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apicomplexan that is able to multiply in a host cell-free environment. These data must be con-
sidered in the context of the phylogenetic reclassification of Cryptosporidium from a coccidian
Keywords: to a gregarine. Together, they dictate an urgent need to reconsider the biology and behaviour

C:yptos.poridium of Cryptosporidium, and perhaps help to explain the parasite's incredible genetic diversity, dis-
Gregarine . . . . . .
Biology trlbu.tlop and host range. Improve.d imaging tech.nologles have complemented phylogenetic
studies in demonstrating the parasite's affinities with gregarine protozoa and have further sup-
ported its extracellular developmental capability and potential role as an environmental path-
ogen. These advances in our understanding of Cryptosporidium as a protozoan pathogen are
examined with emphasis on how they may influence control strategies in the future.
© 2016 The Authors. Published by Elsevier Inc. on behalf of International Association of
Food and Waterborne Parasitology. This is an open access article under the CC BY license
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1. Introduction

Cryptosporidium has been an enigma since it was first described by Edward Tyzzer in 1907 in the gastric glands of a mouse
(Tyzzer, 1907). He placed it in the coccidian family Asporocystidae reflecting the lack of sporocysts in the oocyst (i.e. naked spo-
rozoites) and what were presumed to be the possession of similar life cycle features (Levine, 1988). It is interesting when going
back to Tyzzer's morphological description, how atypical it is for a coccidian, in particular the possession of an organ of attach-
ment - a structure that has only recently been given the attention it clearly warrants in terms of considering Cryptosporidium's
true affinities.

For the next 70 years following Tyzzer's description, Cryptosporidium continued to be viewed as a curiosity. More species were
described largely on the basis of host occurrence, but the parasite was always viewed as atypical. This was not only because of its
oocyst and attachment organ, but also because of the ability of unshed oocyst to produce autoinfections, and the extra-
cytoplasmic association with its host cell with endogenous developmental stages confined to the apical surfaces of epithelial
cells, a characteristic now referred to as epicellular (Barta and Thompson, 2006; Clode et al., 2015; Thompson et al., 2005;
Valigurova et al., 2007). However, these fascinating biological peculiarities were overshadowed by the serious public health con-
sequences of opportunistic infections with Cryptosporidium that emerged in the 1980's, principally taking advantage of the weak-
ened immune systems of AIDS patients (Checkley et al., 2014). This health emergency brought a sharp focus on the need for
chemotherapeutics and quickly confirmed Cryptosporidium's complete insensitivity to anti-coccidial drugs (Tenter et al., 2002;
Thompson et al., 2005).

Cryptosporidium's direct life cycle is enhanced by the existence of resistant oocysts that are capable of extended periods of sur-
vival in the environment. Thus, apart from person to person transmission by the faecal-oral route, oocysts can be transmitted in
water or contaminated food (FAO, 2014; Gajadhar et al.,, 2015). The emergence of cryptosporidiosis as an opportunistic infection
put immense pressure on water utilities to ensure they provided Cryptosporidium-free water. The demands of water utilities for
improved methods of surveillance to detect but also characterise isolates of Cryptosporidium was the main driver for research
on the molecular epidemiology of Cryptosporidium infections (Caccio et al., 2005; Thompson, 2003).

As a consequence, the biology and host-parasite relationship of Cryptosporidium have not received the attention they should
have given the uniqueness of this organism. Recent developments in in vitro cultivation, life cycle propagation, phylogenetics,
and imaging technologies have served to illustrate the need to re-evaluate many aspects of the biology and ecology of Cryptospo-
ridium (Clode et al., 2015; Karanis and Aldeyarbi, 2011).

In this short review, we have tried to highlight the important developments over the last 100 years that have culminated in
the recognition that Cryptosporidium is: a ubiquitous, pleiomorphic, facultatively epicellular gregarine protozoan, capable of ex-
tended existence in the environment, that is elusive, opportunistic and zoonotic with the potential to cause disease and death
in humans and domestic animals.

2. Transmission — the importance of the environment

Direct transmission via the faecal/oral route is likely to be the most common form of transmission, whether zoonotic (see
below) or direct person-to-person (FAO, 2014; Checkley et al., 2014). Waterborne outbreaks have been a major issue in the ep-
idemiology of cryptosporidiosis throughout the world and a major financial burden for water utilities in developed countries. The
problem has recently been shown to be exacerbated by the potential for biofilms to act as reservoirs of Cryptosporidium in which
oocysts can not only be trapped and subsequently released into the water supply, but can also act as nutrient-rich environments

Fig. 1. Scanning electron micrograph of an oocyst of Cryptosporidium (arrowhead) within a Cryptosporidium — exposed Pseudomonas aeruginosa biofilm (see Koh
et al,, 2014 for methods). Scale bar = 3 um.
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in which the parasite can develop and multiply (Koh et al., 2013, 2014) (Fig. 1). Waterborne outbreaks involving drinking water
or the contamination of public swimming pools have been, and are, principally an issue for developed countries (Thompson and
Smith, 2011). Waterborne transmission of parasites in the developed world is therefore more likely to be the result of contami-
nation, or a process failure within water utilities, industry, or in public places such as swimming pools.

Indirect transmission, where infection results through the mechanical transmission of oocysts on, for example, flies
(Szostakowska et al., 2004) or other animals such as dogs or livestock, or by the contamination of food or local water sources
poses a significant threat particularly in the developing world (Karanis et al., 2007; Nyarango et al., 2008; Smith et al., 2007;
Thompson and Smith, 2011). The risk of infection is greater within rural environments than within urban areas; presumably be-
cause of the increased opportunity for both direct and indirect transmission to occur in areas with poor sanitation and higher con-
tact rates with wildlife and domestic animal reservoirs of infection (Thompson and Smith, 2011). Poor hygiene is a crucial factor
in enhancing the transmission of enteric protozoa such as Cryptosporidium (Smith et al,, 2007; Thompson and Smith, 2011).

Foodborne transmission, as a result of agricultural practices, poor hygiene by food handlers or within households, is responsi-
ble for a significant number of infections with Cryptosporidium (FAO, 2014; Rose and Slifko, 1999; Thompson and Smith, 2011).
However, linking infection to a contaminated food source is often difficult to determine, in many cases (Thompson and Smith,
2011). Small-scale outbreaks, where the point of initial contamination may be the result of poor hygiene by an individual
resulting in localised foodborne transmission to family members or the immediate community, are likely to be extremely com-
mon particularly in the developing world (Thompson and Smith, 2011). Preliminary estimates derived from a literature review
of published reports and case notes for Cryptosporidium occurrence, suggest that the number of cases of foodborne transmission
resulting in infection in the WHO Eastern Mediterranean region (EMR) may be as many as 6 million cases annually and up to 27
million in the African region (Thompson and Smith, 2011). Transmission resulting from contamination of food or drink that leads
on to larger scale infections, such as an outbreak of cryptosporidiosis in the USA in 1993 arising from the consumption of infected
fresh-pressed apple cider, is a relatively much rarer event (Millard et al., 1994).

3. Impact on the health of humans and other animals — an opportunistic pathogen

Cryptosporidium is a significant cause of diarrhoeal disease, principally in humans and livestock throughout the world. The clin-
ical impact of the parasite is greatest in hosts whose immune system is suboptimal as it is in infants and young livestock, the el-
derly, or those impaired by disease or stress (Checkley et al., 2014; Fletcher et al., 2012; Thompson et al., 2005).

In terms of control, there are different priorities in developed and developing countries. In the former, the need is for effective
diagnosis and treatment for individuals and livestock, and the prevention of food and waterborne transmission, the latter being a
significant economic issue for water utilities. In the developing world, the need is to lessen the burden of disease in those most at
risk of infection, particularly children (Hotez et al,, 2015; Savioli et al., 2006).

Cryptosporidium has gone through two phases of emergence as a cause of intractable diarrhoea and mortality. The first phase
was during the AIDS crisis of the 1980s, the second is current and is likely to have a longer-term impact. Cryptosporidium is now
recognised as a major contributor to diarrhoeal morbidity and mortality in children in the developing world, particularly Africa
and South East Asia (Global Enterics Multisite Study (GEMS)1 and Mal-ED2 epidemiological studies) (Kotloff et al., 2013; Mbae
et al., 2013). These studies suggest that Cryptosporidium may be responsible for a significant number of cases of moderate-to-
severe diarrhoea in children under two living in these regions. Although nitazoxanide is used to treat Cryptosporidium infections
its efficacy in those most at-risk, malnourished children and the immunocompromised, is limited (Checkley et al., 2014). The lack
of therapeutic interventions is exacerbated by the lack of prophylactic measures including a vaccine, as well as the fact that people
in the developing world where infection with Cryptosporidium is frequent, are commonly infected with several other species of
intestinal and systemic parasites (Thompson and Smith, 2011). More serious in the long term in such populations is the emerging
spectre of HIV. HIV-positive children in Tanzania were found to be almost eight times more likely to have Cryptosporidium than
those who were HIV-negative (Tellevik et al., 2015). A study among Kenyan children also found this association (Mbae et al.,
2013) and Tumwine et al. (2005) found that HIV-positive Ugandan children with persistent diarrhoea were 18 times more likely
to have Cryptosporidium than those who were HIV-negative.

4. Problems of detection — molecular tools a revelation

In the clinical laboratory, whether dealing with samples from humans, domestic animals, or wildlife, there continues to be a
need for rapid, sensitive and specific diagnostic tools that can guide appropriate therapy (Fletcher et al., 2012; Smith et al.,
2006). Current laboratory methods that rely on microscopic examination of faecal samples for detecting Cryptosporidium oocysts
have suffered from the problem of distinguishing the parasite from other faecal components of similar size and shape such as
yeasts and algae. A number of staining techniques have been developed. Some such as those using malachite green provide reli-
able and consistent results, but many others suffer from problems of sensitivity, specificity, and variable results between labora-
tories (Elliot et al., 1999). However, microscopy cannot differentiate between the oocysts of C. hominis, zoonotic species, and the
many other species and genotypes of Cryptosporidium since they are all morphologically indistinguishable in terms of size and it is
only the larger oocysts of C. andersoni and C. muris that can be reliably distinguished from Cryptosporidium of public health sig-
nificance (Smith et al., 2007). Even when combined with immunofluorescence, microscopy is relatively insensitive and prone
to ‘operator variability’. In contrast, a molecular approach offers greater sensitivity and specificity than traditional diagnostics re-
liant on microscopy.
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As such, PCR-based procedures have dominated research on the diagnosis and detection of Cryptosporidium over the last
25 years, and in particular, because they have the added advantage of being able to provide information on the genotype or spe-
cies of Cryptosporidium present in a clinical or environmental sample (Smith et al., 2006; Thompson and Ash, 2015). Such tech-
niques are now replacing microscopy in many medical diagnostic laboratories, often in assays that are developed for the
simultaneous detection of other enteric pathogens routinely screened for in clinical diagnostic laboratories, such as Giardia and
Blastocystis (Caccio et al., 2005). PCR-based tools have also proved to be of particular value in molecular epidemiological investi-
gations by providing information on source of infection and the public health significance of isolates identified (Caccio et al., 2005;
Thompson et al., 2007).

The most commonly targeted gene used for characterising species of Cryptosporidium is SSU-rDNA (Xiao, 2010). In addition to
the development of diagnostic assays, much research has also been concerned with the molecular epidemiology of water- and
food- borne outbreaks and particularly the ability to detect and differentiate between those species commonly infecting humans
(C. hominis, C. parvum (= C. pestis; Slapeta, 2011)). This research has increased understanding of the possible transmission routes
from the environment and co-habiting animals such as companion animals and livestock (Fayer et al., 2000; Hunter and
Thompson, 2005). It has also resulted in the identification of ‘new’ genotypes and the subsequent proliferation of new species
and host ranges identified (Slapeta, 2013; Xiao and Fayer, 2008).

In addition to SSU-rDNA, molecular epidemiological investigations have identified additional genes of value as genotyping
tools including the 70 kDA heat-shock protein (HSP70), the Cryptosporidium oocyst wall protein (COWP), and the internal tran-
scriber region 1 (ITS-1) (reviewed in Thompson and Ash, 2015). For greater detail on possible transmission routes, intra-
specific genotyping is required and the 60 kDA glycoprotein is commonly used to provide this level of discrimination (Lymbery
and Thompson, 2011; Thompson and Ash, 2015).

5. Zoonotic potential — a recently recognized human pathogen

The first human case of Cryptospordium infection was described in 1976, and over the next 20 years considerable circumstan-
tial evidence accumulated of zoonotic exposure associated with farms and farm animals, riding stables, animal manure, and con-
taminated water (Fayer et al., 2000). Many of these early reports drew attention to the association of human infection with
exposure to infected livestock, particularly young cattle or sheep, and there was often evidence of secondary spread within house-
holds or play-groups following such zoonotic exposure (Casemore et al., 1997; Thompson, 2003). Although farm workers and vis-
itors to farms were considered to have contracted cryptosporidiosis by direct contact, indirect zoonotic transmission of
Cryptosporidium of livestock origin via water was considered at that time to be the most important zoonotic source of human in-
fection (Thompson, 2003). However, up until the early 1990s such conclusions were often only circumstantial, with presumptions
being made that run-off from pasture used for cattle, was the pre-disposing factor.

In 1991, analysis using restriction fragment length polymorphism (RFLP) revealed differences between Cryptosporidium of cat-
tle and human origin (Ortega et al., 1991). In addition to confirming this result, subsequent molecular epidemiological studies
demonstrated that humans were susceptible to infection with two genotypes of Cryptosporidium, one zoonotic (C. parvum (=
C. pestis; Slapeta, 2011)), with cattle as its principal host, and the other host-specific for humans (C. hominis). This information
was first put into an epidemiological context in 1997 in determining the source of contamination of the notorious Milwaukee out-
break (Peng et al., 1997), and subsequently in a series of outbreaks some of which were shown to be of zoonotic origin (Caccio
et al., 2005; Fletcher et al., 2012; Thompson, 2003).

Current evidence indicates that the main reservoirs of zoonotic Cryptosporidium remain livestock, with the potential transmis-
sion of C. parvum (= C. pestis (see Slapeta, 2011)), although other species, and genotypes, have been reported in humans but only
occasionally (Slapeta, 2013). Susceptibility to infection with other host adapted species and genotypes is largely governed by the
immune status of the host (Slapeta, 2013).

Interestingly, although cattle have been repeatedly implicated as sources of water-borne outbreaks, the application of genotyp-
ing procedures to the contaminating isolate(s) has often incriminated human effluent as the source (Hunter and Thompson, 2005;
Thompson, 2003). The risk of infection appears greater within rural environments than within urban areas; presumably because
of the increased opportunity for both direct and indirect transmission to occur in areas with poor sanitation and higher contact
rates with domestic animal reservoirs of infection (Thompson and Smith, 2011).

6. Diversity — taxonomic issues impede progress?

The taxonomy of the genus Cryptosporidium has been controversial for many years with a number of taxonomic revisions that
have seen species invalidated because descriptions were deemed inadequate in terms of morphological distinctness and/or con-
cern that host occurrence was not worthy of species recognition (O'Donoghue, 1995; Slapeta, 2013). With the advent of molecular
tools, the number of species has increased dramatically, the majority described on the basis of genetic distinctness and host oc-
currence. In most cases, there are minimal morphological characters to distinguish species of Cryptosporidium. Slapeta (2013)
drew attention to the fact that in the last decade there was approximately one new species named each year, and 10 species pro-
posed for 2004-2013. The most recent review listed 30 species but in addition to species that have been recognised as a result of
surveys of humans and domestic animals there is growing evidence of numerous genotypes, identified in wildlife and in environ-
mental samples (Appelbee et al., 2005; Oates et al., 2012; Slapeta, 2013). Given that Cryptosporidium is a gregarine we can expect
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the number of species and genotypes to grow considerably since gregarines are considered to be the most diverse group of pro-
tozoa (see below).

7. Coccidial relationship challenged

Significant observations and research findings that have influenced opinion concerning Cryptosporidium being placed within
the Gregarines are summarised in Table 1. Although believed for many years to be coccidia, species of Cryptosporidium were al-
ways considered to be atypical for a number of reasons (see Introduction). In addition to lacking key morphological structures
such as sporocyst, micropyle, and polar granules, (See Table 2.)

a critical observation, although largely overlooked at the time, was a report of serological cross-reactivity with Monocystis, a
gregarine (Bull et al,, 1998). This relationship was reinforced when SSU-rDNA sequencing demonstrated that Cryptosporidium is
more closely related to gregarines (Carreno et al., 1999). Most recently, Cavalier-Smith (2014) undertook a revision of gregarine
higher classification, and the evolutionary diversification of sporozoa on the basis of gregarine site-heterogeneous SSU-rDNA trees.
This has firmly placed Cryptosporidium within the gregarines, demonstrating that some ‘eugregarines’ and all ‘neogregarines’ are
closely related to Cryptosporidium. Cavalier-Smith (2014) established a new subclass, the Orthogregarinia for Cryptosporidium and
other closely related gregarines, with Cryptosporidium in its own subclass, the Cryptogregaria; defined as comprising epicellular
parasites of vertebrates possessing a gregarine-like feeder organelle but lacking an apicoplast.

In addition to the ‘molecular’ evidence, Cryptosporidium shares many biological features with gregarines, including its
epicellular location, connection to the host cell via a myzocytosis-like feeding mechanism, heterogeneity of trophozoite cell
shape, and other structural similarities (Aldeyarbi and Karanis, 2016; Barta and Thompson, 2006; Borowski et al., 2008, 2010;
Clode et al., 2015; Valigurova et al.,, 2007, 2008). The gliding movements seen in different stages of Cryptosporidium is a behav-
ioural feature similar to the gliding motility exhibited by gregarines (Borowski et al., 2008, 2010; Sibley, 2004; Valigurova
et al,, 2013). The ability to observe the life cycle and development of Cryptosporidium in in vitro culture has made an important
contribution to recognising Cryptosporidum's gregarine similarities, not only by demonstrating previously unrecognised stages in
the life cycle, incredible developmental plasticity and the occurrence of syzygy, but also the fact that Cryptosporidium is not an
obligate epicellular parasite. Cryptosporidium has been shown to have the capacity to multiply epicellularly and extracellularly,
again reflecting the fact that Cryptosporidium is closely related to gregarine protozoa (Hijjawi et al., 2004; Karanis et al., 2008,
Koh et al,, 2013, 2014; Rosales et al,, 2005), which can also multiply by either means (Leander and Ramey, 2006).

The latest imaging technologies have played a major role in determining Cryptosporidium's structural relationship with the
gregarines but also how they share important similarities in their host parasite relationships (Clode et al., 2015; Koh et al.,
2013, 2014). Most recently, Cryptosporidium has been shown to survive, multiply and develop in biofilms, salvaging nutrients
from their nutrient-rich environment (Koh et al., 2014). Oocysts of Cryptosporidium have long been known to become trapped
in biofilms where they can collect and then enter the water source in large numbers as a result of sloughing of the biofilm
(Angles et al., 2007; Howe et al., 2002; Searcy et al., 2006). However, the fact that the parasite can excyst, develop, and multiply
in biofilms demonstrates Cryptosporidium's free-living potential and capacity for environmental survival and persistence, a char-
acteristic of gregarines (Clode et al., 2015). For parasites like Cryptosporidium that use a faecal-oral transmission route with signif-
icant environmental exposure, the environmental persistence and infectivity of the oocyst and potentially other developmental
stages will have a direct impact on local infection dynamics, including the ability to withstand extended periods without readily
available hosts.

8. Significance of being a gregarine
We should not be surprised by the diversity so far demonstrated in the genus Cryptosporidium. Gregarines are ubiquitous, in-

credibly diverse parasites, in terms of species so far described, host range, and heterogeneity of life cycle patterns and develop-
mental forms. The recognition of Cryptosporidium's affinities with this group of protozoa helps to explain the increasing

Table 1
From coccidian to gregarine — influential observations.
Discovery Date Author
Cryptosporidium described from the stomach of a mouse with atypical coccidian features 1907 Tyzzer
Serological cross-reactivity of Cryptosporidium with a Monocystis sp. gregarine 1998 Bull et al.
18S sequencing of Cryptosporidium demonstrates a closer phylogenetic relationship to gregarine protozoa than to 1999 Carreno et al.
coccidians
Novel stages described in the life cycle of Cryptosporidium in vitro 2002 Hijjawi et al.
Extracellular developmental stages of Cryptosporidium described in vitro 2004 Hijjawi et al.
Occurrence of syzygy described in Cryptosporidium in vitro 2004/2005 Hijjawi et al., and
Rosales et al.
Gregarine nature of Cryptosporidium's host parasite relationship demonstrated in vivo 2007 Valligurova et al.
Cryptosporidum capable of excystation and development in biofilms; occurrence of extracellular gamont stages 2013 Koh et al.
confirmed
Molecular phylogenetic analysis supports transfer of Cryptosporidium from the coccidia to the class gregarinomorphea, 2014 Cavalier-Smith

as a new order and subclass of Gregarines
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Table 2
Biological and morphological similarities between Cryptosporidium and gregarines.”
Characteristic Gregarines Cryptosporidium
Apicoplast Absent in some gregarines Absent
Interface with host Cell surface including epicellular and extracellular Epicellular and extracellular
Multiplication Multiple fission, merogony, gametogony, sporogony, binary ~ Multiple fission, merogony, gametogony, sporogony, binary
fission, syzygy fission, syzygy
Morphology of developmental Pleiomorphic, dependent on surrounding environment Pleiomorphic, dependent on surrounding environment
stages
Feeder organelle Epimerite Epimerite

* Details in Clode et al., 2015.

numbers of novel genotypes that are being discovered, and its expanding host range. It also emphasises that the specificity of en-
vironmental detection procedures for Cryptosporidium could be compromised by cross-reactivity with gregarine protozoa that are
ubiquitous in fresh water environments (Bull et al., 1998; Hijjawi et al., 2002; Tenter et al., 2002). Recent studies have demon-
strated the developmental heterogeneity of stages in the life cycle of Cryptosporidium, including extracellular trophozoites and
gamonts (Borowski et al., 2008, 2010; Koh et al., 2013, 2014), that can survive in the environment, thus complicating surveillance
and detection, especially if they are antigenically different to oocysts. The growing diversity will prove valuable fodder for taxon-
omists although the population structure of Cryptosporidium is uncertain and requires further study (Tibayrenc and Ayala, 2014).
If we know the basic population structure of Cryptosporidium, predictions can be made on the extent to which genes are ex-
changed among genomes in the same population thus providing some stability to the species taxonomy of Cryptosporidium. In
this respect, recent advances in nucleic acid-based approaches for the diagnosis and analysis of genetic diversity in species of
Cryptosporidium (Jex et al,, 2008) represent a significant step towards an improved understanding of the epidemiology and pop-
ulation structure (Beck et al., 2009).

We should also not be constrained by pre-conceived ideas in terms of drug discovery. It has been known for several years that
Cryptosporidium has unique features that characterise its biochemistry and metabolism (Abrahamsen et al., 2004; Thompson et al.,
2005; Zhu et al., 2000). Whether these are similar to those of other gregarines remains to be resolved, but the simplification of
Cryptosporidium's biosynthetic pathways (Clode et al.,, 2015) may enhance its ability to salvage nutrients from the environment.
However, it opens the door to the development of relatively simple model drug screening systems utilising gregarines that can
be readily maintained in their invertebrate hosts in the laboratory.

A better understanding of the developmental biology of Cryptosporidium in its host can now be achieved by a more compar-
ative approach with what is known of some higher gregarines. This particularly applies to the parasite's relationship with its host
cell and whether Cryptosporidium's epimerite-like feeder organelle obtains nutrients in a way that is truly analogous to
myzozytosis, as utilised by many gregarines, through which host cell contents are obtained. In addition, it is unclear how Crypto-
sporidium, which lacks key de novo synthesis pathways, acquires nutrients directly from an extracellular environment including
the intestinal lumen of its host or the matrix of a biofilm. In this respect, it is interesting that the feeder organelle has been ob-
served in extracellular stages in a biofilm environment (Koh et al., 2014) and thus may be able to acquire nutrients in such a host
cell-free environment. Future studies not only will provide clues about the evolution of intracellular parasitism, but also will pro-
vide a better understanding of the host parasite relationship, as well as the development of the parasite in the environment.

Certainly, knowing that Cryptosporidium is a gregarine helps to explain why some key observations were at first difficult for
some researchers to accept. However, this new understanding may help to advance research on Cryptosporidium and cryptospo-
ridiosis in the future.
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