 
were infected was, as yet, unknown. Due to the early ob-
servation of the tachyzoites of Toxoplasma within mac-
rophages and circulating in the blood it was thought that 
the parasite might be related to Leishmania. Consequent-
ly, numerous studies were undertaken to try and show an 
insect vector but these proved totally fruitless. Based on 
the parasite stages known at that time (tachyzoite and 
tissue cyst) (Lainson 1958), it was first suggested that 
carnivorism could be a possible mechanism of infection 
(Weinman & Chandler 1954). In 1960 it was shown that 
bradyzoites in tissue cysts could survive exposure to acid 
and trypsin confirming the possible role of ingestion of 
tissue cyst in parasite transmission (Jacobs et al. 1960). 
The role played by eating undercooked or uncooked 
meat in transmission of Toxoplasma to humans was con-
firmed by Desmonts et al. (1965). In a tuberculosis hos-
pital in Paris where raw meat was given for therapeutic 
purposes it was observed that the annual acquisition of 
Toxoplasma antibodies rose from 10% per annum prior 
to admission to 50% annually when barely seared meat 
was given. When the beef and horse meat were substi-
tuted with lamb chops, the acquisition rate rose to 100% 
per annum (Desmonts et al. 1965).

However, the observation that Toxoplasma could be 
transmitted through carnivorism could not explain the 
high incidence in herbivores or strict vegetarians (Ja-
cobs 1963). Until the mid 1960s, this was a complete 
mystery. However, the first clue of a possible alternative 
mechanism was the finding that some form of the para-
site could be isolated from cat faeces that could transmit 
the infection orally to mice and which could survive for 
over a year in water (Hutchison 1965). Since neither the 
tachyzoite nor bradyzoite could survive this treatment, 
the search was then on for this new form of Toxoplasma. 
Initially it was proposed that the parasite might be pro-
tected within the ovum of the cat nematode, Toxocara 
cati, which also infected the original cats (Hutchison 
1967); a not unreasonable hypothesis since the flagel-

Fig. 1A: electron micrograph of a longitudinal section through an 
infectious stage (bradyzoite) showing the characteristic apical or-
ganelles of conoid (C), rhoptries (R), micronemes (MN) and dense 
granules (DG) and the posteriorly located nucleus (N). Bar = 500 nm; 
B: immuno-fluorescent image of a merozoite double labelled with 
anti-MIC 4 (red) and anti-enoyl reductase (green), showing the dif-
fuse anterior staining of the micronemes (M) (red) and the single peri-
nuclear apicoplast (A) (green) containing enyl reductase. N: nucleus.  
Bar = 1 mm; C: detail of an apicoplast showing the four limiting mem-
branes (arrowheads). Bar = 100 nm; D-H: immuno-stained electron 
micrographs with the location of various antibodies identified using 
gold particles. Bars = 100 nm; D: Section stained with anti-MIC4 
showing it located within the micronemes (M). DG: dense granule; F, 
G: sections showing ROP proteins (F) associated with the body and 
RON proteins (G) associated with the neck of the rhoptries; H: cross 
sectioned merozoite double labelled with anti-ROP (10 nm gold) and 
anti-GRA (5 nm gold) allowing the rhoptries (R) to be distinguished 
from the dense granule (G).
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late Histomonas was known to be transmitted via the 
Heterakis eggs. However intensive work by groups in 
the USA and UK showed that the infectious agent could 
be separated from Toxocara ova and was also present in 
faeces from Toxocara negative cats (Jacobs 1967, Dubey 
1968, Hutchison et al. 1968, Frenkel et al. 1969, Shef-
field & Melton 1969). In the samples lacking Toxocara 
ova, a number of typical coccidian oocysts were identi-
fied, which were initially described as the “new cyst” of 
T. gondii (Work & Hutchison 1969) (Fig. 2). The final 
definitive proof was produced almost simultaneously by 
groups in the USA, UK, Germany and Holland, resulting 
in the identification of the resistant form of Toxoplasma 
as a coccidian oocyst with typical coccidian asexual and 
sexual development occurring in the small intestine of 
the cat (Fig. 3) (Hutchison et al. 1969, 1971, Frenkel et al. 
1970, Overdulve 1970, Sheffield & Melton 1970, Witte 
& Piekarski 1970). Finally the complete life cycle of T. 
gondii had been characterized defining Toxoplasma as 
a coccidian parasite with the cat as the definitive host 
and any warm-blooded animal being able to act as the 
intermediate host (Fig. 4). The infectious forms in fae-
ces were protected in the external environment within 
a resistant oocyst wall. The oocysts of Toxoplasma are 
unsporulated when released in the faeces but sporulate 
to form an Isospora-like oocyst with two sporocysts each 
containing four sporozoites (Dubey et al. 1970) (Fig. 2). 
Today the coccidian nature is so ingrained in our think-
ing that it is difficult to appreciate how revolutionary this 
concept was prior to 1970. It is of interest that similar 
oocysts were identified in the original samples examined 
by Hutchison (1965), but the idea that Toxoplasma could 
be a coccidian parasite was unthinkable at that time so 
these were discarded as possible contaminants, although, 
in retrospect, they probably were Toxoplasma oocysts. 

Therefore, approximately 60 years after its discov-
ery, the complete life cycle of T. gondii was finally elu-
cidated. Now it was possible to explain the widespread 
infection in all warm blooded animals (both carnivores 
and herbivores) including humans. Infections can result 
in one of three ways (Fig. 4). The first, and rarest way, is 
congenital transmission. It occurs if a female (human or 
animal) becomes infected for the first time during preg-
nancy with the circulating tachyzoites associated with 
the acute phase crossing the placenta to infect the fetus. 
However, for the more common acquired infection, it 
was now possible to identify two mechanisms both in-
volving the oral route but employing different parasite 
stages. The first was carnivorism involving the inges-
tion of tissue cysts in tissue from chronically infected 
intermediate hosts and would explain the high incidence 
in carnivores. The second was from the ingestion of spo-
rulated oocysts resulting from the contamination of food 
or water with cat faeces and would explain the incidence 
in herbivores. However, in omnivores such as humans 
both mechanisms could play a role and the relative im-
portance of each is the subject of much discussion. In 
humans, it is likely that the lifestyle of the individual 
plays an important role in how the parasite is transmit-
ted. In populations that eat raw or under cooked meat, 
the ingestion of tissue cysts is likely to be an important 
source of infection, while, in strict vegetarians, inges-
tion of oocysts would be more likely. However, for the 
majority of the human population, transmission could 
occur by either mechanism. 

Fig: 2A, B: copies of the original micrographs showing the structure 
of the “new cyst” (oocyst) of Toxoplasma gondii (Work & Hutchison 
1969); C: light micrograph of an unsporulated oocyst showing the 
single cytoplasmic mass; D: fluorescent image of a sporulated oocyst 
with two sporocysts showing the auto-fluorescence of the oocyst and 
sporocyst wall. Bars = 5 µm.

Fig. 3A-C: light micrographs through the small intestine of the cat 
showing the appearance of the various coccidian stages (both asexual 
and sexual) developing in the enterocytes (arrows). Ma: macrogame-
tocyte; Mi: microgametocyte; S: schizont. Bars = 10 µm.
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Until 1970, all the known coccidian parasites had a 
life cycle that involved a simple oral/faecal/oral infection 
and transmission cycle. Why had Toxoplasma evolved 
this elaborate life cycle involving an intermediate host? 
It is likely that environmental contamination is a rea-
sonably efficient mechanism for transmission between 
ground feeding animals such as herbivores or omnivores 
with oocyst ingestion occurring while feeding. However, 
faecal contamination is likely to be less efficient in non-
ground feeding animals such as carnivores. Therefore, 
it is not too surprising that certain coccidian parasites 
of carnivores have adapted their life cycle to ameliorate 
this problem. Subsequent to the discovery of the life cy-
cle of Toxoplasma, a sub-group of the Coccidia, known 
as the “cyst forming Coccidia” (Besnoitia, Sarcocystis 
and Frenkelia), were also shown to be coccidian para-
sites of carnivores that have evolved the ability to infect 
intermediate hosts, normally a herbivore that is a food 
source for the definite carnivorous host. In the majority 
of cases, the parasites maintain a narrow range of both 
definitive and intermediate hosts (Dubey 1977). Here 
again, Toxoplasma “bucks the trend” in the fact that it 
is totally indiscriminate in its choice of intermediate 
host, with any warm-blooded animal (bird or mammal), 
including humans, able to act as an intermediate host. 
This indiscriminate blunderbuss approach by Toxoplas-
ma may be inherently inefficient in that the majority of 
intermediate hosts will never be eaten by a definitive 
host. However, it will be efficient in ensuring that any 
intermediate host that is eaten is more likely to be in-
fected. Therefore the parasite can live with the massive 
wastage associated with this process. This is the situa-
tion in humans, where a third of the world population 
that is infected with Toxoplasma represents a total loss 
to the parasite, since modern human cultural behaviour 
results in death of the parasite with host - we are rarely 
the source of a meal for feline carnivores! 

These oocysts are remarkable structures and I have 
been horrified to hear of young researchers working 
with this stage in open laboratories. This stage should be 
treated with extreme caution within proper containment 
facilities. We all know that standard laboratory practice 

will prevent laboratory infection due to the sensitivity of 
the tachyzoites and tissue cysts to normal laboratory dis-
infectants. However, it cannot be overemphasized that 
the oocyst is a totally different proposition. This stage 
is resistant to all normal laboratory disinfectants. This 
is due to the oocyst wall, which provides both structural 
strength and resistance to chemical insult, although they 
are sensitive to heat and desiccation. Toxoplasma oo-
cysts are normally stored in 2% sulphuric acid and are 
unaffected even by treatment with sodium hypochlorite! 
Therefore, viable oocysts could easily contaminate the 
working environment. In addition, oocysts can infect 
by inhalation as an aerosol. Therefore, great care is re-
quired when grinding oocysts to obtain their contents. 
This stage is unique and, as such, should be treated with 
extreme caution to prevent laboratory infections!  

Coinciding with the discovery of the life cycle in the 
1960s, electron microscopy was developing as the “new 
technology” of the day and was only just being applied 
to a range of biological systems including parasites. In 
the case of Toxoplasma, it identified a complex polarized 
structure with a number of unique organelles (Fig. 1A), 
as well as characterizing a unique form of asexual prolif-
eration termed endodyogeny (Sheffield & Melton 1968, 
Vivier 1970). However, independent studies identified 
similar organelles in what were, at that time, thought 
to be unrelated parasites such as Plasmodium species 
and Eimeria species (Scholtyseck & Melhorn 1970). 
These observations on the life cycle combined with the 
comparative ultrastructural studies, led to the proposal 
of a major change in the classification of the Protozoa 
with the creation of a new Phylum incorporating what 
had previously been thought to be very disparate para-
sites. The Phylum Apicomplexa was proposed contain-
ing many parasites of human and veterinary importance 
such as the genera Babesia, Theileria, Plasmodium, 
Eimeria, Toxoplasma, Neospora and Cryptosporidium 
(Levine et al. 1980). The name emphasizes the important 
role played by comparative electron microscopy. It was 
now possible to show a close relationship between para-
sites causing important human diseases such as malaria, 
toxoplasmosis and cryptosporidiosis. 

The recognition of Toxoplasma as a human pathogen 
increased during the 1970s with immuno-suppressant 
treatment being used following organ or bone marrow 
transplants and in the treatment of certain neoplastic dis-
ease (Cohen 1970, Ruskin & Remington 1976). This was 
further compounded by the appearance of the acquired 
immuno-deficiency syndrome (AIDS) epidemic in the 
late 1970s, where Toxoplasma was an important oppor-
tunistic infection (Horowitz et al. 1983, Luft et al. 1984, 
Velimirovic 1984, Navia et al. 1986, Israelski & Rem-
ington 1988). The vast majority of cases of toxoplasmo-
sis in immuno-compromised patients are believed to 
result from recrudescence of a chronic infection rather 
than resulting from a new infection (Gallino et al. 1996). 
Humans and Toxoplasma have evolved an excellent host 
parasite relationship and, as long as both parties stick 
to the rules, disease is rare but the parasite relies on the 
host having a competent immune system. It is believed 
that the rupture of a tissue cyst will release hundreds of 

Fig. 4: diagram summarising the complete life cycle of Toxoplasma 
gondii (Ferguson 2002, with permission).
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bradyzoites that will by default convert to tachyzoites. 
These tachyzoites undergo rapid proliferation in the 
absence of an effective immune response, resulting in 
progressive host tissue destruction (necrotic lesions) and 
systemic dissemination, leading to rapid death of the 
host (Fig. 12F, G). However, the tachyzoites can be ef-
fectively treated and rapidly killed by administration of 
pyrimethamine and sulphadiazine. This treatment must 
be initiated as quickly as possible to minimize the tis-
sue destruction resulting from tachyzoite proliferation - 
in immuno-compromised patients the motto should be, 
“treat first and confirm the diagnosis later”. Unfortu-
nately, the treatment has no effect on the remaining tis-
sue cysts and after withdrawal of the treatment additional 
recrudescences can occur. This treatment is not ideal for 
long term use for a number of reasons, including bone 
marrow toxicity associated with pyrimethamine and al-
lergy to sulphadiazine. To date, there is no drug available 
that will destroy all the bradyzoites within tissue cysts. 
This means it is impossible to eradicate the infection 
from an individual. Any drug that proved to be effective 
against the tissue cyst would represent a major advance. It 
would be possible to eradicate the parasite prior to trans-
plantation or treatment for neoplastic disease and prevent 
repeated recrudescence in AIDS patients. It has been ob-
served that after a number of treatments for repeated re-
crudescence, drug resistance may develop (unpublished 
observations). Fortunately the development of drug resis-
tance is unlikely to be a problem in toxoplasmosis, since 
all the drug resistant parasites die with the host. 

The 1970s/80s saw a markedly increased volume of 
Toxoplasma research and a move away from basic para-
sitology and human disease into specialist areas such as 
immunology, molecular biology and genetics. The ease 
with which the tachyzoite of Toxoplasma can be main-
tained indefinitely in tissue culture made it an excellent 
model for examining molecular changes and facilitated 
the identification of the molecular mechanism involved 
in the various processes associated with parasite develop-
ment. It also made it a good model for research into the 
Apicomplexa in general. Among the first to utilize the 
new knowledge was Elmer Pfefferkorn and colleagues 
who, using mutagenic techniques, characterized para-
sites displaying different drug resistance and auxtrophic 
markers and then used the sexual development in the cat 
to carry out crosses between different strains (Pfefferkorn 
et al. 1977, Pfefferkorn & Pfefferkorn 1977, 1979, 1980). 
These studies confirmed the Mendelian inheritance, the 
haploid nature of the parasite and the ability of a cloned 
parasite to give rise to the complete sexual cycle. 

The last 30 years have produced a deluge of progres-
sively more detailed information on all aspects of the 
biology of the parasite and its interrelationship with its 
host cell. There have been advances in our understand-
ing and treatment of human disease and the immune re-
sponse that will be discussed elsewhere and will not be 
included in this review. There have been major technical 
advances in our ability to identify individual proteins and 
gene sequences and to manipulate the genome to further 
our understanding of the molecular aspects of parasite 
development. It started in the early 1980s with the identi-

fication of specific antibodies in conjunction with newly 
developed immunocytochemical techniques employing 
enzymatic (peroxidase) or fluorescent markers to identify 
the expression and localisation of proteins recognised by 
the specific antibody.  The specificity of the antibodies 
was initially improved by the use of monoclonal antibod-
ies and later by the production of polyclonal antibodies to 
recombinant proteins. The availability of useful reagents 
has been advanced by continued technical improvement 
in our ability to manipulate the parasite genome. This has 
rapidly progressed from the first description of cloning of 
individual genes (Burg et al. 1988, Cesbron-Delauw et al. 
1989) through the development of techniques to facilitate 
transfection with selectable markers for allelic replace-
ment (including generation of “knock-outs”) and comple-
mentation (Donald & Roos 1994, Kim et al. 1993, Soldati 
& Boothroyd 1993, Roos et al. 1994, Sibley et al. 1994, 
Soldati et al. 1995). With the ability to stimulate stage 
conversion from tachyzoite to bradyzoites in vitro, it was 
possible to identify molecules specifically expressed by 
the different stages (Bohne et al. 1996). To date, a number 
of tachyzoite and bradyzoite specific markers have been 
identified that can be used to follow the developmental 
changes in the intermediate host to further our under-
standing of “normal” development (Ferguson 2004). An-
other advance was the application of green fluorescent 
protein (GFP) technology to Toxoplasma (Striepen et al. 
1998). The ability to incorporate the sequence for the 
fluorescent GFP into the gene of the protein of interest 
allowed protein expression to be followed during devel-
opment in live cells in vitro by following the fluorescent 
signal. There are now a repertoire of genes and markers 
with which to follow localisation of proteins to any of the 
parasite organelles and to start to identify the sequences 
involved in organelle targeting (Striepen et al. 2001, 2007, 
Joiner & Roos 2002, Gubbels & Striepen 2004). 

The rate of gene discovery was increased with the 
development of expression sequence tags (ESTs) (Ajioka 
et al. 1998). When ESTs from different parasite stages 
were examined, it was possible to confirm and expand 
the identification of genes showing stage specificity. 
Many hundreds of ESTs from different stages are now 
available on the website (www.toxoDB.org). It is worth 
noting that while there are ESTs for tachyzoites, bra-
dyzoites and oocysts (sporozoites), there are no ESTs of 
the coccidian (asexual and sexual) stages. At this time, 
techniques were developed to make sequencing of the 
complete genome of an organism possible and Toxoplas-
ma has been selected for sequencing. This is an ongo-
ing project and the updated information is available on a 
specific website: www.toxoDB.org (Gajria et al. 2008). 

Since 2000, there has been the application of pro-
teomics to Toxoplasma (Cohen et al. 2002). It is possible 
to separate proteins by electrophoresis and identifying 
individual proteins using mass spectrometry (Cohen et 
al. 2002). In Toxoplasma this can be applied to the whole 
organism or to particular sub-sets, such as excreted-
secreted proteins (Zhou et al. 2005) or rhoptry proteins 
(ROPs) (Bradley et al. 2005). This has facilitated the 
identification of large numbers of new proteins. In stud-
ies of the complete parasite, it is believed that proteomic 
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data will assist in complimenting the genomic data and 
improve gene identification (Xia et al. 2008).   

A new avenue of research was opened up in the mid 
1990s with the identification of a plastid-like DNA with-
in members of the Apicomplexa (Wilson et al. 1996). In 
1996, a structure of unknown function, previously called 
the Golgi adjunct or multi-membranous vacuole, was 
identified as the plastid (McFadden et al. 1996, Kohler et 
al. 1997) (Figs 1B, 9C). This was based on ultra structural 
in situ hybridization using specific DNA sequences origi-
nally identified in the extra-nuclear DNA of Plasmodium 
falciparum (Wilson et al. 1996). The organelle is charac-
terized by being enclosed by four membranes (Fig. 1D). 
This arrangement was thought to represent evidence of 
secondary endosymbiosis (Kohler et al. 1997). The plas-
tid, which has become know as the apicoplast, is present 
in all members of the Apicomplexa, with the exception of 
the genus Cryptosporidium. In plastid bearing Apicompl-
exa studied to date, it is essential for parasite viability and, 
therefore, has created much interest as a new target for 
anti-apicomplexan drugs (Fichera & Roos 1997).

Another major advance in the 1990s was the devel-
opment of techniques that allowed the population struc-
ture of Toxoplasma to be investigated. There have been 
many strains of Toxoplasma isolated over the years that 
showed marked differences in their behaviour within 
mice but their interrelationships were unknown. Two 
techniques were initially developed that allowed the re-
lationships of the various strains to be compared. The 
first was the identification of a number of specific isoen-
zymes (Darde et al. 1992, Darde 1996) and the second 
was based on comparing restriction fragment length 
polymorphisms (Sibley et al. 1992). There was good 
correlation between the two techniques (Darde 1996). 
These techniques allowed a large number of strains 
to be compared and identified with some unexpected 
findings. The strains from Europe and North America 
were found to be extremely homogeneous belonging to 
just three genotypes (Types 1, 2 and 3) (Howe & Sib-
ley 1995). This was further refined using single nucle-
otide polymorphisms (Khan et al. 2005). The findings 
suggested that in North America and Europe there had 
been limited sexual crossing and that a single sexual 
cross approximately 10,000 years ago may have given 
rise to the three major clonal lineages with a selective 
advantage resulting in their domination (Su et al. 2003, 
Boyle et al. 2006, Khan et al. 2006a). Using a slightly 
different technique, an alternative explanation for the 
global population structure has been proposed base on 
isolates from a single host species (chickens) (Lehmann 
et al. 2006). However, what is becoming very clear is 
that the parasite population profile in South America di-
verges markedly from the picture seen in Europe/North 
America (Khan et al. 2006a, b, 2007). In terms of hu-
man infection, in Europe/North America the majority of 
cases of human toxoplasmosis was associated with Type 
2 strains with low levels of Type 1 and 3 (Howe et al. 
1997). In contrast, in South America, a much higher in-
cidence of Type 1 strains were identified in both clinical 
and asymptomatic cases (Ferreira et al. 2008). In addi-
tion, there were an increased number of exotic (non-Type 

1-3) strains although there was also evidence of limited 
sexual crossing. In the case of human disease, it was 
noted that there were marked differences between South 
America and Europe/North America and this does ap-
peared to correlate with the higher incidence of Type 1 
strains. This has implications for understanding human 
disease due to the marked differences in pathology and 
morbidity of infection in South America compared to 
Europe/North America and will be an important area for 
future research (Vallochi et al. 2005, Peyron et al. 2006, 
Morisset et al. 2008). 

Recently there has been renewed interest in possible 
behavioural changes associated with chronic infection 
with T. gondii. As Bill Hutchison used to say: “Any or-
ganism that shares our brain with us is worthy of study”. 
It makes sense that a parasite requiring to be eaten by 
a definitive host would benefit by changing the behav-
iour of its host to increase the chances of being ingested. 
Early studies in mice showed that infection did appear to 
have effects that may increase predation (Webster 2007) 
and, in more recent studies in rats, it has been shown that 
this change may be more specifically related to reduc-
ing the rat’s innate fear of cats (Webster 2007). This has 
been confirmed in studies in both mice and rats (Vyas 
et al. 2007). However, the problem arises when the role 
of chronic infection on human behaviour is investigated. 
There have been a number of reports that schizophrenics 
have a significantly higher incidence of chronic Toxo-
plasma infection (Torrey et al. 2007). I would argue that 
it would have been more surprising if schizophrenics 
had not had an increased incidence due to their behav-
ioural changes increasing their risk of infection. Two ar-
guments have been put forward in support of a role for 
chronic Toxoplasma infection. The first is that treatment 
with anti-Toxoplasma drugs shows an improvement in 
their symptoms therefore supporting a role for T. gondii 
infection (Webster et al. 2006, Torrey & Yolken 2007). 
The second is that certain anti-psychotic drugs are active 
against Toxoplasma tachyzoites in vitro (Jones-Brando 
et al. 2003, Webster et al. 2006, Torrey et al. 2007). How-
ever, both arguments have flaws. Firstly, treatment for 
Toxoplasma involves powerful drugs that will have mul-
tiple effects on host physiology. Secondly, the in vitro 
observations on drug effects have to be treated with 
caution. For example, it was shown that valproic acid (a 
mood-stabilizing agent) had no effect on tachyzoites or 
bradyzoites in vivo (Goodwin et al. 2008). It has been 
known for many years that chronic infections with bra-
dyzoites within tissue cyst are refractile to all known 
treatment regimes. Therefore, it is difficult to under-
stand what effect the treatments could be having on the 
chronic infection. None of these studies show a direct 
effect of infection with Toxoplasma on the development 
of schizophrenia. What is required is the identification 
of a random cohort of uninfected individuals where a 
number of individuals (half) within the group subse-
quently become infected. Then, by comparing the sub-
sequent incidence in schizophrenia in the two groups, a 
more accurate estimate of the role of Toxoplasma may 
be obtained. So, while I am still sceptical about the role 
of chronic Toxoplasma infection in schizophrenia or any 
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other neurological disorders, I will keep an open mind 
until proper control studies have been performed.

As a final homage to Nicolle, Manceaux and Splen-
dore, I would like to summarise how this new molecular 
data can be combined with morphological techniques to 
increase our understanding of the in vivo development 
of T. gondii in both the intermediate and definitive host. 
Using immuno-light and electron microscopy, it is pos-
sible to study the expression and localisation of specific 
proteins during the development of the parasite in both 
the definitive and intermediate host (Ferguson 2004). 

It has been possible in the various infectious stages 
(tachyzoites, bradyzoites, merozoites and sporozoites) to 
localise specific proteins to the various apical organelles 
such as the micronemes (Fig. 1B, C) and dense gran-
ules (Fig. 1E) and, with the recent identification of the 
rhoptry proteome (Bradley et al. 2005), it is possible to 
localise protein to either the body (ROPs) (Fig. 1F) or the 
neck (Fig. 1G) of the rhoptries. Using double labelling 
it is possible to identify proteins located in different 
organelles (Fig. 1H). These results have lead to an im-
proved understanding of how the infectious form iden-
tifies and invades a host cell and how the protective 
parasitophorous vacuole (PV) is formed (Joiner & Roos 
2002, Dubremetz 2007, 2008, Boothroyd & Dubremetz 
2008, Carruthers & Tomley 2008). 

Host parasite relationship - structure of the PV

In addition, it has been possible to show that the host 
parasite relationship is markedly different between the 
various developmental stages. The tachyzoite was locat-
ed within a loose PV limited by a unit membrane from 
which a network of tubules protruded into the vacuole, 
while host cell mitochondria and rough endoplasmic re-
ticulum (rER) collected around the limiting membrane 
of the vacuole (Fig. 5A). It was observed that the various 
dense granules proteins were involved with the PV dur-
ing tachyzoite development (Ferguson 2004, Mercier et 
al. 2005). In the case of the bradyzoite, there were identi-
fiable structural and molecular differences in the vacuole 
associated with tissue cyst formation (Ferguson 2004). It 
is limited by an undulating unit membrane but lacks the 
intra-vacuolar tubular network and the associated host 
cell rER and mitochondria. However, it is characterised 
by a homogenous layer of material that contains specific 
tissue cyst wall proteins (Fig. 5B). The most significant 
differences were seen in the coccidian stages. The PV 
is limited by a thick laminated structure consisting of 
three closely applied unit membranes. There is no ac-
cumulation of any host cell organelles around the PV 
membrane. In addition, it is a close fitting structure with 
cone-like protuberances, which may interact with the 
parasite plasmalemma (Fig. 3C). The vacuoles lack any 
evidence of tubular-membrane structures. Furthermore, 
these morphological differences have been confirmed at 
the molecular level where immunocytochemical studies 
showed the absence of expression of the majority of dense 
granule proteins (Fig. 8D-F) (Ferguson et al. 1999, Fer-
guson 2004). To date, GRA7 and NTPase been identified 
with no evidence for the expression of the other GRA pro-
teins: GRA1 - 6 and 8 (Ferguson 2004).

Comparison of the asexual division - endodyogeny 
and endopolygeny

Within the Apicomplexa, there are four forms of 
asexual multiplication: classical schizogony, endodyoge-
ny, Toxoplasma endopolygeny and Sarcocystis endopo-
lygeny (Fig. 6). These vary in the number of DNA rep-
lications, nuclear divisions and the location of daughter 
formation. The majority of apicomplexan parasites un-
dergo schizogony involving a proliferative phase of re-
peated nuclear divisions followed by daughter formation 
associated with the surface of the parasite. In contrast, 
within the cyst forming Coccidia, three variations have 
been identified, all involving formation of the daughters 
within the mother cell cytoplasm. The first is associat-
ed with the formation of two daughters (endodyogeny). 
While in the second there is a proliferative phase with 
repeated nuclear divisions followed by the formation of 
daughters within the mother cell (Toxoplasma endopoly-
geny) (Fig. 7). The third is undergone by certain asexual 
stages of Sarcocystis and involves repeated cycles of 
DNA replication but no nuclear division. The daughters 

Fig. 5: comparison of the structure of the parasitophorous vacuole 
by TEM (A-C) and expression of GRA6 identified by immuno-cy-
tochemistry using peroxidise as chromogen (D-F) in the tachyzoite 
(A, D), the tissue cyst (B, E) and the coccidian stage (C, F) of Toxo-
plasma gondii. Bars = 200 nm (A, C) and 5 µm (D-F). A: cross section 
through a tachzyoite developing within a monocyte showing the loose 
parasitophorous vacuole to be limited by a unit membrane around 
which host cell mitochondria (HC) congregate, while the vacuole 
contains a tubular network (T); Ta: tachyzoite; B: periphery of a tis-
sue cyst showing cyst wall limited by a membrane with invaginations 
(arrows) into the homogenous material forming the cyst wall (CW). 
The host cell can be identified as a neurone based on the presence of 
a synapse (S); Br: bradyzoites; C: detail from the periphery of a de-
veloping coccidian stage from a cat showing the tight parasitophorous 
vacuole (PV) to be limited by a thick laminate membrane; P: parasite 
pellicle; D-F: sections showing tachyzoite development in the lung (D)  
and tissue cyst in the brain (E) showing positive staining of the dense 
granules (DG) and parasitophorous vacuole or cyst wall while in F, the 
merozoites (M) formed by coccidian development are negative.
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form internally and are associated with fragmentation 
of the polyploidy nucleus (Sacrocystis endopolygeny) 
(Heydorn & Mehlhorn 1978, Speer & Dubey 1981). The 
tachyzoites and bradyzoites divide exclusively by en-
dodyogeny, giving rise to two daughters (Fig. 5). How-
ever, it was noted that repeated cycles of endodyogeny 
could occur. It has been observed that this occurred 
more frequently in mice infected with avirulent stains 
(Ferguson & Hutchison 1981). In contrast, the form of 
asexual development undergone by the coccidian stages 
is Toxoplasma endopolygeny (Fig. 7) resulting in the 
formation of between eight-30 daughters (Fig. 3A-C). 
Since the number of nuclear divisions prior to daughter 
formation can vary, the number of merozoites produced 
can also vary. Examination of well over a thousand 
schizonts by electron microscopy has failed to reveal a 
single developmental stage that could not be fitted into 
the process of Toxoplasma endopolygeny. Recently, an 
ultrastructural study has described a number of “types” 
(B-E) of schizonts, some of which were only observed at 
the early stages of infection (Speer & Dubey 2005). It is 
possible that type B represents tachyzoite development, 
given the host parasite relationship and multiplication by 
repeated endodyogeny. Therefore, rather than represent-
ing early coccidian stages, it is possible that they repre-
sent a sub-population of invading bradyzoites that have 
defaulted to tachyzoite development. In the case of type 
C-E schizonts, the parasites show typical features of en-
dopolygeny, differing only in size and number of daugh-
ters formed. Since there is no fundamental difference in 
the biological process, little is gained by the sub-division. 

 

Sexual development in the definitive host 

The mature merozoites formed by endopolygeny 
are released, can invade new enterocytes and undergo 
a repeated cycle of asexual development or differentiate 
into a sexual stage; either microgametocyte or macrog-
ametocyte. The factors involved in deciding the fate of a 
merozoite are unknown. It is clear that the initial asexual 
cycles are required to increase parasite density for two 
reasons. The first is that, if the sexual process is to be 
successful, the male and female gametes have to be able 
to find each other. Secondly, since each macrogamete 
only produces a single oocyst, there requires being lit-
erally millions of merozoites available to develop into 
macrogametes to produce the large number (millions) of 
oocysts seen in the faeces.

The terms microgamont and microgametocyte are 
synonymous and refer to the developing parasite from 
which 16-30 microgametes develop. This process is iden-
tical across the Coccidia (Scholtyseck et al. 1972) and 
is shown diagrammatically (Fig. 8A). There is an initial 
proliferative phase with repeated nuclear division. This is 
followed by movement of the nuclei toward the periphery 
and marked peripheral condensation of the chromatin. 
The microgamete is formed by a budding of a portion of 
cytoplasm containing two basal bodies, from which long 
flagella grow, the electron dense portion of the nucleus and 
a mitochondrion (Fig. 8B) (Ferguson et al. 1974, Dubey et 
al. 1998). The mature microgametes detach from the re-
sidual cytoplasm and appear as elongated structure with 
an electron dense nucleus anterior to which is the mito-
chondrion and the basal bodies of the two flagella (Fig. 
8C, D). It is because of the basic similarity to a sperm cell 
that the use of the term male gamete seems appropriate. 
Recently it has been shown that MORN1 located at the 

Fig. 6: diagram summarising the differences in timing of nuclear 
division and the location of daughter formation in the four forms 
of asexual proliferation undergone by apicomplexan parasites. The 
coccidian stages of Toxoplasma gondii employ Toxoplasma endopo-
lygeny, while the tachyzoites and bradyzoites undergo endodyogeny 
(Ferguson et al. 2007, with permission).

Fig. 7: composite using a series of electron micrographs to summarise 
the processes of asexual multiplication within Toxoplasma and clas-
sical schizogony. 
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point of budding, is present in the anterior of the microg-
amete (Fig. 8D insert) and represents the first marker for 
the microgamete (Ferguson et al. 2008).

Again, the terms macrogamont and macrogameto-
cyte are synonymous and maturation gives rise to a sin-
gle macrogamete. The macrogametocyte has two very 
important functions. It has to synthesise and store all the 
nutritional requirements to allow sporulation in the ex-
ternal environment and sustain the viability of the sporo-
zoites over long periods (in excess of 1 year). Secondly, 
it has to synthesise the specific components necessary 
to form the oocyst wall. Therefore, during development, 

there is no nuclear division but, as the parasite grows, 
large numbers of polysaccharide granules and lipid drop-
lets are synthesised and stored in the cytoplasm. In ad-
dition, specific structures that will subsequently be in-
volved in oocyst wall formation can be identified. A large 
number of electron dense granules are formed as well as 
electron dense deposits within the rough endoplasmic 
reticulum termed wall forming bodies Type 2 (WFB2) 
(Fig. 9A, B) (Ferguson et al. 1975, Dubey et al. 1998). It 
was only possible using immunocytochemisty to identify 
two types of granules - the veil  forming bodies and wall 
forming bodies Type 1 (Ferguson et al. 2000) (Fig. 9D). 

Fig. 8A: diagram summarising the structural changes observed during formation of the microgamete. 1: end of proliferative phase; 2: movement 
of the nuclei the periphery and chromatin condensation; 3: Flagella start to form from basal bodies and dense portion of nucleus and associated 
mitochondrion begin to protrude form the surface; 4: the basal bodies, nucleus and mitochodrion continue to protrude from the microgameto-
cyte; 5: microgamete matures while still attached by its anterior end to the mother cells; 6: mature microgametes released into parasitophorous 
vacuole; b: basal body; Ce: centriole; ER: endoplasmic reticulum; FL: flagellum; MI: mitochondrion; MP: micropore; N: nucleus; P: perforato-
rium; PG: polysaccharide granule; PV: parasitophorous vacuole; RB: residual body; RN: residual nucleus; T: microtubules; B: electron micro-
graph of a mid stage microgametocyte showing the microgametes budding from the surface of the mother cell (arrows); F: flagellum; N: nucleus. 
Bar = 1 µm; C, D: transmission (C) and scanning (D) electron micrographs of the mature microgamete showing the two long flagella (F) and 
the elongated nucleus (N) and mitochondrion (Mi). Bars = 100 nm; insert: immuno-fluorescent image showing the anterior of the microgamete 
positively stained for MORN1 (green). Bar = 100 nm.

A
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The mature macrogametocyte can be referred to as the 
macrogamete and possess a single nucleus and large api-
coplast, in addition to the above organelles (Fig. 9A, C).

The oocyst wall is a unique structure providing the 
parasite with physically strong and chemically imper-
vious layers protecting it from the rigour of the exter-
nal environment. However, oocysts are sensitive to heat 
and desiccation. The oocyst wall, like other members 
of the Coccidia, has a multilayer structure. There is the 
thin outer veil formed during maturation by secretion 
of the veil forming bodies. This is followed by simul-
taneous secretion of the WFB1, which polymerizes to 
form a thin electron dense outer layer of the oocyst wall 
proper. At this point, the material of the WBF2 is trans-
ported from the rER via Golgi vesicles and secreted 
where they form the electron lucent inner layer (Belli 
et al. 2006) (Fig. 9E, F). Unfortunately, the impervi-
ous nature of the oocyst wall prevents the penetration 
of chemicals required for electron microscopy and pre-
vents detailed analysis of sporulation.

Development in the intermediate host

It has been possible using immuno-histology and 
stage specific antibodies to follow the distribution of 
the parasite during the development of the acute phase 
in orally infected mice and identify the changes associ-
ated with conversion from the acute to the chronic phase 
(Ferguson & Hutchison 1987b, Dubey 1997a, Dubey et 
al. 1997). Recently, it has been possible to track para-
sites in live mice by using Fire-fly luciferase expressing 
parasites (Saeij et al. 2005, Boyle et al. 2007). In rou-
tine haematoxylin and eosin stained sections, it is very 
difficult to identify individual parasites (Fig. 10A) but, 
immuno-staining of sections using either peroxidase 
(Fig. 10B) or fluorescein isothiocyanate (Fig. 10C) as a 
marker, allowed individual parasite to be easily resolved. 
Using the stage specific markers SAG1 (tachyzoite spe-
cific) and BAG1 (bradyzoite specific), it was possible 
to follow the changes associated with the acute phase 
and conversion into the chronic phase. During the early 

Fig. 9A: low power of a mature macrogametocyte/macrogamete showing the central nucleus (N) with an adjacent apicoplast (A) and cytoplasm 
packed with polysaccharide granules (PG), lipid droplet (L) numerous small wall forming bodies Type 1 (W1) and a few larger wall forming 
bodies Type 2 (W2). Bar = 1 µm; B: detail of part of the cytoplasm from fig. A showing the numerous small electron dense WFB1 (W1) and that 
the WFB2 are located within the rough endoplasmic reticulum. L: lipid droplet; PG: polysaccharide granule. Bar = 200 nm; C: macrogamete 
immuno-labelled with anti-enolase 2 (red) and anti-enoyl reductase (green) showing the cytoplasm stained for enolase 2 and the large branched 
apicoplast stained for enoyl reductase (arrow). Bar = 1 µm; D: immuno-electron micrograph of a macrogametocyte stained with anti-MIC4 
showing the dense granules could be separated into two groups; the immuno-stained veil forming bodies (V) and the negative WFB1 (W1). Bar 
= 100nm; E: low power of an oocyst showing the cytoplasmic mass containing polysaccharide granule (PG) sand lipid droplets (L) enclosed by 
the loose outer veil (V) and oocyst wall (OW). Bar = 1 µm; F: detail from the periphery of the oocyst in E showing the outer veil (V) and the 
electron dense outer layer (O) and the electron lucent inner layer (I) of the oocyst wall. Bar = 100 nm. 
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stages of infection tachyzoites were observed initially 
in the lymph nodes, spleen and lungs (Fig. 10A). This 
showed rapid proliferation of the tachyzoite and dissemi-
nation to all organs of the body including the brain and 
heart by 10 days post infection (pi). Between 12-15 days 
pi, there was evidence of stage conversion of tachyzoite 
to bradyzoites. There appeared to be marked tissue tro-
pism with cyst formation occurring predominately in the 
brain of the mouse (Fig. 10D, E). No evidence of stage 
conversion was observed in any other organ, including 
the heart. However, this may vary between host species, 
with the majority of tissue cysts found in the muscles 
in the cat (Dubey 1997b). In the brain between 12-15 
days pi, it is possible to identify both tachyzoites and 
early tissue cysts by immunocytochemistry and elec-
tron microscopy within the brain lesions (Fig. 10D) due 
to the structure of the PV and the presence of a tissue 
cyst wall specific protein recognised by antibody CC2 
(Gross et al. 1995) containing early BAG1+ bradyzoites 
(Fig. 11B). Using double labelling techniques, it was 
possible to show that individual parasites could express 
both tachyzoite and bradyzoite antigen simultaneously 
(Fig. 10E). However, not all the tachyzoites entering the 
brain converted to bradyzoites. A number continued 
to proliferate as tachyzoites before being destroyed by 
the immune response, similar to that seen in other or-
gans. By day 21 it was difficult to find any tachyzoites 

in the brain or other organs. The trigger responsible for 
certain tachyzoites in the brain to enter new cells and 
develop into bradyzoite containing tissue cysts is not 
fully understood but, it is possible that a subpopulation 
of tachyzoites are predestined to convert to bradyzoites, 
when entering the correct host cell. This would be con-
sistent with the observation that a small sub-population 
of tachyzoites contained vacuoles positive for the cyst 
wall protein (Gross et al. 1995). It appears that tissue cyst 
development was initiated at the time of parasite entry 
with the formation of a distinctive vacuole. Within the 
early tissue cyst, a large proportion of the organisms 
were dividing by endodyogeny but the proportion of di-
viding organisms was reduced with time and, after three 
months, it was difficult to find evidence of bradyzoite 
division (Ferguson & Hutchison 1987b). Examining tis-
sue cysts over the natural life of the host (2 years for the 
mouse) showed that the tissue cysts were always located 
within viable host cells (Fig. 11C). It is not always pos-
sible to identify the host cell from the thin rim of host 
cell cytoplasm visible. However, it was possible in the 
majority of cases to show conclusively that the host cell 
was a neurone, based on the presence of synapses (Figs 
5B, 11D) (Ferguson & Hutchison 1987a). While there 

Fig. 10A, B: section through the brain of a mouse showing the diffi-
culty identifying tachyzoites in H&E stained section (A) compared to 
an immuno-stained section using peroxidase as chromogen and anti-
SAG1 (B). The tachyzoites (T) are easily seen in the immuno-stained 
section; C: section through a lymph node stain by immuno-flores-
cence and tachyzoite specific anti-SAG1 (green) showing the numer-
ous SAG1+ tachyzoites (T); D, E: double labeled immuno-fluorescent 
images of brain lesions at 14 days post-infection showing stages con-
version between tachyzoites (T) (green) and bradyzoites (red) within 
tissue cysts (C). Note a few individual parasites positive for both 
markers (arrows). Bar = 10 µm; D: is labeled with anti-SAG1 (green) 
and anti-BAG1 (red) while E is labeled with anti-SAG1 (green) and 
anti-Enolase 1 (red). 

Fig. 11A: light micrograph of a section through the brain of a chroni-
cally infected mouse showing numerous inflammatory cells within the 
meninges and cuffing the blood vessels (arrows). Note the absence of 
inflammatory cells associated with the tissue cyst (C). Bar =  120 µm; 
B: section through a tissue cyst double with anti-BAG1 (green) and an-
tibody CC2 (red) showing the bradyzoites (Br) stained green and the 
tissue cyst wall (CW) stained red. Bar = 1 µm; C: low power electron 
micrograph through a tissue cyst in the brain of a mouse. The tissue 
cyst, containing large numbers of bradyzoites (Br), is located within a 
host cell (HC) and is enclose by a tissue cyst wall (CW). Bar = 10 mm; 
D: detail of the periphery of the a tissue cyst showing the host cell (HC), 
which can be identified as a neurone by the presence of a synapse (S), 
and invagination of the limiting membrane into the ground substance 
of the cyst wall (CW). Br: bradyzoite. Bar = 100 µm.
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was cuffing of the blood vessels by inflammatory cells, 
there was no reaction to the tissue cysts, which appear to 
be masked within the viable host cell (Fig. 12A). It has 
been proposed that individual bradyzoites may escape 
and form daughter tissue cysts, but this is inconsistent 
with my observations. I think this is unlikely for four 
reasons. The first is that groups of cysts of different 
sizes can be found from the earliest stages of infection. 
Secondly, when examined by electron microscopy, the 
bradyzoites in the various cysts are at the same stage 
of maturity - the smaller cysts do not contain immature 
or dividing bradyzoites (natural size variation). Thirdly, 
in vivo bradyzoites appear to default to tachyzoites on 
entering a new host cell although it has recently been 
report that bradyzoites can give rise to bradyzoites in 
cultured muscle cells (Guimaraes et al. 2008). Fourthly, 
any bradyzoite leaving the protection of its host cell will 
be attacked by the host inflammatory cells.

A major problem is that it is difficult to directly re-
late the data from experiments carried out using differ-
ent inbred strains of mice. It is known that the strain of 
Toxoplasma can have an effect on the pathology of the 
infection. However, the behaviour of a given strain of 
Toxoplasma can vary markedly, depending on the ge-
netic make up of the mouse strain being used. In cer-
tain mouse strains, there appears to be an inability of the 
host to clear the acute phase of the infection, resulting in 
death after three-four weeks. In others, there can be the 
rapid disappearance of cysts around 12-16 weeks. There-
fore, only experiments carried out using the same strain 
of Toxoplasma and host can be directly compared.

It is known that recrudescence is a problem in the im-
muno-compromised individual, probably resulting from 
the rupture of a tissue cyst. The question was: “What 
happens in such a situation in an immuno-competent in-
dividual?”. An extensive search, over a number of years 
in chronically infected immuno-competent mice, identi-
fied a few (< 1%) rupturing tissue cysts (Ferguson et al. 
1989). It appears that death of the host cell unmasks the 
tissue cyst and results in an immediate response of the 
host inflammatory cells, predominately monocyte/mac-
rophages but also neutrophils. These can be seen sur-
rounding the apparently still intact cyst and subsequent-
ly invading through the ruptured cyst wall (Fig. 12A-D). 
These inflammatory cells were phagocyotising and 
destroying the bradyzoites. When examined by immu-
nocytochemistry, it was confirmed that there were only 
bradyzoites present, with no evidence of conversion to 
tachyzoites (Fig. 12B). It would appear that the immune 
response is so efficient that all the bradyzoites are de-
stroyed before they can enter new host cells and undergo 
tachyzoite development. The end result is the formation 
of a small inflammatory nodule with minimal tissue 
destruction. Compare this to what is seen in immuno-
compromised individuals where there is no evidence of 
an inflammatory cell infiltrate and the lesions consist of 
large numbers of proliferating tachyzoites (Fig. 12F, G). 

After 40 years, I feel the more we learn about Toxo-
plasma, the more I realise how much we do not under-
stand. Although there have been unbelievable advances 
in our knowledge at the genomic and proteomic levels, 

all this has been based on those stages of the parasite as-
sociated with development in the intermediate host - the 
tachyzoite and bradyzoite. Toxoplasma could be consid-
ered to have a split personality: the gregarious outgoing 
sociable tachyzoite/bradyzoite that can develop in any 
cell of any warm-blooded animal (and cultured cell) and 
the reclusive, antisocial, coccidian stages that will only 
develop within cat enterocytes. To date, there have been 
no molecular studies on the coccidian stages - we have 
little or no idea of the specific genes and proteins associ-
ated with coccidian development. This is not unique to 
Toxoplasma but is a problem with studying all coccidian 
parasites. Since coccidian development must be related 

Fig. 12: light and electron micrographs of cyst rupture in immuno-
competent mice (A-E) and light micrographs from an AIDS patient 
with recrudescent toxoplasmosis (F, G); A-C: sections through a rup-
tured tissue cyst stained with PAS (A), anti-SAG1 (red)/anti-BAG1 
(green) (B) and anti-BAG1 (green)/antibody CC2 (red) (C). Note the 
macrophages (Ma) around and invading into the tissue cyst through 
ruptures in the cyst wall (arrows). Br: bradyzoites. Bars = 10 µm; 
D: electron micrograph of a section through a ruptured tissue cyst 
in an immuno-competent host showing the fractured cyst wall (ar-
rows) partially enclosing the bradyzoites (Br). Note the numerous 
macrophages (M) surrounding and invading into the tissue cyst and 
phagocytising the bradyzoites. Bar = 5 µm; E: detail from D showing a 
macrophage (Ma) with bradyzoites (Br) contained within a phagolyso-
some. Bar = 500 nm; F, G: low power (F) and detail (G) of a section 
through the brain of an immuno-compromised patient double labeled 
with anti-SAG1 (green) and anti-BAG1 (red) showing large lesions con-
taining very large numbers of tachyzoites (T) resulting from recrudes-
ence. Note the absence of any bradyzoites formation. Bars = 10 µm and 
1 µm, respectively. 
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to changes in gene expression, then it would be a major 
advance if the factor controlling the expression of coc-
cidian specific genes could be identified. It is for this 
reason that care should always be taken when extrapo-
lating from observations based on the tachyzoite to the 
parasite as a whole. Too often I read, “Toxoplasma does 
X”, when, what is really meant is that the, “tachyzoite of 
Toxoplasma does X”, with no appreciation of the unique 
nature of coccidian development. An in vitro system for 
coccidian development would be a major step forward. 
We have been playing a game of chess with Toxoplasma 
for the last 100 years and we have made many advances. 
However, even with all our new knowledge, we are a 
long way from reaching “check mate”. Therefore, I have 
no doubt that Toxoplasma will be a worthy opponent for 
the next 100 years. 
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