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Definition: Toxoplasma gondii is a ubiquitous zoonotic parasite with an obligatory intracellular lifestyle.
It relies on a specialized set of cytoskeletal and secretory organelles for host cell invasion. When
infecting its felid definitive host, T. gondii undergoes sexual reproduction in the intestinal epithelium,
producing oocysts that are excreted with the feces and sporulate in the environment. In other hosts
and/or tissues, T. gondii multiplies by asexual reproduction. Rapidly dividing tachyzoites expand
through multiple tissues, particularly nervous and muscular tissues, and eventually convert to slowly
dividing bradyzoites which produce tissue cysts, structures that evade the immune system and
remain infective within the host. Infection normally occurs through ingestion of sporulated oocysts
or tissue cysts. While T. gondii is able to infect virtually all warm-blooded animals, most infections in
humans are asymptomatic, with clinical disease occurring most often in immunocompromised hosts
or fetuses carried by seronegative mothers that are infected during pregnancy.

Keywords: Toxoplasma gondii; toxoplasmosis; parasite; tissue cyst; endodyogeny; lytic cycle; life cycle;
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1. Toxoplasma gondii: A Successful Parasite

Toxoplasma gondii is frequently described as one of the most successful parasites, due
to its ubiquitous distribution, the wide range of host species it is able to infect and its high
prevalence rates around the world. The amenability of T. gondii to laboratory conservation
and propagation both in vivo and in vitro as well as to genetic manipulation have made
this parasite a widely used biological model for the study of conserved biological processes
in closely related parasites more challenging to manipulate in a laboratory setting [1].

T. gondii was initially observed in the tissues of the rodent Ctenodactylus gundi by
Nicolle and Manceaux (1908) [2] and in the tissues of a rabbit by Splendore (1908) [3]. At
the time, the host Ctenodactylus gundi was erroneously identified as Ctenodactylus gondi,
which resulted in the specific epithet of T. gondii. The name of the genus was given as
a reference to the shape of the parasite, from the Greek tóxon meaning arc or bow [4].
T. gondii is an obligate intracellular parasite and is the causative agent of toxoplasmosis in
humans and animals. T. gondii has a worldwide distribution and infects a wide variety of
animals, although only a fraction develop disease [5,6]. Toxoplasmosis is usually acquired
through ingestion of either sporulated oocysts that are shed by the felid definitive host and
found in food and water supplies, or through consumption of contaminated meat products
containing tissue cysts. Rapidly dividing tachyzoites readily invade and replicate in many
tissues and cell types and, if not kept in check by the host’s immune system, extensive
proliferation then causes acute disease and severe tissue pathology in multiple organs [7].
Thus, toxoplasmosis represents a health risk mainly for immunocompromised individuals
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and for fetuses upon primary infection during pregnancy [8]. Therapeutic and prophylactic
options currently available are either insufficient, or cause severe adverse side effects in
both humans and animals [9].

2. A Prevalent and Silent Infection

Apicomplexan parasites are responsible for several diseases of veterinary and medical
relevance, including zoonotic diseases. Mosquito-borne hematozoan parasites of the
genus Plasmodium are the causative agents of malaria, a life-threatening disease with over
200 million cases estimated in 2019 [10]. The tick-borne Babesia spp. piroplasms cause
hemolysis related disease and present zoonotic potential [11,12]. Cryptosporidium spp., also
zoonotic parasites, are a major cause of gastrointestinal disease in non-immunocompetent
hosts [13]. Cyst-forming Coccidia include the stenoxenous Neospora caninum and Besnoitia
besnoiti, which are major sources of economic loss in animal production [14,15]. Toxoplasma
gondii and Sarcocystis spp. are cyst-forming Coccidia as well; however, they do not present
host specificity with regard to the intermediate host. T. gondii is exceptional in the variety
of intermediate hosts it can infect, assumed to be all warm-blooded animals.

2.1. Epidemiology and Transmission

Infection by T. gondii has been described in over 350 different host species, most of
which inhabit wild environments, including 31 felid species [16]. The Centers for Disease
Control and Prevention (CDC) estimates that over 60 million people are chronically infected
with T. gondii in the United States, and considers this one of five neglected tropical parasitic
diseases deserving public health action [17]. In the European Union, only congenital
toxoplasmosis is officially reported, with 208 cases communicated in 2018 [18]. However,
only three countries have both mandatory screening programs of pregnant women and
report screening data to the European Centre for Disease Prevention and Control (ECDC),
with cases being reported from 22 countries, of which France accounts for 72.6% of the
cases. Therefore, the actual number of cases is likely higher than the reported. T. gondii
seroprevalence varies widely among regions. In humans, seroprevalences have been
estimated at 8%–76% in different countries [19]. Similar variations ranging from very low
to high seroprevalence rates have been reported for various animal species around the
world [20–26]. Felids, particularly wild species, tend to have high seroprevalence rates [27].

Infection can occur through horizontal and vertical transmission and may originate in
three different infective stages: sporozoites, bradyzoites, and tachyzoites. The parasite is
able to bypass the definitive or the intermediate host, providing further possibilities for
perpetuating its cycle. The sporozoites, enclosed in the sporulated oocyst, are resistance
stages that remain viable and accumulate in the environment. This stage is strongly linked
to the ubiquitous distribution and parasitic success of T. gondii [28]. Oocyst ingestion
explains infections in vegetarians and herbivore species, however, this transmission route
is not limited to these groups. A recent meta-analysis study reported a mean pooled
prevalence of T. gondii oocysts in public environments of 16%, ranging from 8% to 23% in
the sampled continents, North America, Asia, South America and Europe [29]. Felids are
able to shed millions of oocysts upon infection, acting as disseminators of the sporozoite
infective stage. Risk factors for exposure to T. gondii in farm animals include the presence
of cats, rodents, and birds, access to pastures, farm type, and water quality [28,30,31].
Direct contact with cats is not significantly associated with increased risk of exposure
to T. gondii in humans [16]. This is likely due to the short period of oocyst shedding
after infection and to the fact that environmental sporulation is needed for the oocyst to
become infectious, which takes one to five days. There is evidence that cats shed fewer
total oocysts upon re-shedding [32]. Human infection caused by oocysts is associated
with ingestion of shallow well water, uncooked vegetables, fruit, uncooked shellfish, and
contact with soil [16,33–36]. Sporulated oocysts are highly resistant in the environment
and to chemical inactivation agents; therefore, prevention of oocyst shedding is a major
factor in lowering possible infection sources [28]. Vaccination of cats stands as an effective



Encyclopedia 2022, 2 191

means of achieving this, with a recent work by Ramakrishnan et al. (2019) [37] showing a
live-attenuated vaccine that resulted in no oocyst shedding upon challenge with a wild-type
T. gondii strain. Ingestion of tissue cysts harboring bradyzoites is another important route
of transmission. Within the tissue cyst, bradyzoites are protected from digestive proteolytic
enzymes, and thus are much more likely to successfully infect a host through ingestion
as compared to tachyzoites [38]. Furthermore, tissue cysts harbor viable bradyzoites
indefinitely, and are able to cause infection in both definitive hosts and intermediate hosts,
where new tissue cysts may develop. Therefore, bradyzoites enclosed in tissue cysts are
resistant parasitic stages in host tissues [38]. Intermediate or definitive hosts are infected
through carnivorism. Ingestion of undercooked meat has been consistently identified
as a risk factor for exposure to T. gondii in humans [33,34,36,39]. Furthermore, a study
published in 1965 by Desmonts and colleagues demonstrated that T. gondii seroprevalence
was associated with the ingestion of raw meat [40]. The relative importance of T. gondii
transmission through tissue cyst or oocyst ingestion in humans is still uncertain [28].
However, the recent development of a western blot assay that specifically detects anti-T.
gondii antibodies generated from oocyst infection may allow for differentiation between
transmission routes [41]. The tachyzoite, although not a resistant stage, plays an important
role in Toxoplasma epidemiology if primary infection occurs during gestation, in which
case there is a high probability of transmission to the fetus. Toxoplasmosis acquired
through vertical transmission is of great importance in humans and in domestic animals,
particularly in small ruminants [16,24,42]. Solid organ transplantation is recognized as a
route of infection in humans, while raw milk may transmit T. gondii; however, these routes
are not considered epidemiologically relevant [43–46].

2.2. Infection and Disease

Toxoplasmosis is frequently a silent infection, causing mild or no signs in immuno-
competent hosts upon primary infection. Tachyzoite–bradyzoite conversion privileges
the formation of tissue cysts that remain viable in the host; however, these do not cause
disease unless the host immune system becomes compromised. Persistent infection is a
concern mainly due to the risk of recrudescence. However, different studies have shown
an association between chronic infection and a range of neuropsychiatric and behavioral
disorders [47]. Very rarely, severe clinical disease may occur upon primary infection of
immunocompetent hosts [24,48]. Ocular toxoplasmosis is the most frequent manifesta-
tion recorded in humans, while other consequences of generalized toxoplasmosis such
as pneumonia, hepatitis and encephalitis have been reported in both humans and other
species [48,49]. If primary toxoplasmosis occurs during pregnancy the parasite may be
transmitted to the fetus, causing abortion or congenital infection, possibly leading to severe
generalized toxoplasmosis and death. In immunocompromised hosts, severe disease occurs
mostly due to recrudescence of a chronic infection [48]. Acute toxoplasmosis is usually
treated with a combination of drugs, with pyrimethamine and sulfadiazine currently con-
sidered the most effective treatment [50]. Therapeutic options available at present fail to
eliminate tissue cysts that may reactivate at a later stage, usually when the immune system
is compromised, leading to manifestations of acute toxoplasmosis. A new compound, the
tetrahydroquinolone JAG21, has recently been reported as a promising treatment for acute
and chronic toxoplasmosis [51].

Primary infection was previously thought to induce an immune state that impaired re-
shedding of oocysts by felids, and to protect intermediate hosts from disease and congenital
transmission upon re-infection. However, several reports show that this is not always
the case. Re-infection with a different T. gondii strain along with factors related to host-
specific biology such as time post-primary infection seem to bypass this protection [52–54].
Although T. gondii is able to infect a great variety of animal species, susceptibility to infection
and parasite resistance in tissues vary among species. Sheep and goats are among the most
affected domesticated species, with toxoplasmosis causing frequent reproductive disorders,
abortion, and neonatal death [24,42]. Goats appear to be particularly susceptible to acute
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infection by T. gondii according to existing reports of clinical toxoplasmosis outbreaks
affecting adults [24], and in sheep T. gondii is considered one of the main causes of infective
abortion. In fact, the only commercially available vaccine against T. gondii is approved
for the reduction of embryonic death, infertility and abortion in sheep [42]. Cattle are
considered to be mostly resistant to clinical disease, including abortion and congenital
infection, presenting low levels of tissues cysts in muscle tissues [26,55]. Although tissue
cysts are more easily detected in pigs, clinical toxoplasmosis is very rare, with occasional
reproductive-related issues occurring [56,57]. An exception to the low rate of clinical
toxoplasmosis in pigs has been reported in China, where several recent outbreaks have
been recorded. This is thought to be related to the genotypes most prevalent in this area,
namely genotypes Toxoplasma Database (ToxoDB) #9 and #10 [57]. Chickens are mostly
resistant to clinical toxoplasmosis and frequently present high prevalence rates [58]. As
ground feeders, free range chickens can act as sentinels of environmental contamination
with oocysts, and are therefore useful for studying the epidemiology of T. gondii [58]. Marine
mammals frequently exhibit clinical toxoplasmosis. This is thought to be associated with
high levels of exposure to oocysts due to land-to-sea transport and oocyst accumulation in
marine ecosystems, where they remain viable for years [28]. Sea otters are at particularly
high risk of acquiring T. gondii, with a prevalence as high as 70% in the Monterey Bay area in
California, and high mortality rates correlated with atypical strains [59–61]. Toxoplasmosis
presents a low morbidity in cats and dogs, with clinical disease often associated with
immunosuppression or congenital infection [49]. When present, clinical signs may be
diverse, including respiratory, nervous, cutaneous, and ocular manifestations along with
more general signs, which lead to a challenging diagnosis [49].

3. An Apicomplexa Parasite

T. gondii features the defining hallmarks of Apicomplexa, namely, an intracellular
parasitic life style, an apical complex, a glideosome and an apicomplexan plastid, or api-
coplast [62,63]. Apicomplexa, Dinoflagellata and Ciliata include the majority of alveolates,
unicellular eukaryotes that present very diverse life styles including phototrophy, predation,
and intracellular parasitism [64]. The Alveolata are named for the contiguous membranous
vesicles or alveoli located immediately below the plasma membrane (PM). While previous
taxonomic classifications included Alveolata within the kingdom Protozoa, recent analyses
taking advantage of technological progress in electron microscopy and gene sequencing
have re-assigned Alveolata to the kingdom Chromista (Table 1). Cilliata and Dinoflag-
ellata are mostly free-living or commensal organisms, while Apicomplexa are obligate
intracellular parasites [64]. Apicomplexa include the invertebrate parasites Gregarina, the
blood parasites Hematozoa, the Coccidia, containing cyst-forming and non-cyst forming
genera, and the more divergent and harder to classify Cryptosporidia [65]. Although
Cryptosporidia were previously considered part of Coccidia, phylogenetic analyses have
shown that these parasites are more closely related to Gregarina [65]. Both Gregarina and
Cryptosporidia have suffered loss of the apicoplast. It was initially thought that Hematozoa
had largely lost the invasion-related structure conoid, however, recent research showed
that the conoid structures are conserved among all Apicomplexa clades and that the conoid
is present throughout the life cycle of the hematozoan Plasmodium berghei [66].
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Table 1. Comparison of classical and updated taxonomic classifications of Toxoplasma gondii.

Taxon Classical Classification 1 Updated Classification 2

Kingdom Protozoa Chromista
Subkingdom Dictyozoa Harosa
Infrakingdom Neozoa Halvaria
Superphylum Alveolata Alveolata

Phylum Apicomplexa Myozoa
Infraphylum Sporozoa Apicomplexa
Superclass Coccidia Sporozoa

Class Eucoccidea Coccidiomorphea
Order Eucoccidiorida Eimeriida
Family Sarcocystidae Sarcocystidae
Genus Toxoplasma Toxoplasma
Species Toxoplasma gondii Toxoplasma gondii

1 Compilation of Cavalier-Smith 1993, Cavalier-Smith 1998, and Taylor 2016 [67–69]. 2 Compilation of Ruggiero
2015, and Rees 2020 [70,71].

4. Genetic Diversity: One Species, Many Strains

Several T. gondii strains presenting genotypic and phenotypic differences have been
isolated. Strain nomenclature is not consensual. Designations of genotype, haplogroup,
Toxoplasma Biological Resource Centre code, and conventional type designation are at-
tributed according to the method used for characterization, and matches between the
different designations are not always available. The initial characterization of the T. gondii
population was based on samples from Europe and North America. This identified a highly
clonal population structure grouped in three strain types, designated types I, II, and III,
with very low genetic divergence among types at the DNA sequence level [72]. These clonal
lines are contemporary to agricultural expansion and to the domestication of the cat, having
emerged around 104 years ago, and are associated with an increased oral infectivity that
allowed the bypassing of sexual reproduction [73]. Conversely, T. gondii isolates from South
America, Africa, and Asia are much more divergent. South America is particularly rich in
divergent strains, with 88 genotypes having been isolated in Brazil alone [74,75]. Molecular
phylogenetic analysis suggests that the North and South American strains diverged from
a common ancestor over 106 years ago [74]. Type II strains predominate in Europe and
North America, while the less frequent type III strains have a worldwide distribution [16].
Type I strains are the least abundant of the clonal lineages, being mostly found in Europe
and America. Strains vary in virulence, which is frequently defined using the T. gondii
mouse model. Type I strains (e.g., RH and GT1) are more virulent and present higher
morbidity and mortality when infecting mice [16]; this is coupled to lower rates of tissue
cyst formation. South American strains frequently show type I strain-like virulence and
have the ability to form tissue cysts, a characteristic associated with a reduced potential
for oral transmission that seems to be exclusive to these clonal lines [76]. Type II strains
(e.g., ME49 and Prugniaud) and type III strains (e.g., CTG and VEG) tend to be avirulent,
presenting low morbidity and high rates of chronic infection with tissue cyst formation [16].
Type III strains are slightly more virulent than type II strains. Genotyping analyses show
that clonal strains are more prevalent in human-adapted environments, while divergent
strains are more prevalent in wild environments, suggesting separate anthropized and
sylvatic cycles [77,78].

5. One Parasite, Several Specialized Eukaryotic Cells
5.1. Zoites, Motile Stages

T. gondii exhibits a permanently polarized crescent-shaped cell with an anterior–
posterior axis during most of its life cycle, namely, in the motile or invasive zoite stages:
merozoites, tachyzoites, bradyzoites and sporozoites [79,80]. These stages present a size
of 2 × 5–7 µm, with a narrower anterior or apical pole and a more rounded posterior
or basal pole [16,79]. T. gondii cells possess the universal eukaryotic organelles: endo-
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plasmic reticulum (ER), ribosomes, Golgi complex (GC), mitochondrion, centrosome and
nucleus [16]. The nucleus is located centrally, and presents a spherical shape with a shal-
low concavity directed towards the apical pole, where the GC is located [81]. The rough
ER is continuous with the nuclear envelope [79]. The single mitochondrion is long, up
to 10 µm in length, folded inside the cell and ramified [82]. The centrosome is closely
related to the nuclear membrane and is essential for cell division and organelle duplica-
tion [83,84]. T. gondii presents highly specialized structures as well, namely, the apicoplast,
the secretory organelles, the inner membrane complex (IMC), and the apical and basal
complexes (Figure 1).
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Figure 1. Morphology of the Toxoplasma gondii tachyzoite. Schematic drawing of a transverse cut
of a T. gondii tachyzoite with the main organelles and structures represented. The apical and basal
complexes are highlighted with grey interrupted lines. Created with BioRender.com (accessed on 5th
December 2021).

The apicoplast is a plastid organelle resulting from secondary endosymbiosis of
eukaryotic photosynthetic red algae that has lost its photosynthesis function but remains
an essential organelle [63,85,86]. The secretory system includes three secretory organelles:
dense granules, rhoptries, and micronemes. Dense granules are distributed throughout the
cell, while rhoptries and micronemes are located at the apical pole [87]. A part of the highly
specialized apical complex, rhoptries and micronemes present a polarized subcellular
localization connected to their roles in host cell attachment and invasion, namely, through
the assembly of the moving junction [88,89]. In addition to the two secretory organelles, the
apical complex is constituted by the conoid (a mesh of coiled microtubules limited at the top
by the preconoidal rings and at the bottom by the inner polar ring) and two intraconoidal
microtubules [79,90] (Figure 2A). The inner polar ring is a microtubule organizing center
(MTOC) [91–93]. The conoid seems to be necessary for host cell invasion, although its
function is not yet fully understood [88]. The ability of the conoid to extend and retract in
extracellular zoites during the invasion process suggests a mechanical role for this structure
in addition to its involvement in secretion [94,95]. The subpellicular microtubules are
a set of 22 spirally arranged microtubules that originate from the inner polar ring and
extend for two thirds of the cell’s length, supporting the pellicle through the cytosolic
face of the IMC and conferring the cell’s shape [79,80,93]. The pellicle is a three-layer
structure highly specialized in the Apicomplexa. It is formed by the outer PM layer that
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encloses the parasite cell and the two alveoli inner layers that consist of flattened vesicles
from the GC and ER, arranged in longitudinal fused plates [79,80,93]. The alveoli are
supported by the subpellicular network, a stable mesh of intermediate filaments that runs
from the outer polar ring through the full length of the cell and is responsible for the
cell’s mechanical stability [96]. The set of intimately associated alveoli along with the
subpellicular network form the IMC, which is essential for parasite motility, host cell
invasion, and replication [80,93]. Thus, the IMC forms a continuous double-layered sheet
that extends from the polar ring at the apical pole of the cell to the basal complex at the
basal pole of the cell, forming two circular apertures at each end. A basal complex is present
at the posterior pole, including the basal polar ring where the IMC terminates [97]. Several
proteins have been shown to be present in the basal complex [80,93]. These include proteins
associated with the cytoskeleton and parasite replication, namely Myosin C, Centrin,
Dynein and membrane occupation and recognition nexus 1 (MORN1) proteins [94,98–100]
(Figure 2B). A 14-3-3 protein that belongs to a conserved family of signaling proteins has
been localized to the basal complex as well [101]. MORN1 is present at the apical and basal
rings as well as in close proximity to the centrosome [99].
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Figure 2. Tachyzoite apical cytoskeleton and basal complex. (A) Apical cytoskeleton. Immunoflu-
orescence of intracellular tachyzoites where retracted conoids and subpellicular microtubules are
visible. The tachyzoite apical structures are identified by polyglutamylated tubulin (pgTub), namely,
the conoid and attached rings (white arrowhead in top view, yellow arrowhead in side view) and the
subpellicular microtubules (arrow), visible in the detail at the bottom right of the panel. The scale
bar represents 5 µm. (B) Basal complex. Immunofluorescence of intracellular tachyzoites stably ex-
pressing a MORN1-Myc recombinant protein coupled to the MORN1 promoter region. MORN1-Myc
accumulates at the basal pole, forming the basal polar ring (highlighted by the white dotted line).
The recombinant protein is stained with anti-Myc. The scale bar represents 2 µm. DNA is stained
with DAPI. IMC—inner membrane complex; PM—plasma membrane; MTs—microtubules.

The T. gondii zoite stages present slight differences in morphology regarding the
position of the nucleus and the number of micronemes. Tachyzoites and merozoites
present a more central nucleus and fewer micronemes compared to bradyzoites and
sporozoites, which have a more basal nucleus and more numerous micronemes [38,79].
Lipid bodies are abundant in sporozoites, irregularly present in tachyzoites, and absent in
bradyzoites [102]. Bradyzoites are slimmer than tachyzoites and present solid rhoptries,
which are labyrinthine in tachyzoites, along with many amylopectin granules that are few
or absent in tachyzoites [38,79]. Bradyzoites are more resistant to proteolytic digestion
than tachyzoites [38,103,104].
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5.2. Non-Motile and Gamete Stages

During its sexual development, T. gondii develops non-motile cells. First, merozoites
divide frequently to form polyploid cells, schizonts, which later undergo individualization
to form multiple merozoites [81]. In order to produce gametes, T. gondii form non-motile
gamonts: microgamonts and macrogamonts [79,81]. Each microgamont can produce 15 to
30 mature microgametes, motile cells that present two flagella coupled to two basal bodies
and a mitochondrion at the flagellar base. The macrogamont is an oval cell that forms
one mature macrogamete. Synthesis of the oocyst wall begins in the macrogamont, which
possesses wall-forming bodies [38,79,81]. After fertilization, the unsporulated oocyst is
formed with a single sporont. During sporulation, the sporont forms two sporocysts, each
containing four sporozoites, originating the sporulated oocyst [38,79,81].

6. The Complex Toxoplasma gondii Life Cycle: A Path to Success

T. gondii presents a facultative heteroxenous life cycle (Figure 3). Felids are the only
animals capable of sustaining the sexual phase of the T. gondii life cycle; however, all
warm-blooded animals, including felids, can act as intermediate hosts. Transmission
may occur through three infective stages: bradyzoites, tachyzoites, and sporozoites. The
parasite takes resistant forms in the tissues of intermediate hosts, namely, tissue cysts, and
in the environment, namely, sporulated oocysts, increasing its chances of transmission.
Furthermore, the three infective stages are able to produce infection in both definitive
and intermediate hosts, being able to bypass the definitive host and the intermediate host.
These features are fundamental for the global distribution and overall high prevalence that
T. gondii presents.
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6.1. Development in the Definitive Host

Only members of the Felidae family can sustain the T. gondii sexual phase. A re-
cent study showed that this specificity is related to the absence of delta-6-desaturase
intestinal activity in felids, which results in high concentrations of linoleic acid in ente-
rocytes [105]. T. gondii sexual development was achieved in mice after reproduction of
these conditions [105]. Felids are primarily infected through carnivorism by the inges-
tion of T. gondii-infected prey harboring tissue cysts. Although the definitive hosts are
more readily infected through ingestion of tissues cysts harboring bradyzoites, infection
in felids can occur through all three T. gondii infective stages (sporozoites, bradyzoites,
or tachyzoites) [106–108]. Upon digestion of the tissue cyst wall by proteolytic enzymes,
bradyzoites are released and become able to infect the felid host. In the felid gastrointestinal
tract, the infective stages invade enterocytes and may differentiate to tachyzoites, which dis-
seminate through the host body, or more frequently to merozoites, which remain in the felid
gastrointestinal tract [109]. Here, merozoites initiate the sexual cycle with multiple rounds
of asexual expansion in enterocytes [38,110]. This expansion occurs through endodyogeny,
endopolygeny or schizogony, depending on the merozoite/schizont stage [38,109–111]. In
endodyogeny, organelle replication is immediately followed by division and daughter cell
budding [112]. Schizogony is characterized by multiple rounds of nuclear replication and
division followed by a final step of merozoite individualization [112]. In endopolygeny, a
form of schizogony, one merozoite first undergoes a series of nucleus, mitochondrion, and
apicoplast replication without division, followed by merozoite individualization that starts
with formation of the IMC and apical complex [79]. Merozoite egress from one enterocyte to
invade a new enterocyte characterizes the development of a new generation of merozoites.
Five types of T. gondii schizonts, designated A to E, occur successively and are considered
morphologically different, with various generations per type [38,110]. No clear trigger has
been identified, although it is believed that schizonts type D and E originate gametocytes
which are preferentially located in the ileum, whereas schizonts are distributed through
the jejunum, the ileum and occasionally the colon [38,109–111]. Flagellated microgametes
are thought to reach the non-motile macrogametes to undergo fertilization, producing a
diploid sporont [79,110]. Felids can shed 107–109 oocysts for 4–13 days following a first
infection with T. gondii through tissue cyst ingestion [110,113,114]. However, microga-
monts represent only 2%–5% of gamonts produced in felid enterocytes, yielding a low
microgamete to macrogamete ratio [79,109,115]. Furthermore, as the oocyst wall is formed
by the macrogamont, it is thought that for fertilization the biflagellate microgamete must
reach the macrogamete inside the enterocyte. The complex route that has to be taken by
the microgamete makes fertilization unlikely to be a very frequent event, which seems to
be inconsistent with the high number of oocysts shed by felids. This has prompted the
hypothesis that parthenogenesis occurs in the development of oocysts as well [79,109,115].

6.2. Environmental Development

Ovoid unsporulated oocysts containing the diploid sporont are shed in the feces
of infected felids. This occurs three to ten days after ingestion of bradyzoites, although
only 18 days after ingestion of oocysts [107,116]. There is a longer prepatent period upon
ingestion of sporozoites when compared to bradyzoite ingestion by the felid host, consistent
with the need for sporozoites to first differentiate into tachyzoites that, convert to merozoites
in the enteric tract after dissemination through the felid host body, as opposed to the direct
sporozoite to merozoite differentiation route [106]. The sporont undergoes sporulation
with three nuclear divisions, a meiosis followed by two mitoses, and formation of the
sporocyst walls [117,118]. Notably, staining of the nuclear material suggests the absence
of the nuclear envelope during meiosis [117]. This, however, contrasts with reports of a
closed mitosis with maintenance of nuclear envelope integrity during the whole cell cycle,
a characteristic common to apicomplexans [112]. Sporulation is usually completed within
one to seven days, depending on conditions such as temperature and aeration [38,109,118].
The sporulated oocyst, with two sporocysts containing four sporozoites each, is infective
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and remains viable in the environment. Sporulated oocysts are extremely resistant to both
extreme environmental conditions and to disinfection techniques, remaining infective for
up to years [118]. Once in the environment, oocysts go through sporulation, becoming a
source of infection in new hosts.

6.3. Development in the Intermediate Host

T. gondii infects a wide variety of species as intermediate hosts, which are believed to
include all warm-blooded animals. Notably, the asexual phase of the T. gondii life cycle occurs
in felids, which can therefore act as both definitive and intermediate hosts. Intermediate hosts
are readily infected through ingestion of sporulated oocysts, tissue cysts, and tachyzoites,
although the latter stage presents limited epidemiologic importance [107,108]. Upon infection
of an intermediate host, T. gondii infective sporozoites and bradyzoites differentiate to the
tachyzoite stage [79,102]. Tachyzoites replicate inside a parasitophorous vacuole (PV) by
endodyogeny and proceed to a rapid asexual expansion, disseminating to host tissues through
the circulatory system. T. gondii proliferates in virtually any nucleated cell type; therefore,
the parasite is able to invade and replicate in various animal tissues. Tachyzoites are able to
differentiate to bradyzoites, a stage that replicates at a much slower rate, forming tissue cysts
that may remain viable in the host for the course of its entire life [79,102]. Tachyzoites are
responsible for parasite dissemination and acute infection, although this rapid proliferation is
ultimately controlled in most immunocompetent hosts. On the other hand, bradyzoites inside
tissue cysts are responsible for chronic infection without obvious clinical signs. Tachyzoite–
bradyzoite interconversion is a key aspect of the T. gondii life cycle, as it allows resistance in
the intermediate host and recrudescence of active infection when the host immune system is
no longer able to control tachyzoite proliferation.

7. The Toxoplasma gondii Lytic Cycle: An Efficient Proliferation Strategy

Tachyzoites divide rapidly inside the host cell, and after several rounds of replication
egress from the host cell and seek a new cell to invade. This is designated the lytic cycle, as
tachyzoites cause lysis of the cells upon egress.

7.1. Gliding Motility

Along with other Coccidia, T. gondii zoites do not possess locomotion-specific or-
ganelles such as flagella or cilia; however, they are still able to seek out host cells to invade.
This is done through a type of cellular movement without shape deformation known as
gliding motility, which includes three movement types: circular gliding, upright twirling,
and helical rotation [119,120]. Gliding is achieved from the interaction of the apical complex,
the actin cytoskeleton, myosin motor proteins, and associated proteins which together form
the glideosome [121–125]. Endocytosis is involved in retrograde motility [126]. Gliding
motility is essential for the parasite to reach a potential host cell and for it to successfully
invade and later egress from it [127].

7.2. Attachment and Invasion

Tachyzoite attachment to a host cell depends on the actomyosin system and on ex-
pression of surface antigens (SAGs) and microneme proteins (MICs) [128–132]. Following
committed attachment, the parasite invades the host cell through a moving junction, a hoop-
like structure involving close host–parasite interaction formed by the secretion of rhoptry
neck proteins (RONs) and MIC apical membrane antigen 1 (AMA1) [133,134]. As parasite
invasion progresses, the moving junction migrates from the apical to the posterior pole,
actively eliminating selected surface proteins from both host and parasite PMs, that is, trans-
membrane proteins [135,136]. This process and the simultaneous active invasion generated
by the glideosome give rise to an invagination of the host PM, resulting in the new PV and
its surrounding PV membrane [134–136]. This invasion process involves rearrangement of
the host microtubule cytoskeleton associated with the moving junction [137–139].
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7.3. Establishment of the Parasitophorous Vacuole

Inside the host cell, the parasite establishes the PV by modification of the invaginated
vacuole. Upon closure of the vacuole, secretion of dense granule proteins (GRAs) occurs,
along with the formation of a tubulo-vesicular intravacuolar network [140,141]. The parasite
manipulates the host cell through interaction with microtubules and recruitment of several
host organelles to its proximity, namely, endoplasmic reticulum, mitochondria, centrosome,
and GC apparatus [79,139,142–147]. T. gondii scavenges key nutrients from the host cell to
the PV as well, including sphingolipids and cholesterol from internalized organelles such
as endocytic organelles, lipid droplets and Rab vesicles [147–151]. The PV created by the
parasite allows for its intracellular replication while protected from the host cell, as the
vacuole does not fuse with host acidic lysosomes [152,153].

7.4. Proliferation through Endodyogeny

T. gondii tachyzoites replicate inside the PV via endodyogeny, a mechanism of in-
ternal daughter budding that involves the formation in each round of replication of two
complete daughter cells inside an intact and polarized mother cell. Tachyzoites replicate
synchronously at a 2n rate where “n” equals the number replication rounds, with a pre-
dictable number of tachyzoites after each replication round until parasite egress [79,112].
This contrasts with endopolygeny and schizogony replications, which tend to be asyn-
chronous and do not follow a geometric expansion [112]. The T. gondii tachyzoite cell cycle
consists of three phases, a protein synthesis and growth gap phase (G1), a DNA synthesis
phase (S), and a mitosis phase (M) [154]. The second gap phase, G2, usually presents in the
eukaryotic cell cycle and is very short or absent in T. gondii [154]. The first events of repli-
cation are GC and centrosome duplication, which occur in the late G1 and early S phases,
respectively [155–159]. The beginning of budding occurs in the late S phase with de novo
formation of the daughter apical complexes, which act as scaffolds during daughter cell
assembly [94,154]. The cytoskeleton grows from the apical pole to the basal pole engulfing
the daughter organelles, beginning with GC and centrosome and followed by apicoplast,
nucleus, and ER [83,156] (Figure 4). The mitochondrion is the last organelle to divide
and be engulfed by the forming daughter cytoskeleton, while the secretory organelles are
formed de novo [155,158]. At the basal pole, the basal complex ensures proper daughter
segregation, with MORN1 forming a contractile ring at this subcellular localization [101]
(Figure 5). Daughter cell cytoskeleton formation is therefore intimately connected to cytoki-
nesis. At the end of daughter cell assembly, the mother cell’s cytoskeleton is degraded and
its PM is recycled to the daughter cells along with newly formed PM [155,159]. Proliferating
tachyzoites inside the same PV are frequently observed still attached at the basal pole by
the residual body, a remnant of the mother cell cytoplasm. Mitosis occurs simultaneously
with the final steps of daughter cell assembly, while the mother cell apical complex persists
until the end of endodyogeny [79]. Nuclear division occurs by closed mitosis in which
the nuclear envelope maintains its integrity throughout the process, an aspect common to
Apicomplexa [79,112]. T. gondii is haploid (1N), with its DNA organized in 14 chromosomes.
During mitosis, chromatin shows reduced condensation and the nucleolus structure is
stable [160]. After DNA replication, the nucleus develops two apical protrusions in the late
S phase that correspond to the location of the spindles [154]. The spindles are intranuclear,
localized within a funnel-like structure formed by the nuclear envelope and known as the
centrocone, and link the centrosome to the centromeres [161]. Centromeres are bundled and
bound to the nuclear envelope in close proximity to the centrosome during most of the cell
cycle, with the exception of spindle–microtubule interaction during DNA segregation [112]
(Figure 5). Mitosis occurs shortly after centrocone formation, with the spindle microtubules
migrating posteriorly into the nucleus and causing a U-shaped nucleus [112,154]. Finally,
the two nuclear lobes are segregated by fission [112]. The time necessary for one replication
round varies according to the strain type, mainly due to the duration of the G1 phase, with
a reported five hours for type I versus nine hours for types II and III [154]. Mitosis and
cytokinesis are fast processes that take around 20 min each [154].
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tubulin (pgTub) and DNA is stained with DAPI. (A) Rosette with eight tachyzoites with the apical 
cytoskeleton identified, namely, the conoid and attached rings (white arrow) and the subpellicular 
microtubules of the mother cells, as well as the conoids of the forming daughter cells (white arrow-
heads). (B) Three tachyzoites in the center show the forming daughter cell’s apical cytoskeleton ad-
vancing towards the basal pole. The scale bars represent 5 µm. 

 
Figure 5. Daughter cell assembly involves DNA duplication and segregation. (A,B) Immunofluo-
rescence of intracellular tachyzoites stably expressing a FLAG-MORN1 recombinant protein cou-
pled to the MORN1 promoter region. The recombinant protein is stained with anti-FLAG. DNA is 
stained with DAPI. The top panel (A) shows fully segregated DNA and the newly formed daughter 
cells’ basal polar rings while the mother cell’s basal polar ring is still present. The bottom panel (B) 
shows two fully mature, recently formed tachyzoites, each presenting one basal polar ring. (C) Im-
munofluorescence of an intracellular tachyzoite that has suffered DNA duplication, as marked by 
the presence of duplicated centromeres. The nucleus shows two apical protrusions (white arrows) 

Figure 4. De novo formation of the cytoskeleton drives daughter cell assembly. Immunofluorescence
of intracellular tachyzoites in which the apical cytoskeleton is identified by polyglutamylated tubulin
(pgTub) and DNA is stained with DAPI. (A) Rosette with eight tachyzoites with the apical cytoskeleton
identified, namely, the conoid and attached rings (white arrow) and the subpellicular microtubules of
the mother cells, as well as the conoids of the forming daughter cells (white arrowheads). (B) Three
tachyzoites in the center show the forming daughter cell’s apical cytoskeleton advancing towards the
basal pole. The scale bars represent 5 µm.
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Figure 5. Daughter cell assembly involves DNA duplication and segregation. (A,B) Immunofluores-
cence of intracellular tachyzoites stably expressing a FLAG-MORN1 recombinant protein coupled to
the MORN1 promoter region. The recombinant protein is stained with anti-FLAG. DNA is stained
with DAPI. The top panel (A) shows fully segregated DNA and the newly formed daughter cells’
basal polar rings while the mother cell’s basal polar ring is still present. The bottom panel (B) shows
two fully mature, recently formed tachyzoites, each presenting one basal polar ring. (C) Immunofluo-
rescence of an intracellular tachyzoite that has suffered DNA duplication, as marked by the presence
of duplicated centromeres. The nucleus shows two apical protrusions (white arrows) indicating the
centrocones. The centromeres are identified by staining with anti-CenH3. DNA is stained with DAPI.
The scale bars represent 2 µm.
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7.5. Egress and Repeat

Replication rounds ensue until depletion of the host cell, concluding with parasite
egress. Egress is an active process that causes lysis of the host cell and enables tachyzoites
to access new host cells to continue proliferation. Tachyzoite movement inside the PV
signals imminent egress [162]. Successful egress is dependent on the secretion of MICs and
GRAs that promote destabilization of the PV and host cell PMs [163–167]. Parasite motility
is essential in order to reach a new host cell, destabilize the membranes, and successfully
egress [123,168–170]. Phosphatidic acid is a signal for egress, acting through a guanylate
cyclase (GC)-cGMP-protein kinase G (PKG)-inositol triphosphate (IP3) signaling pathway
and promoting Ca2+ release, with consequent activation of Ca2+-dependent protein kinases
(CDPKs) and microneme activity [171]. Overall, Ca2+ is a major hub to trigger egress,
having been extensively used to promote tachyzoite egress in cell culture [162,172,173].
The succession of these processes (gliding motility, attachment, invasion, replication, and
egress) enables tachyzoite expansion and proliferation throughout the host tissues, causing
cell lysis and tissue damage (Figure 6).
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8. The Tissue Cyst

Tachyzoites proceed to rapid asexual expansion and dissemination in the host tis-
sues through the circulatory system thanks to their ability to proliferate in virtually any
nucleated cell type. Therefore, tachyzoite–bradyzoite conversion may occur in any host
tissue and can develop in any visceral organ. However, tissue cysts are most common in
striated muscles (skeletal and cardiac muscle) and nervous tissues (brain and eyes) [38].
T. gondii can interchange between the rapidly proliferating tachyzoite stage and the slowly
replicating bradyzoite stage, which remains viable inside mature tissue cysts in a G0 cell
cycle stage [174]. Like tachyzoites, bradyzoites replicate by endodyogeny inside a PV, the
tissue cyst [79] (Figure 7). The percentage of parasites actively replicating inside a tissue
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cyst lowers as the cyst matures, increasing in size and bradyzoite number [79]. However,
mature cyst size appears not to be solely dependent on bradyzoite number, as tissue cysts
present unexpected variability regarding parasite density [175]. Furthermore, bradyzoites
have been shown to present active replication in levels not previously thought possible,
as it was previously believed that at this stage they remained fully quiescent (G0) inside
the tissue cyst. Therefore, although the tissue cyst is a stable structure that allows the
parasite to resist inside the intermediate host indefinitely, it remains an active structure
with replicating parasites [175]. Bradyzoites containing PVs (tissue cysts) present structural
differences to tachyzoites containing PVs; however, both are intracellular structures fully
enclosed by the host cell membrane [79,102]. Early tissue cysts present a very close-fit
membrane and numerous invaginations, with a shallow, irregular pattern and ruffled
appearance [79,176]. The tubule–vesicle network present in tachyzoite PVs is absent in
early tissue cysts, which instead present a thin layer of an amorphous material [79]. Mature
tissue cysts present a thick wall ranging from 270–850 µm, with deep invaginations of the
PM into the underlying granular material [79,177]. The tissue cyst wall is formed from the
PV membrane and is rich in glycoproteins, binding the Dolichos biflorus agglutinin (DBA)
and succinylated wheat germ agglutinin lectins [178]. Although bradyzoite markers are
detected early in immature tissue cysts, the bradyzoite specific structure is only observed
three to four weeks after tissue cyst formation [79].
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tachyzoite to bradyzoite conversion [183–186]. Depletion of nutrients such as arginine and 
cholesterol can induce tissue cyst formation [187,188]. Treatment with several different 
drugs can enhance tissue cyst formation, e.g., pyrimethamine, aphidicolin, atovaquone, 
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Figure 7. Tachyzoite parasitophorous vacuoles and tissue cysts. Each panel shows tachyzoite
parasitophorous vacuoles, stained only with polyclonal antisera against T. gondii surface proteins
(polyToxo), and tissue cysts, stained with polyToxo and with Dolichos biflorus agglutinin (DBA) lectin
which binds to the tissue cyst wall. The tissue cysts were formed spontaneously in an in vitro culture
of T. gondii EGS strain [179,180] invading confluent HFF cells. The scale bar represents 10 µm.

The transition from tachyzoite to bradyzoite is an early event, and it is possible to iden-
tify immature tissue cysts containing only one or two zoites [38,79,176]. Evidence indicates
that the tachyzoite–bradyzoite transition occurs upon host cell invasion or immediately
afterwards [79,176]. Bradyzoite-specific markers are detected within 24 h of bradyzoite
differentiation [181]. The triggers for tachyzoite–bradyzoite interconversion are not fully
understood. In vitro studies show that tachyzoites and bradyzoites both spontaneously
interconvert stages [103,176,182–184]. Tachyzoite replication rate and exposure to stress
influence the rate of tachyzoite to bradyzoite conversion. The exposure of tachyzoites to
exogenous stress factors may induce or enhance tachyzoite–bradyzoite conversion in vitro;
treatment with acidic or alkaline pH, heat shock, and sodium arsenic or immunity modula-
tors (IFNγ, IL-6, nitric oxide, lipopolysaccharide) have been shown to influence tachyzoite
to bradyzoite conversion [183–186]. Depletion of nutrients such as arginine and cholesterol
can induce tissue cyst formation [187,188]. Treatment with several different drugs can
enhance tissue cyst formation, e.g., pyrimethamine, aphidicolin, atovaquone, myxothiazol,
and rotenone [186,189]. Stress response signaling pathways participate in the regulation
of the cell cycle and bradyzoite differentiation. Inhibition of cAMP and cGMP dependent
protein kinases, modules of conserved cyclic nucleotide signaling pathways shown to
participate in stress response and differentiation in other organisms, results in reduced
replication and induction of bradyzoite differentiation in T. gondii [190,191]. Phosphory-
lation of the stress response protein eukaryotic initiation factor-2 (eIF2) is increased in
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tachyzoites following treatment with alkaline medium or heat shock [192]. Gene regulation
through histone-mediated chromatin remodeling and epigenetic signaling are involved in
tachyzoite–bradyzoite conversion as well [193,194]. Accordingly, the T. gondii transcriptome
shows clear stage-specific mRNAs which are altered between virulent and avirulent strains
coherently with its tissue cyst-forming abilities [195]. Metacaspases are a group of cysteine
proteases conserved in plants, fungi, and protozoans which are involved in stress response,
programmed cell death, and cell proliferation. The T. gondii metacaspase 2 is necessary
for tissue cyst formation in vitro [196]. Transcription factors have been implicated as key
components in tachyzoite–bradyzoite conversion, namely Bradyzoite-formation deficient 1
(BFD1) and various Apicomplexa Apetala-2 (ApiAP2) transcription factors [197–200]. Al-
though bradyzoite to tachyzoite conversion is less understood, the balance of stage-specific
ApiAP2 transcription factor seems to control this process [201]. Stage conversion appears
to be intimately connected to cell cycle regulation, with bradyzoites presenting higher
enrichment in S/M phase-associated genes compared to tachyzoites, which present higher
enrichment in G1 phase-associated genes and are more likely to be in S/M phase when
bradyzoite differentiation is triggered [174,202]. Furthermore, the T. gondii transcriptome
presents a significantly cyclical profile, with several bradyzoite-specific transcripts peaking
at late M phase and blocking the cell cycle, thereby preventing tachyzoite–bradyzoite
conversion [154,203].

9. Conclusions and Prospects

T. gondii shifts between several cellular stages during its life cycle, going through
its sexual cycle in the felid intestinal epithelium. When invading a host, T. gondii tachy-
zoites divide inside a parasitophorous vacuole produced by the parasite. Bradyzoites
divide at a slower rate inside of tissue cysts, a more permanent structure requiring more
control of parasite numbers. The ability to develop resistant structures in the form of
cysts in the tissues of intermediate hosts is one of the key features of the T. gondii life
cycle. The regulation of replication and tachyzoite–bradyzoite differentiation appear to be
connected, as slower replication is associated with increased development of tissue cysts.
This interconversion ability is dependent on cell cycle regulation and involves, among
other events, regulation of cell proliferation and differentiation. Future research efforts
continuing to focus on the mechanisms that regulate these events coupled to the emerging
use of high throughput transcriptomic and proteomic technologies are likely to produce
valuable knowledge on the development of novel therapeutic and prophylactic options for
the control of T. gondii infections.
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