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The subclass Coccidia comprises a large group of protozoan parasites, including important pathogens of
humans and animals such as Toxoplasma gondii, Neospora caninum, Eimeria spp., and Cystoisospora spp.
Their life cycle includes a switch from asexual to sexual stages and is often restricted to a single host spe-
cies. Current research on coccidian parasites focuses on cell biology and the underlying mechanisms of
protein expression and trafficking in different life stages, host cell invasion and host-parasite interactions.
Furthermore, novel anticoccidial drug targets are evaluated. Given the variety of research questions and
the requirement to reduce and replace animal experimentation, in vitro cultivation of Coccidia needs to
be further developed and refined to meet these requirements. For these purposes, established culture sys-
tems are constantly improved. In addition, new in vitro culture systems lately gained considerable impor-
tance in research on Coccidia. Well established and optimized in vitro cultures of monolayer cells can
support the viability and development of parasite stages and even allow completion of the life cycle
in vitro, as shown for Cystoisospora suis and Eimeria tenella. Furthermore, new three-dimensional cell cul-
ture models are used for propagation of Cryptosporidium spp. (close relatives of the coccidians), and the
infection of three-dimensional organoids with T. gondii also gained popularity as the interaction between
the parasite and host tissue can be studied in more detail. The latest advances in three-dimensional cul-
ture systems are organ-on-a-chip models, that to date have only been tested for T. gondii but promise to
accelerate research in other coccidians. Lastly, the completion of the life cycle of C. suis and
Cryptosporidium parvum was reported to continue in a host cell-free environment following the first
occurrence of asexual stages. Such axenic cultures are becoming increasingly available and open new
avenues for research on parasite life cycle stages and novel intervention strategies.
� 2022 The Author(s). Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is an

open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The class Conoidasida consists of a large and diverse group of
parasites that contains some of the most important protozoan
pathogens of humans and animals, including members of the
genus Cryptosporidium and the subclass Coccidia which encom-
passes Eimeria, Toxoplasma, Cystoisospora, Sarcocystis and Neospora
(Long, 1990; Smith et al., 2002; Morrison, 2009). Some species
cause major diseases that can impair human and/or animal health,
as well as animal reproduction and growth which are linked to
economic losses for the affected livestock (Long, 1990; Lillehoj
and Trout, 1993). Scientific research on parasite biology and treat-
ment options often requires intensive in vivo experiments (Müller
and Hemphill, 2013). However, since the late 1950s the guiding
principles for ethical use of animals in scientific research, the three
Rs (Russell and Burch, 1959), are applied in the majority of
research laboratories. They include efforts and principles for reduc-
tion, replacement and refinement of animal experiments. Methods
that minimize the number of animals used per experiment or pos-
sibilities to obtain more information from the same number of ani-
mals are implemented for the reduction of animal experiments.
Replacement aims to avoid the use of animals and seeks replace-
ment of animal experiments by other methods, while refinement
applies to all aspects of animal use, from housing and husbandry
to the procedures performed (Fenwick et al., 2009; Graham and
Prescott, 2015; Sneddon et al., 2017; Traversa and Joachim,
2018). In vitro methods are used to completely replace in vivo
experiments or to reduce them, e.g. by completing in vitro product
characterization prior to animal experimentation (Robinson, 2011;
Tannenbaum and Bennett, 2015; Kirschner, 2021).

The term ‘‘in vitro” includes all experiments involving isolated
cells, tissues or organs cultured in a nutritive medium under con-
trolled sterile conditions. The classical in vitro culture system con-
sists of cells derived from a multicellular organism. Many cell lines
are routinely cultured and commercially available (Gorzalczany
and Rodriguez Basso, 2021). In cell biology, ex vivo procedures
often involve living cells or tissues taken from an organism and
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cultured under laboratory conditions with no further manipula-
tions for up to 24 h. Experiments on living cells or tissue for longer
time periods are typically considered to be in vitro (Stewart et al.,
2016; Acosta Davila and Hernandez De Los Rios, 2019).

Due to the complex life cycle of coccidian parasites, often
involving multiple hosts, organs and tissues (and, with this, speci-
fic growth conditions and interaction variables with the host cells),
their in vitro cultivation has been challenging. However, ethical
aspects of experimental animal use, as well as economic aspects,
are driving research on inexpensive, reliable and (largely)
animal-free research in parasitology, and the utilization of
in vitro models for research on coccidians is constantly increasing.
For this, already established in vitro culture systems are improved,
making different parasite life stages more readily available, and
novel cultivation methods that can bridge gaps in detailed parasite
analysis are being developed and evaluated.

This review gives an overview on different in vitro systems for
propagation of, and research on, coccidians, discusses the more
recent developments, highlights the advantages and drawbacks
of those systems, and pinpoints recent research work that would
not have been possible without effective and robust in vitro culture
systems. Recent classification of the Apicomplexa places Cryp-
tosporidium outside of the subclass Coccidia (Schlegel and
Hülsmann, 2007; Adl et al., 2012), however their development,
in vitro cultivation and oocyst production resembles those of coc-
cidian parasites, hence we decided to include them in this review.
2. In vitro cultivation methods: advantages and drawbacks

2.1. Ethical considerations

In accordance with the three Rs, in vitro approaches are favored
over in vivo examinations for life science research. In vitro cultiva-
tion is used as an important adjunct to diagnosis, for the produc-
tion of antigens, for pre-clinical screening of drugs and other
important therapeutic agents, and to study the biochemistry, phys-
iology and metabolism of pathogens (Visvesvara and Garcia, 2002).
This methodology is especially relevant in cases where in vitro sys-
tems could partially or completely replace animal studies for
research purposes (Leist et al., 2012). Ironically, where the
in vitro system produces better reproducible data, this has been
held against it as an inaccurate prediction of in vivo results
(Hoffmann, 2015; Hartung, 2018). Another reason why in vitro
approaches are favored is their cost effectiveness, as their setup
is commonly less expensive than animal experimentation (Roach
et al., 1989; Fontana et al., 2021). However, many medium compo-
nents require filter sterilization and have relatively short shelf
lives, which also boosts the amount of waste produced during
the experiments (Visvesvara and Garcia, 2002). For many medium
formulations, addition of fetal bovine serum (FBS), synonymous
FCS, is required as a cell growth factor. The production of FBS fre-
quently raises concerns about the value of in vitro techniques as
replacement alternatives, since medium containing FBS cannot be
considered completely animal experimentation-free (Jochems
et al., 2002). However, the shared benefits of in vitro systems in
toto distinctly outweigh those of animal experiments (Roach
et al., 1989; Visvesvara and Garcia, 2002; García and Díaz-Castro,
2013).
2.2. Different cell/tissue types

Culturing cells and tissues are probably the easiest and least
expensive option to reduce or even exclude the use of animals in
research. For propagation of members of the Coccidia, in vitro cul-
ture systems using cell monolayers are well established, frequently
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catering for the specific needs of different parasite species (Table 1).
The cell lines used also have the benefits of being genetically uni-
form (clonal) and often very well characterized, supporting repro-
ducibility of the results (Ahmed, 2014). Yet, they might express
unique protein patterns or metabolic profiles that are not repre-
sentative of the primary host cells in vivo. To counteract this, the
characteristics of cultured cells must be defined in detail and
assessed periodically (Bowes et al., 2012). In monolayer cell cul-
tures the structure of the three-dimensional (3D) and more vari-
able environment of complex tissue is frequently missing, which
may constitute a major disadvantage for studies on parasite biol-
ogy and host-parasite interactions (Gorzalczany and Rodriguez
Basso, 2021); however, reduction of complexity might be beneficial
for other research goals. In recent decades, research focused on
developing new systems that can mimic organ architecture and
function more closely (Table 2), compensating for the disadvan-
tages of the monolayer commonly used in in vitro culture (Bayir
et al., 2019; Ramírez-Flores and Knoll, 2021; Yang and Liberali,
2021). These 3D organoids are usually generated using either a sin-
gle cell type or a mixture of host cells to recreate organ structure
(Visvesvara and Garcia, 2002; Roth et al., 2018; Ramírez-Flores
et al., 2022). Although organoids are transplantable, improved ver-
sions of 2D models and comparatively easy to manipulate, and
their production requires considerable expertise in cultivation
techniques, making establishment and maintenance more difficult
compared with many established systems (Díaz et al., 2020).
2.3. Axenic cultures

A culture that contains only one species, variety or strain of
microorganism within a cultivation medium is called axenic. Usu-
ally this technique is useful in growing defined monospecific cul-
tures of fungi, algae or bacteria (Taylor and Baker, 1968;
Diamond, 1983; Jensen, 2018) or extracellular parasitic protozoa
for scientific use. Plasmodium spp., malaria parasites which are
related to coccidians, have also been propagated in extracellular
axenic environments (Munderloh and Kurtti, 1985; Porter-Kelley
et al., 2006). Trager and Williams (1992) concluded that, although
Plasmodium falciparum will infect host cells during their develop-
ment, host erythrocytes are not essential for the parasite’s life
cycle. Axenic cultures have two main advantages: their method-
ological simplicity and the possibility to exclude possible interfer-
ence of host cells or host cell metabolites with parameter readouts.
Despite that, the constant problem facing those who rely on axenic
cultures of these organisms is their fastidiousness, which can sig-
nificantly inhibit reproducibility or even prevent parasite growth
after slight changes in medium or culture conditions (Diamond,
1983; Singh et al., 2013). Another disadvantage of axenic cultures
of protozoan parasites is that the infection dose needed to start a
culture is relatively high in comparison with the those used for
monolayers (Zhang et al., 2009; Karanis and Aldeyarbi, 2011). Nev-
ertheless, progress has been made for some parasite species, which
will be outlined further below.
3. Historical overview of coccidian parasite cultivation

3.1. The development of monolayer cultures

The first in vitro cell culture for coccidians in an attempt to cul-
ture Toxoplasma gondii was described by Levaditi et al. (1929).
After that, successful attempts to culture T. gondii (Cook and
Jacobs, 1958) and Sarcocystis sp. (Scott, 1943) in a monolayer cell
culture were described, and until the 1980s, other coccidians also
were cultivated in vitro. Current and Long (1983) described the
development of Cryptosporidium spp. in the endoderm cells of the



Table 1
In vitro systems used for selected coccidia and Cryptosporidium.

Species Mono-
layer

Organoids Body-on-a-
chip

Axenic
culture

References

Toxoplasma gondii U U U � Levaditi et al. (1929); Sakurai et al. (1987); Weiss et al. (1995); Ramírez-Flores et al.
(2022)

Cryptosporidium U U � U Upton et al. (1994); Nesterenko et al. (1997); Sato et al. (2009); Karanis (2018)
Cryptosporidium

parvum
U � � U Griffiths et al. (1994); Boxell et al. (2008); Hijjawi et al. (2010)

Eimeria U U � � Hofmann and Raether (1990); Augustine (2001); Nash et al. (2021)
Eimeria tenella U � � � Bussière et al. (2018); Marugan-Hernandez et al. (2020)
Sarcocystis neurona U � � U MacGowen (1923); Scott (1943); Marsh et al. (1997)
Cystoisospora suis U � � U Harleman and Meyer (1983); Worliczek et al. (2013); Feix et al. (2021)
Neospora caninum U � � � Lindsay and Dubey (1989); Cole et al. (1990)
Hammondia U � � � Gondim et al. (2015); Sokol et al. (2018)

Table 2
Advantages and drawbacks of the most popular cell lines used for selected members of the subclass Coccidia and the genus Cryptosporidium.

Parasite species Cell line Advantages Drawbacks References for cell line

Toxoplasma gondii HFF
HeLa

Fast growth, asexual parasite stages can be harvested
continuously

Propensity for
contamination

Gey et al. (1953); Khan and Grigg
(2017)

Cryptosporidium
parvum

HCT-8 Fast growth Not all life stages are
supported

Upton et al. (1994)

Eimeria tenella CLEC-
213

Supports full life cycle, high rate of cell invasion Susceptible to cross-
infection

Bussière et al. (2018)

Sarcocystis neurona BT Oocysts from culture can be used for continuous cultivation Susceptible to cross-
infection

Andrews et al. (1990)

Neospora caninum VERO Growth in a variety of suspension media Different antigen expression von Laufen et al. (2004)
Cystoisospora suis IPEC Fast growth Limited culture time Brosnahan and Brown (2012)
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chorioallantoic membrane of chicken embryos. A year later Current
and Haynes (1984) described the successful cultivation of Cryp-
tosporidium in human fetal lung, primary chicken kidney, and por-
cine kidney cells, marking the start of increasing research interest
in coccidian in vitro cultures. Presently, coccidian parasites can be
cultivated in a multitude of different cell lines; the most popular
are listed in Table 2.

Cryptosporidum can be cultivated in various cell lines, making it
the most popular cultured species of Coccidia sensu lato world-
wide (Karanis, 2018). Different cell lines can be used for different
scientific approaches, as parasites grow in different cells at variable
speeds, so different parts of the life cycle can be highlighted. Cryp-
tosporidium can be cultured on cell lines of bovine, chicken, human,
and rabbit origin. HCT-8 (a human adenocarcinoma cell line) is the
preferred cell line for Cryptosporidium research, as it supports sev-
eral Cryptosporidium spp. and grows well on both culture plates
and slides (Nesterenko et al., 1997; Upton et al., 1994; Hijjawi
et al., 2002; Wu et al., 2009). Furthermore, HCT-8 cells seem to
support the growth of Cryptosporidium developmental stages
under favorable culture conditions two-fold better than Madin-
Darby bovine kidney (MDBK) or CaCo2 (colon cancer) cells
(Boxell et al., 2008; Hijjawi, 2010). Studies on the human-derived
cell line CaCo-2 showed that a Cryptosporidium parvum infection
causes epithelial cell death and trans-monolayer permeability
(Griffiths et al., 1994; Hijjawi, 2003). Although all cell lines used
are suitable for the division and maintenance of asexual stages,
the development of sexual stages or oocysts to finish the in vitro
life cycle is not supported by most of those cell lines (Arrowood,
2002). However, an inoculation of COLO-680N (esophageal
squamous-cell carcinoma cells) cultures with C. parvum produced
a sufficient amount of infective oocysts, which would enable sus-
tainable propagation of the parasite in tissue cell culture (Miller
et al., 2018).

Eimeria asexual stages can be maintained in different host cell
types, but only develop further at variable degrees, depending on
cells derived from bovine, human, porcine or monkey intestinal
epithelium (Augustine, 2001; Müller and Hemphill, 2013; Dubey
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et al., 2020). Monolayers of primary kidney cells of chicken (PCKC)
enabled the routine development of all schizont generations as
well as, in general, young oocysts (Hofmann and Raether, 1990),
however it was not possible to show sexual stages of the parasite
in culture. Both gametes and oocysts of Eimeria tenella could be
observed in a chicken lung epithelial cell line model, CLEC-213,
when infected with second-generation merozoites from wild type
strains. This demonstrates that this avian cell line constitutes a
useful tool for studying Eimeria-epithelial cell interactions and
the effect of drugs on E. tenella invasion, merogony and gameto-
gony (Bussière et al., 2018). MDBK cells allow for partial develop-
ment through one round of parasite invasion and intracellular
replication of E. tenella. This model, however, is more suited for
qualitative and quantitative studies on sporozoite invasion than
on intracellular development (Marugan-Hernandez et al., 2020).
The establishment of in vitro systems for the class Mammalia,
infection with Eimeria spp. is extremely difficult and hence not
yet widely spread. However, the development of Eimeria bovis
and Eimeria ninakohlyakimovae is possible on VERO (kidney epithe-
lial cells extracted from an African green monkey) cells (Hermosilla
et al., 2002; Taubert et al., 2006; Ruiz et al., 2010). Still primary
Bovine Umbilical Endothelial Vein Cells (BUVECs) are the preferred
culture system for mammalian-infecting Eimeria spp. (Hermosilla
et al., 2006; Taubert et al., 2010; Velásquez et al., 2021).

First studies on the development of Cystoisospora spp. in cell
cultures demonstrated that Cystoisospora felis of cats; Fayer and
Thompson, 1974) and Cystoisospora canis of dogs; Fayer and
Mahrt, 1972) sporozoites could infect mammalian cells in vitro.
Later the development by endodyogeny of both Cystoisospora
spp. was shown in Madin-Darby canine kidney (MDCK) cells
(Lindsay, 2019). However, no sexual multiplication was found in
those cell lines. First studies showed that Cystoisospora suis would
develop in five different types of mammalian cell cultures, and
asexual stages were comparable with previous in vivo studies,
but oocysts did not sporulate in culture. The complete develop-
ment of C. suis was demonstrated in vitro by Lindsay and Current
(1984), but oocysts derived from this system could not successfully
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sporulate. Worliczek et al. (2013) demonstrated that oocysts can
be produced in vitro using porcine intestinal epithelial cells. This
system has been further improved (Feix et al., 2020), and the com-
plete development of C. suis can be maintained in vitro, allowing its
application in new research topics.

Cell cultures of Sarcocystis have been established since 1934
(Scott, 1934); however, they mainly support the production of
merozoites after successful infection with excysted sporozoites.
For Sarcocystis cruzi, a continuous cultivation from the original
sporozoite inoculum has beenmaintained for more than 1,320 days
by subinoculating merozoites onto new cultures of calf pulmonary
artery (CPA) cells (Andrews et al., 1990). Cells typically used in
monolayers for Sarcocystis cultivation are bovine turbinate (BT)
cells, which can be the host for Sarcocystis neurona, Sarcocystis fal-
catula (Marsh et al., 1997) and Sarcocystis cruzi. Sporozoites have
also been cultivated in penetrated bovine monocytes (BM), CPA
(cellosaurus cell line), MDBK cells (Speer et al., 1986), and equine
dermal and kidney cells (Verma et al., 2017). In vitro cultivation
of Sarcocystis spp. gamonts has been possible in various cell lines
including MDCK, embryonic BT, and kidney cells (Verma et al.,
2017). Sarcocystis neurona is probably the most investigated Sarco-
cystis sp. due to its economic and health impact, and a variety of
cell lines have been used to culture the parasite in monolayers
(Ellison et al., 2001). The successful propagation of S. neurona also
had a great impact on the initiation of genomic studies in coccidian
parasites (Howe, 2001; Howe et al., 2005; Müller and Hemphill,
2013).

Neospora caninum was initially cultivated in vitro in BM and
CPA cultures (Lindsay and Dubey, 1989). Since then, it has been
grown in MDBK, fetal mouse brain, and several other well estab-
lished cell lines (Cole, R.A., Lindsay, D.S., Blagburn, B.L., Dubey, J.
P. 1990. Neospora caninum (Protozoa:Apicomplexa): Comparison
of in vitro development of NC-1 and NC-3 isolates in three cell lines
and three primary cell cultures. Proceedings of Southeastern Soci-
ety of Parasitologists, Boone, North Carolina, USA, April 18–20.
Abstract No. 34.). More recent studies also showed a successful
infection of human breast carcinoma cell 7 (MCF-7) (Lv et al.,
2010) and CaCo2 cells, in which an anti-N. caninum antibody also
inhibited parasite growth in vitro (Omata et al., 2005).

Hammondia spp. are close relatives of Neospora and Toxoplasma;
however, members of this genus display a strict two-host life cycle.
In vitro cultivation of Hammondia spp. is rarely described, but
monolayer systems of primary bovine embryonic heart cells and
feline kidney cells (CRFK) have been infected with Hammondia
hammondi in the past (Rishi et al., 1995; Sokol et al., 2018). Also,
Hammondia heydorni can infect primary bovine embryonic heart
cells and rhesus monkey kidney cell cultures (Gondim et al.,
2015; Sokol et al., 2018).

In vitro culture systems have been the grindstone of research on
Toxoplasma gondii. In the past, cell culture methods for this parasite
have been well established in several distinct cell lines, mainly
using tachyzoites for the infection. The focus of most in vitro cul-
tures has been the production of tachyzoites as an experimental
in vitro model (Soldati and Meissner, 2004; Montazeri et al.,
2017), genetic studies (Radke et al., 2005), biochemical pathway
or drug studies (Gold et al., 2015; Guo et al., 2021). Traditionally
human foreskin fibroblast (HFF) cells are widely used for the prop-
agation and maintenance of T. gondii tachyzoites, as they allow a
constant production of new tachyzoites, due to their fast growth
(Khan and Grigg, 2017). Another popular cell line for propagating
and producing large amounts of viable T. gondii tachyzoites is the
transformed HeLa cell line, an ‘immortal’ cancer cell line named
after its donor. It has the advantage of fast growth and offers the
possibility of continuous tachyzoite production that is required
for many experiments (Sakurai et al., 1987; Sağlam Metiner
et al., 2019). Toxoplasma bradyzoites were first cultivated in vitro
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in human fibroblast cells, where their development was induced
by pH changes in the medium (Weiss et al., 1995). The formation
of typical Toxoplasma tissue cysts can be induced in several cell
types, i.e. BM, human fetal lung or MDBK, if they are infected with
either sporozoites, tachyzoites or bradyzoites (Lindsay et al., 1991).
A recent study also demonstrated the in vitro maturation of T. gon-
dii bradyzoites in human myotubes and showed that tissue cysts
derived from these cultures are infectious to mice per os
(Christiansen et al., 2022). As T. gondii infects a variety of different
cell types and has a high and fast turnover of parasite stages, it is
considered to be the ideal parasite for in vitro infection studies
(Sutrave and Richter, 2021). Despite its high output of asexual
stages in vitro, the continuation of the sexual cycle (with produc-
tion of micro- and macrogametocytes) occurs exclusively in the
intestinal epithelial cells of felids. Maybe due to the obstacles
related to this host and tissue specificity, recent research on T. gon-
dii focused primarily on the array of effector proteins in the path-
ways involved in the interaction between host and parasite (Matta
et al., 2021), i.e parasite invasion strategies or growth (López-
Yglesias et al., 2021; Márquez-Nogueras et al., 2021).
3.2. Transgenic and altered target cell lines

Most of the research on coccidian parasites has been performed
using immortalized cell lines, such as cancer cell lines or non-
transformed cell lines, as described in section 3.1. In many cases,
these monolayers do not reproduce the natural environment of
the parasite and they lack the architecture and properties of the
cell populations found in the host which are required for the com-
plete endogenous development, although these cell lines also have
a number of advantages such as reliable growth and limited vari-
ability between infections of different cell batches (Mital and
Ward, 2008).

A useful approach to analyze the parasités ability to invade and
replicate is to use stem cells, genetically modified cells or chemi-
cally (enzymatically) altered host cells. Advances in stem cell tech-
nology have opened new directions for the development of in vitro
cell systems that can be customized to provide more physiological
environments for the culture of protozoan parasites. Various stem
cell lines (ESC or iPS) have been created that can be expanded, cul-
tured, stored, genetically edited and differentiated into any desired
cell type (Al Abbar et al., 2020; Pance, 2021).

Recent studies reported the use of human neurons to study
cerebral toxoplasmosis. The results of two studies using such cells
derived from cellular reprogramming indicate that such human
neuronal models provide a novel in vitro culture system to analyze
the effects of T. gondii on neurons and neurological functions
(Tanaka et al., 2016; Halonen, 2017).

Enteroid-derived epithelial sheets and monolayers, and cat and
mouse intestinal organoids, have been use to study the sexual
stages of T. gondii (Luu et al., 2019). A recent study has changed
the current research of T. gondii by achieving the in vitro sexual
cycle using mouse intestinal monolayers supplemented with lino-
leic acid and the chemical SC-26196 to inhibit the enzyme delta-6-
desaturase. This took advantage of the fact that members of the
feline family lack this enzyme which is responsible for the break-
down of linoleic acid, literally turning murine into feline intestines
– at least form the view of T. gondii (Di Genova et al., 2019). It can
be expected that a well stablished, standardized in vitro culture
system for the sexual development of T. gondii in mouse intestinal
organoids with a delta-6-desaturase enzyme knockout and linoleic
acid supplementation will be available, and that other mechanisms
of host specificity can be elicited and the results also be applied to
create tailor-made in vitro culture systems for other species of
coccidians.
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3.3. Cultivation of 3D organoids

Three-dimensional in vitro systems have also been utilized to
study the infection biology of T. gondii in various cell types, most
notably a placental model for the study of congenital toxoplasmo-
sis (Betancourt et al., 2019), an intestinal organoid model for the
study of T. gondii sexual stages (Luu et al., 2019; Holthaus et al.,
2021) and organoids representing brain structures to study cere-
bral toxoplasmosis (Seo et al., 2020). The novel 3D systems open
up a plethora of new research purposes, but also shine light on
the differentiated invasion, replication and egress mechanisms of
the parasite during infection of the host. Although the rate of
egress of the parasite is not significantly different between mono-
layer cultures and 3D organoids, the path of egress differs. While T.
gondii egressed perpendicularly to the bottom of the cells in mono-
layers, it egresses radially in all directions in the 3D system
(Danielson et al., 2018; Ramírez-Flores et al., 2022). Furthermore,
the sexual stages of T. gondiiwere successfully cultured for the first
time in vitro using mouse intestinal organoids infected with brady-
zoites, comparable to previous studies on the completion of the
sexual cycle of T. gondii in mice (Di Genova et al., 2019). Luu
et al. (2019) developed three novel 3D organoid in vitro cultures
of the small intestinal epithelium that are susceptible to, and sup-
port, an infection with T. gondii, most importantly a collagen-
supported epithelial sheet model that allows for high-throughput
infection studies. Another model induced pluripotent stem cell-
derived neurons as a model for cerebral toxoplasmosis and allows
study of the interaction of tachyzoites and bradyzoites in human
neurons (Tanaka et al., 2016). Studies on 3D- rganoids also showed
that a T. gondii infection has no detrimental effect on the transep-
ithelial electrical resistance and tight junction integrity of murine
organoid-derived monolayers (Holthaus et al., 2021).

For Cryptosporidium spp. the most popular model is an intestinal
organoid from either mouse or human cells (Sato et al., 2009), but a
Cryptosporidium infection in lung organoids has been used (Heo
et al., 2018). Both systems showed extremely promising results,
as the Cryptosporidium infection was supported for up to 28 days
and oocysts generated from these 3D systems were also infectious
to mice in vivo. However, the number of parasites in the culture
diminished over time and the total number of parasites produced
was much lower than in the established in vivo models. Mini-gut
tubes derived from mouse intestinal organoids support the whole
life cycle of Cryptosporidiumparvum in vitro. This system enables
long- term host–microorganism cocultures and its scaffold is per-
meable to gases, nutrients, and macromolecules facilitating adhe-
sion, proliferation, and differentiation of intestinal stem cells
(DeCicco RePass et al., 2017; Gunasekera et al., 2020; Nikolaev
et al., 2020).

The use of organoids in Eimeria research is still at the beginning
and only a few systems are available to date. A very sophisticated
method to propagate Eimeria using floating avian intestinal orga-
noids derived from embryonic villi or mature chicken crypts has
been developed which has two unique characteristics; first, the
presence of leukocytes in tissue and second the apical brush border
facing the medium. Thus, sporozoites were able to infect the
epithelium and undergo both schizogony and gametogony (Nash
et al., 2021).

3.4. Cultivation of the future: body-on-a-chip

Although organoids offer many advantages, they still do not
completely represent a host organ. Therefore a relatively novel
technique, the organ-on-a-chip, might be useful, as it represents
in vivo factors that might be missing in organoid systems
(Achberger et al., 2019). Within the organ-on-a-chip system, sev-
eral organs have already been recreated from human cell lines,
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i.e. skin, spleen, intestine, liver, brain and eye (Rigat-Brugarolas
et al., 2014; Jannasch et al., 2015; Kasendra et al., 2018;
Achberger et al., 2019; Amirifar et al., 2022). Application of these
systems in parasitology is still in its infancy, but it has been used
for research purposes on Plasmodium, where the effects of anti-
Plasmodium drugs were tested in an eye-on-a-chip system, show-
ing a measurable reduction in parasite cell viability upon treat-
ment (Peng et al., 2020; Manafi et al., 2021).

Although coccidian species have not yet been tested in 3D cul-
tivation systems, this system offers advantages for mechanistic
research on host-pathogen interactions, and for the general culti-
vation of all coccidians. Ramírez-Flores et al. (2022) propose that
studies on Toxoplasma gondii in a brain-on-a-chip system can help
solve the problem of genetic variation between animal models and
human hosts in studies on neurological diseases. Similar studies on
Cryptosporidium, Cystoisospora and Eimeria could be possible in
intestine-on-a-chip models. Furthermore, the interrelationship
between the gut microbiota and the parasite during endogenous
development is thought to play an important role in the onset of
clinical disease, its progression and successful treatment. However,
this relationship is still poorly understood (Macdonald et al., 2017;
Vieira et al., 2020; Lu et al., 2021; Orso et al., 2021). The intestine-
on-a-chip system could be helpful in understanding the underlying
mechanisms during the interaction of the parasite and the gut
microbiome in the host.

3.5. Axenic in vitro systems

Interestingly, early attempts to cultivate various coccidian par-
asites used liquid culture medium which was free of host tissue. In
the first report on this, Sarcocystis tenella was cultured in a 1% glu-
cose solution (MacGowen, 1923). Two years later, merozoites of
different Eimeria spp. were transferred to various nutrient-rich
media and survived up to 9 days after transfer (Triffitt, 1925).

In vitro, stage conversion could so far only be demonstrated for
some Cryptosporidium sp. and the porcine parasite Cystoisospora
suis. In Cryptosporidium. hominis, all asexual stages as well as
gamonts were propagated over a 9-day incubation period
(Hijjawi et al., 2010) and the production of newly formed oocysts
was observed. The complete development of Cryptosporidium. par-
vum in a host cell-free culture was also demonstrated (Boxell et al.,
2008; Hijjawi et al., 2010); however, even the original authors of
these works do not further apply this cultivation system to their
research (Girouard et al., 2006; Karanis, 2018). Hence, the axenic
propagation of Cryptosporidium still seems difficult to master, and
other cultivations systems are preferred, due to their higher output
of parasite stages and better use for transcriptomic and proteomic
research. To date only Zhang et al. (2009) were able to show that
the parasite undergoes a change in DNA level during development
in the host cell-free environment, indicating cell division and mul-
tiplication at a cellular level, as well as morphological changes as
previously shown.

Completion of the life cycle of Cystoisospora suis can be demon-
strated in a host cell-free environment, for which the asexual
stages of the parasite (merozoites) are harvested from an in vitro
cell culture using intestinal porcine epithelial cells and transferred
to a host cell-free environment (Feix et al., 2021). After this trans-
fer, parasite development continues within the typical C. suis time
frame to sexual stages. Unsporulated and sporulated oocysts can
be harvested from these axenic cultures and used for further
research, as the morphology of the stages does not differ greatly
from cell-based C. suis cultivation systems which also provide
infectious oocysts after cultivation (Harleman and Meyer, 1983,
1984; Worliczek et al., 2013), and the transcription profiles of
selected sexual genes also match those of previous studies (Feix
et al., 2020, 2021). As no genetic manipulation technique is cur-
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rently available for C. suis to confirm the direct involvement of
specific genes in the development of this parasite, this in vitro sys-
tem opens up new possibilities for research on novel targeted con-
trol for C. suis. Hence, the host cell-free in vitro culture system for
C. suis made it possible to evaluate the effects of culture conditions
and an antibody against a tyrosine-rich protein on the develop-
ment of merozoites to sexual stages and oocysts (Cruz-Bustos
et al., 2022).
4. Aspects of in vitro cultivation relevant for coccidians

Coccidians are characterized by a complex life cycle, during
which asexual multiplication, with sporogony andmerogony, is fol-
lowed by sexual development with two morphologically distinct
cell types, which fuse to form a zygote. Zygotes will further develop
into oocysts, so that the parasite can continue its life cycle (Long
1990; Taylor and Catchpole, 1994; Cruz-Bustos et al., 2021). There-
fore coccidian cultivation techniques often include complex proce-
dures, as each developmental step requires a specific environment.
Still, monolayer cell cultures are the most frequent in vitro cultiva-
tion technique for obligate intracellular parasites such as coccidi-
ans. The host cell lines for coccidian parasites, however, differ
greatly, as they have to cater for the specific needs of the respective
parasite species. However, a general rule is that cultures for coccid-
ian parasites are incubated at temperatures of 37 �C to 40 �C and
that incubation conditions are usually microaerophilic (Jensen,
2018). The culture medium has to be chosen in accordance with
the host cell line and includes various nutrients (Ahmed, 2014).

The host specificity of coccidians is primarily related to comple-
tion of the parasitic life cycle until the accumulation and excretion
of the oocysts as a (future) environmental stage. Cryptosporidium
and Eimeria spp. obviously prefer cell lines that are derived from
their natural host species; however, in the case of Cryptosporidium,
they often are also capable of developing in a ‘‘foreign” host in vivo.
This might be due to the range of different species this coccidian
genus caters to. Recent studies show that host switching is more
frequent than originally believed and is an important driver in
the evolution of host-parasite interactions (Mácová et al., 2018).
Recent studies showed that Eimeria necatrix might have evolved
from Coccidia that originally parasitized turkeys but switched to
chickens during domestication of these birds (Ogedengbe et al.,
2011, 2018). Despite seemingly frequent host switches in Eimeria
spp., this is not utilized for in vitro cultivation because it would
include a change in cell lines during several cultivated generations.
Although Cystoisospora can also be cultivated in cell lines that are
not close to their natural hosts, i.e cultivation of C. suis in chicken
chorioallantoic membrane or swine testicular cells (Current and
Long, 1983; Steger, A.M., 1997. Development and evaluation of
an Isospora suis sporozoite neutralizing antibody assay in swine
testicular cells. Doctoral dissertation, Drake University, Des
Moines, IA, USA), they are generally considered highly host-
specific with regard to their sexual development, as they have
not undergone a host switch during their evolution (Andrews,
1927; Kogut, 1990).

The life cycles within the subclass Coccidia vary greatly and can
follow a homoxenous or a facultative or obligatory heteroxenous
(two-host) life cycle. In general, oocysts will be ingested by the (in-
termediate) host and sporozoites excyst within the digestive sys-
tem. In in vitro cultures, the excystation protocol used already
has an immediate effect on the viability and amount of sporozoites
during their excystation process from oocysts (Jensen, 1983). Most
excystation protocols for in vitro culture infections include a
mechanical disruption of the oocyst wall, so that sporozoites can
more easily evade the sporocyst/oocyst. Improved protocols for
Eimeria and Cystoisospora combine enzymatic treatment of the
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oocyst wall with pepsin, trypsin and/or taurocholate in combina-
tion/after the mechanical disruption, which significantly shortens
the time of excystation (Kowalik and Zahner, 1999; Worliczek
et al., 2007; Kurth and Entzeroth, 2009; Hijjawi, 2010).

After a primary infection step, one or more rounds of asexual
multiplication will take place either in the in the definitive (single)
host or, after a host switch, in the intermediate host. Continuous
propagation through asexual reproduction in intermediate hosts
cells is possible for a number of coccidian parasites, and allows
for an endless production of tachyzoites of Toxoplasma gondii
(Dubey, 1998; Evans et al., 1999; Skariah et al., 2010) and Neospora
caninum in vitro (Hemphill et al., 1996; von Laufen et al., 2004).

Regardless of the coccidian species, the formation of asexual
stages is, however, a crucial step during their life cycle, as it pro-
vides a sufficient number of stages for infection of further host cells
with or without a host switch. To simulate this process during suc-
cessful maintenance of the culture, pH changes can be helpful, as
those are thought to be important for both invasion and egress of
parasite stages (Quist et al., 1993; Upton et al., 1994; Hijjawi,
2010). The average pH for coccidian culture media is between 7.0
and 8.0, and results in infection of host cells with the encysted
sporozoites (Upton et al., 1995), as stage conversion in protozoan
parasites can be considered as a response to alkaline pH stress
(Naguleswaran et al., 2010). During their development coccidians
are known to consume carbohydrates (Speer and Hammond,
1972; Fayer and Thompson, 1975), vitamins and amino acids
(Doran and Augustine, 1978; Strout and Schmatz, 1990), which
can be added to the culture medium to increase the amount of
viable parasites.

Sexual reproduction of coccidian parasites occurs regardless of
the number of intermediate hosts. After late asexual stages have
effectively infected a host cell, a subpopulation undergoes gameto-
genesis and proceeds to differentiate into either micro- or
macrogametes. This development, including syzygny resulting
from gametogenesis, is necessary to complete the life cycle and
form a zygote (Cornelissen and Overdulve, 1985; Cruz-Bustos
et al., 2022). In cyst-forming coccidians, cells from reactivated tis-
sue cysts will differentiate into sexual stages, resulting in the pro-
duction of oocysts, while in intestinal coccidians the sexual
reproduction occurs from dividing merozoites in the intestinal tis-
sue of the host (Fig. 1). However, sexual reproduction and oocyst
formation is a relatively quick developmental process, which
makes in vitro cultivation more challenging (Frenkel and Smith,
2003; White et al., 2014; Sokol-Borrelli et al., 2020). Successful cul-
tivation and harvest of sexual stages for further research is there-
fore currently only possible for selected coccidian species, i.e. T.
gondii, C. suis, or C. parvum.
5. Recent applications of in vitro cultures of coccidians in
research

A detailed discussion about the different research projects for
coccidians applying in vitro cultivation would go far beyond the
scope of this review, so we want to highlight only some
approaches. Applications of in vitro cultures for coccidian research
include detailed descriptions of parasite morphology and cellular
function during motility (Meissner et al., 2002; Feix et al., 2020),
mechanisms underlying host cell invasion (Periz et al., 2017,
2019; Whitelaw et al., 2017), protein trafficking (Hu et al., 2017;
Ramakrishnan et al., 2017; Marugan-Hernandez et al., 2021),
host-pathogen interaction (Sikorski et al., 2021; Smith et al.,
2021) and the effects the parasites have on host cells (Lüder and
Rahman, 2017). However, a detailed discussion would reach
beyond the scope of this article, hence we will focus on the evalu-
ation of potential drug targets.



Fig. 1. Schematic life cycle of coccidian parasites, characterized by three distinct steps, sporogony, merogony and gamogony. The transmissible stages, sporozoites, seek a
host cell for possible invasion after infection of the host. Merogony takes place in the intestinal tissue. The various stages develop taxon-specifically in different forms and
numbers, represented by the different stages. The outer light grey circle represents the developmental steps of cyst-forming coccidia, where infection of tissue is possible in
heteroxenous coccidia. The middle circle represents the life cycle of intestinal coccidia. Environmental oocysts can be found in unsporulated and sporulated forms after faecal
excretion.
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As coccidians mostly colonize the intestinal tract of the defini-
tive host, recent research also discusses mechanisms by which coc-
cidians interact directly or indirectly with the gut microbiota of the
host. However, in vitro systems suitable for host-parasite interac-
tion research relating to the gut microbiome are still lacking. In par-
ticular, the incorporation of microbiota is challenging because they
require complex media to support the growth of diverse cell types
and organisms (Smith et al., 2021). The development of high-
throughput sequencing technology and in vitro culture systems
which foster a host-like enteral environment and therefore support
the maintenance of gut microbiota as well as parasite growth has
enabled studies on that topic (Gaboriaud et al., 2021; Lu et al.,
2021; Ramakrishnan and Smith, 2021). Studies that demonstrated
that parasites enhance the growth of mucin-utilizing bacteria
in vitro (Ramanan et al., 2016) and influence the well-being of
microbiota by their own metabolic activities (Tailford et al., 2015)
support the use of in vitro culture systems to study complex
multi-organism interactions without the use of animal models.
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5.1. Compound testing in vitro

Coccidiosis, both in animals and in humans, represents a con-
siderable medical and economic burden worldwide. To prevent
disease causing economic losses, various control measures includ-
ing anticoccidial drugs, natural or synthetic feed compounds and
vaccination strategies are constantly improved, tested and devel-
oped both in vitro and in vivo (Felici et al., 2021).

A number of methods have been applied to assess the disinfect-
ing capacity of chemicals on coccidians of veterinary impact
(Daugschies et al., 2002; Bogan, 2018). In vitro, disinfection efficacy
can be directly evaluated by either oocyst destruction or sporula-
tion inhibition (Daugschies et al., 2002). For example, under
in vitro conditions, Neopredisan 135-1� destroyed all C. suis
oocysts after a contact time of 90 min or more (Straberg and
Daugschies, 2007). To evaluate inactivation of oocysts by other
mechanisms, however, infection trials are necessary. Formerly,
the efficacy to reduce infectivity by disinfection was tested in an
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animal model of chicken infected with E. tenella, which required
large numbers of animals for quantitative readouts and was nei-
ther cost-effective nor compatible with the 3R concept
(Daugschies et al., 2013). The possibility of replacing the animal
infection trials with infections of monolayers using C. parvum as
a model for coccidians was tested by comparing a mouse model
with a cell culture assay (Joachim et al., 2003). It was demonstrated
to be better quantifiability in the cell culture model and this was
further developed to a standard test system for disinfection effi-

cacy (Shahiduzzaman et al., 2010; Delling et al., 2017; https://

www.desinfektion-dvg.de).
Especially in avian Eimeria, the use of anticoccidial botanicals is

on the rise, and a large number of different compounds have
already been tested in vitro. For this, extracts from different plants
are thought to target the exogenous stages of Eimeria spp., result-
ing in reduced oocyst production (Abbas et al., 2011; Felici et al.,
2021). Artemisin reduced the calcium ATPase in the macrogamete
endoplasmatic reticulum, which most likely lead to abnormal
oocyst formation and hence an increased amount of dead oocysts
and abnormal oocyst formation (Del Cacho et al., 2010; Dragan
et al., 2010). Some garlic extracts such as propyl thiosulfinate, pro-
pyl thiosulfinate oxide, and allicin have been shown to have antic-
occidial efficacy by influencing the invasion of Eimeria (Dkhil et al.,
2011; Khalil et al., 2015; Chang et al., 2021). Thonningia sanguinea,
an African medical plant, has also been shown to be useful as an
anticoccidial treatment during the invasion of E. tenella and E. neca-
trix (Séverin, 2012). As a caveat, all these studies performed in vitro
must be considered as preclinical screening of compounds, since
efficacy testing must be evaluated in the context of host and para-
site, considering absorption, tissue distribution, metabolization
and possible toxic side effects. However, these tests show promise
in reducing the use of laboratory animals and the possibility of
large-scale compound screening.

Furthermore, the use of transgenic parasites constitutively
expressing a measurable marker are often used to quantify parasite
growth in vitro (Gubbels et al., 2002; Li et al., 2009). GFP-
fluorescent parasites proved sensitive and highly reproducible for
quantifying the growth-inhibitory activity of the tested compound
(Wilson et al., 2020; Bowden et al., 2018; Chen et al., 2019). Hence,
this system further allows in vitro drug testing at a high
throughput.
5.2. Strategies to interrupt the parasite’s life cycle by stage-specific
blocking strategies

Blocking the transmission of parasite stages is considered an
effective technique against coccidiosis and can be achieved either
by specific antibodies inhibiting the sexual stages or by
transmission-blocking drugs that affect specific stages (Hirai and
Mori, 2010).

In this context, sexual stages are considered to be suitable tar-
gets. Studies on T. gondii showed that blocking the fusion of
micro- and macrogametes can be a successful tool for intervention
in the control of coccidial infections, as HAP2 knockout parasites
failed to produce sporulated oocysts in vivo and in vitro
(Ramakrishnan et al., 2019). Monoclonal antibodies against
microgametocytes of E. tenella reduce oocyst formation in vitro
more than 50% but the mechanism of inhibition was investigated
in detail (Madden and Vetterling, 1977; Laxer et al., 1987; Suarez
et al., 2017). As coccidians are characterized by the environmental
stage, the oocyst, a blocking strategy targeting this stage or its
emergence would most likely have the highest impact on interrup-
tion of transmission and, following multiplication and accumula-
tion of infectious stages within a flock or herd, prevention of
infections relevant to animal (or human) health. The formation of
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the resilient oocyst wall is an important time in coccidian develop-
ment. In E. maxima two glycosylated tyrosine-rich proteins of the
wall-forming bodies were shown to induce a strong antibody
response to other Eimeria spp. as well (Belli et al., 2003; Mai
et al., 2009). After a series of in vivo experiments, a commercial
vaccine, CoxAbic� containing the native gametocyte antigens of
E. maxima oocyst wall, Gam56 and Gam82, was developed and
marketed for the vaccination of chickens in 2002 (Sharman et al.,
2010). Since the production of this vaccine, several proteins associ-
ated with E. maxima, E. tenella, and E. necatrix gametocytes have
been proposed as potential vaccine targets to induce immunity
(Jang et al., 2010; Xu et al., 2013; Wiedmer et al., 2017a, 2017b;
Rafiqi et al., 2019). Recent studies in C. suis propose several poten-
tial, highly expressed vaccination candidates both in merozoites
(Palmieri et al., 2017) and the sexual stages of the parasite (Cruz-
Bustos et al., 2022). Specifically, a gene coding for a tyrosin-rich
protein, CSUI_001473, seems important for oocyst wall formation,
and an in vitro assay showed that anti-rCSUI_001473 serum from
chicken immunized with recombinant protein inhibited the late
sexual stage development and the formation of oocysts by 75% in
comparison to a non-treated control group (Cruz-Bustos et al.,
2022), indicating that TyRP would be a viable candidate for a
target-blocking vaccine for C. suis.

A group of enzyme inhibitors, Bumped Kinase Inhibitors (BKIs)
that target calcium-dependent protein kinase 1 (CDPK1) in various
apicomplexan parasites has shown promise in in vitro and in vivo
trials (Choi et al., 2020). A wide range of BKIs have already been
evaluated for efficacy against coccidian parasites both in vivo and
in vitro, and no consistent side effects of BKIs have been observed
in these trials (Winzer et al., 2015; Ojo et al., 2016; Schaefer et al.,
2016; Van Voorhis et al., 2017). Various CDPK family members
have already been identified in coccidians which are differentiated
by the gatekeeper which enables binding for BKIs (Van Voorhis
et al., 2017). Tests in vitro have covered a broad range of parasites
and enabled the comparison of different BKIs for efficacy before
in vivo trials were performed. BKI-1294 is one of the most efficient
BKIs against coccidian parasites. The amount of parasite stages of T.
gondii and N. caninum could be inhibited by 50% when treated with
BKI 1294 in vitro and mouse infection experiments support these
findings (Winzer et al., 2015). BKI-1294 also demonstrated impact
on cryptosporiosis in vitro and in treated calves (Schaefer et al.,
2016). Furthermore, BKI 1369 is effective against C. suis in vivo
and in vitro (Shrestha et al., 2019). This shows that BKIs have great
potential for therapeutic use in veterinary and possibly also in
human medicine, due to a low number of side effects, and it high-
lights the usefulness of preclinical in vitro screening models for
compound efficacy testing.
6. Concluding remarks

The replacement and reduction of animal experimentation, in
accordance with the three Rs, with in vitro cultivation methods
was an important step in research on coccidians. The constant
development and improvement of in vitro culture systems for coc-
cidian research ensures that more and more tools for research in
various aspects of this important parasite group are and will be
available as part of ethical considerations. Several well-
established in vitro monolayer cultures are already available,
allowing investigation of a variety of aspects of coccidian biology
and parasite control. Although the complete life cycle of only a
few species is supported in vitro, we are optimistic that constant
methodological improvement will overcome the current obstacles.
The continuous use of cell monolayers has been gradually
improved to obtain high output of parasitic stages during culture
and greatly increased our knowledge on coccidian biology, life

https://www.desinfektion-dvg.de
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cycle and interaction with the host. Furthermore, the strategic
focus on a significant reduction in animal experimentation has
had an impact on the pharmaceutical industry as well as academic
institutions regarding toxicological and compound efficacy testing,
and the development and application of in vitro tests increased
significantly.

Novel technologies will help to further improve research on
coccidians. Three-dimensional technologies serve as a bridge
between the traditional monolayer cultures and in vivo experi-
ments. This specifically will aid studies on host-pathogen interac-
tions, and although this method has already been used
successfully for coccidian research, it has only been tested for a
few coccidian species. Hence, the improvement in 3D culture tech-
niques will greatly enhance research on coccidians (as well as in
other fields of life sciences). Organ-on-a-chip technologies can be
regarded as a direct development from other 3D organoids and
allows compilation of data with greater biological accuracy with-
out animal experimentation.

The use of axenic cultures in coccidian research is still in its
infancy; however, the results shown for Cryptosporidium and C. suis
are promising. Although the simplicity of this culture system is a
clear advantage, it does not (yet) support the full coccidian life
cycle so applications are limited to some research questions. Still,
the applicability of host cell-free in vitro culture systems further
supports the proposition that the last generation of asexual stages
during coccidian development are already sexually committed and
henceforward already include the information on which sexual
stage they are going to develop into, and that these later asexual
stages as well as the sexual stages do not require a host cell but
can survive and progress extracellularly and therefore in axenic
cultures.

In particular, in vitro culture systems which support the sexual
stages of the parasites might be useful for the development of anti-
coccidial intervention targets. Fertilization (and, more broadly,
sexual development) is a potential bottleneck in the life cycle pro-
gression of these parasites, and interfering with these crucial
events to block further development will effectively preclude
transmission of the parasite via infectious oocysts. Aaxenic and
3D in vitro techniques, especially, are extremely useful to study
the quantitative effects concerning the affected life cycle stages
and might be used more frequently in the future.

However, to date only selected species can be cultivated with a
selection of in vitro systems. An extension to other coccidian spe-
cies for successful cultivation also might have a considerable
impact on research topics including drug screening for coccidians
important for livestock health and production. In particular, in
intensive poultry management resistance of different Eimeria spp.
to commercially used compounds is increasing, and in vitro sys-
tems could improve validation of novel drug compounds. Further-
more, the development of high-hroughput pre-clinical screening
methods validated for a number of coccidian species is still in early
stages. Drugs against cyst forming coccidia of domestic animals are
not commercially available, and for intestinal coccidiosis of
humans by Cystoisospora belli information about effective control
is still lacking. The different in vitro systems that are already avail-
able for coccidian ‘‘model species”, however, should also be useful
to tackle these problems in the future and thereby contribute
directly to a One Health approach to coccidiosis.
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