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Trends in Parasitology

Opinion

The Symbiotic Spectrum: Where Do the
Gregarines Fit?
Sonja Rueckert

,1,* Emma L. Betts,2 and Anastasios D. Tsaousis , 2,*

Gregarine apicomplexans are closely related to parasites such as Plasmodium,
Toxoplasma, and Cryptosporidium, which are causing severe health and
economic burdens. Colonizing only invertebrates and having no obvious medical
relevance, they are mostly ignored in ‘omics’ studies, although gregarines are the
most basal apicomplexans and therefore key players in the understanding of the
evolution of parasitism in the Apicomplexa from free-living ancestors. They belong to the largest exclusively parasitic phylum, but is this perception actually
true? The effects of gregarines on their hosts seem to cover the whole spectrum
of symbiosis from mutualistic to parasitic. We suggest future research directions
to understand the evolutionary role of gregarines, by elucidating their biology
and interaction with their hosts and the hosts’ microbiota.

Highlights
Parasites are generally considered to be
harmful, but current debates and ongoing research showed that they can actually have beneﬁcial effects on their hosts.
Members of the Apicomplexa are unique
microbial eukaryotes comprised entirely
of symbiotic organisms, making it an
ideal group to study the evolution of
parasitism.
Gregarines are highly diverse, residing in
most invertebrates, but their pathogenicity and inﬂuence on their host’s population ecology is still in question.

Parasitism in the Apicomplexa
The phylum Apicomplexa contains unicellular parasites (currently more than 6000 named
species) and is well known for its notorious pathogens of humans and livestock, such as
Plasmodium (causative agent of malaria; mainly infecting humans, humanoids), Toxoplasma
(toxoplasmosis; humans, cats), Eimeria (eimeriosis; poultry, cattle, ruminants), Theileria
(theileriosis; cattle), Babesia (babesiosis; cattle, humans); Isospora (isosporiasis; humans),
Cyclospora (cyclosporiasis; dogs, humans), and Cryptosporidium (cryptosporidiosis; humans,
most livestock). These pathogens are of great public health concern and economic relevance,
and they affect millions of people each year [1]. They all have intracellular life stages with the
exception of Cryptosporidium [2], which has intracellular and extracytoplasmic stages [3,4].
Apicomplexans infect both invertebrates and vertebrates and have complex life cycles that differ considerably between the abovementioned groups [5] (Figure 1). Most of these life cycles
involve at least two host species (i.e., a heteroxenous life cycle) (see Glossary). The
apicomplexan clade is referred to in publications and textbooks as the largest phylum of
eukaryotes that consists of obligate parasitic (Box 1) species only; but is this assumption really
true for all apicomplexan species?
The Gregarines
Within the apicomplexans, gregarines are a unique subgroup that infects a wide range of freshwater, marine, and terrestrial invertebrates (almost exclusively). Different views concerning the
taxonomy of the gregarines are emerging [6,7], but comprehensive evidence for a reliable overall
taxonomic review is still missing. The latest review of eukaryotes still refers to the historic major
groups Archigregarinorida, Eugregarinorida, and Neogregarinorida, mainly based on habitat,
host range, and trophozoite morphology, to which is added the Cryptogregarinorida to accommodate Cryptosporidium [8] (Figure 1). Archigregarines are the most ancestral group, with a
mix of ancestral and derived features, occurring in marine habitats only. Eugregarines can be
found in marine, freshwater, and terrestrial habitats with large trophozoites that are morphologically different from the infective sporozoites. Neogregarines have reduced trophozoites and infect

Gregarines form the base of
apicomplexan phylogenies. They are
considered the most ancestral of the
apicomplexans.
The use of advanced methods to explore
the gregarines’ biology is still in its
infancy. To elucidate the evolution of parasitism in the apicomplexans, a comprehensive understanding of the gregarines’
biology, genetic make-up, host–parasite
interactions and explorations of the
hosts’ holobiome is required.

1

School of Applied Sciences, Edinburgh
Napier University, Edinburgh, UK
2
Laboratory of Molecular and
Evolutionary Parasitology, RAPID group,
School of Biosciences, University of
Kent, Canterbury, UK

*Correspondence:
s.rueckert@napier.ac.uk (S. Rueckert)
and A.Tsaousis@kent.ac.uk
(A.D. Tsaousis).

Trends in Parasitology, September 2019, Vol. 35, No. 9 https://doi.org/10.1016/j.pt.2019.06.013
© 2019 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

687

Trends in Parasitology

only terrestrial, primarily insect, hosts. Archigregarines infect the intestines, while eugregarines are
found in the intestines, coeloms, and reproductive vesicles, and neogregarines infect mainly the
host tissues [9–11]. Apart from the vertebrate-infecting Cryptogregarinorida, the other three
groups can be found in most invertebrates that have been investigated so far, including commercially important species and genera such as Apis mellifera (honey bee), Crassostrea spp.
(oysters), Litopenaeus spp. (shrimps) [12–14]. More than 95% of described species on earth
are invertebrates and therefore potential, but yet to be investigated, hosts for gregarines. With
the assumption that, for example, millions of arthropod species have not yet been described
[15], the sheer number of potential gregarine species lies in the millions [16,17] as gregarines
tend to be very host-speciﬁc (e.g., Psychodiella spp. and their respective sand ﬂy hosts [18];
diverse eugregarine species in cockroaches [19]) or sometimes even host’s life-stage-speciﬁc
(different Gregarina species in life stages of the mealworm beetle [20]). The life cycles of gregarines differ signiﬁcantly from most of the other apicomplexans as they generally utilize only one
host organism (monoxenous life cycle), but some exceptions do exist (e.g., Nematopsis spp.
infecting crustaceans using mollusks as intermediate hosts). Nematopsis is also the only genus
that has been reported from frog tadpoles [21], which is currently the ﬁrst and only case of a
eugregarine infecting a vertebrate host. Sexual and asexual cycles are extracellular in the
single-host organism, which could be any invertebrate, setting the gregarines apart from the
apicomplexans infecting vertebrates (for review see [11]; Figure 2, Key Figure). Gregarines have
been identiﬁed in most invertebrate taxa [11], but intriguingly, they are yet to be discovered in
rotifers and nematodes. It is worth mentioning that gregarines do also play a part in hyperparasitism. Gregarines infecting marine invertebrates are hosts to about 30 different species of
Microsporidia in seven genera [11]. In contrast, only a few species of hyperparasitic gregarines
have been reported. For example, the marine eugregarine Monocystella batis has been
described from a rhabdocoel turbellarian parasitizing the Crown of Thorns starﬁsh [22], and the
terrestrial eugregarine Steinina ctenocephali infects the cat ﬂea [23].

Genus
Order
Subclass
Gregarina
Eugregarinorida
Maesia
Neogregarinorida
Gregarinasina
Cryptosporidium Cryptogregarinorida
Selenidium
Archigregarinorida
Siedleckia
Blastogregarinea
Eimeria
Eimeriorina
Coccidia
Toxoplasma
Nephromyces
Nephromycida
Babesia
Piroplasmorida
Theileria
Plasmodium
Haemospororida

Class

Conoidasida

Intermediate hosts

none

vertebrates
none
vertebrates
Aconoidasida
vertebrates
vertebrates

Glossary
Bacteriome: the combined genomes
of all bacterial species that exist on or
inside a living organism.
Heteroxenous: refers to the life cycle of
a parasite that involves at least two
different host species.
Microbiome: the combined genomes
of all microbes [bacteria (bacteriome),
eukaryotic microbes/protozoa
(eukaryome), fungi (mycobiome) and
viruses (virome)] that exist on or inside a
living organism.
Microbiota: the microbial taxa that
exist in a speciﬁc environment (e.g., the
human gut).
Monoxenous: refers to the life cycle of
a parasite that has only a single host.
Mutualism: interaction between two or
more different organisms, where each of
them beneﬁts from this relationship.
Parasitism: a relationship between two
different organisms in which one beneﬁts
at the expense of the other.
Symbiosis: interaction between two or
more different organisms existing in
close physical association.

Deﬁnive hosts
insects
insects
mammals, birds, reples, ﬁshes
polychaetes, sipunculids
polychaetes
vertebrates
felines
tunicates
cks
cks
mosquitoes
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Figure 1. Simpliﬁed Phylogeny of Apicomplexans, Their Taxonomy, and Host Associations. The class Aconoidasida is comprised of the subclasses
Haemospororida (e.g., Plasmodium), Piroplasmorida (e.g., Babesia, Theileria), and Nephromycida (e.g., Nephromyces). Three subclasses are also contained in the
Conoidasida, the Coccidia (e.g., Eimeria, Toxoplasma), Gregarinasina (e.g., Selenidium, Gregarina, Mattesia, Cryptosporidium), and Blastogregarinea (e.g., Siedleckia).
The Gregarinasina are the most basal in the apicomplexan tree. Most of the gregarines exempliﬁed here by the genera Gregarina, Selenidium, and Mattesia are
monoxenous, infecting only one invertebrate host. Cryptosporidium is also monoxenous, but it infects vertebrates. The position of the monoxenous, polychaeteinfecting, Blastogregarinea (e.g., Siedleckia) is also basal, but not yet fully resolved. In the Coccidia, Eimeria is monoxenous, infecting vertebrates, while Toxoplasma is
heteroxenous, using vertebrates as intermediate hosts and primarily felines as their ﬁnal hosts. The Nephromycida are branching off at the base; they are monoxenous
and infect only ascidians, predominantly of the genus Molgula. Babesia and Theileria represent the Piroplasmorida. They are both heteroxenous with different
vertebrates as intermediate hosts, but both use ticks as their ﬁnal hosts. The Haemospororida are heteroxenous with, for example, Plasmodium infecting humans as
intermediate hosts and the mosquito as the ﬁnal host. Colours in the schematic phylogenetic tree represent the spectrum from extracellular (light orange) to intracellular
(red) parasitism.
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Box 1. What Is Parasitism?
With the ongoing debate of what parasitism actually is [56], and if all parasites are harmful, we could provide a plethora of
deﬁnitions of parasitism that range from anything that lives in and nourishes from another organism [65] to all varieties of
interspeciﬁc associations in a gradient of interdependence [66]. In a way, it depends on how speciﬁc terms to describe
these interspeciﬁc relationships are used. On the one hand you can say that commensalism, mutualism, and parasitism
are forms of symbiosis according to the deﬁnition of de Bary [67]. On the other hand parasitism could be used as the overall
term describing an interspeciﬁc relationship without any implication of pathogenicity or beneﬁt to one or both partners in
that relationship [68], which would make the terms parasitism and symbiosis interchangeable. The determination of any
speciﬁc cut-off points for the terms mutualism, commensalism, and parasitism in their classical sense is difﬁcult, as their
boundaries are plastic, within a gradient between the two most extreme forms [66]. We have used the term parasitism here
as the parasite causing some form of harm to its host organism in order to tackle a major gap in the understanding of the
evolution of parasitism in a major parasitic clade of public health concern. With the advancement of new techniques and
the necessity of universal drug targets for devastating diseases, the opportunity arises now for scientists to join forces to
address current shortcomings using our recommended approaches for a comprehensive understanding of the evolution
of parasitism in the apicomplexans.

Evidence of the Huge Diversity of Gregarines in Various Habitats
Recent metagenomic (metabarcoding) studies exploring the eukaryotic diversity in marine and
terrestrial ecosystems have shown high diversity and dominance of apicomplexan parasites,
speciﬁcally infecting invertebrates [24,25]. These observations support previous claims of high
gregarine diversity, with millions of new species still to be discovered, making it one of the most
diverse groups of eukaryotes [16,17]. For example, Mahe et al. [24] used a combination of
metabarcoding and phylogeny-aware cleaning steps on samples from neotropical rainforests,
demonstrating that gregarines were the predominant species (~80%) in soil. The high gregarine
abundance was not a surprise, based on the extreme diversity of invertebrates (especially insects)
in these areas. The authors suggested that gregarine infections could be a major limiting factor for
host population growth that could otherwise become locally abundant/dominant [24], contributing to the high animal (invertebrate) diversity in these forests. While this is a valid assumption, it

Key Figure

The Symbiotic Spectrum towards Intracellular Parasitism in Apicomplexans
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Figure 2. The cartoon depicts the major roles of organisms closely related to or within the apicomplexans on a spectrum from free-living to intracellular parasitism (green to
red colouring of the spectrum). Colpodella is a free-living, heterotrophic species closely related to the apicomplexans and a voracious predator of other free-living singlecelled eukaryotes. Vitrella is the closest known green, and Chromera is the closest known brown phototrophic relative to apicomplexans; both are associated with corals.
As discussed, gregarines, exempliﬁed here as Gregarina spp., cover a wide symbiotic spectrum, from mutualists, via commensals to parasites, and thus appear as
intermediates in this spectrum. Cryptosporidium, now considered a gregarine, expands the spectrum as this organism is an intracellular and extracytoplasmic parasite,
and lastly Plasmodium as the ultimate intracellular parasite.
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does not fundamentally explain the high gregarine diversity in comparison to the number of
arthropods. Due to the host-speciﬁcity of gregarines [19], it is expected that a different gregarine
species resides within each arthropod species, and the huge diversity and number of gregarine
species reﬂect the successful coevolution of gregarines and their hosts [26]. Thus, an alternative
explanation of these results is that gregarines are not all parasitic, but that some are rather part
of the host’s natural ﬂora (microbiota), not causing any severe harm, and potentially contributing
to the host’s ﬁtness. Therefore, in our opinion, gregarines represent the whole spectrum of
symbiosis, between the boundaries of mutualism and parasitism, representing the stepwise
adaptations of the (intracellular) parasitic life style of the crown apicomplexans (Figure 2).

What Is the Actual Life Strategy of Gregarines?
Gregarine infections are generally considered benign, unless the numbers of gregarines become
large enough to impede passage of food through the host’s gut [27,28]. Several reports have
discussed potential negative effects of the presence of gregarines in host organisms, including
reduced longevity and growth, increased mortality, and nutrient deﬁciency (see Table S1 in the
supplemental information online). Most of these reports are focused on terrestrial invertebrates,
while hardly anything is known about aquatic invertebrates except for some ascidians [28],
bivalves such as oysters [29], or scallops [30] and crustaceans [14]. The effects range from
high mortalities in ascidians [28] to negligible effects in bivalves [30]. In vitro experiments in insects
have suggested that the number of gregarines can affect, for example, the overall ﬂight performance and mating success of dragonﬂies [31], increase adult mortality and inhibit ovarian and
fat body development in the western corn rootworm [32], mortality of immature sand ﬂy stages
and a negative effect on the survival of adult males and females [33]. Due to these negative effects
on hosts that can be either disease vectors or pests, the potential of gregarines as biological control agents has been discussed [33,34], but their usefulness is often questioned by the authors. It
has also been shown that gregarines can have positive effects (Table S1) on their host’s development, ﬁtness, and longevity [35]. Sumner [36] suggested that gregarines are even essential for the
growth of mealworm beetle larvae. Bollatti and Ceballos [37] showed that pseudoscorpions survived longer when they carried high gregarine loads, compared to the group with low gregarine
loads, but overall, they suggested a commensalistic relationship. According to a study by
Kaunisto et al. [38], homozygous individuals of damselﬂies harboured more parasites, posing
potentially strong selection pressure against inbreeding and homozygosity. There are many
studies where no effect was reported. Klingenberg et al. [27] showed that even high loads of
gregarines in the midguts of water striders had no effect on growth and development time,
even under different rearing conditions. Another study found that gregarines had no effect on
ﬁeld crickets’ weight, longevity, and fecundity, when fed ad libitum [39]. Signiﬁcant effects were
present, though, when the ﬁeld crickets were reared under suboptimal diets [39]. The rare description of a gregarine in a tadpole did report that there were no signs of disease or the impairment of ﬁtness or function due to the infection [21]. Gregarine infections do not necessarily occur
in isolation. Fellous and Koella [40], for example, looked at the detrimental effect of a coinfection
by two organisms (gregarine and microsporidium). They showed that it was not a ﬁxed parameter, but dependent on the epidemiological context and the quality of the host’s habitat.
Overall, we can claim that gregarines do cover the whole range of symbiotic relationships from
mutualistic to parasitic within their hosts (Figure 2). Switching between the various forms of
symbiotic relationships could be an option, depending on (extreme) environmental conditions
or certain cues from the host organism. Little is known about these shifts, but there are examples
of viruses and bacteria on an evolutionary level [41], as well as annelid and crayﬁsh, where
the host–symbiont cleaning relationship shifts due to a changing environment [42]. The
question remains why a few gregarines cause harm to, or have positive effects on, their hosts
690
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(see above), while (most) others seem to have none, and what does this mean from an evolutionary perspective?

Gregarines Can Elevate Our Understanding of Parasitism and Its Evolution in the
Apicomplexa
Recent phylogenetic studies have shown that gregarines, in particular the archigregarine group,
have a distinctive position, forming the paraphyletic stem-group of gregarines and potentially all
apicomplexans [9]. Still, most of the available phylogenies are based on 18S rRNA gene
sequences only. While the genomes of some of the crown apicomplexans (e.g., Plasmodium,
Toxoplasma), Cryptosporidium, as well as photosynthetic close relatives (e.g., Chromera, Vitrella)
have been published [43], there is close to no genomic information available for the gregarine
apicomplexans apart from a draft genome survey of the mosquito-inhabiting Ascogregarina
taiwanensis [44], and an expressed sequence tag study of the gametocyst development in
Gregarina niphandrodes from the mealworm beetle [45]. Consequently, most of the knowledge
on cellular characteristics of gregarines stems from ultrastructural studies based on transmission
and scanning electron microscopy [9,11]. So far, studies on gregarines are lacking aspects
considering their genetic make-up to better understand their biology, ﬁt and role within
apicomplexans. The importance of these data has been shown in the newly discovered
‘corallicolids’, a basally branching apicomplexan lineage in corals [46]. The authors sequenced
the apicoplast (the nonphotosynthetic plastid in the apicomplexans) genome and revealed the
lack of genes encoding photosystem proteins, but the conservation of proteins for chlorophyll
synthesis, making them evolutionary intermediates between their free-living and parasitic relatives
[46]. There is evidence for an apicoplast on the cellular level for at least the archigregarines
[47,48], but no data are available yet on the molecular level for comparison.
While this is another step in the understanding of the transition from phototrophy to parasitism
(Figure 2), we need to survey the gregarines using a combination of ‘omics’ (genomics,
transcriptomics, proteomics) approaches on species from all three major orders, the archi-,
eu- and neogregarines to cover the whole spectrum of gregarine diversity in order to be able to
trail the evolutionary steps in parasitism throughout the apicomplexans. It will be important to determine if, and potentially how, gregarines with different life strategies (mutualistic to parasitic)
have adapted their biology according to their host-niche and perceived role. As Cryptosporidium
has just recently been considered to belong to the gregarines taxonomically, it might be the ‘go
to’ model system to adopt key approaches in future gregarine research (Box 2).
Exploring the host’s microﬂora and the potential interactions between the microbiome and the
gregarines will be another way to understand how they inﬂuence the host’s gut and subsequently
Box 2. Cryptosporidium Status Quo
While we are discussing whether gregarines are true parasites in its classical sense here, we have to mention Cryptosporidium,
as this parasite has recently been suggested to be a gregarine [6,69]. The debate about the relationship between
Cryptosporidium and the gregarines has not been settled yet, and the current phylogenetic placement of the Cryptosporidia has two important implications: (i) parasitism of vertebrates in the apicomplexans might have evolved twice
(Figure 1), and (ii) if this proves to be true, Cryptosporidium could be used as a model system to elucidate the biology
of gregarines. There have been rapid advancements in the methodological approaches [3] for the study of the parasites, including the development of an in vitro cell culturing system in cell lines [63] and organoids [70,71] along with
the development of genetic tools such as CRISPR/Cas9 [72] and small interfering RNA (siRNA) [73]. In addition, there
are several ‘omics’ methods that have been introduced including in vitro transcriptomics [74,75], proteomics [63,76],
metabolomics [60], and state-of-the art microscopy techniques [63], including immunomicroscopy [63,77], to understand the invasion strategies and host–parasite interactions. These methods, though completely absent in the ﬁeld of
gregarine research at the moment, should be easily transferrable and would allow the exploration of the symbiotic
state of gregarines.
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the host’s ﬁtness. Many microbial eukaryotes, including Candida albicans [49], Entamoeba
histolytica [50], Giardia lamblia [51], Cryptosporidium [52], Tritrichomonas [53], and even more
extensively Blastocystis [54,55], have shown a distinct bacteriome, and potentially positive
inﬂuence [53], when one of the aforementioned eukaryotes was present (for review see [56]).
These eukaryotic microorganisms are known to cause diseases when the host becomes
immunocompromised, or if there are signiﬁcant alterations in the host’s microbiome. It has
been suggested that these ‘pathogenic’ microorganisms could play an important role in shaping
the microﬂora, especially in the gut, and thus sustaining a host–microbiome balance [56]. For
instance, in humans, it has been observed that healthier individuals often harbour greater microbial diversity [57,58], which was further correlated with the presence of microbial eukaryotic residents [55,56]. Consistent with these observations, a connection between the host microbiome
and the prevalence of gregarines could also be possible. Invertebrates that harbour gregarine
species could have a more diverse microbiome, which might be shaped by the presence of the
gregarines, and future studies should explore this hypothesis. This would not only be a way to
explain the presence of gregarines in almost every invertebrate species, but also their high infestation rates in some hosts. Conversely, could the host’s microbiome drive the pathogenicity of
gregarines in their hosts?

Concluding Remarks
In summary, there is a clear association between gregarines and their hosts, leaning towards
a codependent relationship. Despite being quite neglected when it comes to elucidating the
evolution of parasitism in the Apicomplexa, gregarines form one of the most diverse groups of
eukaryotes and have an important position within the apicomplexan tree that will provide further
understanding of the evolution of parasitism within this clade. In our opinion, there is an urgent
need to utilize new methods to explore the genetic and cellular composition of gregarines to
identify properties that would allow the understanding of their relationship with, and selection
of, their hosts. The ﬁrst priority will be to produce both genomic and transcriptomic data of diverse
members of the three orders of gregarines encompassing the whole spectrum of symbiosis
(highlighted in Table S1, e.g., Hoplorhynchus sp. in Boreal bluet with positive effects on host
and in Twelve-spotted skimmer with negative effects on host) and compare them with already
existing data from other apicomplexan parasites (especially Cryptosporidium species [59])
and free-living apicomplexan relatives such as Chromera and Vitrella spp. [43]. These studies
would identify the presence (if any) of factors related to the symbiotic adaptations of
gregarines (see Outstanding Questions). Follow-up studies using host gut metagenomics and
metatranscriptomics complemented with proteomics and metabolomics [3,60] to explore both
the host speciﬁcity and the microbiome of invertebrates harbouring these gregarine species
[61,62] would further elucidate the relationship and the roles of gregarines within their hosts
(see Outstanding Questions). Due to their unique host speciﬁcity, the major goal would be the
development of in vitro culturing systems based on invertebrate tissues. One of the go-to
candidate hosts would be the mealworm, since Gregarina spp. have mutualistic, commensalistic,
and parasitic effects on this host (Table S1). A long-term goal would be the development of an
in vitro and axenic (animal- and tissue-free) culturing system [63,64] that would further permit
the exploration of the basic cell and developmental biology of gregarines. Despite their importance, research on gregarines is progressing very slowly, and it will require researchers from
various disciplines to come together and provide their expertise in expanding our knowledge
on the evolution of parasitism in these microbes.
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Outstanding Questions
Why are gregarines the dominant
endosymbiotic species in invertebrate
hosts? What is their relationship with
their host, and how can they inﬂuence
the invertebrate biodiversity?
What triggers the host speciﬁcity
in gregarine species? How do
gregarines detect that they are in the
right host to start the excystation
process? Is the release of sporozoites
a random process, or is there any
form of control of the host’s ﬁtness
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the pathogenic effects of certain
gregarine species in speciﬁc hosts,
while being uninﬂuential in others?
Is there interplay between gregarines
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the puzzle in our understanding
of the evolution of parasitism in
apicomplexans? If parasitism of
vertebrates in apicomplexans did
not evolve twice, is it possible that
gregarines have been overlooked in
vertebrate parasite surveys?
Is Cryptosporidium an actual gregarine,
or are the current morphological and
genomic evidence misguiding us?
Would its phylogenetic position and
relationships reshufﬂe when establishing
rigorous
and
comprehensive
phylogenomics analyses comprising
various gregarine sequences and
Cryptosporidium spp. data?

Trends in Parasitology

Biosciences at the University of Kent. We would like to thank Dr David Bass, Dr Eleni Gentekaki and three anonymous
reviewers for their constructive comments and critique on the manuscript, and the International Society for Evolutionary
Protistology (ISEP) community for their support.

Supplemental Information
Supplemental information associated with this article can be found online at https://doi.org/10.1016/j.pt.2019.06.013.

References
1.

2.

3.
4.
5.
6.

7.

8.

9.

10.
11.

12.
13.

14.

15.
16.

17.

18.

19.

20.

21.

Seeber, F. and Steinfelder, S. (2016) Recent advances in understanding apicomplexan parasites. F1000Res 5. https://doi.org/
10.12688/f1000research.7924.1 F1000 Faculty Rev-1369
Ryan, U. et al. (2016) It’s ofﬁcial – Cryptosporidium is a gregarine: what are the implications for the water industry? Water
Res. 105, 305–313
Bones, A.J. et al. (2019) Past and future trends of Cryptosporidium
in vitro research. Exp. Parasitol. 196, 28–37
Bartošová-Sojková, P. et al. (2015) Epicellular apicomplexans:
parasites ‘on the way in’. PLoS Pathog. 11, e1005080
Votýpka, J. et al. (2017) Apixomplexa. In Handbook of the
Protists (Archibald, J.M. et al., eds), pp. 1–58, Springer
Cavalier-Smith, T. (2014) Gregarine site-heterogeneous 18S
rDNA trees, revision of gregarine higher classiﬁcation, and the
evolutionary diversiﬁcation of Sporozoa. Eur. J. Protistol. 50,
472–495
Simdyanov, T.G. et al. (2017) A new view on the morphology
and phylogeny of eugregarines suggested by the evidence
from the gregarine Ancora sagittata (Leuckart, 1860) Labbe,
1899 (Apicomplexa: Eugregarinida). PeerJ 5, e3354
Adl, S.M. et al. (2019) Revisions to the classiﬁcation, nomenclature, and diversity of eukaryotes. J. Eukaryot. Microbiol. 66,
4–119
Rueckert, S. and Horak, A. (2017) Archigregarines of the English
Channel revisited: new molecular data on Selenidium species including early described and new species and the uncertainties
of phylogenetic relationships. PLoS One 12, e0187430
Leander, B.S. (2008) Marine gregarines: evolutionary prelude to
the apicomplexan radiation? Trends Parasitol. 24, 60–67
Desportes, I. and Schrével, J. (2013) Treatise on Zoology –
Anatomy, Taxonomy, Biology. The Gregarines. The Early
Branching Apicomplexa, BRILL
Stejskal, F. (1955) Gregarines found in the honey bee Apis
mellifera Linenaeus in Venezuela. J. Protozool. 2, 185–188
Prytherch, H.F. (1940) The life cycle and morphology of
Nematopsis ostrearum, sp. nov. a gregarine parasite of the
mud crab and oyster. J. Morphol. 66, 39–65
Jiménez, R. et al. (2002) Nematopsis marinus n. sp., a new septate gregarine from cultured penaeoid shrimp Litopenaeus
vannamei (Boone), in Ecuador. Aquac. Res. 33, 231–240
Ødegaard, F. (2000) How many species of arthropods? Erwin’s
estimate revised. Biol. J. Linn. Soc. 71, 583–597
Clopton, R.E. (2002) Phylum Apicomplexa Levine, 1970: Order
Eugregarinorida Léger, 1900. In Illustrated Guide to the Protozoa
(2nd edn) (Lee, J.J. et al., eds), pp. 205–288, Society of
Protozoologists
Rueckert, S. et al. (2011) Species boundaries in gregarine
apicomplexan parasites: a case study-comparison of morphometric and molecular variability in Lecudina cf. tuzetae
(Eugregarinorida, Lecudinidae). J. Eukaryot. Microbiol. 58,
275–283
Lantová, L. et al. (2010) The life cycle and host speciﬁcity of
Psychodiella sergenti n. sp. and Ps. tobbi n. sp. (Protozoa:
Apicomplexa) in sand ﬂies Phlebotomus sergenti and Ph. tobbi
(Diptera: Psychodidae). J. Invertebr. Pathol. 105, 182–189
Smith, A.J. and Cook, T.J. (2008) Host speciﬁcity of ﬁve species
of Eugregarinida among six species of cockroaches (Insecta:
Blattodea). Comp. Parasitol. 75, 288–291
Clopton, R.E. et al. (1992) Host stadium speciﬁcity in the gregarine assemblage parasitizing Tenebrio molitor. J. Parasitol. 78,
334–337
Chambouvet, A. et al. (2016) Nematopsis temporariae
(Gregarinasina, Apicomplexa, Alveolata) is an intracellular infectious agent of tadpole livers. Environ. Microbiol. Rep. 8, 675–679

22. Cannon, L.R.G. and Jennings, J.B. (1988) Monocystella epibatis
n.sp., a new aseptate gregarine hyperparasite of rhabdocoel
turbellarians parasitic in the Crown of Thorns starﬁsh,
Acanthaster planci Linnaeus, from the Great Barrier Reef. Arch.
Protistenkunde 136, 267–272
23. Alarcon, M.E. et al. (2017) Gregarine infection accelerates larval
development of the cat ﬂea Ctenocephalides felis (Bouche).
Parasitology 144, 419–425
24. Mahe, F. et al. (2017) Parasites dominate hyperdiverse soil protist communities in Neotropical rainforests. Nat. Ecol. Evol. 1,
91-017-0091
25. Lentendu, G. et al. (2018) Consistent patterns of high alpha and
low beta diversity in tropical parasitic and free-living protists. Mol.
Ecol. 27, 2846–2857
26. Schrével, J. and Desportes, I. (2016) Gregarines. In Encyclopedia
of Parasitology (Mehlhorn, H., ed.), pp. 1142–1188, Springer
27. Klingenberg, C.P. et al. (1997) Inﬂuence of gut parasites on
growth performance in the Water Strider Gerris buenoi
(Hemiptera: Gerridae). Ecography 20, 29–36
28. Mita, K. et al. (2012) Large-scale infection of the ascidian Ciona
intestinalis by the gregarine Lankesteria ascidiae in an inland
culture system. Dis. Aquat. Org. 101, 185–195
29. Kua, B.C. et al. (2013) A case study of protozoan parasite gregarine Nematopsis spp. (Apicomplexa: Sporozoa) infestation in
mangrove oyster Crassostrea belcheri imported from Thailand.
Pertanika J. Trop. Agric. Sci. 36, 217–224
30. McGladdery, S.E. et al. (2006) Diseases and parasites of scallops. In Scallops: Biology, Ecxology and Aquaculture (Shumway,
S.E. and Parson, G.J., eds), pp. 595–650, Elsevier
31. Marden, J.H. and Cobb, J.R. (2004) Territorial and mating success of dragonﬂies that vary in muscle power output and presence of gregarine gut parasites. Anim. Behav. 68, 857–865
32. Brooks, W.M. and Jackson, J.J. (1990) Eugregarines: current
status as pathogens, illustrated in corn rootworms. In Vth International Colloquium on Invertebrate Pathology and Microbial
Control (Pinnock, D.E., ed.), pp. 512–515, Department of Entomology, University of Adelaide
33. Lantova, L. et al. (2011) Effects of Psychodiella sergenti
(Apicomplexa, Eugregarinorida) on its natural host Phlebotomus
sergenti (Diptera, Psychodidae). J. Med. Entomol. 48, 985–990
34. Kuhlmann, U. and van der Burgt, W.A.C.M. (1998) Possibilities
for biological control of the western corn rootworm, Diabrotica
virgifera virgifera LeConte, in Central Europe. BioControl News
Inf. 19, 59–68
35. Valigurova, A. (2012) Sophisticated adaptations of Gregarina
cuneata (Apicomplexa) feeding stages for epicellular parasitism.
PLoS One 7, e42606
36. Sumner, R. (1933) Inﬂuence of gregarines on growth in the mealworm. Science 78, 125
37. Bollatti, F. and Ceballos, A. (2014) Effect of gregarines
(Apicomplexa: Sporozoa) on survival and weight loss of
Victorwithius similis Beier, 1959 (Arachnida: Pseudoscorpiones).
J. Invertebr. Pathol. 117, 13–18
38. Kaunisto, K.M. et al. (2013) Association between host’s genetic diversity and parasite burden in damselﬂies. J. Evol. Biol. 26, 1784–1789
39. Zuk, M. (1987) The effects of gregarine parasites on longevity,
weight loss, fecundity and developmental time in the ﬁeld crickets
Gryllus veletis and G. pennsylvanicus. Ecol. Entomol. 12, 349–354
40. Fellous, S. and Koella, J.C. (2010) Cost of co-infection controlled
by infectious dose combinations and food availability. Oecologia
162, 935–940
41. Shapiro, J.W. and Turner, P.E. (2018) Evolution of mutualism
from parasitism in experimental virus populations. Evolution 72,
707–712

Trends in Parasitology, September 2019, Vol. 35, No. 9

693

Trends in Parasitology

42. Ames, C.W. et al. (2015) Habitat mediates the outcome of a
cleaning symbiosis for a facultatively burrowing crayﬁsh. Freshw.
Biol. 60, 989–999
43. Woo, Y.H. et al. (2015) Chromerid genomes reveal the evolutionary path from photosynthetic algae to obligate intracellular parasites. eLife 4, e06974
44. Templeton, T.J. et al. (2010) A genome-sequence survey for
Ascogregarina taiwanensis supports evolutionary afﬁliation but
metabolic diversity between a gregarine and Cryptosporidium.
Mol. Biol. Evol. 27, 235–248
45. Omoto, C.K. et al. (2004) Expressed sequence tag (EST) analysis of gregarine gametocyst development. Int. J. Parasitol. 34,
1265–1271
46. Kwong, W.K. et al. (2019) A widespread coral-infecting
apicomplexan with chlorophyll biosynthesis genes. Nature 568,
103–107
47. Schrével, J. (1971) Contribution a l’étude des Selenidiidae
parasites d’annélides polychètes. II. Ultrastructure de quelques
trophozoïtes. Protistologica 7, 101–130
48. Wakeman, K.C. et al. (2014) Comparative ultrastructure and
molecular phylogeny of Selenidium melongena n. sp. and
S. terebellae Ray 1930 demonstrate niche partitioning in marine
gregarine parasites (Apicomplexa). Protist 165, 493–511
49. Sam, Q.H. et al. (2017) The fungal mycobiome and its interaction
with gut bacteria in the host. Int. J. Mol. Sci. Published online
February 4, 2017. http://dx.doi.org/10.3390/ijms18020330
50. Morton, E.R. et al. (2015) Variation in rural African gut microbiota
is strongly correlated with colonization by Entamoeba and subsistence. PLoS Genet. 11, e1005658
51. Barash, N.R. et al. (2017) Giardia alters commensal microbial
diversity throughout the murine gut. Infect. Immun. Published
online May 23, 2017. http://dx.doi.org/10.1128/IAI.00948-16
52. Oliveira, B.C.M. and Widmer, G. (2018) Probiotic product enhances susceptibility of mice to cryptosporidiosis. Appl. Environ.
Microbiol. Published online October 17, 2018. http://dx.doi.org/
10.1128/AEM.01408-18
53. Chudnovskiy, A. et al. (2016) Host–protozoan interactions
protect from mucosal infections through activation of the
inﬂammasome. Cell 167, 444–456.e14
54. Parfrey, L.W. et al. (2014) Communities of microbial eukaryotes
in the mammalian gut within the context of environmental
eukaryotic diversity. Front. Microbiol. 5, 298
55. Tito, R.Y. et al. (2019) Population-level analysis of Blastocystis
subtype prevalence and variation in the human gut microbiota.
Gut 68, 1180–1189
56. Chabe, M. et al. (2017) Gut protozoa: friends or foes of the
human gut microbiota? Trends Parasitol. 33, 925–934
57. Hollister, E.B. et al. (2014) Compositional and functional features
of the gastrointestinal microbiome and their effects on human
health. Gastroenterology 146, 1449–1458

694

Trends in Parasitology, September 2019, Vol. 35, No. 9

58. Le Chatelier, E. et al. (2013) Richness of human gut microbiome
correlates with metabolic markers. Nature 500, 541–546
59. Hadﬁeld, S.J. et al. (2015) Generation of whole genome sequences of new Cryptosporidium hominis and Cryptosporidium
parvum isolates directly from stool samples. BMC Genomics 16,
650-015-1805-9
60. Miller, C.N. et al. (2019) NMR metabolomics reveals effects of
Cryptosporidium infections on host cell metabolome. Gut
Pathog. 11, 13
61. Ferguson, L.V. et al. (2018) Seasonal shifts in the insect gut
microbiome are concurrent with changes in cold tolerance and
immunity. Funct. Ecol. 32, 2357–2368
62. Gould, A.L. et al. (2018) Microbiome interactions shape host
ﬁtness. Proc. Natl. Acad. Sci. U. S. A. 115, E11951
63. Miller, C.N. et al. (2018) A cell culture platform for Cryptosporidium
that enables long-term cultivation and new tools for the systematic
investigation of its biology. Int. J. Parasitol. 48, 197–201
64. Josse, L. et al. (2019) A cell culture platform for the cultivation
of Cryptosporidium parvum. Curr. Protoc. Microbiol. 53, e80
65. Leuckart, K. (1879) Allgemeine Naturgeschichte der Parasiten,
G.F. Winter, Leipzig & Heidelberg
66. Araújo, A. et al. (2003) Parasitism, the diversity of life, and
paleoparasitology. Mem. Inst. Oswaldo Cruz 98, 5–11
67. De Bary, A.H. (1879) Die Erscheinung der Symbiose, K.J.
Trübner Verlag, Straßburg
68. Baker, J.R. (1994) The origins of parasitism in the protists. Int.
J. Parasitol. 24, 1131–1137
69. Clode, P.L. et al. (2015) Life without a host cell: what is Cryptosporidium? Trends Parasitol. 31, 614–624
70. Heo, I. et al. (2018) Modelling Cryptosporidium infection in human
small intestinal and lung organoids. Nat. Microbiol. 3, 814–823
71. Morada, M. et al. (2016) Continuous culture of Cryptosporidium
parvum using hollow ﬁber technology. Int. J. Parasitol. 46, 21–29
72. Vinayak, S. et al. (2015) Genetic modiﬁcation of the diarrhoeal
pathogen Cryptosporidium parvum. Nature 523, 477–480
73. Castellanos-Gonzalez, A. et al. (2015) Preassembled singlestranded RNA–argonaute complexes: a novel method to silence
genes in Cryptosporidium. Jid 213, 1307–1314
74. Matos, L.V.S. et al. (2019) The transcriptome of Cryptosporidium
oocysts and intracellular stages. Sci. Rep. 9, 7856
75. Lippuner, C. et al. (2018) RNA-Seq analysis during the life cycle
of Cryptosporidium parvum reveals signiﬁcant differential gene
expression between proliferating stages in the intestine and
infectious sporozoites. Int. J. Parasitol. 48, 413–422
76. Siddiki, A.M. and Wastling, J.M. (2009) Charting the proteome of
Cryptosporidium parvum sporozoites using sequence similaritybased BLAST searching. J. Vet. Sci. 10, 203–210
77. Miller, C.N. et al. (2018) Localization of Fe-S biosynthesis machinery in Cryptosporidium parvum mitosome. J. Eukaryot.
Microbiol. 65, 913–922

